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Myeloproliferative Neoplasia

The term “Myeloproliferative Disorders” was first introduced by William Dameshek in 

1951, to describe disorders such as essential Thrombocythemia (eT), Polycythemia 

Vera (PV), Primary Myelofibrosis (PMF), Chronic Myelogenous Leukemia (CML) and 

erythroleukemia (eL). These disorders were grouped together based on their 

similarities in clinical phenotype and the belief of an underlying undiscovered stimulus 

responsible for the proliferative activity in these myeloproliferative disorders.[1] 

Nowadays the term myeloproliferative neoplasia (MPN) is used instead to emphasize 

the clonal nature of these disorders. According to the World Health Organization (WHO) 

2008 criteria, MPNs are now divided into MPNs carrying the Philadelphia (Ph+) 

chromosome (CML) and those that do not.[2] 

In this thesis we focus on the Ph- MPNs which are separated on clinical presentation, 

laboratory findings and disease course into three different entities; eT, PV and PMF. 

These three entities are clonal bone marrow stem cell disorders characterized by 

proliferation of one or more lineages of the myeloid, erythroid or megakaryocytic cell 

lines. This proliferation results in increased numbers of granulocytes, erythrocytes or 

platelets in the peripheral blood respectively.[3]

Al three entities have in common the risk of thrombotic and haemorrhagic complications. 

eT is further characterized by a proliferation of the megakaryocytes resulting in 

increased platelets in the peripheral blood. PV can be recognised by a cellular 

proliferation of all three lineages  with mainly increased erythrocytes as a result. 

Finally, PMF can be distinguished by the production of megakaryocytes  resulting in 

increased platelets. Furthermore,  bone marrow fibrosis can be developed over time.[4] 

This type of MPN has a higher likelihood of transforming into leukaemia compared to 

eT and PV patients.

Next to the clinical manifestation and laboratory findings also the bone marrow 

histomorphology is important in the diagnosis and disease classification of MPN. 

Characteristic for eT patients are the large, hyperlobulated and mature-appearing 

megakaryocytes clustered loosely together. Bone marrow of PV patients can be 

recognised by pleomorphic megakaryocytes which vary in size  but without maturing 

defects. In contrast, megakaryocytes in bone marrow of PMF patients show abnormal 

maturation  and have hyperchromatic and irregularly folded bulky nuclei which are 

densely clustered. PMF and PV patients have in common that, trilineage 

myeloproliferation is prominent which is absent in eT patients. Megakaryocyte 

histomorphology is therefore a very useful tool in disease classification  to distinguish 

MPN from other related myeloid malignancies. Furthermore, reticulin and collagen 
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fibrosis and often also osteosclerosis are present in fibrotic PMF. Low grades of 

reticulin fibrosis are sometimes also found in the bone marrow of eT and PV patients. In 

general, bone marrow in MPN display trilineage myeloid hyperplasia, megakaryocyte 

clusters and develop eventually reticulin fibrosis.[5-6]

It is well known that eT patients experience fewer complications. However, approximately 

less than 10% of patients will develop myelofibrosis during their disease course, known 

as post-eT myelofibrosis, which is associated with a worse prognosis. Less than 2% of 

the eT patients progress to acute myeloid leukaemia(AML). Of the PV patients 

approximately 30% will develop post-PV myelofibrosis and  leukemic transformation will 

occur in about 1% of the cases. Patients with prefibrotic PMF have few complaints, 

however during the course of the disease the degree of reticulin increases in the bone 

marrow and spleen resulting in collagen fibrosis with osteosclerosis and decreased 

haematopoiesis. The clinical picture for these patients is determined by the degree of 

anaemia and splenomegaly. Leukemic transformation occurs in 10% of the PMF patient 

population.[7-9]

Bone marrow biopsies are one of the most important instruments in MPN diagnostics 

and are carried out for several purposes. Firstly, to diagnose MPN and if possible the 

classification of MPN in eT, PV or PMF. Secondly, to evaluate the histologic criteria for 

prognostic significance. And, finally, to gain more insight in the pathogenesis of MPN 

development.  This may also serve as basis for the development of novel therapies.

The determination of the prognostic parameters is very important for the patients. 

However, prediction of the disease course, and therefore the prognosis, is difficult. There 

is growing evidence that the marrow microenvironment can contribute to inducing and 

sustaining haematological malignancies. The development of fibrosis in the bone marrow 

of MPN patients is an important negative prognostic factor and determines the clinical 

course and survival chances. Unfortunately, the underlying mechanisms are still not 

defined and no therapeutic options exist, other than transplantation, to prevent the 

fibrosis development or stop its progression.

The discovery of the  mutation has generated more insight in the pathogenesis 

of MPN development. The  mutation leads to a sustained JAK2 activation 

resulting in increased phosphorylation of the extracellular signal-regulated kinase 

signalling pathway, phosphatidylinositol-3-kinase (PI3K)/Akt pathway and activation of 

the signal transducer and activator of transcription (STAT) family.[10, 11] 

Although the discovery of the  mutation is of paramount importance to gain more 

insight in the MPN development it is increasingly becoming clear that the currently 

discovered mutations in MPN patients are secondary events. In other words the   
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mutation is not the underlying pathogenetic cause of MPN. The objectives of this thesis 

are to gain better insight in the pathogenesis of the myeloproliferative neoplasia and some 

of the molecular parameters in the development of  MPN. We first assess the current major 

individual morphological characteristics described in the WHO classification and the 

reproducibility of the histological MPN diagnosis. Next we aim to determine the importance 

of different oncogenic pathways involved in the mechanism of megakaryocytic differentiation 

and apoptosis. In addition, we assess in as much the development of fibrosis and 

angiogenesis, might be used for  the future development of new therapeutic strategies.
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aBstraCt

essential thrombocythemia (eT), polycythemia vera (PV) and primary myelofibrosis (PMF) 

belong to the group of Philadelphia chromosome negative Myeloproliferative Neoplasia (Ph- 

MPN). MPNs are clonal bone marrow stem cell disorders characterized by a proliferation 

of one or more of the myeloid, erythroid or megakaryocytic cell lines. Due to the different 

affected cell lines, the MPNs show typical clinical and histological features. In 2005 a 

mutation in the JAK2 gene was discovered which generated more insight in the pathogenetic 

working mechanism of the MPNs. However, the treatment of MPN patients is still mainly only 

palliative but progresses in reducing the symptoms of MPN patients have been made. This 

review will give a general overview of MPN patients for internal medicine physicians. 
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haeMatopoiesis

Haematopoiesis is the development of the cellular components of the blood. The formation 

and development of blood cells is initiated by the haematopoietic stem cells (HSCs). HSCs are 

primitive cells capable of self renewal and differentiation. Due to the self renewal capability, 

at least one of the daughter cells possesses the same HSC characteristics as the mother cell 

after cell division. During the entire life of an individual, the stem cell pool is maintained due to 

the self renewal capability of the HSCs and supplies cells for multilineage haematopoiesis.[1, 2] 

Currently it is considered that long-term repopulating HSC (LT-HSC) differentiate into 

a short-term repopulating HSC (ST-HSC) and as schematically shown in figure 1, it will 

differentiate further in multipotent progenitor cells (MPP) only capable of differentiating into 

the myeloid lineage or the lymphoid lineage. The common myeloid progenitors (CMP) give 

rise to megakaryocyte-erythroid progenitors (MeP), which differentiate into megakaryocytes 

and erythrocytes, and granulocyte-monocyte progenitors (GMP), which differentiate into 

macrophages and neutrophil granulocytes. The eosinophilic and basophilic granulocytes 

differentiate directly from the CMP. The common lymphoid progenitors (CLP) differentiate 

into T- and B-lymphoid cells and natural killer cells (see Figure 1). The progeny that arises 

from HSCs loose progressively their self renewal capacity and becomes gradually more 

restricted to one lineage.[3, 4]

HSCs require intrinsic and extrinsic factors for their activities provided by the stem cell niche. 

The interaction of the HSCs with the stem cell niche determines whether the HSCs remain in 

a quiescent state or proliferate to progenitor cells and differentiate into mature blood cells.[5, 6]
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Figure 1: Development of haematopoietic stem cells, a schematic view.

Abbrevations: HSC haematopoietic stem cells; LT-HSC long-term repopulating HSC; ST-HSC short-term 
repopulating HSC; MPP multipotent progenitor; CMP common myeloid progenitor; MeP megakaryocyte-
erythroid progenitor; GMP granulocyte-macrophage progenitor; CLP common lymphoid progenitor.

|CHAPTer 1
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Myeloproliferative Neoplasia

Myeloproliferative neoplasia (MPNs) are clonal bone marrow stem cell disorders involving 

a multipotent haematopoietic stem cell, characterized by proliferation of one or more 

lineages of the myeloid, erythroid and megakaryocytic cell lines. This proliferation results 

in increased numbers of granulocytes, erythrocytes or platelets in the peripheral blood 

respectively.[7] William Dameshek was the first who introduced the term “myeloproliferative 

disorders” in 1951 including essential thrombocythemia (eT), polycythemia vera (PV), 

primary myelofibrosis (PMF), chronic myelogenous leukaemia (CML) and erythroleukaemia 

(Di Guglielmo syndrome). These disorders were grouped together based on their similarities 

in clinical phenotype and the believe of an underlying undiscovered stimulus responsible for 

the proliferative activity of bone marrow cells in these myeloproliferative disorders.[8]

According to the World Health Organization (WHO) 2008 criteria, MPNs are now divided in 

classical MPNs which carry the Philadelphia (Ph+) chromosome (Chronic Myeloid Leukaemia) 

and classical MPNs which do not carry the Philadelphia (Ph-) chromosome including eT, PV 

and PMF. The Philadelphia chromosome is a result of t(9:22) with the BCr-ABL1 fusion gene.[9] 

In this article the classical Ph- MPNs are highlighted.

Clinical and histological criteria of MPN
The typical features of eT are thrombotic and haemorrhagic complications, although most 

patients are asymptomatic. Transient ischemic attacks, erythromelalgia and Budd-Chiari 

syndrome are complications which can occur in eT patients or can occur before the diagnosis 

eT is apparent. Bleeding complications are a result of an extremely high platelet count 

resulting in an acquired von Willebrand disease; von Willebrand factor will be proteolysed with 

increasing platelet counts.[10] Histomorphological findings in the bone marrow of eT patients 

are loose clusters of predominant large to giant megakaryocytes. The megakaryocytes 

exhibit a normal maturation with hyperlobulated and staghorn-like nuclei (see Figure 2). 

There is no marked left-shifting of the erythroid or myeloid cell line apparent. The presence of 

reticulin is extremely rare in eT patients at presentation and very few patients (<10%) develop 

myelofibrosis during their disease course, known as post-eT myelofibrosis. eT patients have 

a risk of approximately 2% to develop Acute Myeloid Leukaemia (AML).[11, 12] 

Polycythemia vera is characterized by a trilineage proliferation of the erythroid, myeloid and 

megakaryocytic cell line, usually resulting in mainly increased erythrocytes and often also 

leukocytes and blood platelets. Patients also display a persistently raised haemoglobin and 

haematocrit level. The clinical features of PV patients are vascular occlusive events, enlarged 

spleen, aquagenic pruritus (intense itching after a hot bath or shower) and haemorrhagic 

complications after injuries and surgery. In about 30% of the patients PV will develop 

MYeLOPrOLIFerATIVe NeOPLASIA: A reVIeW OF CLINICAL CrITerIA AND TreATMeNT |
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myelofibrosis, known as post-PV myelofibrosis, and leukemic transformation will occur 

in about 10% of the PV patients.[12] The bone marrow of PV patients displays panmyelosis 

and therefore an increase in cellularity. The megakaryocytes reveal a range from small to 

giant megakaryocytes without maturation defects of nuclei and cytoplasm and are arranged 

in loose clusters (see Figure 2). There is always a proliferation and often a left-shifting of 

the myeloid cell lineage and especially of the erythroid precursor cells. Slightly increased 

reticulin fibrosis can be seen in the bone marrow.[11]

In primary myelofibrosis the patient’s complaints and symptoms depend mainly on the 

degree of anaemia and splenomegaly. The typical early symptoms are fatigue, weight loss, 

night sweating and fever. These constitutional symptoms are believed to be mediated by the 

abnormal release of cytokines from clonal megakaryocytes as a result of emperipolesis.  

When the fibrosis is in an advanced stage, the complaints are, apart from the constitutional 

symptoms, paleness due to anaemia, hepatosplenomegaly, spleen infarct and osteosclerosis. 

Budd-Chiari syndrome can be a feature of early-phase disease and can be the presenting 

symptom.[12, 13] In the bone marrow of prefibrotic PMF an overall hypercellularity is evident 

including prominent growth of abnormally differentiated and giant megakaryocytes. 

The megakaryocytes reveal hypolobulated, cloud-like and hyperchromatic nuclei and 

demonstrate dense clustering (see Figure 2), often accompanied by left-shifted granulocyte 

proliferation. In the prefibrotic PMF reticulin fibrosis may be absent, but during the disease 

course reticulin fibrosis increases, finally resulting in collagen fibrosis with osteosclerosis. 

Leukemic transformation occurs in about 10% of the PMF patients.[14]

However, the symptoms listed above are not strictly limited to eT or PV or PMF patients, in fact 

they can occur in all three classical Ph- MPN, such as bleeding complications (spontaneous 

or after surgery), thrombosis and fatigue. MPN patients may even be asymptomatic in the 

early-phases of the disease and it may be a coincidence that a MPN disease is discovered by 

abnormal blood counts or by diseases which are features of early-phase MPN, like Budd-

Chiari syndrome, heart attack, cerebral vascular accident, pulmonary thrombus and deep 

venous thrombosis. An important factor in thromboembolic events is the  mutation. 

No differences in thromboembolic events were seen between heterozygous and homozygous 

PV patients, in contrast to homozygous eT patients, who show increased risk of 

cardiovascular events compared to heterozygous and wild-type eT patients. It was also 

shown that eT and PV patients with a higher allele burden have a higher risk of thrombotic 

events.[15] 

This indicates an important risk factor for the  mutation in the development of 

thrombosis. The  occurrence rate in patients with thrombosis of the deep veins 

(DVT) and pulmonary embolism (Pe) is low, therefore a general  screening is not 

recommended among patients with spontaneous DVT and Pe. This is in contrast to patients 

|CHAPTer 1
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who present with splanchnic and intrahepatic vein trombosis, these patients show a high 

prevalence of the  mutation and a diagnosis of eT or PV should be kept in mind.[16, 17]

Figure 2: examples of morphological features in megakaryocytes.

A. Dense clustering (He, 630x) B. Loose clustering (He, 1000x) C. Dysmorphic nucleus (He, 1000x) 
D. Hyperlobulated nucleus (He, 1000x) e. Staghorn nucleus (He, 1000x) F. Cloud-like nucleus (He, 1000x).

