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Abstract

Physicians treating patients with the classic Philadelphia-negative myeloproliferative neoplasms 

(Ph-negative MPNs) (polycythemia vera [PV], essential thrombocythemia [ET] and primary 

myelofibrosis [PMF]) traditionally had few therapeutic drugs available. Spurred by the discovery 

of activating mutation of the JAK2 tyrosine kinase (JAK2 V617F mutation) in patients with Ph-

negative MPNs several years ago, several JAK2 inhibitors were synthesized and are currently 

undergoing clinical trials in patients with PMF, PV and ET. Initial results from these studies have 

shown that these drugs can markedly reduce spleen size and alleviate constitutional symptoms, 

increase weight and improve exercise capacity in MF patients, thus improve quality of their life, 

which is significant clinical benefit. In ET and PV JAK2 inhibitor therapy may efficiently control 

blood cell count, as well as improve splenomegaly and control disease related symptoms. JAK2 

inhibitors are a novel class of agents with promising results for treating patients with MF, PV and 

ET. In this article we will review the current evidence regarding the role of JAK2 mutations in the 

pathogenesis of Ph-negative MPNs and summarize results from the most recent clinical trials with 

JAK2 inhibitors in these disorders. JAK2 inhibitors are a novel class of agents with promising 

results for treating patients with MF, PV and ET.
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Introduction

The classical Philadelphia chromosome–negative myeloproliferative neoplasms (Ph-

negative MPNs) include polycythemia vera (PV), essential thrombocythemia (ET) and 

primary myelofibrosis (PMF); MF can also develop secondarily in patients with PV and ET 
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(post-PV or -ET MF) (1). Ph-negative MPNs are chronic myeloid neoplasms which are 

thought to arise from a primitive hematopoietic stem cell which has undergone malignant 

transformation. Clinical manifestations include variable degrees of erythrocytosis, 

thrombocytosis, and leukocytosis, or cytopenias, extramedullary hematopoiesis (e.g. 

splenomegaly),, increased risk for thrombosis and transformation to acute myeloid leukemia 

(AML) (2). Life expectancy for patients with Ph-negative MPNs vary from as few as 5–7 

years in patients with MF to more than 15 years for patients with PV and ET (3).

Physicians treating patients with MPNs are limited in the choice of drugs for these diseases. 

Patients with PV and ET are usually treated with cytoreductive agents (e.g. hydroxyurea, 

anagrelide, busulphan, pipobroman) which can effectively control elevated blood cell counts 

and decrease the risk of thrombosis, but may also be associated with an increased risk of 

transformation to AML and/or post-PV/ET MF (4–7). Therefore, apart from hydroxyurea, 

there are few drugs available for treating these patients without incurring in significant late 

side effects. For patients with MF, therapy is usually palliative and directed to alleviation of 

symptoms caused by splenomegaly and/or cytopenias (8). There are no approved drugs for 

this disease. Hydroxyurea, thalidomide and conventional chemotherapeutic agents are some 

of the agents used for treating splenomegaly, and response rates are in the order of 20–40% 

(9–11). Splenectomy can be a therapeutic option in cases of marked splenomegaly, but is 

associated with a post-operative mortality rate of up to 7% (12). MF is also associated with 

increased levels of pro-inflammatory cytokines which lead to constitutional symptoms 

(weight loss, night sweats, fatigue, fever) and can worsen patients’ quality of life (13).

Recently, great advances were made in the understanding of the pathogenesis of these 

disorders with the discovery of an activating mutation of the JAK2 tyrosine kinase (TK) 

(JAK2 V617F) in patients with Ph-negative MPNs (14–17). The JAK2 V617F mutation 

leads to constitutive signalling through the JAK2 TK, leading to increased cellular 

proliferation and resistance to apoptosis in hematopoietic cells. More importantly, the 

discovery of JAK2 V617F led to the development of JAK2 inhibitors for therapy of patients 

with Ph-negative MPNs, following the same rationale used to target BCR-ABL1 in chronic 

myeloid leukemia with imatinib. At this moment, there are several JAK2 inhibitors in 

clinical trials for patients with Ph-negative MPNs, and herein we summarize the rationale 

for developing these drugs and the most relevant clinical data.

The JAK Family of Kinases

a) Discovery and Structure

JAK kinases were first identified in 1989 and were named after the two-faced roman god 

Janus (Janus kinases) due to their unique structure, characterized by the presence of two 

tyrosine kinase domains (18). There are four members of the JAK family of TK: JAK1, 

JAK2, JAK3 and TYK2. Structurally, all members of the JAK family contain seven distinct 

domains: JH1-7 (JAK homology domains 1–7) (figure 1) (19). The TK domain (JH1) and 

the pseudokinase domain (JH2) are located in the carboxy-terminal portion of the molecule. 

The JH1 domain is a “true” TK domain and is responsible for the kinase activity of JAKs 

(20). The pseudokinase domain has no kinase activity and its function might be to inhibit 

and regulate the activity of the JH1 domain, as deletion of the JH2 domain leads to increased 

Santos and Verstovsek Page 2

Blood Rev. Author manuscript; available in PMC 2015 April 22.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



kinase activity (21). Domains JH3-JH4 are structurally similar to SH2 (Src-homology 2) 

domains (22). However, unlike classic SH2 domains, domains JH3-JH4 do not bind 

phosphotyrosine residues in interacting proteins, and their role is still unknown (23). The 

JH5-JH7 domains are located in the amino-terminal portion of the molecule and contain a 

FERM (Band 4.1, ezrin, radixin and moesin) motif, which is important for binding of the 

JAK molecule to the cytokine receptor and in maintaining receptor expression at cell surface 

(24, 25).

b) Function

JAK kinases are cytoplasmic TK that associate with the intracellular portion of cytokine and 

hematopoietic growth factors receptors that do not possess intrinsic TK activity (e.g. 

interferon receptor [IFNAR, IFNGR], erythropoietin [EPO] receptor [EPOR], 

thrombopoietin [TPO] receptor [MPL], interleukin-6 receptor [IL6R]) (26). Binding of the 

ligand to the receptor activates the kinases, leading to transphosphorylation of the receptor 

and subsequent activation of several distinct intracellular signalling pathways (Figure 2). 