The Polycythemia Vera Study Group (PVSG) made the first attempt in establishing diagnostic 

criteria for the Ph-MPNs in 1967. The diagnostic criteria were updated several times during 

the following decades and are even now widely used by haematologists. However, the 

appropriate use of bone marrow biopsy (BMB) histology as a diagnostic tool was neglected. 

To stress the relevance of a BMB, the WHO added a set of histological diagnostic criteria in 

2001. The recent discovery of the   mutation and the recognition of pre-fibrotic PMF 

resulted in the 2008 WHO classification of MPNs.[18-20] However, the early-phases of eT, PV 

and PMF are difficult to distinguish on morphology alone as they share many morphological 

characteristics. It was shown by Wilkins et al. that some of the histological criteria as 

described in the WHO classification were difficult to reproduce.[21] Nevertheless, it is very 

important to distinguish these three MPN subtypes in the early-phase reliably, because of 

a different risk of thromboembolic complications of PV and the worse survival rate of PMF 

patients compared to eT patients, who have a normal life expectancy.[21, 22]

MYeLOPrOLIFerATIVe NeOPLASIA: A reVIeW OF CLINICAL CrITerIA AND TreATMeNT |
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the JaK2 MutatioN aND MpN

In 2005 several groups identifi ed a mutation in the tyrosine kinase domain of JAK2 in 

MPN patients, resulting in a substitution of valine for phenylalanine at position 617 of 

JAK2 ( ). The fi rst genetic step is an acquired point mutation and results in a 

heterozygous mutational status. The homozygous  mutation is the result of 

mitotic recombination between homologous chromosomes 9p and results in loss of 

heterogeneity of 9p (LOH) and is a second genetic step in the aetiology of the MPNs.[24-28] 

The  mutation is present in granulocytes, erythroblasts and myeloblasts and in 

all erythropoietin (ePO)-independent erythroid colonies. The erythroid colonies with the 

 mutation are able to grow in the absence of ePO. Therefore, the  mutation 

results also in factor independent growth of various haematopoietic cell lines.[29] Further, 

the receptors of bone marrow progenitor cells are hypersensitive to thrombopoietin 

(TPO, stimulates proliferation and differentiation of megakaryocytes), ePO (stimulates 

erythroblasts), stem cell factor (SCF, induces proliferation and self-renewal of multipotent 

Although Ph- MPNs are divided in three clinical distinct entities, the use of three distinct 

diagnoses can also be questioned; eT, PV and PMF show a great abundance of overlap in 

their morphological characteristics, clinical signs and symptoms and can also share the 

same molecular mutation ( ). A proposed simplistic model for revision of the MPN 

classifi cation is shown in Figure 3. It might be more reasonable to divide the MPNs in JAK2 

positive and negative diseases and subdivide them in patients with and witho ut myelofi brosis.[23]

|CHAPTer 1

Figure 3: Proposed model for reconsidering the classifi cation of MPNs.

Abbrevations: MPN Myeloproliferative Neoplasia; JAK2+ positive for the JAK2 V617F mutation; JAK2- 
wild type JAK2; MF+ myelofi brosis present in the bone marrow; MF- myelofi brosis absent in the 
bone marrow.
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haematopoietic progenitors) and granulocyte stimulating factor (GSF, stimulates proliferation 

and differentiation of granulocytes). The hypersensitivity for these cytokines results in specific 

stimulation of the megakaryopoiesis, erythropoiesis and granulopoiesis.[30]

The JAK2 V617F mutation is present in >95% of the PV patients and in approximately 50% of the 

eT and PMF patients.[15, 31] The  mutation deregulates the JAK2 kinase activity. The 

mutation is located in the JH2 domain of the JAK2 gene, which negatively regulates the activity 

of the kinase domain, JH1. Valine 617 and cysteine 618 maintain both the kinase domain of 

JAK2 in an inactive state. Substition of valine 617 for phenylalanine destabilizes this inhibitory 

interaction, resulting in increased JAK2 kinase activity. Altogether, this suggests that there 

is a sustained JAK2 activation, while the feedback mechanism has been destroyed with a 

growth factor independent activation.[24] PV patients without the mutation have 

virtually all a  exon 12 mutation. Also more early genetic abnormalities are currently 

being defined and related with disease development.

treatMeNt of MpN

The current treatment of MPN patients is mostly supportive, while standard therapy has not 

been defined firmly. The treatment of eT and PV patients should be done according to their 

risk stratification for the occurrence of thromboembolic processes (see Table 1 and Table 2) 

as evaluated in a large prospective study of the european Collaboration on Low-dose Aspirin 

in Polycythemia (eCLAP).[32] Age greater than 60 years and a previous history of thrombosis 

were found to be risk factors for thrombosis in both eT and PV. Is one of both criteria 

present, the eT and PV patient is at high-risk, whereas if none of the criteria are present 

eT and PV patients are at low-risk. eT and PV patients who have platelets >1000*109/L are 

of intermediate risk to develop thrombosis or if they have any of the following risk factors; 

hypertension, hypercholesterolemia, smoking and diabetes mellitus (see Table 1). These 

are generic cardiovascular risk factors, and their role is still controversial. Other possible 

risk factors, which have to be validated in prospective studies, might be leukocytosis and  
 
Table 1: risk-stratification of patients with eT and PV for the occurrence of thrombosis.

Risk category Age >60 years or
history of thrombosis

Generic cardiovascular
risk factors

Low No/No No

Intermediate Platelets >1000*109/L Yes

High Yes/No or No/Yes Irrelevant
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the presence of the  mutation, although the latter is controversial. eT patients 

belonging to the low-risk or intermediate-risk category and without any symptoms do not 

need therapy, however, aspirin is recommended to prevent microvascular disturbances 

as erythromelalgia, although major bleeding or presence of von Willebrand syndrome 

are contraindications for the use of aspirin. High-risk eT is an indication for the use of 

hydroxyurea (HU), which inhibits thrombocyte-, erythrocyte- and leukocyte production, 

combined with low-dose aspirin if thrombosis or microvascular symptoms are present, 

of course in the absence of contraindications (see Table 2).[23, 32-35] In the MrC-PT-1 trial 

researchers compared HU plus aspirin with anagrelide plus aspirin in eT patients at high 

risk for thrombosis, observing that HU plus low-dose aspirin is superior to anagrelide plus 

low-dose of aspirin.[36] 

The administration of aspirin to PV patients has been widely investigated. In 1986 the PVSG 

concluded that aspirin was ineffective and dangerous, due to increased gastrointestinal 

bleeding and intra-cerebral haemorrhage, based on a randomized trail of 163 PV patients 

receiving either 900mg/d aspirin plus dipyridamole or radioactive phosphorus (32P).[37] However, 

more studies on the administration of aspirin have been done, resulting in the conclusion of 

the safe use of a considerably lower dose of aspirin in PV patients. The Gruppo Italiano Studio 

Policitemia Vera demonstrated the safe use of a low-dose aspirin (40mg/d) in PV patients.[38] The 

study by Landolfi et al.[39] showed a significant reduction in the combined risk of cardiovascular 

death, nonfatal myocardial infarction, nonfatal stroke, pulmonary embolism or major venous 

thrombosis with 100mg/d of aspirin. Therefore, low-dose of aspirin plus phlebotomies are 

recommended in the low-risk and intermediate-risk category.[23]

In 1953 the most effective treatment of PV included phlebotomies combined with 

radioactive phosphorus (32P) resulting in prolonged survival, however 32P was shown 

to be leukemogenic.[40] The PVSG study group conducted a randomized trial comparing 

phlebotomy alone with 32P plus phlebotomy and with chlorambucil plus phlebotomy. Patients 

treated with phlebotomy alone showed a higher incidence of thrombosis in the first three 

years of treatment. After three to five years of study, a considerably number of patients 

treated with 32P or chlorambucil developed acute leukaemia, lymphoma and carcinomas 

of the gastrointestinal tract and skin, compared to those treated with phlebotomy alone. 

Therefore, patients treated with phlebotomy alone had a better overall median survival 

of 13.9 years than patients treated with chlorambucil (8.9 years) or 32P (11.8 years).[33] The 

PVSG also compared HU with phlebotomy, a slightly higher incidence of acute leukaemia, 

less myelofibrosis and fewer deaths among the patients treated with HU were apparent.[41]

Interferon-α is able to inhibit in vitro proliferation of haematopoietic progenitors 

and inhibition of the thrombopoietin-induced MPL receptor signalling resulting in 

megakaryopoiesis repression. The use of IFN-α in PV patients was shown to be effective 
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and non-leukemogenic. However, the use of IFN-α has been limited due to its toxicity, 

parenteral administration and costs.[42, 43] The development of pegylated (peg) forms of 

IFN resulted in improved tolerance, efficacy and fewer side effects.[44, 45] Peg-IFN-α has 

been demonstrated to have clinical advantages, high rates of molecular response and 

lower toxicity in phase II trials in PV as well as eT patients.[46, 47]

PV patients belonging to the low-risk or intermediate-risk category with high 

haematocrit level are treated with phlebotomies in order to obtain normal haematocrit 

levels (<0.45L/L) plus low dose aspirin, if no contraindications are present. If PV patients 

show poor compliance to phlebotomy or if they show progressive myeloproliferation 

cytoreductive therapy should be given. The high-risk group should be treated with 

myelosuppression, with HU as the drug of choice (see Table 2). 
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Table 2:  Treatment of eT and PV according to their risk stratification.

Risk category ET PV

Low
Low-dose aspirin*  
if microvascular 
disturbances are present

Phlebotomie +  
low dose aspirin*  

Intermediate
Low-dose aspirin*  
if microvascular 
disturbances are present

Phlebotomie +  
low dose aspirin*

High
Low-dose aspirin*  
if microvascular disturbances 
are present + hydroxyurea^

Phlebotomie +  
low dose aspirin* 

 + hydroxyurea^

*  In the case of major bleeding or presence of von Willebrand syndrome, aspirin is a contraindication
^ hydroxyurea-intolerance or –resistance, use anagrelide or peg-INF-α

Anagrelide or peg-INF-α is used in PV and eT patients in case of intolerance or resistance 

to HU, to control platelet count or who develop side effects to HU, however long-term 

efficacy and safety features are still unknown.[23, 35, 48] The prognosis of PMF patients is 

worse than of eT or PV patients (median survival six versus twenty years) and the disease 

course is not significantly modified by drug therapy, therefore treatment of PMF is mainly 

palliative. However, there is a wide heterogeneity in presentation and evolution among PMF 

patients. Therefore, the International Prognostic Scoring System (IPSS) uses five risk factors 

for estimating the survival of PMF patients at time of diagnosis: age >65 years, constitutional 

symptoms (weight loss, fever, excessive sweating), haemoglobin level <10g/dL, leukocyte 

count >25*109/L and circulating blasts >1%. Based on this system PMF patients can be 

categorized in low risk group (0 risk factors present), intermediate-1 (1 risk factor present), 

intermediate-2 (2 risk factors present) and high risk group (≥3 risk factors present).[49]  
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IPSS has been modified to Dynamic IPSS (DIPSS) with the same five risk factors to estimate 

the survival during the disease course, while acquisition of additional risk factors modifies the 

patients’ outcome.[50] recently, the DIPSS was upgraded to DIPSS-plus by incorporating three 

independent prognostic factors, including the need for red cell transfusion, thrombocytopenia 

<100*109/L and unfavourable karyotype (including +8, -7/7q-, i(17q), -5/5q-, 12p-, inv(3) or 

11q23 rearrangement). Based on the DIPSS-plus PMF patients are categorized in low (no 

risk factors), intermediate-1 (1 risk factor), intermediate-2 (2 or 3 risk factors) and high (≥4 

risk factors) risk group. Unfavourable karyotype and thrombocytopenia both predict leukemic 

transformation in PMF patients. If the patient needs red cell transfusion, the patient belongs 

to the intermediate risk group, while the patient displays 2 risk factors: anaemia and red cell 

transfusion need.[51] 

A wait-and-see approach is justified in PMF patients belonging to the low- or intermediate-1 

risk group, while the median survival of these patients exceeds 15 and 6 years respectively.[51] 

This relative long median survival does not justify the risks of an allogeneic stem cell 

transplantation (alloSCT) or the start of investigational drug therapy. There is also no 

evidence to support the use of conventional drug therapy in low- or intermediate-1 risk 

group patients if the patients do not have complaints which can be treated (see Table 3).[13] 

However, if PMF patients suffer from splenomegaly, the first drug of choice is HU and in 

the worst case splenectomy is indicated. Indications for splenectomy include symptomatic 

portal hypertension, drug-refractory splenomegaly with severe symptoms, transfusion-

dependent anaemia, marked thrombocytopenia and uncontrollable haemolysis due to 

severe complications that can occur. Irradiation therapy of the spleen transiently reduces 

spleen size and reduces the incidence of pancytopenia. Patients usually experience relief of 

constitutional symptoms when splenomegaly is treated. In the case of non-hepatosplenic 

extramedullary haematopoiesis (located in mainly the thoracic vertebral column or in lymph 

nodes, lung pleura, small bowel, peritoneum, urogenital tract and heart) low-dose irradiation 

therapy is indicated.[52, 53]

Patients belonging to the intermediate-1 risk group who suffer from the risk factor 

they display, conventional drug therapy should be given; anaemia can be treated with 

androgens, danazol, corticosteroids, thalidomide or lenalidomide. Thalidomide plus 

prednisone and lenalidomide plus prednisone show higher response rates with decreased 

toxicity. Thalidomide and lenalidomide are also effective in PMF patients with unfavourable 

karyotype. A recent study of Holle et al.[54] showed an improvement in haemoglobin and 

thrombocyte counts and a reduction in spleen size and bone marrow fibrosis in patients 

with PMF, post-eT and post-PV myelofibrosis treated with thalidomide. However, side 

effects are toxicity and mainly neurotoxicity. More promising might be lenalidomide 

which shows fewer side effects with similar improvement in haematopoiesis.[53] The use 
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Table 3:  Treatment of PMF according to their risk stratification.

 Risk category PMF

Low Wait-and-see or conventional drug therapy

Intermediate-1 Wait-and-see or conventional drug therapy

Intermediate-2 Hydroxyurea* or experimental drugs or alloSCT

High Hydroxyurea* or experimental drugs or alloSCT

*  Hydroxyurea-intolerance or –resistance, use peg-INF-α
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of erythropoiesis-stimulating agents in myelofibrosis is not recommended due to the risk 

of splenomegaly exacerbation.[52, 55] PMF patients in the intermediate-2 and high risk group 

have an indication for therapy, as well as regular therapy as investigational drug therapy, 

due to the low survival rates in these patients (see Table 3).