JAK kinases are known to activate STATs (signal transducers and activators of 

transcription), forming the JAK-STAT pathway (26). STATs are latent transcription factors, 

and upon tyrosine phosphorylation they form dimers which translocate to the nucleus, bind 

to DNA and induce expression of target genes (27). There are seven members of the STAT 

family (STAT1, STAT2, STAT3, STAT4, STAT5a, STAT5b, STAT6); activation of 

STAT3 and STAT5a/b leads to increased expression of genes related to increased cellular 

proliferation (CCND1), angiogenesis (VEGF) and resistance to apoptosis (BCL2L1, MCL1, 

BIRC5) and has been associated with neoplastic transformation (27). Besides the JAK-

STAT pathway, there is also cross-talk between JAK kinases and other signalling pathways. 

JAKs can activate the MAPK (mitogen activated protein kinase) pathway through a Ras-

dependent mechanism (28, 29). JAKs can also associate with and stimulate activity of the 

kinase PI3K (phosphatidylinositol-3-kinase) of the PI3K/Akt/mTOR pathway which inhibits 

apoptosis and stimulates cellular proliferation (30, 31). Negative regulation of JAK kinases 

is performed by phosphatases and SOCS proteins (supressors of cytokine signalling). 

Phosphatases, such as SHP1 (SH2-containing phosphatase 1) and CD45, remove phosphate 

moieties from tyrosine residues and inactivate JAK TKs (32–34). SOCS proteins are 

induced by STAT activation and function in a classic negative feedback loop mechanism. 

The SOCS1 protein binds via its SH2 domain to a tyrosine residue in the activation loop of 

JAK2, leading to its inactivation (35). Interaction of JAK2 with SOCS1 also leads to JAK2 

polyubiquitination and subsequent degradation by the proteasome (36).

JAKs play an important role in cytokine intracellular signaling, and studies using knockout 

mouse models have provided important data on the role of specific members of the JAK 

family of TKs. JAK1 is essential for signaling by receptors containing the common γc chain 

(e.g. IL-2 and IL-7 receptors), class II cytokine receptors (including Interferons [IFN]-α,-β 

and -γ) and cytokine receptors containing gp130 (e.g. IL6R) (37). Deficiency of JAK1 leads 

to a severe impairment in lymphocyte development from defective IL-7 (interleukin-7) 

signaling, and JAK1-null mice die at birth from neuronal defects and an inability for 

suckling (37). JAK2 is essential for pathways that control erythroid, myeloid and 

megakaryocytic development, but not for lymphopoiesis (38, 39). JAK2 mediates signaling 
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through EPOR, MPL and cytokine receptors that harbor the common β-chain (e.g. IL3 

receptor [IL3A]) and IFN-γ receptors (38). Deficiency of JAK2 is lethal to mice embryos 

due to the absence of definitive erythropoiesis. JAK3 is only activated by cytokines of the γc 

family (IL-2, IL-4, IL-7, IL-9, IL-15, IL-21), and JAK3 deficiency leads to severe 

impairment in lymphoid development, with reductions in numbers of T- and B-lymphocytes 

and NK-cells (40, 41). Mutations in JAK3 have been described in patients with severe 

combined immunodeficiency (SCID) (42, 43). Mice that are TYK2-null have an increased 

susceptibility to viral infections and a reduced response to IL-12 (44, 45).

The JAK2 V617F mutation in MPNs

a) Description

The first clue that JAKs TKs could be involved in the pathogenesis of MPNs came from 

studies with the fruit fly Drosophila melanogaster. One report described that a point 

mutation (E695K) in the JH2 domain of the gene Hopscotch (the JAK equivalent of 

Drosophila) leads to increased kinase activity and development of a leukemia-like picture 

with increased numbers of hemocytes (fly blood cells) (46). There was also increased 

activation of STAT92E (STAT equivalent of Drosophila).

The JAK2 V617F mutation was first described by several groups in 2005. It was identified 

primarily in patients with PV (90–97%), ET (60%) and PMF (50%) (14–17). The mutation 

can be detected in rare cases of chronic myelomonocytic leukemia, atypical CML, 

myelodysplastic syndrome and AML (47). Other reports have described the presence of the 

JAK2 V617F mutation in blood and endothelial cells from patients with idiopathic 

splanchnic thrombosis (i.e. Budd-Chiari syndrome, portal vein thrombosis), indicating the 

presence of a latent MPN in these cases (48, 49). Recent studies have revealed that the 

presence of a germline JAK2 haplotype (46/1) predisposes to the development of MPNs 

positive for the JAK2 V617F mutation (50–52).

b) Mechanism of JAK2 activation by the V617F mutation

Intracellularly, the JAK2 V617F mutation leads to constitutive activation of the JAK2 TK 

with phosphorylation and activation of STAT5 and other downstream targets (Figure 2) 

(15). The consequence is an increased signaling of cytokine receptors that associate with 

JAK2 TK, such as EPOR and MPL, with increased proliferation of hematopoietic cells 

harboring these receptors. The expression of JAK2 V617F in EPOR-positive BaF/3 cells 

confers EPO-hypersensitivity and EPO-independent growth and survival (17). The 

mechanism through which the V617F mutation leads to constitutive activity of the TK 

domain is the subject of much study. As mentioned, the pseudokinase domain inhibits 

activity of the TK domain (21). Residue V617 is located in a loop connecting two β-strands 

of the pseudokinase domain which interact with the activation loop of the JH1 domain (22). 

The JAK2 V617F mutation possibly leads to increased TK activity by disrupting this 

interaction and the inhibitory activity of the JH2 domain. Recently, one study described that 

residue F595 is crucial for the constitutive activity of the JAK2 V617F mutant (but not wild-

type JAK2) (53). Residue F595 is located in the αC-helix of the JH2 domain, in close 

proximity to residue V617. In V617F-mutated JAK2, there is an interaction between the two 
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phenylalanine residues (F595 and V617F) which changes conformation of the JH2 αC-helix 

(53). The conformational change in the JH2 helix is transmitted to the TK domain and 

possibly leads to its autoactivation (53). The F595 residue is also crucial for the constitutive 

activity of other JAK2 mutations, such as exon 12 mutations (see below), indicating that 

changes in the C-helix of the JH2 domain might underlie a common mechanism of JAK2 

constitutive activation.

c) Animal Models

Several studies reported on animal models for JAK2 V617F-positive MPNs using retroviral 

transplantation models and transgenic mice (54–64). Expression of the JAK2 V617F TK in 

mice HSC and progenitor cells leads to a phenotype similar to PV with increased hematocrit, 

splenomegaly and BM cellularity. In some studies there was later progression to fibrotic 

changes in the bone marrow (BM) (54, 55). Recently, one study employing a transgenic 

mouse model demonstrated that JAK2 V617F exerts differential effects on HSCs and 

hematopoietic progenitor cells (61). There was a minimal effect of JAK2 V617F on HSCs 

proliferation, self-renewal and STAT5 activation, and JAK2 V167F-mutated HSCs did not 

have a selective advantage over wild-type HSCs. The main effect of JAK2 V617F on HSCs 

was to skew differentiation towards erythroid cells, as assessed by gene expression profiling 

demonstrating increased expression of genes associated with erythroid differentiation. It is 

unknown how JAK2 V617F directs differentiation of HSCs to erythroid cells, but it might 

involve epigenetic modification of histone phosphorylation (65). On the other hand, JAK2 

V617F-positive hematopoietic progenitor cells were expanded, skewed towards erythroid 

lineage and displayed increased phosphorylation of STAT5 (61). These results are 

compatible with another report which demonstrated that the JAK2 V617F mutation is 

detected in HSCs from patients with PV and it predisposes these cells to erythroid 

differentiation (66). Importantly, JAK2 V617F HSCs (but not JAK2 V617F progenitor cells) 

were able to transmit the disease through transplantation to recipient mice, indicating that 

they were the disease initiating cells (61). This has implications for therapy of patients with 

JAK2 inhibitors (see below).

d) Clinical impact of JAK2 V617F mutation

One important question regarding JAK2 V617F is how a single mutation can contribute to 

diseases with different phenotypes and clinical features. The allelic burden of JAK2 V617F 

may be related to this. Patients may be heterozygous or homozygous for the JAK2 V617F 

mutation, and homozygosity is frequently acquired by uniparental disomy of chromosome 

9p, where the JAK2 gene locates (67). Patients with JAK2-mutated ET are usually 

heterozygous (68), and those who are positive for the mutation presents with clinical 

features similar to PV, such as higher hemoglobin, neutrophil counts, BM erythropoiesis and 

a higher rate of transformation into PV compared to JAK2 V617F-negative ET (69, 70). 

Patients with PV are usually homozygous for JAK2 V617F, and those patients with a high 

(> 75%) allele burden have higher hematocrit, white blood cell (WBC) count and higher 

incidence of splenomegaly and thrombotic events (68, 71, 72). In one animal model it was 

demonstrated that the ratio of mutant:wild type JAK2 determined the clinical phenotype: 

animals presenting with a low ratio had a disease similar to ET, while those with a high ratio 

developed a clinical picture more reminiscent of PV (59). This suggests that JAK2 V617F-
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positive PV/ET forms a biological continuum. The allelic burden of the JAK2 V617F 

mutation also has clinical and prognostic implications in patients with MF, although the 

reports are conflicting. One study reported that patients with primary MF who had a high 

allelic burden of JAK2 V617F developed “PV-like” phenotype of the disease with higher 

hemoglobin and WBC count and a higher risk of leukemic transformation and of developing 

massive splenomegaly (73). By contrast, 2 other studies reported that MF patients with a 

low JAK2 V617F allelic burden had lower hemoglobin and low incidence of splenomegaly, 

but worse survival either due to deaths by systemic infections secondary to cytopenias or 

due to leukemic transformation (74, 75).

e) JAK2 V617F-negative MPNs

Despite the important discovery of the JAK2 V617F mutation, some patients (particularly 

ET and MF patients) have a diagnosis of JAK2 V617F-negative MPN. Search for other 

mutations led to the discovery of JAK2 exon 12 mutations in 3% of PV patients (76) and 

mutations of MPL (MPL W515K/L) in 8.5% of ET and 10% of MF patients (77, 78). These 

mutations also lead to increased signaling through cytokine receptors, with increased 

cellular proliferation and hypersensitivity or independence to hematopoietic growth factors 

(76, 79). JAK2 exon 12 mutations occur almost exclusively in patients with JAK2 V617F-

negative PV (76, 80, 81). Several mutations in exon 12 have been identified, including in-

frame deletions, point mutations and duplications, and they cluster in residues F537-E543 

(76, 80–82). MPL mutations affect primarily patients with ET and MF, and the most 

common mutation is MPL W515L (77, 83). The presence of MPL mutation has been linked 

to a higher incidence of anemia and older age in both patients with ET and MF (84, 85). 

While the JAK2 V617F and related mutations certainly contribute to the pathogenesis of 

MPNs, it is probable that they represent a secondary genetic event, and not the disease 

initiating mutation (86, 87). Support for this hypothesis comes from reports showing that 

JAK2 V617F-negative erythroid colonies from patients with PV can grow in the absence of 

EPO (86). Several studies have also reported that patients with JAK2 V617F-positive MPNs 

can develop JAK2 V617F-negative AML (89, 92). Additionally, more recent studies have 

revealed a myriad of other mutations in patients with MPNs, such as TET2 mutations which 

are found in 12% of patients (88). TET2 mutations can either precede or succeed the 

acquisition of the JAK2 V617F mutation, and in fact appear to occur independently from the 

latter, giving rise to multiple clones harboring one, the other or both mutations (88–90). 

Animal models have revealed that the TET2 gene, along with its family members TET1 and 

TET3, is responsible for DNA demethylation, and it is conceivable that deletions of TET2 

are related to the abnormal DNA methylation patterns seen in hematologic malignancies 

(91). In summary, the molecular biology of Ph-negative MPNs is much more complex than 

initially thought after the discovery of the JAK2 V617F mutation. Future studies will strive 

to increase our understanding of the biology of these disorders.