In the presence of thrombocytosis, leukocytosis, splenomegaly or bone pain, there is an 

indication for hydroxyurea. Anaemia can be treated as indicated for the intermediate-1 

risk group and splenectomy is also indicated as stated above.[23, 53, 56-60]

The only potentially curative treatment in PMF patients is allogeneic stem cell 

transplantation with an overall three years survival ranging from 30-60%. AlloSCT can 

induce Graft versus Host Disease (GvHD), which can be divided in acute GvHD and chronic 

GvHD, with an incidence of about 30-43% and 30-48% respectively.[61-63] However, despite 

the high rate of death and the high risk of chronic morbidity due to GvHD, alloSCT is 

justified in PMF patients belonging to the intermediate-2 or high risk group, while the 

median survival of these patients are 3 years and 1 year[64] respectively (see Table 3). The 

three-year overall survival of PMF patients after alloSCT is ranging from 37% to 58%.

future treatMeNt

New therapeutical strategies include JAK inhibitors and imatinib mesylate. Imatinib 

mesylate (tyrosine kinase inhibitor) is used in the treatment of chronic myelogenous 

leukaemia and has been shown to reduce spleen size and to reduce the proliferative 

activity in PV patients.[65] Several JAK inhibitors have been developed since the discovery 

of the  mutation in 2005, among them ruxolitinib (INCB018424), SAr302503 

(TG101348), CYT387, Lestaurtinib (CeP701) and SB1518. 
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ruxolitinib is a JAK1 and JAK2 inhibitor which was tested in a phase I/II trial. Patients showed 

responses after one to two months including reduction of spleen size and improvement of 

constitutional symptoms including fatigue, weight loss, night sweats and pruritus. More 

than 50% decrease in total symptom score after 24 weeks occurred in 46% of the patients 

compared to 5% for the placebo group. Haematological side effects were anaemia and 

thrombocytopenia (grade 3 or 4). Non-haematological toxic effects were of low grade and 

infrequent. After 60 days the overall survival of the patients treated with ruxolitinib was higher 

compared to the placebo group (hazard ratio = 0.67). Allele burden was minimally decreased 

and ruxolitinib was shown to be effective in patients with the  mutation, but also in 

patients without the JAK2 mutation.[66, 67] ruxolitinib is now tested in a phase III trial. 

In a recent study of Tefferi et al. 51 patients were enrolled in the phase I/II COMFOrT trial 

experiencing a very rapid relief of symptoms related to the presence of myelofibrosis and 

splenomegaly. However, the occurrence of serious anaemia and thrombocytopenia, loss or 

lack of response, disease progression, patient/physician choice often associated with lack 

of response, and death during study prompted 47 patients to discontinue with ruxolitinib 

treatment. During treatment discontinuation acute relapse of symptoms and splenomegaly 

were experienced by most patients with sometimes hospitalization requirement. This 

observation stresses the need for careful disclosure of the ruxolitinib withdrawal syndrome 

to myelofibrosis patients. Further, treatment discontinuation should be done under close 

supervision in a gradual tapering schedule, although the tapering schedule does not 

guarantee that the withdrawal symptoms will not occur.[68] However, these side effects and 

the occurrence of ruxolitinib withdrawal syndrome do not counteract the benefits MPN 

patients with myelofibrosis experience with ruxolitinib treatment.

SAr302503 is a selective JAK2 inhibitor inducing rapid spleen size reduction and 

improvement of constitutional symptoms. Further, the majority of patients with leukocytosis 

and thrombocytosis at baseline achieved normal blood counts. A significant decrease in the 

 allele burden was observed. Grade 1 self limiting side effects were nausea, diarrhoea 

and vomiting. Haematological side effects of grade 3 to 4 were anaemia, thrombocytopenia and 

less frequent neutropenia.[69] SAr302503 is at the moment tested in a phase II trial.

CYT387 inhibits the JAK1 and JAK2 gene. First results are promising; improvement in 

spleen size, anaemia and constitutional symptoms. Side effects were headache and 

thrombocytopenia.[70] CYT387 is currently under investigation in a phase I/II trial. 

Lestaurtinib inhibits JAK2 and JAK3 and improves spleen size, transfusion dependency and 

cytopenias. No effect was seen on the  allele burden. Side effects were diarrhoea, 

anaemia and thrombocytopenia.[71] Currently, lestaurtinib is under investigation in a phase II trial.

SB1518 is a highly selective JAK2 inhibitor and was well tolerated in a phase I trial with a 

decrease in spleen size and improvement in clinical symptoms.[72] SB1518 is currently tested 
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in a phase I/II trial. An other promising drug might be pomalidomide, a second-generation 

immunomodulatory drug. Pomalidomide was shown to improve anaemia (in 25% of patients 

treated with 0.5mg/day and in 36% of patients treated with 3.0mg/day) and platelet count in 

patients with ≤100*109/L (in 58% patients treated with 0.5mg/day).[73, 74]

Hypomethylating agents have also been investigated. The most promising is decitabine, which 

was tested in a phase II study in 21 MPN patients with myelofibrosis, showing a reduction of 

61% in circulating CD34+ cells. ITF2357, a histone deacetylase inhibitor was shown to resolve 

pruritus in most patients, to reduce splenomegaly in 38% of the patients and showed a trend 

in reducing the  allele burden.[75]

everolimus (rAD001), inhibits the mammalian target of rapamycine (mTor) and was shown 

to reduce spleen size, to complete resolution of systemic symptoms and to reduce anaemia. 

Side effects were worsening of anaemia in 30% of the patients and grade two neutropenia or 

thrombocytopenia, although infrequent.[76]

The JAK inhibitors are the most promising new drug strategies for MPN patients with 

improvement in quality of life and relative minimal side effects. Although the long-term 

safety of these agents and if they prolong survival should be determined. Therefore JAK 

inhibitors should only be started as a form of therapy in myelofibrosis patients belonging to 

the intermediate-2 or high risk group.
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aBstraCt

The clonal bone marrow stem cell disorders essential thrombocythemia (eT), polycythemia 

vera (PV) and primary myelofibrosis (PMF) belong to the group of Philadelphia chromosome 

negative myeloproliferative neoplasia (Ph- MPN). In 2005 the  mutation was 

discovered which generated more insight in the pathogenetic working mechanism of the 

MPNs. Since then, more mutations have been detected in MPN patients.  However, the 

underlying cause of MPN has not been discovered so far. The mechanism of increased 

angiogenesis in MPNs and the development of fibrosis in the bone marrow in PMF patients 

and in some eT and PV patients is still not known. This review will focus on the most 

important molecular pathogenetic mechanisms of  MPN patients. 
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iNtroDuCtioN

Luis Henry Vaquez together with William Osler described in 1892 for the first time a case 

report of “Osler-Vaquez disease”, nowadays known as polycythemia vera.[1] In 1951 William 

Dameshek introduced the term “myeloproliferative disorders” (MPDs) to describe five 

different diseases with similarities in clinical phenotype and the belief of an underlying 

undiscovered stimulus responsible for the proliferative activity of bone marrow cells in 

these diseases.[2] Since then, more knowledge of the MPDs has been generated; from 

the discovery of the Philadelphia (Ph) chromosome in chronic myeloid leukaemia (CML) 

via the demonstration of clonality in MPDs to the discovery of the  mutation in 

MPDs.[3-11] Later on, the World Health Organization (WHO) recommended changing the 

term myeloproliferative disorders to myeloproliferative neoplasia (MPN) to underline 

the clonality of the diseases. According to the 2008 WHO classification the MPNs include 

essential thrombocythemia (eT), polycythemia vera (PV), primary myelofibrosis (PMF), 

CML, chronic neutrophilic leukaemia (CNL), chronic erythroleukemia (CeL), systemic 

mastocytosis (SM) and MPN unclassifiable. The classical MPNs include eT, PV, PMF and 

CML.[12] 

Nowadays, the classical Philadelphia chromosome negative (Ph-) MPNs include eT, PV and 

PMF.[13, 14] The proliferation of one or more of the erythroid, myeloid and megakaryocytic 

cell lineages characterizes the MPNs. Proliferation of the megakaryocytic cell line in eT 

patients results in increased blood platelets in the peripheral blood. PV is characterized 

by a trilineage proliferation resulting in mainly increased erythrocytes but often 

also leukocytes and blood platelets are increased in the peripheral blood. The bone 

marrow of PMF patients is characterized by a proliferation of the megakaryocytic and 

granulocytic cell line and the development of fibrosis.[14, 15] In this review we will focus on 

the molecular pathogenetic mechanisms involved in the MPNs. First, we will focus on 

the JAK-STAT pathway followed by the  mutation. Then the review will continue 

with the influence of the  mutation on the JAK-STAT, PI3K-Akt and erk pathway 

in MPN patients. Other recently discovered mutations will then be discussed in JAK2 

negative MPN patients. Finally, the pathogenesis of angiogenesis and myelofibrosis will 

be discussed.
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the JaK-stat pathWay

The presence of a JAK2 mutation is an important diagnostic clue to the diagnosis of 

Ph- MPN. The family of Janus Kinases (JAKs) consists of four members: JAK1, JAK2, 

JAK3 and Tyk2. The binding of cytokines, growth factors or hormones on cell surface 

receptors of the JAK family leads to transphosphorylation between the associated JAKs, 

resulting in tyrosine phosphorylation of the receptors and synthesis of binding sites for 

downstream signalling proteins. The signal transducer and activators of transcription 

(STATs) remain unphosphorylated in the cytoplasm of a quiescent cell until they become 

activated after tyrosine phosphorylation. The STATs are recruited to these binding sites, 

become phosphorylated, dimerize and translocate to the nucleus where they stimulate 

transcription (see Figure 1).[16-18] 

Figure 1: Positive and negative regulation of the JAK-STAT signal transduction pathway.

Binding of cytokines, growth factors or hormones on cell surface receptor transphosphorylates associated 
JAKs (Janus Kinase) creating binding sites for downstream signalling proteins. STATs (signal transducer 
and activator of transcriptions) become activated upon tyrosine phosphorylation, are recruited to the 
binding sites and become phosphorylated resulting in stimulation of transcription. The SOCS (suppressors 
of cytokine signalling), activated by STATs, provide a negative feedback loop to JAKs  and STATs. PTPs 
(phosphotyrosine phosphatases) and PIASs (protein inhibitors of activated STATs) inhibit JAKs, STATs or 
cytokine receptors.       
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The STAT family consists of seven STATs: STAT1, STAT2, STAT3, STAT4, STAT5a, STAT5b 

and STAT6.[18] 

The JAK/STAT pathway is inhibited by three protein families (see Figure 1):

1)  Haematopoietic cells express SHP1. SHP1 belongs to the family of phosphotyrosine 

phosphatases (PTP); PTP dephosphorylates activated JAKs, STATs or cytokine 

receptors.[19, 20] 

2)  Suppressors of cytokine signalling (SOCS) interact with activated JAKs or 

phosphorylated receptors or they induce the JAK proteasomal degradation. CIS, 

SOCS1, SOCS2 and SOCS3 are members of the SOCS protein family. The synthesis 

of SOCS is induced by activated STATs resulting in a negative feedback loop, 

through interacting with activated JAKs resulting in inhibition of STAT recruitment 

to the binding sites.[16, 21] 

3)  Protein inhibitors of activated STATs (PIAS), they interact with activated STATs and 

inhibit their dimerisation.[19]

The JAK2V617F mutation
Until 2005 little was known about the aetiology of MPN. The discovery of the 

mutation in MPN patients[3-6] gave a better understanding of the pathogenesis of MPNs. 

The  mutation is present in granulocytes, erythroblasts and myeloblasts and 

in all erythropoietine (ePO)-independent erythroid colonies. The  mutation 

deregulates the JAK2 kinase activity by destabilizing the inhibitory interaction, resulting 

in increased JAK2 kinase activity. Altogether, this results in a sustained JAK2 activation, 

while the feedback mechanism has been destroyed.[3] 

The erythroid colonies with the  mutation are able to grow in the absence of 

ePO. Therefore, the  mutation results in factor independent growth of the 

erythroid cell line.[22] The receptors of bone marrow progenitor cells are hypersensitive 

to thrombopoietine (TPO, stimulates proliferation and differentiation of megakaryocytes), 

ePO (stimulates erythroblasts), stem cell factor (SCF, induces proliferation and self-

renewal of multipotent haematopoietic progenitors) and granulocyte stimulating factor 

(GSF, stimulates proliferation and differentiation of granulocytes). The hypersensitivity 

of these cytokines results in monoclonal stimulation of the megakaryopoiesis, 

erythropoiesis and granulopoiesis. However, due to  and other mutations, 

haematopoietic progenitor cells can proliferate without the presence or induction by 

cytokines.[23]

It is unclear how one mutation can be responsible for three phenotypically different 

diseases. Besides, not every MPN patient carries the  mutation; >95% of the 
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PV patients and about 50% of the eT and PMF patients carry the  mutation. 

This generated three hypothesis. The first hypothesis is the ǵene-dosagé  hypothesis, 

which postulates a correlation between phenotype and allele burden, which is the ratio 

between mutant and wild type JAK2 in haematopoietic cells; between MPN patients there 

is a variability in the number of cells carrying the mutation and there is a variability in 

the alleles that carry the  mutation.  Most PV patients are homozygous for the 

 mutation, while eT patients are heterozygous. Indeed, some eT patients with 

increasing allele burden transform over time to PV or PMF. Importantly, eT patients with 

the  mutation have a “PV-like” phenotype compared to eT patients whithout the 

mutation. Patients with a MPN carrying the  mutation do not have a higher risk 

of developing  post-PV and post-eT myelofibrosis compared to patients without the JAK2 

mutation[24-27]. Controversy exists of the allele burden and the risk of developing acute 

myeloid leukaemia (AML).[28, 29] It was shown that some patients with a  positive 

MPN can lose this JAK2 mutation in the progression to AML. A possible explanation 

for this phenomenon is the concept of a ‘pre-JAK2’ phase in which other mutations are 

responsible for the progression to AML. This ‘pre-JAK2 phase’ is a second hypothesis 

which postulates additional somatic mutations or inherited predisposing alleles present 

before the  mutation, which are responsible for the clonal haematopoiesis and 

determine the phenotype. This pre-JAK2 phase might even be responsible for generating 

the  mutation or they might act synergistically.[18, 19] The ‘gene-dosage’ and pre-

JAK2 phase’ do not entirely explain the phenotypic heterogeneity of the MPNs; differences 

in mice with different genetic backgrounds were observed leading to a third hypothesis of 

‘host genetic factors’. This hypothesis postulates that host genetic characteristics might 

act as modifiers of the phenotype in combination with the  mutation, for instance, 

singe nucleotide polymorphisms (SNPs), even gender is an independent modifier with 

women having a lower  allele burden than men.[30-32]

Also, the coexistence of independent JAK2-mutant and JAK2 wild-type clonal expansions 

in the same patient can be an explanation. It is observed that JAK2 positive AML patients 

are preceded by transformation to myelofibrosis during their disease course, in contrast 

to. JAK2 wild-type AML which is preceded by chronic-phase eT and PV patients. The 

mechanism of this disease evolution remains to be elucidated.[33] 

recent studies with JAK(1/)2 inhibitors have shown that the symptoms of MPN patients 

are dramatically improved in patients with the  mutation but also in patients 

with wild type JAK2 gene. ruxolitinib (INCB018424), SAr302503 (TG101348) and CYT387 

are promising JAK(1/)2 inhibitors when evaluating the improvement of the symptoms 

and the side effects. The side effects of JAK inhibitors include thrombocytopenia, 

anaemia and neutropenia and gastro-intestinal symptoms like diarrhoea, nausea and 
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vomiting. Further, with ruxolitinib a withdrawal syndrome has been reported during 

discontinuation of ruxolitinib characterized by acute relapse of disease symptoms, 

accelerated splenomegaly and worsening of cytopenias.[34-39] Although the  

mutation is an important underlying mechanism, it is not the cause of the MPN. Therefore, 

when using the JAK inhibitors a balance should be found for each individual patient with 

enough benefit and the least side effects. The fact that patients with wild type JAK2 also 

benefit from JAK(1/)2 inhibitors indicates other, still unknown, underlying mechanism(s) 

responsible for the increased JAK/STAT pathway activity in MPN patients.