Why target the JAK2 V617F mutation, for what clinical benefit?

With the development of the tyrosine kinase inhibitor (TKI) imatinib for therapy of CML 

the field of hematology-oncology entered the era of kinase inhibitors, where small molecules 

target kinases aberrantly activated in cancer cells, with a greater therapeutic index and safety 
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compared to traditional chemotherapeutic agents. As soon as 2 years after the publication of 

the first reports of the JAK2 V617F mutation in MPNs, several JAK2 inhibitors were 

entering clinical trials for patients with MF and later PV/ET, with differences in potency and 

kinase specificity (Table 1). Pre-clinical studies have confirmed activity of these 

compounds, with induction of apoptosis in both in vitro and in vivo models (93, 94). Most 

TKI in current clinical development are small molecules that act by competing with ATP 

(adenosine tri-phosphate) for the ATP-binding catalytic site in the TK domain, since ATP is 

the source of phosphate groups utilized by TK for phosphorylating protein targets (95). The 

V617F mutation locates outside the TK domain of JAK2, and current JAK2 inhibitors target 

both wild-type and mutated JAK2 indiscriminately. This could explain why these drugs are 

active in patients with both wild-type and mutated JAK2, as described below. Targeting of 

wild-type JAK2 is expected to lead to myelosuppression, and this probably explains reported 

therapy-related anemia and thrombocytopenia in clinical trials with these compounds.

So far, most clinical studies with JAK2 inhibitors have focused on patients with MF. 

Clinical responses usually consist of marked reductions in spleen size, improvement in 

systemic symptoms, weight, and exercise capacity (96). In the majority of studies so far 

there was no overall significant change in JAK2 V617F allele burden, BM fibrosis and other 

markers suggestive of clonal eradication. There are several possible reasons for this. First, 

compared to chronic phase CML, which is a disease driven essentially by a single gene 

(BCR-ABL1), MF has a more complex biology, characterized by mutations in several 

different genes (JAK2, MPL, TET2), cytogenetic abnormalities in up to 40% of cases and 

multiple clones and subclones (97). It might be that targeting just one pathway with a single 

TKI is not enough for eradication of the diseased cell. Second, it has been hypothesized that 

the mechanism of action of JAK2 inhibitors is due to inhibition of proinflammatory cytokine 

signaling in both normal and neoplastic cells (98). MF is an inflammatory disorder 

characterized by increased levels of pro-fibrotic, -inflammatory and -angiogenic cytokines 

(i.e. transforming growth factor-beta1 [TGF-β1], bone morphogenetic protein 1 [BMP1], 

tumor necrosis factor-α [TNF-α], IL-6, IL-8, basic fibroblast growth factor [bFGF], platelet 

derived growth factor [PDGF], thrombopoietin [TPO] vascular endothelial growth factor 

[VEGF]) which lead to splenomegaly, BM fibrosis, osteosclerosis, increased angiogenesis 

and development of systemic symptoms (99–105). JAK2 inhibitors, which may not only 

inhibit JAK2 but also the closely related JAK1 in some cases, by blocking cytokine 

receptors signaling lead to significant improvements in spleen size and systemic symptoms 

for patients with MF (103). Some studies of JAK2 inhibitors have revealed a decrease in the 

serum levels of proinflammatory cytokines with continued therapy, a finding which has not 

been confirmed in all reports (96). Cytokines might also be involved in resistance to JAK2 

inhibitors, and there is in vitro data showing that elevated concentrations of cytokines reduce 

growth arrest induced by JAK2 inhibitors in JAK2 V617F-positive cells (106). Finally, 

there’s recent evidence to suggest that, similar to imatinib in CML, the disease-initiating cell 

in MPNs is spared from the action of JAK2 inhibitors (61). In a transgenic mouse model of 

JAK2 V617F MPNs, therapy with the JAK2 inhibitor TG101348 lead to significant 

improvements in spleen size and a reduction in the number of erythroid precursor cells, but 

it did not eliminate the disease initiating cells (contained in the HSCs compartment) as 

JAK2 V617F-mutated HSCs obtained from mice treated with TG101348 were still able to 
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transmit the disease when transplanted into lethally irradiated mice recipients. This suggests 

that these compounds are only able to eradicate progenitor cells, sparing the disease-

initiating cells, which has potential implications for the long-term outcome of patients 

treated with these drugs.

Results of Clinical Trials with JAK2 Inhibitors in MPNs

a) MF (Table 2)

a.1) CEP-701—CEP-701 (also known as lestaurtinib) is a indolocarbazole alkaloid that has 

activity as a FLT3 and JAK2 inhibitor. In a pre-clinical study, CEP-701 inhibited both wild-

type and mutated JAK2, with a half-maximal inhibitory concentration (IC50) of 1nM for 

wild-type JAK2 (93). CEP-701 also inhibited growth of JAK2 V617F-positive HEL.92 cells 

xenografted into nude mice.

There are two studies which evaluated CEP-701 for therapy of patients with JAK2 V617F-

mutated MF. The first study was a single center phase II trial that enrolled 22 patients with 

primary or post-PV/ET MF (107). All patients were positive for the JAK2 V617F mutation 

and 36% were transfusion-dependent. Median spleen size was 19 cm from left costal 

margin. Patients received CEP-701 as a liquid formulation at an initial dose of 80 mg twice 

daily, based on previous studies conducted in patients with FLT3-positive AML (108). 

Responses were evaluated by the International Working Group for Myelofibrosis Research 

and Treatment (IWG-MRT) criteria (109). Overall, responses were seen in six patients 

(27%) and consisted of clinical improvements (CI) in all cases: reduction in spleen size 

(N=3), transfusion independency (N=2) and reduction in spleen size with improvement in 

cytopenias (N=1). Responders had significant lower levels of phosphorylated STAT3 than 

non-responders, suggesting that responses were obtained by inhibition of JAK2 activity. 

Median response duration was 14+ months. There was no change in JAK2 V617F allele 

burden, BM fibrosis and cytokine levels among responders. Toxicity was considerate and 

included myelosuppression (grade 3–4 anemia 14%; grade 3–4 thrombocytopenia 23%) and 

GI toxicity (diarrhea, any grade 72%, grade 3–4 9%; nausea, grade 1–2 only, 50%; vomiting 

grade 1–2 only, 27%).

A phase I/II trial conducted by the MPD Research Consortium is exploring the hypothesis 

that higher dosages and a different formulation of CEP-701 might achieve a better response 

rate in patients with JAK2 V617F-positive MF (110). In this study, only reported in abstract 

form, patients receive escalated doses of CEP-701 in both liquid (80–100 mg twice daily) 

and capsule (100–160 mg twice daily) formulations. Twenty-six patients (PMF=16, Post-

PV=7, Post-ET=3) have been recruited for this multicenter trial. Fifty-percent were 

transfusion-dependent, median JAK2 V617F allele burden was 78.4% and mean spleen size 

was 16.7 cm. Six patients had a decrease in spleen size by median of 5.8 cm. There was no 

change in transfusion requirements and/or reduction in WBC count. Among 6 patients with 

paired baseline/week 12 JAK2 V617F samples, three patients had a decrease in allele burden 

of 4.3–12.9%. Similar to the previous trial, GI toxicity was the most common side effect 

observed. In patients receiving the liquid formulation, dose limiting toxicity was diarrhea 

(grade 3: 1 case), 71% had grade 1–2 diarrhea and 29% had grade 1–2 nausea and/or 

vomiting. Patients who received the capsule formulation had a better tolerability, with 37% 
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experiencing grade 1–2 diarrhea (one patient had grade 3 diarrhea) and 37% reported grade 

1–2 nausea. Late toxicity (beyond 28 days of therapy) included diarrhea (all grades: 7 

patients; grade 3–4: 1 patient), thrombocytopenia (grade 3–4: 2 patients) and neutropenia 

(grade 3–4: 1 patient). Overall, both trials seem to demonstrate that CEP-701 has at best 

modest efficacy in patients with JAK2 V617F-positive MF. GI toxicity is considerate. 

Further results from the second study are awaited in the near future.

a.2) INCB018424—INCB018424 is a potent, orally available inhibitor of both JAK1 

(IC50=3.3 nM) and JAK2 (IC50=2.8 nM). It is more selective against JAK3 (IC50=428 nM) 

and TYK2 (IC50=1.9 nM). In a pre-clinical study, INCB018424 inhibited activation and 

phosphorylation of JAK2 V617F and downstream targets ERK, STAT5 and STAT3 in HEL 

cells and Ba/F3 cells expressing JAK2 V617F (94). Inhibition of JAK2 induced apoptosis of 

JAK2 V617F-positive cells (IC50=126 nM for Ba/F3 cells expressing JAK2 V617F). 

INCB018424 inhibited clonogenic growth of erythroid progenitor cells from patients with 

JAK2 V617F-mutated PV, and mutated cells were more sensitive to JAK1/2 inhibition than 

healthy cells. In a mouse model of MPN, treatment with INCB018424 reduced levels of pro-

inflammatory cytokines (IL-6, TNF-α), improved spleen size and increased survival of 

treated mice (94).

A phase I/II clinical trial with INCB018424 was conducted in patients with primary or post-

PV/post-ET MF independent of JAK2 mutational status (96). Patients were eligible if they 

required therapy and were refractory, relapsed or intolerant to previous therapy or, if newly 

diagnosed, with intermediate or high-risk by Lille score criteria. Patients with neutropenia 

(ANC ≤ 1.5×109/L) or thrombocytopenia (platelet count ≤ 100×109/L) were excluded from 

the trial. A total of 153 patients were enrolled in this study, and 115 (75%) are still on 

therapy, with a median follow-up of 14.7 months. Median age was 65 years, 82% were 

JAK2 V617F-positive and 92% had splenomegaly at beginning of therapy. Median spleen 

size was 19 cm below left costal margin. During the phase I part of the trial, several once 

daily and twice daily schedules were evaluated in a classic 3+3 cohort design. MTDs were 

defined as 25 mg twice daily and 100 mg once daily, and thrombocytopenia was the DLT. 

During the phase II portion of the trial, the cohorts of 25 mg twice daily and 50 mg once 

daily were expanded, and additional dose-schedules regimens were evaluated to determine 

the most effective regimen with a reduced incidence of thrombocytopenia. Based on 

response and toxicity, an optimized schedule of 15 mg twice daily (10 mg twice daily if 

platelets were 100–200×109/L) with monthly dose escalations up to 25 mg twice daily (if no 

response and no toxicity was observed) was chosen as the best regimen. By IWG-MRT 

criteria, 61 patients (44%) achieved a CI due to a ≥ 50% reduction in spleen size during the 

first 3 months of treatment. Response rate was 52% and 49% in the cohorts receiving 15 mg 

twice daily and 25 mg twice daily. Response was maintained at 12 months in 73% and 78% 

of responders of the 15 mg and 25 mg cohorts, respectively. There was no difference in 

response rate by JAK2 V617F mutational status (51% [mutated] vs. 45% [wild-type]) and 

type of MF (49% [primary] vs. 45% [post-PV] vs. 62% [post-ET]). Magnetic resonance 

imaging confirmed reductions in both spleen and liver size and volume.

Therapy with INCB018424 led to improvement in hemoglobin and achievement of 

transfusion independence in 14% of patients who were transfusion dependent at baseline. 
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There was also decrease in WBC count and platelet count in selected cases. Significant 

improvements in constitutional symptoms and exercise ability were observed. Majority of 

patients who received 10–25 mg twice daily had ≥ 50% improvement in total and/or 

individual symptoms scores as assessed by the Myelofibrosis Symptom Assessment Form 

(MFSAF) (111). Study patients (N=27) had an improvement from baseline in the 6-minute 

walking test of 34, 57 and 71 meters after 1, 3 and 6 months of therapy. Patients also gained 

weight and had an overall increase in performance status while on therapy. Alleviation of 

symptoms and increases in exercise ability correlated with reduction in pro-inflammatory 

cytokines (including IL-6, TNF-α, IL-1Ra). There was no correlation between JAK2 

mutational status and improvement in systemic symptoms or reduction in cytokine levels. 