The JAK-STAT, PI3K-Akt and Erk pathway and MPN
The sustained activation of JAK2 increases STAT3 and STAT5 phosphorylation. Activated 

STAT3 regulates cell growth through regulation of cyclin D1 and induces Bcl-2 (see 

Figure 2) resulting in an anti-apoptotic signal. STAT3 was also shown to play an important 

role in megakaryopoiesis, mainly through the expansion of megakaryocytic progenitor 

cells.[40-42] Activated STAT5 up-regulates Bcl-xL (see Figure 2), inhibiting apoptosis of 

megakaryocytes, and mediates cell growth through induction of cyclin D1.[43, 44] The net 

result of STAT3 and STAT5 activation is apoptosis inhibition and a proliferative activity. 

Due to the  mutation the sustained JAK2 activation suggests an up-regulation in 

phosphorylated STAT3 (pSTAT3) and STAT5 (pSTAT5) in MPN patients, probably especially 

in JAK2 positive patients, while STAT3 and STAT5 are activated by JAK2. Indeed, pSTAT5 

was shown to be up-regulated in  positive MPN patients.[45] 

The  mutation also activates the MAPK and PI3K-Akt pathway (see Figure 3).[4, 6]

The  mutation and pSTAT5 can both activate PI3K by interacting with p85, a 

regulatory subunit of PI3K. Activated PI3K activates Akt, which in turn activates mTor 

on Ser2448 which directly phosphorylates ribosomal p70S6Kinase (p70S6k).[46, 47] The 

phosphatidylinositol-3-kinase (PI3K)/Akt/mammalian target of rapamycine (mTor) 

pathway is known to be commonly activated in leukaemia and lymphoma and is known 

to play a role in inhibiting apoptosis in normal human erythroblasts.[48, 49] The PI3K/

Akt pathway induces the phosphorylation of BAD, a pro-apoptotic member of the Bcl-2 

family, via phosphorylated Akt (pAkt) and p70S6k. The BAD function is inhibited upon BAD 

phosphorylation resulting in inhibition of apoptosis. Activation of the PI3K/Akt pathway 

also induces the activation of Bcl-xL, resulting in inhibition of megakaryocyte apoptosis 

(see Figure 2).[50-52] 

Due to the inactivation of the pro-apoptotic factor BAD and activation of Bcl-xL, Akt 

suppresses apoptosis and promotes cell survival.[53-57] Since the bone marrow of MPN 

patients is characterised by a pathological increase in megakaryocytes, Akt might play 

an important role in the up-regulation of megakaryocytes, possibly secondary to the 
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Figure 2: Signalling pathway of JAK-STAT, erk and PI3K/Akt.
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Figure 2: Signalling pathway of JAK-STAT, erk and PI3K/Akt.

JAK2 (Janus Kinase) is activated by different cytokines, growth factors and hormones (erythropoetine 
(ePO), thrombopoetine (TPO), interleukin (IL)-3 and -5, stem colony stimulating factor-granulocyte-
macrophage (CSF-GM) and interferon (INF)). JAK2 phosphorylates STAT5 (signal transducer and activator 
of transcription)  and STAT3, however the  mutation induces a sustained activation of STAT5, STAT3, 
PI3K (phosphatidylinostiol-3 kinase) and indirect of extracellular signal-regulated kinase (erk) resulting in 
increased activation of their downstream proteins. Phosphorylated STAT5 (pSTAT5) and pSTAT3 induces 
Bcl-xL resulting in megakaryocyte apoptosis. STAT3 is not only activated by JAK2 and the  mutation 
but also by TPO and fibroblast growth factor (FGF). Phosphorylated PI3K (pPI3K) phosphorylates AKT (pAKT) 
activating Bcl-xL and inhibits BAD resulting in inhibition of apoptosis. pAKT also activates the mammalian 
target of rapamycin complex 1 (mTOrC1) which can also phosphorylate STAT3 and activates ribosomal 
p70S6Kinase (p70S6K) and hypoxia-inducible-factor (HIF-1α). HIF-1α, p70S6K and mTOrC1 are involved in 
angiogenesis by activation of vascular endothelial growth factor (VeGF). Phosphorylated erK (perK) is not 
only indirectly activated by the   mutation but also directly by TPO, galectin-1 (gal-1) and gal-3. perK 
activates Bcl-2 and BAD with a net result of inhibiting apoptosis.  

 mutation. It was already demonstrated in previous studies that an increased 

phosphorylation of Akt is present in  positive patients Is also associated with 

increased erythropoiesis in PV patients.[45, 58, 59] 

An increased activation of ras-erk signalling pathway has been demonstrated in PV 

patients.[58] extracellular signal-regulated kinase (erk) belongs to the mammalian 

MAPK families which are serine-threonine kinases.[60] This receptor tyrosine kinase 

(rTK)-Grb2-SOS signalling axis activates GTPase ras which in turn activates raf-1. 

raf-1 mediates the activation of MeK which in turn activates erk (see Figure 2).[61]  

erk phosphorylates BAD, resulting in inactivation of BAD with inhibition of apoptosis, and 

activation of Bcl-2 to form homodimers generating anti-apoptotic responses.[62] The net 

result of erk phosphorylation is the inhibition of apoptosis, by blocking the function of 

BAD and activation of Bcl-2. Therefore, the activation of the erk pathway is suggested be 

one of the mechanisms responsible for the hypercellularity seen in the bone marrow of 

MPN patients, also possibly secondary to the  mutation.

sigNalliNg iN JaK2 v617f Negative MpN

Before the discovery of the  mutation, the molecular pathogenesis of the 

MPN was unknown. It was thought that eT, PV and PMF were clonal disorders arising 

in a multipotent progenitor cell characterized by independency or hypersensitivity 

of haematopoietic progenitors to numerous cytokines. The PV progenitors are 

hypersensitive to ePO, leading to the forming of erythroid progenitor cells in the absence 

of ePO. In PMF there is an enhanced sensitivity to TPO, with a defective TPO-receptor in 
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which the negative regulation is disturbed, and this is also seen in PV. recently, another 

mutation in the JAK2 gene was found, the JAK2 exon 12 mutation, only found in  

negative PV patients and contributes primarily to erythroid myeloproliferation. This 

mutation in JAK2 exon 12 leads to increased levels of phosphorylated JAK2, STAT5 and erk 

compared to patients with wild type JAK2 and even higher phosphorylated JAK2 and erk 

levels compared to patients with the  mutation. PV patients with the JAK2 exon 12 

mutation are of younger age and have normal leukocyte and platelet counts compared to  

PV patients with the mutation.[63, 64] 

Another additional mutation is present in the myeloproliferative leukaemia oncogene (MPL), 

which encodes for the TPO-receptor, present in 5% of  negative eT patients and 

in 10% of  negative PMF patients. This gain of function mutation also results in 

activation of JAK2, STAT3, STAT5, erk and Akt.[65, 66] eT patients with an MPL mutation are 

of older age, have lower haemoglobin levels and higher platelet counts. MPL-mutated PMF 

patients are also of older age with lower haemoglobin levels.[65, 67] Therefore, these mutations 

seem to have different phenotypes compared to MPN  positive MPN patients.

Other mutations are found in MPN patients (see Table 1), involving LNK mutations. Wild-

type LNK inhibits the constitutive activity of  and MPL, therefore mutations in 

LNK result in neutralising this inhibition. However LNK mutations are also found in other 

myeloid malignancies and therefore are not specific for MPN. LNK mutations include Ten-

eleven-Translocation2 (TeT2) mutations important in DNA demethylation, Additional Sex 

Comb-Like1 (ASXL 1) mutations, Isocitrate Dehydrogenase 1/2 (IDH1/IDH2) mutations 

and enhancer of Zeste Homolog 2 (eZH2) mutations. LNK negatively regulates the JAK2 

activation via the TPO-receptor and is shown to be mutated in all MPN at a low frequency in 

patients with the , TeT2, IDH and/or MPL mutations, but was found more often in 

leukemic transformation of MPN (13%).[68-73]  

epigenetic mechanisms can be modulated via regulation of transcription involving DNA and 

histone modifications. The TeT2, ASXL1, IDH1/2 and DNA cytosine methyltransferase 3a 

(DNMT3A) belong to these epigenetic modifiers. Mutations in these epigenetic modifiers 

are predominantly found in PMF patients and blast phase MPN patients. ASXL1, IDH1/2, 

DNMT3A and eZH2 mutations are associated with poor survival in MPN patients.

The discovery of so many mutations in MPN patients suggests that they are primarily 

background mutations and several affect the same pathways. Some mutations are involved 

in early phase MPN (ASXL1), some in chronic phase MPN ( , MPL) and some in 

disease progression (LNK, TeT2, IDH1/2 and DNMT3A). By a higher frequency of some 

mutations in myelofibrosis patients (PMF, post-eT/PV myelofibrosis) they might predict 

disease progression to myelofbrosis in PV and eT patients (ASXL1). Other mutations are 

found in higher frequency in AML patients preceded by a MPN (LNK, DNMT3A).[73, 74]  
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except for the known mutations, bone marrow cells, like megakaryocytes, stem cells, 

progenitor cells and myeloid cells, can produce aberrant cytokines, activating signalling in 

MPNs. These cytokines are produced in mutant and non-mutant MPN cells. In other diseases 

the STAT3 and NF-κβ signalling have been found to regulate cytokine transcription.[75] 

Treatment with JAK inhibitors and also STAT3 deletion can both reduce cytokine expression 

in MPN cells, giving us the reason why JAK negative MPN patients can still respond 

clinically on JAK inhibitory therapy.[76] The complex of the different molecular aberrations 

together with the production of aberrant cytokine signalling is believed to be the pathogenic 

mechanism initiating MPN disease.

aNgiogeNesis, MyelofiBrosis aND MpN

Angiogenesis is the formation of new blood vessels and capillaries from existing blood vessels, 

playing an important role in the pathogenesis of many human malignancies and non-malignant 

diseases. By several studies it was shown that the micro vessel density (MVD) is increased in the 

bone marrow of MPN patients, with the highest MVD in PMF patients. The MVD was also found to 

be higher in MPN patients with the JAK2 mutation compared to MPN patients who do not carry 

the JAK2 mutation.[63-67]

Angiogenesis is tightly regulated by pro- and anti-angiogenic factors.[68] Hypoxia-inducible-factor-1 

(Hif-1) is a major regulator of angiogenesis. Hif-1 is activated under hypoxic conditions. Hif-1 

consists of Hif-1α, expressed under hypoxic conditions, and Hif-1β, expressed under normoxic 

and hypoxic conditions. The Hif-1 protein becomes active only when the α- and β-subunit interact, 

resulting in Hif-1 heterodimer, which is an active transcription factor.[69] One of the target genes 

of Hif-1 is vascular endothelial growth factor (VeGF) (see Figure 2). VeGF is increased in bone 

marrow of MPN patients, particularly in PV and PMF patients.[63, 64, 70, 71] STAT3 activation induces 

up-regulation of VeGF (see Figure 2), moreover when STAT3 is blocked, VeGF expression is 

inhibited.[72] An increased phosphorylation of STAT3 might therefore be one of the mechanisms of 

the increased angiogenesis seen in the bone marrow of MPN patients. However, megakaryocytes 

and thrombocytes are also important sources of VeGF, since megakaryocytes and thrombocytes 

are increased in eT, PV and PMF patients, the precise mechanism of increased angiogenesis 

in MPN patients is not fully understood.[71]  Bcl-2/adenovirus e1B 19 kDa-interacting protein 3 

(Bnip3), another target protein of Hif-1 (see Figure 2), is a pro-apoptotic protein belonging to the 

BH3-only subfamily activated under hypoxic conditions in normal and cancer tissue by Hif-1 

activation.[77-79] In an immunohistochemistry study a trend of lower Bnip3 expression in PMF 

patients is shown, with a further decrease of the expression in PMF follow-up biopsies.[80]

Also, down-regulation of Bnip3 due to DNA methylation and histone deacetylation is shown 
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in acute lymphatic leukaemia (ALL), acute myeloid leukaemia (AML) and multiple myeloma 

(MM).[81] These studies also indicate disturbed apoptosis mechanisms and not only an 

increased proliferative activity in MPN patients. Further, these studies might also indicate an 

angiogenesis pathway independent of hypoxia and thus independent of Hif-1 activation, while 

Bnip3 is expressed under hypoxic conditions.

Table 1: Somatic mutations in eT, PV, PMF and blast phase MPN patients.

Mutations Mutational  
frequency

Pathogenetic  
relevance

JAK2 V617F exon 14 
(janus kinase 2)

PV 
eT and PMF 

BP-MPN 

>95%
50-60%

± 50%

abnormal myeloproliferation and progenitor cell  
growth factor  
hypersensitivity

JAK2 exon 12
MPL (myeloproliferative
leukemia virus 
oncogene)

PV 
eT  

PMF 
BP-MPN  

± 3%
± 3-5%
± 10%

± 5%

mainly erythroid myeloproliferation
cytokine-independent growth and thrombopoietin
hypersensitivity

LNK eT, PV and PMF 
 BP-MPN

rare
± 10%

wild-type LNK inhibits activity of JAK2V617F and MPL

TeT2 (TeT oncogene
family member 2)

eT
PV 

PMF  
BP-MPN

4-5%
10-16%

8-14%
± 17%

catalyzes conversion of 5-methylated cytosine 
into hydroxy-methylated cytosine and 
is therefore a key player in active
DNA demethylation

ASXL1 (additionale sex 
combs-like 1)

eT and PV  
PMF  

BP-MPN

rare
± 13%
± 18%

wild-type ASXL1 is involved in normal 
haematopoiesis and can 
act as activator and repressor of transcription

IDH1/IDH2 (isocitrate 
dehydrogenase)

eT, PV and PMF 
 BP-MPN

rare
± 20%

converts α-ketoglutarate into 
2-hydroxyglutarate (2HG) and inhibits
TeT2 activity leading to decrease in demethylation

eZH2 (enhancer of zeste
homolog 2)

PV  
MF

± 3%
±6-13%

wild-type eZH2 is part of polycomb 
repressive complex 2 (PrC2)

DNMT3A (DNA cytosine
methyltransferase 3a)

eT 
PV  

PMF 
BP-MPN  

± 3%
± 7%

± 10%
± 15%

DNA methyltransferase responsibe 
for the maintainance of 
DNA in the methylated state

eT: essential thrombocythemia, PV: polycythemia vera, PMF: primary myelofibrosis, BP-MPN: 
blast phase myeloproliferative, MF: myelofibrosis and includes PMF, post-eT/PV myelofibrosis
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Figure 3: Overview of bone marrow with myelofibrosis.