There were 111 patients with data on allele burden after 3 months of treatment. At baseline, 

median allele burden was 70%, and INCB018424 led to an average decrease in the allele 

burden of 11% at 1 year and 18% at 2 years. A greater than 25% reduction was seen in 19 

patients and a greater than 50% reduction was seen in 8 patients only.

Side effect profile revealed that INCB018424 was well tolerated. Non-hematological 

toxicity was rare (< 10%) and usually grade 1–2. Most common side effects were related to 

myelosuppression and included anemia and thrombocytopenia. Importantly, the regimen of 

15 mg twice daily with adapted dose escalation led to lower rates of myelosuppression than 

the regimen of 25 mg twice daily (grade 3–4 anemia: 8.3% vs. 26.7%; new-onset transfusion 

dependent anemia: 4.7% vs. 20%; grade 3–4 thrombocytopenia: 2.9% vs. 30%). Only 3 

patients have transformed to AML (rate of 0.016 patients/year), less than expected based on 

historical cohorts (73). INCB018424 is an effective and well tolerated drug for controlling 

splenomegaly and systemic symptoms in patients with MF. Mechanism of action may be 

related to blocking of cytokine signalling through inhibition of JAK1 and JAK2 activation. 

Recently, two phase III randomized trials have been conducted evaluating INCB018424 in 

patients with MF.

a.3) SB1518—SB1518 is a TKI active against wild type JAK2 (IC50=22 nM), JAK2 

(IC50=19 nM) and FLT3 (IC50=22 nM) (112). Pre-clinical evaluation confirmed that 

SB1518 inhibits proliferation of Ba/F3 cells expressing both EPOR and JAK2 V617F, and 

this is associated with reduced phosphorylation of JAK2 and STAT5. SB1518 also 

demonstrated in vivo activity when administered to nude mice xenografted with JAK2 

V617F-positive cells. There are two phase I/II trials that evaluated SB1518 in the therapy of 

patients with MF.

The first clinical trial reported recruited 43 patients (MF=36, AML=7) to receive SB1518 at 

doses ranging from 100–600 mg orally once daily continuously over 28-days cycles (113). 

Seventy-eight percent of patients were positive for the JAK2 V617F mutation, and 65% had 

splenomegaly, with a median spleen size of 13 cm. The MTD on this trial was 500 mg and 

DLT included abdominal pain and diarrhea. Side effects included diarrhea (all grades: 33%; 

grade 3: 4%), nausea (grade 1–2 only: 13%), and thrombocytopenia (grades 3–4: 4%). 

Among the 25 patients with MF and splenomegaly who had a follow-up physical 

examination, 7 (28%) had a CI by IWG-MRT criteria, manifested by a ≥ 50% reduction in 

spleen size. Seven additional patients had reduction in spleen size of 35–50%. Similar to 

INCB018424, responses to SB1518 were observed both in patients with (6/23) and without 
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(1/2) the JAK2 V617F mutation. Three patients with AML had evidence of benefit (≥ 50% 

reduction in spleen size=1; stable disease=2). Correlative studies demonstrated reduction in 

JAK2 and STAT5 phosphorylation after patients received SB1518.

Data from the second phase I study was recently presented (114). A total of 20 patients with 

MF who required therapy were recruited. Splenomegaly was present in 85% (median spleen 

size 17 cm) and 85% were positive for JAK2 V617F. Similar to the other trial, DLTs were 

observed at 600 mg once daily (nausea, fatigue, diarrhea, dehydration), and MTD was 

determined to be 500 mg once daily. Median time on study so far is 4.8 months. Most 

common side effect was diarrhea (all grades: 85%; grade 3–4: 10%), nausea (all grades: 

35%) and vomiting (all grades: 35%). Myelosuppression was minimal, as no dose dependent 

neutropenia or thrombocytopenia was observed, and 25% developed anemia (grade 3–4: 

5%). Responses were observed with reduction in splenomegaly (11 of 13 with post-baseline 

assessment, including 2 patients with ≥ 50% reduction), transfusion independence in 2 of 9 

patients with transfusion dependent anemia and improvement in WBC and platelet counts in 

selected patients. Even though 500 mg once daily was the MTD, pharmacokinetic analysis 

demonstrated no increase in drug levels with doses higher than 400 mg once daily. Based on 

this, the recommended dose of SB1518 for phase II trials is 400 mg once daily.

a.4) TG101348—TG101348 is an orally available, potent JAK2 inhibitor (IC50= 3 nM) 

with greater selectivity against JAK1 (IC50= 105 nM) and JAK3 (IC50= 996 nM). 

TG101348 inhibits proliferation of JAK2 V617F-positive cells both in vitro and in vivo 

(115). In a mouse model of PV, administration of TG101348 led to improvement in 

hematocrit, spleen size and spleen architecture, reduction in extramedullary hematopoiesis 

and in some cases reduction of bone marrow fibrosis (116).

TG101348 was investigated in a phase I clinical trial in patients with MF who had 

symptomatic splenomegaly and intermediate/high-risk disease (117). Patients received 

TG101348 at doses from 30–800 mg once daily continuously during 28-days cycles. MTD 

was 680 mg daily and DLTs included grade 3–4 hyperamylasemia (6%) and hyperlipasemia 

(13%). At the time of last report, 59 patients had been enrolled, including 40 patients in the 

expanded cohort at MTD. Eighty-six percent of patients were positive for the JAK2 V617F 

mutation, 98% had splenomegaly (median size 18 cm below left costal margin) and 37% 

were transfusion dependent. TG101348 produced marked reduction in spleen size, with 49% 

of patients experiencing CI based on reduction of splenomegaly. Responses were durable, 

and at the time of last report, no patient had relapsed after responding to TG101348. 