A. reticuline fibrosis in bone marrow (1000x, He)     B. Primary myelofibrosis (1000x, He).

the pathogeNesis of fiBrosis 

The amount of vessels is correlated with the grading of fibrosis; the higher the MVD, 

the more severe the grading of fibrosis, indicating a correlation between angiogenesis 

and fibrosis.[63, 64, 66] Myelofibrosis is the abnormal increase in bone marrow fibre content. 

There is a difference between reticulin fibrosis and collagen fibrosis with the latter showing 

a stronger correlation with abnormal blood counts and no response to treatment,[82, 83] 

therefore fibrosis is classified in:

	 •	 MF-0;	 	single	scattered	reticulin	fibers	with	no	intersections	(cross-overs)	with	

the appearance of normal bone marrow.

	 •	 MF-1;		 	a	loose	network	of	thin	reticulin	fibers	with	many	intersections,	especially	

in perivascular areas.

	 •	 MF-2;		 	a	 diffuse	 and	 dense	 increase	 in	 reticulin	 forming	 with	 extensive	

intersections, occasionally with only focal bundles of thick collagen fibers 

and/or focal osteosclerosis.

	 •	 MF-3,		 	a	 diffuse	 and	 dense	 increase	 in	 reticulin	 with	 extensive	 intersections	

with coarse bundles of collagen and often associated with significant 

osteosclerosis.[84]

This classification is a subjective scoring system with limitations, including interobserver 

variability and inconsistency of use. Further, in daily practice it remains difficult whether a 

case is MF-0 or MF-1 and MF-2 or MF-3, how much collagen is tolerable to diagnose a case 

as MF-2. The same is true for eT and the prefibrotic form of PMF which shows phenotypic 

similarities.[85-87] 
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However, the presence and grading of fibrosis is important to diagnose MPN, but it is also a 

guide for treatment decisions.

Bone marrow fibrosis is a major feature of PMF patients, but can also develop in eT and 

PV patients, known as post-essential thrombocythemia myelofibrosis (post-eT MF) and 

post-polycythemia vera myelofibrosis (post-PV MF), respectively.[12, 88] Myelofibrosis is 

characterized in the peripheral blood by tear-drop erythrocytes and the presence of myeloid 

precursor cells. The symptoms these patients display consist of splenomegaly, progressive 

anaemia and constitutional symptoms like fatigue, weight loss, night sweats, bone pain and 

shortness of breath. Survival in myelofibrosis varies from 2 to 11 years due to an increased 

risk of leukemic transformation. Treatment of myelofbrosis is mainly palliative; blood 

transfusion, radiotherapy, chemotherapy, splenectomy or stem cell transplantation. The 

latter is the only curative option.[89]

The development of fibrosis has been studied widely, although a clear underlying mechanism 

has not been identified yet. Platelet-derived growth factor (PDGF) is a potent stimulator 

of fibroblast growth present in megakaryocytes and platelets,[90] resulting in abnormal 

numbers of megakaryocytes and platelets in disorders with increased bone marrow fibrosis. 

Although PDGF stimulates fibroblast growth, studies from Kimura et al. and Terui et al., 

showed little effect of PDGF on reticulin or collagen production.[91, 92]

Transforming growth factor β (TGF-β) is another potent stimulator of fibroblast collagen 

synthesis found in megakaryocytes and platelets. There are 3 isoforms of TGF-β; TGF-β1, 

-β2 and -β3. Megakaryocytes in humans produce and are negatively regulated by, TGF-β1. 

It is shown that megakaryocyte colony-forming units (CFU-MK) in eT patients are less 

sensitive for the negative regulation of TGF-β1 due to a reduced expression of Smad4 (an 

intracellular effector of TGF-β).[93, 94] In PV and PMF patients it was shown that one of the 

TGF-β high-affinity cell surface receptors, TβrII, has a reduced expression, resulting in loss 

of sensitivity to TGF-β1 with resistance to its growth-inhibitor and apoptotic effect, allowing 

clonal expansion of megakaryocytes and fibroblasts.[95-98] 

In mice models it was shown that megakaryocytes and leucocytes are both responsible 

in the development of fibrosis. A pathological emperipolesis of polymorphonuclear 

(PMN) leucocytes within the megakaryocytes results in the destruction of megakaryocyte 

organelles and leakage of PDGF and TGF-β into the bone marrow microenvironment. This 

indicates that there is an inappropriate release of stored substances in megakaryocytes. The 

net result is activation and proliferation of fibroblasts leading to fibrosis. This phenomenon 

is supported by the correlation between the amount of reticulin deposition and the rate of 

emperipolesis.[99, 100] However, it remains unknown what drives the emperipolesis. Other 

cytokines and haematopoietic growth factors and the interplay between them might be 

involved in the development of fibrosis in the bone marrow of MPN patients. 
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CoNCluDiNg reMarKs

Although important progress has been made in the understanding of the MPN 

pathogenesis due to the discovery of the  mutation and the discovery of other 

mutations, the underlying mechanism of the MPN is still not elucidated. The development 

of JAK inhibitors has improved the quality of life of MPN patients significantly, although a 

survival advantage has not been proven yet due to too short follow up time and the data 

are based on small series.

Although progress in the understanding of the pathophysiological mechanism of fibrosis 

has been made the last couple of years, discussion remains whether bone marrow 

fibrosis in MPN patients is of clonal MPN origin, or reactive and polyclonal. However, the 

most important question remains: what is the main underlying mechanism driving the 

development of fibrosis? Only when we have the question to this answer can the prognosis 

and survival of MPN patients can be prolonged. Therefore, more research needs to be 

done to elucidate the difficult underlying mechanism of myelofibrosis in order to generate 

better therapeutic options.  
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aBstraCt

early phases of polycythemia vera (PV), essential thrombocythemia (eT) and primary 

myelofibrosis (PMF) can be difficult to distinguish by morphologic studies alone because 

they share many morphological characteristics. Histological criteria according to the 2008 

World Health Organization (WHO) classification are part of Myeloproliferative neoplasia 

(MPN) diagnosis. Our aim was to assess the reproducibility of morphological characteristics 

and determine their relative importance for histological diagnosis on selected trephine 

biopsy sections.

For the study, 56 prefibrotic MPN trephine specimens were blindly reviewed by  

4 haematopathologists using a scoring list of 16 histological characteristics mentioned in 

the WHO classification. Consensus was defined as agreement by 3 out of 4 haemato-

pathologists.

High degrees of consensus were reached for individual major morphological features 

used in the WHO classification, especially for the nuclear features of megakaryocytes 

(83%). Some of the features correlated positively or negatively with the histological 

diagnosis of PMF. Consensus for the histological classification of MPN was reached in 39 

(70%) of 56 cases without knowledge of clinical data. This finding indicates a difference in 

relative importance assigned to individual histological characteristics by different 

haematopathologists. 
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iNtroDuCtioN

Myeloproliferative neoplasms (MPN) are clonal bone marrow stem cell disorders originating 

from a multipotent haematopoietic stem cell. MPNs are characterized by the proliferation 

of one or more lineages of myeloid, erythroid and megakaryocytic cell lineages resulting in 

increased numbers of granulocytes, erythrocytes or platelets in the peripheral blood. 

According to the 2008 World Health Organization (WHO) criteria, MPNs can be divided into 

chronic myelogenous leukemia (CML) carrying the Philadelphia (Ph+) chromosome as a 

result of t(9;22), resulting in the BCr-ABL1 fusion gene, and diseases that do not carry the 

Philadelphia chromosome (Ph-).[1] The three most commonly occurring, so called classical 

Ph negative MPNs (Ph- MPN) are polycythemia vera (PV), essential thrombocythemia (eT) 

and primary myelofibrosis (PMF).[2, 3] 

In 1967, the Polycythemia Vera Study Group (PVSG) initiated extensive studies of PV. The 

diagnostic criteria were updated several times during the following decades and are widely 

used by haematologists. However, the appropriate use of the histological studies of bone 

marrow biopsy (BMB) specimens as a diagnostic tool was neglected. To stress the relevance 

of a BMB, the WHO added a set of histological diagnostic criteria in 2001.[4] The recent 

discovery of the  mutation and the recognition of pre-fibrotic PMF resulted in the 

2008 WHO classification of MPNs.[1, 5-7] 

PV is characterized by a proliferation of the three major haematopoietic cell lineages, 

usually resulting in increased numbers of circulating erythrocytes and often also leukocytes 

and blood platelets. The bone marrow features of PV are trilinear hypercellularity, loose 

clusters of a range of small to giant megakaryocytes, and, sometimes, a slightly increased 

amount of reticulin fibrosis.

The typical features of eT are thrombotic and haemorrhagic complications due to the 

proliferation of the megakaryocytic cell line, resulting in trombocythemia. The bone 

marrow is characterized by increased numbers of loosely clustering, giant, hyperlobated 

megakaryocytes with staghorn-like features and a lack of reticulin fibrosis. erythropoiesis 

and myelopoiesis are typically not involved. 

The bone marrow of patients with PMF is characterized by a proliferation of the megakaryocytic 

and, less conspicuously, granulocytic cell lineage. The megakaryocytes often demonstrate 

dense clustering and a large range in cell size, including giant megakaryocytes. Their nuclei 

demonstrate atypical features such as cloud-like aspect, hypolobulation,  irregular nuclear 

outlines, and hyperchromatic chromatin. During the course of the disease, the amount of 

reticulin fibrosis increases, finally resulting in collagen fibrosis with osteosclerosis.[3, 8] 

early phases of PV, eT and PMF share many morphological characteristics and consequently 

can be difficult to distinguish from each other when using only histological evaluation. 
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Distinguishing these three MPN subtypes in the early phase reliably is important, because of 

a different risk of thromboembolic complications of PV and the worse survival rate of PMF 

patients compared to eT patients, who have a normal life expectancy.[1, 9] 

The first aim of this study was to assess the reproducibility of the major individual 

morphological characteristics described in the WHO classification for the different prefibrotic 

MPNs. The other aims were to assess the reproducibility of the histological diagnosis using 

only morphological characteristics without knowledge of the clinical data and to gain insight 

into interpathologist differences.

Materials aND MethoDs

Bone marrow trephine specimens 

Diagnostic BMB specimens from 56 consecutive patients diagnosed between 2001 and 2006 

as having non-fibrotic eT (n=30) or PV (n=26) according to the PVSG criteria were retrieved 

from the files of the University Hospital Antwerp, Antwerp, Belgium. Bone marrow trephine 

biopsy specimens from all patients were routinely embedded in paraffin, and the original 

diagnostic sections were used for this study. The sections had been stained with haematoxylin 

and eosin (H&e), periodic acid-Schiff (PAS) and Gomori silver impregnation to evaluate the 

morphologic features and reticulin fiber content. 

Assessment of bone marrow trephine slides

The 56 trephine specimens were blindly reviewed by four pathologists (F.J.B., K.H.L., 

A.M.W.M., and K.M.H.) from different hospitals with a special interest in MPNs. each 

pathologist assessed the trephine specimens independently and without knowledge of 

patients’ age, sex or any other clinical data and without knowledge of the original diagnosis. 

For the study, 16 histological characteristics, mainly related to megakaryocyte morphologic 

features, were previously agreed on and were scored for each case. An arbitrary threshold of 

at least 10% within the cells of a lineage was accepted, although the WHO classification does 

not give any quantitative criteria. Deliberately, no detailed agreement on the criteria was 

sought beforehand to establish whether there was consensus in the use of the WHO 2008 

histological criteria in daily practice. Megakaryocyte nuclei were scored as staghorn, cloud 

like, dysmorphic, or bare nuclei. The nuclear lobulation of the megakaryocytes was scored as 

normal, hyperlobulation, or hypolobulation. The clustering was divided into no clustering, 

loose clustering, or dense clustering. The cytoplasm of the megakaryocytes was recorded as 

normal, small, large, or dysmorphic. Additional features were dilated sinusoids and the  

myeloid/erythroid ratio (M/e ratio) (see Table 1). 
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Definitions of the morphological features are given in Table 2. The histological diagnosis was 

made according to the WHO 2008 criteria.[1] The diagnosis was no MPN or MPN, and, if 

possible, was further classified as eT, PV or PMF. Although essential for the final diagnosis of 

the MPN, we did not record the clinical and laboratory data because this study was about 

measuring the interobserver variation in evaluating the histological features used in the WHO 

2008, irrespective of the clinical and laboratory data. Consensus was defined as agreement 

by three out of four pathologists. For statistical analysis excel (Microsoft, redmond, WA) was 

used to calculate the percentage of consensus and the confidence intervals. 

To study the relative importance of the individual morphological features for the diagnosis, 

we analyzed their reported frequency in PMF and non-PMF cases for each pathologist. 
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Table 1:  Degree of consensus for 16 histological characteristics in 56 cases of myeloproliferative neoplasia*. 