Elevated WBC counts (> 11×109/L) normalized in 73% of evaluable patients. Platelet count 

also normalized in the majority of patients who presented with thrombocytosis (> 

450×109/L). There was improvement in constitutional symptoms, including fatigue, pruritus, 

night sweats and early satiety. Improvement in symptoms did not correlate with a reduction 

in pro-inflammatory cytokines. JAK2 V617F allele burden reduced in 59% of 22 evaluable 

patients, with a median decrease of 60%. In selected cases there was also improvement in 

BM cellularity and fibrosis. Side effects were mainly GI in nature, including diarrhea (all 

grades: 76%; grade 3: 13%), nausea (all grades: 70%; grade 3: 5%) and vomiting (all grades: 

69%; grade 3: 3%). Grade 3–4 hematological toxicities at MTD included neutropenia (grade 

3: 15%), thrombocytopenia (grade 3–4: 33%) and new-onset transfusion dependent anemia 
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(67%). These preliminary results demonstrate that TG101348 is able to induce responses in 

splenomegaly in the majority of patients with MF, and this may be due to a direct effect on 

inhibition of JAK2 V617F. Future studies will confirm these observations.

a.5) XL019—The TKI XL019 is a potent, reversible and selective inhibitor of JAK2 

(IC50=2 nM) (118). XL019 inhibits both wild-type and mutated JAK2 V617F. In a 

xenograft tumor model of HEL 92.1 JAK2 V617F-positive cells, administration of XL019 to 

xenografted mice suppressed STAT5 phosphorylation, inhibited tumor cell growth and 

induced tumor cell apoptosis.

A phase I clinical trial with XL019 in patients with primary or post-PV/ET MF was 

conducted (119). Thirty patients were enrolled and received XL019 at doses from 25–300 

mg using different schedules of administration. Initial dose escalation started at 100 mg for 

three weeks every 28 days. However, patients who received ≥ 100 mg/day of XL019 

developed reversible peripheral neuropathy. The dose schedule was amended, and patients 

received 25–50 mg once daily or 25 mg thrice weekly. Among the 21 patients who received 

≤ 50 mg of XL019, there was spleen reduction all 12 patients with splenomegaly who were 

JAK2 V617F-mutated, with a ≥ 50% reduction in 5 patients. There was reduction in WBC 

counts in 7 of 9 patients who presented with WBC count ≥ 15×109/L. Improvements in 

anemia and constitutional symptoms (pruritus, asthenia) were seen in 4 and 6 patients, 

respectively. Four patients presented with pre-leukemic MF, with blast counts between 10–

19%. XL019 led to reduction of circulating blasts in 3 of these patients, with normalization 

of BM blasts in 2 cases. Even though XL019 had great selectivity for JAK2, minimal 

hematological toxicity was observed. Toxicity was mainly neurological, and included 

peripheral neuropathy, weakness, paresthesia, formication and unsteady gait. Due to the high 

incidence of these symptoms, even at low doses, the trial of XL019 was closed and no 

further development of this compound is planned.

b) PV and ET (Table 3)

b.1) CEP-701—A multicenter phase II trial is evaluating CEP-701 in patients with high-

risk JAK2 V617F-positive PV/ET (120). Inclusion criteria include absolute neutrophil count 

> 7×109/L (PV) or use of hydroxyurea (PV or ET). Initial dose is 80 mg twice daily with 

optional escalation to 120 mg twice daily, with treatment up to 18 months. At the time of the 

last report, 39 patients (PV=27, ET=12) have been enrolled. Responses observed consisted 

of reduction in spleen size (> 5 cm or to non-palpable) in 15/18 patients and improvement in 

pruritus in 5/5 patients evaluable. Reduction in phlebotomies requirements were observed in 

3/5 patients, which only occurred after 6 months of therapy. There was no reduction in 

platelet count and WBC counts, and some patients even had an increase in these parameters 

during treatment. A greater than 15% reduction in JAK2 V617F allelic burden was observed 

in 20% of evaluable patients. Most common adverse events were related to GI toxicity, 

similar to clinical trials with this compound in MF. More worrisome, 5 patients experienced 

serious thrombotic events (3 venous and 2 arterial), a side effect which has not been reported 

in other clinical trials with CEP-701. This suggests that this compound might not prevent 

thrombosis in high-risk patients with PV/ET.
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b.2) INCB018424—A clinical trial is currently evaluating INCB018424 in patients with 

PV/ET who are refractory/intolerant to hydroxyurea (121). Additional inclusion criteria 

include: hematocrit (Ht) ≥ 45% and/or phlebotomy dependence (PV); platelet count ≥ 

650×109/L (ET). Responses are assessed by the European LeukemiaNet criteria (122). The 

first part of the trial determined the best dose cohort (PV: 10 mg twice daily; ET: 25 mg 

twice daily) which was then expanded in the second part of the study. Seventy-three patients 

have been enrolled (PV=34, ET=39), and median follow-up is 10.4 months. Among patients 

with PV, 74% were refractory to hydroxyurea, 76% were dependent on phlebotomies and 

100% were positive for the JAK2 V617F mutation. Therapy with INCB018424 achieved 

normalization of the Ht in the absence of phlebotomy, with a mean Ht of 39% at 6 months. 

After starting treatment, only 2 patients needed phlebotomies in the first 2 weeks, and none 

ever since. There was also sustained improvement in WBC counts, platelet counts, spleen 

size, pruritus, bone pain and night sweats. CR rate by LeukemiaNet criteria was 45%, and 

52% had a partial response (PR) (overall response rate [ORR]=97%). Sixty-eight percent 

achieved complete hematological response. Among patients with ET, 87% were refractory 

to hydroxyurea and 67% were positive for JAK2 V617F. In patients with ET, INCB018424 

led to rapid and sustained normalization of platelet counts (baseline: 884×109/L; 6-months: 

558×109/L) and 85% achieved a platelet count < 600×109/L. ORR was 90% (CR=13%, 

PR=77%).

Overall, the drug was well tolerated, and most common grade 3 toxicities included 

thrombocytopenia (PV: 3%) and neutropenia (ET: 5%). Grade 2 anemia was observed in 

12% of PV patients and 18% of ET patients. No grade 4 toxicity has been recorded so far. 