Present Absent

Megakaryocyte nuclei

Staghorn
Cloud like
Naked nuclei
Dysmorph

53
48

477
46

(95 [
(86 [
(84 [
(82 [

88.6
76.0
73.8
71.4

-100.6 ])
-95.5 ])
-94.0 ])
-92.9 ])

3
8
9

10

(5 [
(14 [
(16 [
(18 [

-0.6
4.5
6.0
7.1

-11.5 ])
-24.1 ])
-26.2 ])
-28.6 ])

Lobulation

Normal
Hyperlobulated
Hypolobulated

50
48
42

(89 [
(86 [
(75 [

79.3
74.9
61.9

-99.3 ])
-96.6 ])
-88.1 ])

6
8

14

(11 [
(14 [
(25 [

0.8
3.4

11.9

-20.7 ])
-25.1 ])
-38.1 ])

Clustering

Normal
Loose
Dense

41
40
49

(73 [
(71 [
(88 [

60.0
57.8
78.0

-86.5 ])
-85.1 ])
-97.0 ])

15
16

7

(27 [
(29 [
(13 [

13.5
14.9

3.0

-40.0 ])
-42.2 ])
-22.0 ])

Megakaryocyte cytoplasm

Normal
Small
Large
Dysmorph

42
45
50
43

(75 [
(80 [
(89 [
(77 [

63.2
68.6
80.7
63.7

-68.8 ])
-92.1 ])
-97.6 ])
-89.9 ])

14
11

6
13

(25 [
(20 [
(11 [
(23 [

13.2
7.9
2.1

10.1

-36.8 ])
-31.3 ])
-19.3 ])
-36.3 ])

Other features

Dilated sinusoids
Myeloid/erythroid ratio

48
40

(86 [
(71 [

75.5 
59.6

-95.9 ])
-83.3 ])

8
16

(14 [
(29 [

4.1
16.7

-24.5 ])
-40.4 ])

Diagnosis (MPN type) 39 (70 [ 57.6 -81.3 ]) 17 (30 [ 18.3 -42.4 ])

* Values are given as number of cases (percentage [95% confidence interval]).
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Features that were reported as present in at least 75% of these cases or in fewer than 25% 

were considered of diagnostic importance and potentially able to discriminate between the 

two groups. 

 
Table 2:  Definitions of morphological features.

Morphologic features Definition

Staghorn nuclei
Large cells with deeply lobulated nuclei 
surrounded by mature cytoplasm

Cloud like nuclei
enlarged bulbous, plump nuclei with 
decreased amount of cytoplasm

Naked nuclei
Compact hyperchromatic megakaryocyte 
nuclei without visible cytoplasm

Dysmorphic nuclei Hyperchromatic nuclei with bizarre shapes

Hyperlobulation
>6 nuclear lobules; lobules often completely 
separated by cytoplasm

Hypolobulation <4 nuclear lobules surrounded by ample mature cytoplasm

Dense clustering
At least 4 megakaryocytes lying back-to-back, 
without being separated by other cells 

Loose clustering
Dispersed cluster of at least 3 megakaryocytes 
without close contact

Small megakaryocyte size Megakaryocytes <4 myeloid cells in largest dimension

Large megakaryocyte size Megakaryocytes >8 myeloid cells in largest dimension

Dysmorphic megakaryocyte 
cytoplasm

Small to large megakaryocytes with abnormal nuclear/
cytoplasmic ratio and a shape other than round

Dilated sinusoids Visible sinusoids that may or may not be filled with haematopoietic cells

Myeloid/Erythroid ratio ratio of estimated numbers of myeloid and nucleated erythroid cells
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results

each pathologist scored the presence of 16 histological characteristics and made 

a histological diagnosis according to the WHO criteria. Some examples are shown in 

Figure 1. As the scoring date show in Table 1, variation in the degree of consensus was 

found in the scoring of the 16 histological characteristics, varying from 95% for the 

nuclear aspect staghorn to 71% for the presence of loose clustering of megakaryocytes. 

The degree of consensus for the nuclear features of the megakaryocytes was 

relatively high (at least 75% for hypolobulation), and the consensus for megakaryocyte 

cytoplasmic characteristics such as large and small was slightly lower. Also, the 

consensus for dense clustering (88%) was comparably high in comparison with loose 

clustering and no clustering (71% and 73% respectively). Of the other characteristics, 

the M/e ratio showed lower consensus (71%, [40/56]); of these 40 cases,  

2 (5%) of 40 were diagnosed as erythroid hyperplasia and 37 (93%) of 40 as having a 

normal M/e ratio and in 1 (3%) of the 40 cases, there was consensus about the presence 

of myeloid hyperplasia. As expected, the degree of consensus for the histological 

diagnosis of MPN was 100% (56/56).

The confidence intervals are given in Table 1 along with the degree of consensus for 

the 16 histological characteristics. The confidence interval has a comparable range for 

most morphological features. 

The consensus frequency for the histological diagnosis of the various subtypes was 80% 

(40/56) for PMF, 20% (11/56) for PV and 0% (0/56) for eT. PV was considered by at least 

one pathologist in 24 (43%) and eT only in 7 (13%) of the 56 trephine specimens.

The features that were present in at least 75% of PMF cases were large megakaryocytes, 

small megakaryocytes, hyperlobulation, and a normal M/e ratio. erythroid hyperplasia was 

reported in fewer than 25% of the PMF cases. In the non-PMF cases, no single feature was 

reported in more than 75%, but dysmorphic nuclei and megakaryocytes, dense clustering, 

dilated sinusoids and myeloid hyperplasia were generally absent (<25%). Because myeloid 

hyperplasia, staghorn nuclei and normal lobulation were reported in fewer than 25% of 

cases in both groups, they were not useful for discrimination (see Table 3).
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A B C

D E F

G H I

J K L

Figure 1: examples of morphological features in megakaryocytes.

A.  Dysmorphic nucleus (arrow; H&e, x200) B. Loose clustering (H&e, x100) C. Hyperlobulated and enlarged 
nuclei (arrow; H&e, x200) D. Dense clustering (periodic acid-Schiff, x100) e. Staghorn nucleus (H&e; x1000)  
 F. Cloud-like nucleus (H&e; x1000) G. Small megakaryocyte cytoplasm (arrow; H&e, x1000) H. Dilated sinusoids 
(H&e, x100) I. Dysmorphic megakaryocyte (arrow; H&e, x1000) J. Hypolobulated nuclei (arrow; H&e, x1000) K. Large 
megakaryocyte cytoplasm (H&e, x1000) L. Naked megakaryocyte nuclei (arrow; H&e, x1000).
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DisCussioN

In this study, trephine biopsy specimens from 56 patients initially diagnosed as having a non-

fibrotic MPN were blindly and independently reviewed by four haematopathologists using a 

scoring system of 16 histological characteristics. The degree of consensus was relatively 

high for the overall nuclear features of the megakaryocytes (83%), calculated as the mean of 

the ten nuclear features of the megakaryocytes. especially the degree of consensus for the 

aspect of the megakaryocyte nuclei was high. These findings indicate that there is rather good 

agreement among haematopathologists concerning the definition of morphological features.

With the clinical PVSG criteria pre-fibrotic PMF was not recognized as a separate entity and 

was classified as eT or PV. These criteria resulted in a relatively high frequency of eT owing to 

the presence of trombocythemia that can occur in pre-fibrotic MPN. In our study, the use of the 

2008 histological WHO criteria led to a higher frequency of PMF (80%) and a lower frequency 

of PV (20%) and none of the trephine specimens were diagnosed as eT by consensus, eT was 

considered in only 13% of the trephine specimens. In line with our study, similar results have 

Table 3:  Morphologic features recorded by four pathologists in <25% or >75% of cases considered as PMF 
compared to non-PMF*.

PFM Non-PFM

Frequent in PMF

Small megakaryocyte cytoplasm
Large megakaryocyte cytoplasm
Hyperlobulation 
Normal myeloid/erythroid ratio
Dysmorphic nuclei
Dysmorphic megakaryocytes
Dense clustering

101/
107/

97/
100/

53/
61/
59/

134
134
129
133
130
136
134

(75)
(80)
(75)
(75)
(41)
(45)
(44)

46/
43/
48/
42/
12/
18/

9/

72
69
71
78
71
71
55

(64)
(62)
(68)
(55)
(17)
(25)
(16)

Rare in non-PMF

Frequent in PMF 48/ 137 (35) 13/ 71 (18)

Rare in PMF

erythroid hyperplasia
Staghorn 
Normal lobulation

7/
12/
13/

140
122
122

(5)
(10)
(11)

28/
5/

18/

62
61
83

(45)
(8)
(22)

Non-discriminatory

Myeloid hyperplasia 27/ 138 (20) 0/ 0 (0)

PMF, primary myelofibrosis
* Data are given as number/total (percentage).
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been found by the group of Gianelli et al.[10] when they used the WHO criteria to reclassify 

patients with eT as diagnosed by the PVSG criteria. They found that the diagnosis for only 

19% of the patients remained as eT, whereas the great majority of patients was re-diagnosed 

as having PMF. Comparable data are shown by Thiele and Kvasnicka[11] and Florena et al.[12] 

It seems from this and other studies that the clinical manifestations of eT, pre-fibrotic PMF, 

and early fibrotic PMF are quite similar and that the clinical relevance of the sub classification 

can not always be demonstrated.[10, 11, 13, 14] 

Samuelson et al.[14] questioned in a letter to the editor whether there is sufficient confidence 

that evaluation of megakaryocyte morphologic features and fibrosis is widely reproducible 

among various observers. The study by Wilkins et al.[9] supports this concern. Although 

individual morphological features such as megakaryocyte lobulation, size, and clustering, 

which are important features for differentiating MPNs, show an acceptable degree of 

consensus for pathologists, this might be insufficient for daily practice in diagnosing MPN 

subtypes and predicting the differences in clinical outcome and prognosis, especially without 

further information on the thresholds and weight of these features. As shown in Table 1, 

consensus was particularly low for the characteristic ‘megakaryocyte clustering’, except for 

‘dense clustering’. This finding indicates differences in the perception of ‘loose clustering’. 

Loose clusters of megakaryocytes are considered a feature of eT and PV[1], but apparently it 

is difficult to distinguish ‘loose clusters’ from ‘no clusters’, thus leaving only dense clusters 

as a discriminatory feature. In our study, dense clustering was only scored in PMF, indicating 

its weight in diagnosing PMF. Wilkins et al.[9], on the other hand, found it more difficult to 

distinguish between ‘loose clusters’ and ‘dense clusters’, and, in their study, the type of 

clusters showed a low strength of association. From that finding and our findings it can be 

concluded that the aspect of clustering of megakaryocytes is difficult to apply reproducibly 

and that there is a need for providing criteria for determining the type of clustering. 

Gianelli et al.[10] showed that the recognition of dysmorphic megakaryocytes is very important, 

demonstrating that besides dense clustering, dysmorphic features of the megakaryocytes 

discriminate non-fibrotic PMF from eT. Also, in our data dysmorphic megakaryocytes 

were scored only in PMF, indicating specific importance in PMF. A low degree of consensus 

was reached for especially ‘normal megakaryocyte size’. The size of the megakaryocytes 

showed a more acceptable degree of consensus, 80%, but it varied from 75% for ‘normal 

megakaryocyte size’ to 89% for ‘large megakaryocytes’. The low consensus for ‘normal’ 

megakaryocytes is partly due to an inconsistency in scoring by some of the pathologists: 

in case of abundant abnormal megakaryocytes the presence of small numbers of normal 

megakaryocytes was not always recorded. 

Megakaryocytic lobulation showed comparable results, with the degree of consensus of 

83%. Hyperlobulation was one of the most common scored characteristic in PMF, as was 
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hypolobulation in non-PMF cases, indicating its importance. For the M/e ratio there was 

a 71% degree of consensus, and of these cases, 93% were diagnosed as having a normal 

M/e ratio. As depicted in the WHO 2008 criteria, the recognition of a significant degree of 

granulocytic proliferation is important to distinguish PMF from eT.[5] In our study 80% were 

re-diagnosed as PMF; however, in only 3% of these cases was there consensus on myeloid 

hyperplasia. Also, the normal M/e ratio was one of the four average characteristics scored 

in PMF. This indicates that granulocytic proliferation is not considered a prerequisite for the 

diagnosis of PMF; other criteria or combined features were judged to be more important in 

reaching a diagnosis of PMF.

As one can expect, each morphologic feature makes a different contribution for each 

diagnosis. The numbers in our study were too small for a confident determination of their 

relative importance. From the reported frequency in PMF and non-PMF cases, we have 

at least some information on their assigned importance. Features that are considered as 

major histological criteria for PMF by the WHO are small to large megakaryocytes with 

an aberrant nuclear/cytoplasmic ratio and hyperchromatic, bulbous, or irregularly folded 

nuclei and dense clustering (Table 2.04 from Swerdlow et al.[1]). In this study, these features 

were frequently reported in PMF (large megakaryocytes, small megakaryocytes) or rarely 

reported in cases diagnosed as non-PMF (dysmorphic nuclei and megakaryocytes, dense 

clustering). These findings indicate that the latter criteria are specific but apparently not 

sensitive enough to exclude PMF on their own in individual cases. 

The aims of this study were to assess the reproducibility of the morphological characteristics 

that are used in the WHO 2008 classification and to determine their relative importance for 

histological diagnosis on selected trephine biopsy sections without knowledge of the clinical 

data. The independence of the clinical data in this study is important because the histological 

picture is a major criterion for PMF, a necessary criterion for eT and a minor criterion for 

PV. Moreover, in daily practice, recognition of a myeloproliferative disorder and histological 

sub typing have to be performed quite often without all required clinical data to reach a final 

histological diagnosis.[5, 6] 

Our study showed a high degree of consensus for individual histological features that are 

described in the WHO classification of MPN BMB specimens, especially concerning the 

megakaryocytic characteristics. The translation to a final histological diagnosis is more 

problematic because, besides the recognition of individual histological features, also their 

frequency, ranking and combination have a role. Future diagnostics for MPN will increasingly 

integrate clinical and morphological methods with genetic and protein expression data. 

A good example is the incorporation of the JAK2 mutation status in MPN diagnostics. However, 

at least for the time being, histological assessment of a trephine biopsy specimen remains a 

tool for the sub classification of MPNs in daily clinical practice and in clinical trials. 
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aBstraCt

Background: In patients with myeloproliferative neoplasia (MPN) the development 

of fibrosis and increased vessel density correlate with poor prognosis. The  

mutation constitutively activates JAK2, which phosphorylates signal transducer activator of 

transcription (STAT), up-regulating vascular endothelial growth factor (VeGF), which might 

be responsible for angiogenesis in MPN. Galectins are involved in the development of fibrosis 

and angiogenesis and might also be involved in activation of the JAK/STAT pathway in MPN.

Methods: 106 MPN patients, 36 essential thrombocythemia (eT), 25 polycythemia vera (PV) 

and 45 primary myelofibrosis (PMF), were analyzed for the expression pattern of galectin-1, 

galectin-3, pSTAT3, pSTAT5 and MVD by immunostaining of bone marrow biopsy sections 

followed by automated image analysis. The JAK2 mutational status was analysed through 

real time PCr in blood samples.

Results: The expression of galectin-1 was significantly higher in all MPN patients compared 

to normal controls. Galectin-3 was expressed more in PV patients. MVD was significantly 

higher in all MPN patients and correlated with galectin-1 and pSTAT5 expression. pSTAT5 

expression showed a trend of higher expression in patients carrying the  mutation as 

well as in PV patients. PMF patients and all   positive patients showed a significantly 

higher pSTAT3 expression compared to control and eT patients. 

Conclusion: The findings suggest the involvement of galectin-1 in MPN development, 

regardless of the subtype. Furthermore involvement of galectin-3 in PV development, pSTAT5 

in that of PV and   positive patients and angiogenesis, as well as pSTAT3 is involved 

in the pathogenesis of PMF. 
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iNtroDuCtioN

Myeloproliferative neoplasia (MPNs) are clonal bone marrow stem cell disorders, 

characterized by proliferation of the myeloid, erythroid and/or megakaryocytic cell lineages 

resulting in increased numbers of granulocytes, erythrocytes and/or platelets in the 

peripheral blood. The three classical Philadelphia chromosome-negative (Ph-) MPNs are 

polycythemia vera (PV), essential thrombocythemia (eT) and primary myelofibrosis (PMF) [1, 2].

In patients with a MPN, fibrosis and increased vessel density correlate with poor prognosis [3, 4]. 

Galectins are involved in the development of both fibrosis[5, 6] and angiogenesis[7] in other 

organs, and therefore might be involved in MPN development. 

Galectins mediate cell adhesion and stimulate cell migration, proliferation and apoptosis, 

through β-galactoside moieties on the cell surface interacting with integrins, laminin and 

fibronectin. Galectin-1 (gal-1) is involved in tumour angiogenesis and since increased 

microvessel density (MVD) has been reported in MPNs[8-10], gal-1 might be involved in the 

regulation of angiogenesis in MPN. Increased galectin-3 (gal-3) expression has been shown 

to be involved in liver fibrosis[5, 11]. Therefore, we studied the gal-1 and gal-3 expression in 

bone marrow trephines of Ph- MPNs.

The signal transducer and activator of transcription (STAT) proteins are activated via the JAK/

STAT pathway, by Janus Kinases (JAKs). A somatic mutation in the JAK2 gene, , has 

been shown to be present in >95% of PV patients and in approximately 50% of eT and PMF 

patients[12, 13]. The  mutation disrupts the inhibitory function of the pseudokinase 

domain in the JAK2 gene, resulting in constitutively activation of JAK2 and phosphorylation of 

STAT5[8-10, 14-16]. Phosphorylated STAT5 (pSTAT5) is known to be increased in PV patients[17, 18] 

and it was shown that activation of STAT3 induces up-regulation of vascular endothelial 

growth factor (VeGF)[19]. Therefore, we studied the JAK2  mutational status, pSTAT3 and 

pSTAT5 expression along with MVD in bone marrow trephines of patients with Ph- MPNs.

Materials aND MethoDs

Study population

The study was carried out on bone marrow trephines obtained from patients recorded at the 

Maastricht University Medical Centre, Maastricht, between January 1992 and December 

2009, recorded at the Haga Hospital, The Hague, between January 2006 and December 2009 

and recorded at the VieCuri Medical Centre, Venlo, between January 2005 and July 2010. The 

study was approved by the local institutional ethics committee. The study population consisted 

of 106 patients with a myeloproliferative neoplasm, with a mean age of 63.6 years at time of 
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Table 1:   Clinical and laboratory findings of patients with essential thrombocthemia (eT), polycythemia vera (PV), 
primary myelofibrosis (PMF) and the control group.

Essential 
thrombocythemia 

n=36

Polycythemia 
vera 
n=25

Primary 
myelofibrosis 

n=45

Control bone 
marrow

n=36

Males / females 11/25 8/17 26/19 23/13

Age, y,  
mean (SD)

59  
(17,70)

65  
(13,56)

67  
(10,73)

56  
(14,33)

JAK2 wild type / 
JAK2 mutation /  
JAK2 unknown

15
19
2

2
17
6

7
20
18

36
0
0

White blood cell 
count*109/L,  
mean (SD)

 
9,37  

(2,89)

 
16,08  

(12,22)

 
11,89  

(11,38)

 
8,16  

(4,44)

Minimum-maximum 4,4-18,30 5,70-62,00 0,90-70,60 2,80-23,80

Haemoglobin, mmol/L, 
mean (SD)

8,53  
(1,26)

9,89  
(1,81)

7,09  
(1,58)

8,16  
(1,10)

Minimum-maximum 6,10-12,00 6,70-13,50 3,30-10,60 6,10-11,10

Haematocrit L/L,  
mean (SD)

0,43  
(0,06)

0,52  
(0,09)

0,35  
(0,08)

0,39  
(0,05)

Minimum-maximum 0,29-0,61 0,37-0,68 0,15-0,50 0,30-0,52

Thrombocytes*109/L, 
mean (SD)

929  
(346)

662  
(316)

564  
(532)

263  
(137)

Minimum-maximum 327-1862 112-1371 15-2644 49-585

diagnosis (SD±14.7) ranging from 17 to 86 years. The patient population included in the study 

consisted of 36 eT (33.9%), 25 PV (23.6%), and 45 PMF (42.5%) patients. None of the patients 

received therapy when the biopsy was taken. All patients were clinically and histological 

diagnosed according to the World Health Organization (WHO) 2008 classification[20] and 

independently reviewed by two pathologists. Of the patients 45 (42.5%) were men and 61 (57.5%) 

were women. Fifty-six patients were carriers of the  mutation (19 eT, 17 PV and 20 

PMF patients), 24 patients were carriers of the JAK2 wild type (15 eT, 2 PV and 7 PMF patients) 

and of 26 patients the JAK2 mutational status was unknown, because of insufficient DNA to 

detect the JAK2 status by PCr or because the patients died prior to the availability of the 

 test (see Table 1). The patients were subdivided for the grading of myelofibrosis (mf) 

into mf 0/1 and mf 2/3; 43 patients belonged to the mf 0/1 group (19 eT, 12 PV, 12 PMF) of 
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Immunohistochemistry 

The bone marrow biopsy specimens were decalcified using the eDTA decalcification for four 

hours, followed by standard tissue processing and paraffin embedding. From the paraffin-

embedded blocks 3μm sections were cut for immunohistochemical staining and mounted on 

starfrost slides (Knittel Gläser, Germany). All the antibodies were tested for specificity on 

positive and negative tumour control slides and also individually tested on decalcified control 

bone marrow biopsies, resulting in a variation of immunohistochemical procedures, optimised 

for all individual antibodies.

Antihuman galectin-1 (r&D systems, Minneapolis, MN) was used with a dilution of 1:500 and 

antihuman galectin-3 (r&D systems, Minneapolis, MN) with a dilution of 1:50. After 

deparaffinization and blocking of endogenous peroxidase activity (0.3% H2O2 in methanol) 

antigen retrieval was performed by boiling in citric acid (pH 6.0) for 10 minutes in a water bath 

of 100ºC. After blocking with 5% bovine serum albumin/phosphate buffered saline (BSA/

PBS), primary antibodies were applied in 0.5% BSA/PBS. The slides were then incubated 

with a biotin-labelled secondary antibody (gal-1: polyclonal swine anti-rabbit, Dako 

(Glostrup, Denmark) and gal-3: rabbit anti-goat, Dako (Glostrup, Denmark)) with a dilution of 

1:200 and 1:500 respectively for 30 minutes. Staining was performed with the StrepABComplex/

HrP kit (Dako, Glostrup, Denmark) according to the manufacturer’s instructions. After 

developing the colour with freshly made diaminobenzidine solution (Dako, Glostrup, 

Denmark), slides were counterstained with haematoxylin (Merck, Whitehouse Station, NJ), 

dehydrated and mounted in entellan (Merck).

Immunohistochemical staining of pSTAT3 and pSTAT5 was carried out using the antihuman 

rabbit monoclonal antibody pSTAT3 (Tyr705) and pSTAT5 (Tyr694) with a dilution of 1:50 and 

1:200 respectively (Cell signaling Technology, Danvers, MA). After deparaffinization and 

antigen retrieval by boiling for 20 minutes in 1mM Tris eDTA pH 8.0 in a warm water bath, 

endogenous peroxidase activity was blocked in 3% H2O2 in methanol. After blocking with the 

blocking solution (Tris Buffered Saline Tween (TBST) with 5% horse serum), the primary 

antibodies were applied in TBST with 5% horse serum (pSTAT3) and TBST with 1% BSA 

(pSTAT5) overnight. The slides were then incubated with powervision (Immunologic, Duiven, 

The Netherlands) for 40 minutes. Development of the colour and counterstaining was 

performed as described above. 

which 24 were  positive and 11 carried the JAK2 wild type gene and 61 belonged to 

the mf 2/3 group (17 eT, 12 PV, 32 PMF) of which 31 were  positive and 13 carried the 

JAK2 wild type gene. The control group consisted of 36 morphologically normal negative 

staging biopsies from patients with non-Hodgkin lymphoma and Hodgkin lymphoma with a 

mean age of 55.8 years.
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The 142 trephines (MPN patients plus control patients) were immunohistochemically 

analysed using an automated immunostainer (Dako autostainer Link 48) with CD34 (clone 

QBend 10, Dako). CD34 was incubated for 20 minutes at room temperature. The reaction was 

revealed by means of the Dako envision Flex Kit (Dako) according to the manufacturer’s 

instructions.

Quantification of staining

Gal-1, gal-3, pSTAT3 and pSTAT5 staining (see Figure 1) was quantified using an image 

processing and analysis system (Leica, Cambridge, UK) linked to a Leica DML3000 light 

microscope (Leica Quantimet, Germany). QWin (Leica’s Windows-based image analysis tool-

kit-Leica, Cambridge, UK) was used for postprocessing. The surface area of galectin present 

was measured separately in cell nuclei and in stroma. All measurements were conducted 

with a magnification factor of 40, in at least three to at most five complete hot spot bone 

marrow fields per slide, to measure total tissue, total cytoplasmic area positive and negative 

staining (gal-1 and gal-3), total nuclei positive (pSTAT3 or pSTAT5) and total nuclei count. The 

amount of positivity was calculated as the percentage of the total tissue area (gal-1 and gal-3) 

A B C

D E F
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Figure 1: examples of galectin-1, galectin-3, pSTAT3 and pSTAT5 staining. 

The brown colour represents the gal-1 staining in A and B, gal-3 staining in C, pSTAT3 staining in D and 
pSTAT5 staining in e and F. A. Galectin-1 (630x) B. Galectin-1 (1000x) C. Galectin-3 (630x) D. pSTAT3 (630x) 
e. pSTAT5 (630x) F. pSTAT5 (1000x).
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or the percentage of positive nuclear pixels related to the total number of nuclear pixels 

(pSTAT3 and pSTAT5). MVD was assessed by counting the number of CD34 positive capillary-, 

arteriolar- or sinuslumen in five 1 mm2 fields at 100x magnification, calculating the mean 

over these five fields. The grading of fibrosis  was done according to the european consensus 

on grading of bone marrow fibrosis[21].

To validate the data obtained at the molecular level, we tried to isolate DNA from bone marrow 

biopsies. However, the quality of the DNA was very poor and the DNA was too fragmented to 

be used.

Statistical analysis

The data were statistically evaluated using the SPSS 15 statistical package, analyzed 

descriptively (descriptives, explore and crosstabs). Statistical comparison was performed by 

Mann-Whitney U-test when comparing medians. Differences were considered significant 

when p-value was less then 0.05. Pearson’s test was performed for correlating the expression 

of gal-1 with MVD, gal-3 with MVD, pSTAT3 with MVD and pSTAT5 with MVD.

For the analysis of pSTAT5, bone marrow of the Haga hospital, The Hague, was withdrawn, 

due to inappropriate staining of the bone marrow. Only 30 eT patients, 16 PV and 34 PMF 

patients and a total of 20 control bone marrows were available for pSTAT5 analysis.

In some cases bone marrow tissue was lost during the pre-treatment of the slides; for gal-1 

we report 1 missing value, for pSTAT5 6, and for MVD 5 missing values. For the grading of 

myelofibrosis we report 2 missing values.
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Table 2:   Percentage of gal-1, gal-3, pSTAT3 and pSTAT5 in essential thrombocythemia (eT), polycythemia vera 
(PV), primary melofibrosis (PMF), all MPN patients and control patients.

ET 
 n=36

PV
n=25

PMF 
n=45

All MPN
patients
n=106

Control
patients

n=36

Galectin-1, %*, mean (SD) 7.80 (4.37) 8.15 (4.50) 7.70 (3.35) 7.84 (3.97) 6.25 (2.65)

Minimum-maximum  
(CI)

1.12
(5,90

-20.32
-9.49)

0.49
(5.69

-12.79
-10.09)

3.65
(6.27

-14.56
-8.95)

0.49
(6.76

-20.32
-8.65)

3.22
(4.23

-15.60
-8.57)

Galectin-3, %*, mean 
(SD)

7.24 (4.82) 10.23 (5.01) 7.72 (5.90) 8.15 (5.43) 8.58 (4.51)

Minimum-maximum  
(CI)

0.64
(5.76

-18.69
-9,52)

0.20
(6.53 

-19.51
-12.75)

0.56
(6.28

-23.50
-11.43)

0.20
(7.19

-23.50
-9.89)

2.01
(5.85

-18.80
-12.99)

pSTAT3, %#, mean (SD) 4.18 (1.96) 5.19 (4.21) 5.52 (3.29) 4.99 (3.20) 4.21 (2.28)

Minimum-maximum  
(CI)

1.12
(3.17

-8.91
-4.94)

1.02
(2.77

-16.53
-7.63)

0.84
(3.98

-13.68
-6.42)

0.84
(3.99

-16.53
-5.49)

0.96
(2.67

-7.92
-5.17)

pSTAT5, %#, mean (SD) 2.91 (2.18) 4.72 (3.58) 3.31 (2.60) 3.46 (2.74) 3.62 (2.46)

Minimum-maximum  
(CI)

0.26
(2.06

-7.40
-3.75

0,40
(2.82

-11.77
-6.63)

0.00
(2.41

-13.71
-4.22)

0.00
(2.84

-13.71
-4.07)

1.18
(2.08

-9.29
-4.65)

MVD, 1 mm2,  mean (SD) 37.72 (22.18) 47.55 (27.45) 58.47 (31.56) 48.79 (28.92) 27.95 (11.25)

Minimum-maximum  
(CI)

3.40
(29.70

-89,60
-49.07)

5.80
(35.77

111.20
-70.80)

12.80
(50.30

-122.40 
-76.39)

3.40
(44.16

-122.40
-59.03)

5.60
(17.94

-57.80
-34.27)

* calculated as percentage positive area of total tissue area
# calculated as percentage positive nuclei of total nuclei count
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results

The results of all staining percentages are summarized in Table 2 and 3. Qualitative 

microscopic evaluation of gal-1 staining showed its expression mainly in the immature 

myeloid cell component. A weak expression of gal-1 was seen in the cytoplasm of the 

megakaryocytes, no expression of gal-1 was seen in the erythroid cell line. Gal-1 was 

expressed significantly more in bone marrow of PMF patients compared to the control slides 

(p=0.036). The mean percentage of gal-1 for all MPN patients together was 7.8% and 6.3% for 

the control patients (p=0.027). The expression between gal-1 and MVD was significantly 

correlated (p=0.007).