Six patients have discontinued drug therapy at the time of last report, and 3 of these were 

due to adverse side effects (atrial flutter, renal insufficiency and diarrhea/nausea/vomiting in 

one each). INCB018424 appears to be highly effective for therapy of patients with PV/ET 

who are refractory/intolerant to hydroxyurea.

Conclusion

The development of JAK2 inhibitors has started the era of targeted therapies for patients 

with Ph-negative MPNs. Even though these drugs do not seem to eradicate the malignant 

clone, there is still great benefit to be gained from the use of these compounds. 

Improvements in systemic symptoms and splenomegaly can significantly impact on the 

quality of life of patients with MF, which is significant clinical benefit. For patients with PV 

and ET, initial studies suggest that these drugs represent a safe alternative for patients who 

fail therapy with hydroxyurea, the most commonly employed first line agent. Despite these 

initial advances, there is still a lot to be learned from these compounds. We still do not fully 

understand their mechanism of action, and if their benefit is derived from inhibition of JAK2 

in neoplastic cells and/or due to a more global down-regulation of cytokine signalling. 

Response does not seem to be dependent on JAK2 mutation status, and determining 

biomarkers for response could permit better selection of patients to be treated with these 

drugs. In conclusion, JAK2 inhibitors are a novel class of agents with promising results for 

treating patients with MF, PV and ET. Further studies are needed to better understand and 

define their role in the treatment of Ph-negative MPNs.
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Practice Points

• JAK2 inhibitors can lead to improvement in splenomegaly, systemic symptoms, 

exercise capacity and quality of life in patients with MF

• No improvement in bone marrow fibrosis or reduction of JAK2 mutated allelic 

burden is usually seen

• In patients with PV and ET, JAK2 inhibitors lead to sustained improvement in 

peripheral blood counts and freedom from phlebotomies

• Clinical benefits are seen both in patients with and without the JAK2 V617F 

mutation

• Common side effects include anemia, thrombocytopenia and gastrointestinal 

disturbances
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Research Agenda

• Determine the mechanism of action of these drugs and which cells they are 

targeting – neoplastic cells, normal cells, or both

• Discover biomarkers predictive of response to JAK2 inhibitors

• Evaluate the impact of JAK2 inhibitors on survival and leukemic transformation 

of Ph-negative MPNs
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Figure 1. JAK2 structure and mutation sites
The V617F mutation locates in the pseudokinase domain (JH2 domain) which regulates 

activity of the TK domain (JH1 domain). Exon 12 mutations of JAK2 (described in patients 

with JAK2 V617F negative polycythemia vera) cluster in residues F537-E543 and locate 

between the pseudokinase and SH2-like domain
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Figure 2. Signalling pathways activated by JAK2
Binding of the putative ligand to cytokine receptors leads to receptor dimerization and 

approximation of two JAK2 molecules, which trans-phosphorylate and activate each other. 

Activated JAK2 molecules initiate several distinct signalling pathways. Phosphorylation of 

STATs (STAT5 depicted in the figure) leads to STAT dimerization, nuclear translocation, 

binding to DNA and activation of expression of target genes. Other pathways that may be 

activated by JAKs include the Ras/Raf/MAPKinases and the PI3K/Akt/mTOR pathway.
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Figure 3. 
Biochemical structures of selected JAK2 inhibitors in clinical trials.
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Table 2

Preliminary results of clinical studies with JAK2 inhibitors in MF

Study Therapy N Responses Toxicity

Santos et al.(107) CEP-701 80mg twice daily 
(Phase II) 22

CI by IWG criteria: 27% (reduction in 
spleen size and improvement in 

cytopenias)
GI toxicity, cytopenias

Hexner et al.(110) CEP-701 80–160mg twice 
daily (Phase I) 26 Reduction in splenomegaly (median 5.8 

cm) GI toxicity, cytopenias

Verstovsek et al.(96) INCB018424 10–25mg 
twice daily (Phase I/II) 153

CI by IWG criteria: 44% (reduction in 
spleen size); response rate 52% with 
optimized dose schedule; transfusion 
independency 14%; improvement in 
exercise ability, systemic symptoms, 
decrease in cytokines in majority of 

patients

Thrombocytopenia, anemia

Verstovsek et al.(113) SB1518 100–600mg once 
daily (Phase I) 43 CI by IWG criteria: 28% (reduction in 

spleen size) GI toxicity, thrombocytopenia

Seymour et al.(114) SB1518 100–600mg once 
daily (Phase I) 20

Reduction in spleen size in 11/13 
evaluable patients (2 patients ≥ 50%); 

transfusion independency in 2/9 patients
GI toxicity

Pardanani et al.(117) TG101348 30–800mg once 
daily (Phase I/II) 59

Reduction in splenomegaly (CI: 49%), 
improvement in systemic symptoms, 

leukocytosis, thrombocytosis; 
improvement in BM fibrosis in selected 

cases

Anemia, Thrombocytopenia, GI 
toxicity

Shah et al.(119)
XL019 25–300mg once 

daily or 25mg thrice a week 
(Phase I)

30 Improvement in splenomegaly, systemic 
symptoms, anemia, leukocytosis

Neurological toxicity (study 
closed)

Abbreviations: MF indicates myelofibrosis; CI, clinical improvement; IWG-MRT, International Working Group-Myelofibrosis Research and 
Treatment; GI, gastrointestinal
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Table 3

Preliminary results of clinical studies with JAK2 inhibitors in PV and ET

Study Therapy N Responses Toxicity

Moliterno et al.(120) CEP-701 80mg twice daily 
(Phase II) 39 Reduction in spleen size: 83%; reduction 

in phlebotomy requirements: 3/5 (60%) GI toxicity, 5 thrombotic episodes

Verstovsek et al.(121) INCB018424 10–25mg 
twice daily (Phase II) 73 LeukemiaNet criteria-PV: 97% (CR 45%; 

PR 52%); ET: 90% (CR: 13%; PR: 77%) Anemia, Thrombocytopenia

Abbreviations: PV indicates polycythemia vera; ET, essential thrombocythemia; GI, gastrointestinal; CR, complete response; PR, partial response
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