Gal-3 was present in immature and mature myeloid cells and was only weakly expressed in 

megakaryocytes, endothelial cells and erythropoietic cells. Statistical analysis of gal-3 

revealed a significant difference between PV and eT patients (p=0.019) and between PV and 

PMF (p=0.044) patients, with higher gal-3 expression in PV patients. There was no significant 

correlation between gal-3 and MVD and no significant difference between patients with 

different JAK2 mutational status.

pSTAT3 was localized in immature and mature myeloid cells and in endothelial cells. In the 

evaluated bone marrow biopsy trephines, the percentage of pSTAT3 was higher in  

positive patients compared to patients with wild type JAK2 (p=0.018). There was also a 

significant correlation between pSTAT3 and MVD p=0.000). pSTAT5 was expressed in immature 

myeloid cells, the nuclei of adipocytes, some endothelial cells and in the nuclei of 

megakaryocytes and partly a weak expression in the cytoplasm of megakaryocytes. pSTAT5 

was significantly correlated with the MVD (p=0.020). No statistically significant difference but 

a trend was reached between patients carrying the  mutation and patients without 

the mutation as well as in PV patients compared to eT and PMF patients.

In the total MPN group the mean MVD was significantly higher compared to the control group 

(p=0.000) and the MVD was significantly higher expressed in PV (p=0.006) and PMF (p=0.000) 

patients compared to the control group. eT patients compared to PMF patients showed also 

a statistically significant difference with a higher MVD expression in PMF patients (p=0.003). 

PMF patients showed higher MVD (58.5 vessels/mm2) than eT (37.7 vessels/mm2) and PV 

patients (47.6 vessels/mm2). Comparing the  positive patients to the  

negative patients the MVD was not significantly different.

Concerning the myelofibrosis grading and the stainings we report a statistically significant 

higher gal-1 (p=0.013) and gal-3 (p=0.012) expression in the mf 0/1 group compared to the mf 

2/3 group. For MVD there was a higher expression of MVD in the mf 2/3 group (p=0.001) 

compared to the mf 0/1 group and also the pearson correlation showed a significant 

correlation of MVD with the grading of myelofibrosis (p=0.000). 
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Table 3: Percentage of gal-1, gal-3, pSTAT3 and pSTAT5 in JAK2 positive and JAK2 negative patients

JAK2 positive  
n=56

Wild type JAK2  
n=24

Galectin-1, %*,  
mean (SD)

8.50  
(4.04)

7.36  
(3.58)

Minimum-maximum  
(CI)

1.12-20.32 
(7.41-9.59)

1.48-14.56  
(5.82-8.91)

Galectin-3. %*.  
mean (SD)

8.93  
(5.34)

7.04  
(5.18)

Minimum-maximum 
(CI)

0.56-23.50 
(7.49-10.37)

0.55-18.69
(4.80-9.28)

pSTAT3. %#.  
mean (SD)

5.53  
(2.80)

4.18  
(1.97)

Minimum-maximum  
(CI)

1.02-14.67 
(4.77-6.29)

1.12-8.91 
(3.33-5.03)

pSTAT5. %#.  
mean (SD)

4.22  
(3.48)

3.04  
(1.60)

Minimum-maximum  
(CI)

0.26-13.71 
(3.02-5.41)

0.90-6.47 
(2.27-3.81)

MVD. 1 mm2. mean  
(SD) 

52.77  
(30.58)

49.01  
(25.98)

Minimum-maximum  
(CI)

3.60-122.40 
(44.72-63.18)

17.20-111.20  
(40.64-65.24)

*  calculated as percentage positive area of total tissue area
# calculated as percentage positive nuclei of total nuclei count
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DisCussioN

In this study, the expression of gal-1, gal-3, pSTAT3 and pSTAT5 along with the MVD in 

bone marrow cells was immunohistochemically measured in eT, PV, PMF and control 

bone marrows. 

Gal-1 is known to be involved in tumour angiogenesis[7]. The higher expression of gal-1 and 

MVD in the total group of MPN patients in our study together with a significant correlation 

between gal-1 and MVD, suggests a role of gal-1 in the increased angiogenesis in MPN 

patients. These results assign a possible target for the angiogenesis inhibitor anginex, as gal-

1 was identified as receptor for anginex. Anginex blocks the adhesion and migration of 

angiogenically activated endothelial cells, leading to apoptosis and inhibition of angiogenesis[22]. 

In gal-1-null mice treatment with anginex did not inhibit tumour growth in contrast to the wild 

type mice where tumour growth and vessel density was significantly inhibited with anginex 

treatment[7]. 

Increased expression of gal-3 has been associated with liver fibrosis secondary to diverse 

types of injury[11]. However, in the mf 0/1 group we saw a higher gal-3 expression compared 

to the mf 2/3 group. Also we saw no significant correlation between gal-3 and MVD. These 

findings contradict the relation between increasing fibrosis, MVD and gal-3 expression in 

MPN trephines. On the other hand we were able to show higher gal-3 expression in PV 

patients. recently, it was also demonstrated that gal-3 is predominantly expressed in Chronic 

Myeloid Leukemia (CML) cells, where gal-3 expression support the molecular signalling 

pathways for maintaining CML in the bone marrow and resistance to therapy[23, 24]. Therefore 

there are indications that gal-3 might play a role in MPN pathogenesis.

Constitutive activation of STAT proteins is present in a variety of haematological disorders[25-29]. 

STAT3 activation has been reported in PV and eT and low pSTAT3 levels in PMF patients[17, 30]. 

However, our study does not confirm these results, possibly due to a relative high amount of 

PMF patients and lower amounts of PV and eT patients. 

Activated STAT3 has an important role in the regulation of megakaryopoiesis and 

thrombopoiesis in vivo, via activation of Bcl-xL inhibiting apoptosis of megakaryocytes[31]. The 

bone marrow of PMF patients is characterized by a proliferation of the megakaryocytic cell 

line. The megakaryocytes often demonstrate dense clustering with cloud like nucleus[20]. 

The increased megakaryocytes with deviated forms in the bone marrow of PMF patients 

might be due to the decreased megakaryocyte apoptosis as result of increased STAT3 

activation in PMF patients. The higher pSTAT3 expression in  positive patients 

indicates an increased STAT3 activation generated by the presence of the  mutation. 

In diverse cancer types it was shown that constitutive activation of STAT3 induces vascular 

endothelial growth factor (VeGF) expression[19]. In our study we show a correlation between 
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pSTAT3 and MVD, indicating that the increased MVD seen in MPN patients, especially in PMF 

patients, might be induced by the constitutive activation of STAT3 resulting in increased 

expression of VeGF. 

Our finding of higher pSTAT5 expression in PV and  positive patients is in line with 

earlier published data[14, 17, 32, 33]. This indicates that the presence of the  mutation 

generates increased levels of pSTAT5. However, in our study the pSTAT5 expression did not 

reach statistical significant difference but only showed a trend between patients carrying the 

 mutation and patients without the mutation as well as in PV patients compared to 

eT and PMF patients. This might be due to the high number of patients with an unknown JAK2 

status and also to the small PV patient population. The correlation between pSTAT5 and MVD 

might suggest other pathways involved in the increased MVD seen in MPN patients. pSTAT5 

can interact with p85, a regulatory subunit of PI3K/Akt pathway, and might increase VeGF via 

the PI3K/Akt and mammalian target of rapamycine (mTor) pathway as was already shown in 

chronic myeloid leukaemia (CML)[34-36].

In line with other studies[37, 38], we found the bone marrow MVD in the total MPN group and in 

PV and PMF patients to be significantly higher compared to the control group. The increased 

MVD reflects increased angiogenic activity which might be induced by hypoxia, via hypoxia-

inducible factor (Hif) and VeGF, or by normoxia, directly via VeGF. 

regarding the MVD and fibrosis in MPN patients, Boveri et al.[39] found a higher MVD along 

with a higher grading of fibrosis, which is line with our study. Other studies showed higher 

MVD in PMF, post-eT myelofibrosis and post-PV myelofibrosis patients compared to eT and 

PV patients indicating that angiogenesis is primarily involved in later stages of the disease[38-41]. 

In conclusion, the characteristic megakaryopoietic abnormalities and also the higher MVD 

expression in PMF trephines can be explained by a higher pSTAT3 expression in PMF patients. 

Also gal-1 expression is correlated with the MVD with anginex as potential new therapy for 

MPN patients. pSTAT5 expression showed a trend of higher expression in PV and  

positive patients, possible induced by the  mutation and also gal-3 expression seems 

correlated with PV. Further, the increased MVD expression in MPN patients with higher 

myelofibrosis grading suggests the important role of angiogenesis in the development of 

myelofibrosis. 

Based upon these data we support the concept that the microenvironment plays an important 

role in haematological malignancies[42, 43]. Interactions between stroma and haematopoietic 

cells in MPNs constitute possible targets for therapy.
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aBstraCt

Background: Proliferative activity contributes to bone marrow cellularity in 

myeloproliferative neoplasia (MPN). Megakaryocytes are the most important cells in MPN 

bone marrow pathology.  mutation constitutively activates JAK2, phosphorylating 

extracellular signal-regulated kinase (perk) and phosphatidylinositol 3-kinase (PI3K)-Akt 

signalling pathway. erk is involved in megakaryocyte differentiation, PI3K-Akt inhibits 

megakaryocyte apoptosis via Bcl-xL and two downstream effectors p70S6k and Bnip3. 

Immunohistochemic expression of  phosphorylated erk, Akt, p70S6k and Bnip3 was studied 

along with microvessel density (MVD) in MPN bone marrow and megakaryocytes.

Methods: 36 essential thrombocythemia (eT), 25 polycythemia vera (PV) and 45 primary 

myelofibrosis (PMF) patients, were analyzed for perk, pAkt, Bnip3, p70S6k and MVD 

expression by immunostaining bone marrow biopsy sections followed by automated image 

analysis.  was analysed through real time PCr in blood samples.

Results: perk and pAkt were significantly higher expressed in MPN megakaryocytes, 

mainly eT patients, compared to controls. Bnip3 was higher expressed in bone marrow of 

control patients and in MPN megakaryocytes. MPN megakaryocytes, mainly eT patients, 

showed higher p70S6k expression compared to controls. 

Conclusion: Increased bone marrow cellularity in MPN patients might be influenced by 

increased perk, pAkt and decreased Bnip3 expression. A dominant role for megakaryocytes 

in eT patients was shown. Increased amounts of megakaryocytes in MPN patients can be 

due to increased pAkt and p70S6k.
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iNtroDuCtioN

Myeloproliferative neoplasia (MPN) are clonal bone marrow stem cell disorders originating 

from a multipotent haematopoietic stem cell characterized by proliferation of the myeloid, 

erythroid and/or megakaryocytic cell lineages resulting in increased numbers of granulocytes, 

erythrocytes or platelets in the peripheral blood. MPNs can be divided in chronic myelogenous 

leukaemia (CML) carrying the Philadelphia (Ph+) chromosome as a result of t(9;22) and 

diseases which do not carry the Philadelphia chromosome (Ph-).[1] The three most commonly 

occurring classical Ph negative MPN (Ph- MPN) are essential thrombocythemia (eT), 

polycythemia vera (PV) and primary myelofibrosis (PMF).[2, 3] 

In 2005 a mutation in the JAK2 gene was detected. The  mutation, which substitutes 

valine for phenylalanine and disrupts the inhibitory function of the pseudokinase domain in 

JAK2, constitutively activating the JAK2 gene.[4-7] The activating  mutation is involved 

in several different pathways; in the mitogen-activated protein kinase (MAPK) signalling 

pathway, the phosphatidylinositol 3-kinase (PI3K)-Akt signalling pathway and the activation 

of the STAT (signal transducer and activator of transcription) family.[5, 8] Besides pathways 

influenced by the mutated JAK2 gene both pro- and anti-apoptotic proteins in general could 

be involved in the pathogenesis of Ph- MPN.

First, JAK2 can activate the receptor tyrosine kinase-Grb2-SOS signalling axis, activating ras 

GTPase and raf, continuing in activating MeK and the extracellular signal-regulated kinase 

(erk) signalling pathway. The erk signalling pathway is not only activated by JAK2 but can also 

be activated by numerous extracellular signals.[8-10] Several studies have shown the 

involvement of the erk pathway in megakaryocyte differentiation.[11-13] Therefore, we examined 

the phosphorylation status of erk (perk) in bone marrow trephines of Ph- MPN patients and 

in megakaryocytes.

Second, the phosphatidylinositol 3-kinase (PI3K)-Akt signalling pathway is activated by the 

JAK2 mutation. Akt is an important mediator in the PI3K pathway and is involved in many 

cellular processes including inhibiting apoptosis, protein synthesis and cell differentiation and 

metabolism. It is already known that Akt is constitutively activated in acute myeloid leukaemia 

(AML).[14-18] The PI3K-Akt pathway is activated by growth factors and cytokines resulting in 

phosphorylation of Akt, which up-regulates Bcl-xL leading to inhibition of megakaryocyte 

apoptosis.[19] The mammalian target of rapamycine (mTor) is a serine/threonine kinase which 

is an effector protein of Akt.[20] Akt and mTor are both necessary for the activation of ribosomal 

p70S6 kinase (p70S6k).[21] Therefore, we also examined the phosphorylation status of Akt 

(pAkt) and p70S6k in bone marrow trephines of Ph- MPN patient.

Third, besides the Akt signalling pathway, also anti-apoptotic proteins could be important 

factors in the development of Ph- MPN. The Bcl-2 protein family consist of both pro- and anti-
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apoptotic proteins, depending on the different combinations of the Bcl-2 homology domains. 

Bnip3 is a pro-apoptotic protein belonging to the Bcl-2 family. Bnip3 is activated under hypoxic 

conditions in normal and cancer tissue upon hypoxia-inducible factor-1α.[22-24]

In the present study, we investigated the erk and PI3K-Akt pathway and the expression of 

Bnip3 and p70S6k along with microvessel density (MVD) by immunohistochemistry on 

trephine biopsies to characterize abnormal activation of these pathways and abnormal 

apoptotic responses in bone marrow and megakaryocytes of Ph- MPN patients.

Materials aND MethoDs

Study population 

The study was carried out on bone marrow trephines obtained from patients recorded at the 

Maastricht University Medical Centre, Maastricht, between January 1992 and December 

2009, recorded at the Haga Hospital, The Hague, between January 2006 and December 2009 

and recorded at the VieCuri Medical Centre, Venlo, between January 2005 and July 2010. The 

study was approved by the local institutional ethics committee. The study population consisted 

of 106 patients with a myeloproliferative neoplasm, with a mean age of 63.6 years (SD ±14.7) 

ranging from 17 to 86 years at time of diagnosis. None of the patients received therapy when 

the biopsy was taken. The patient population included in the study consisted of 36 eT (33.9%), 

25 PV (23.6%), and 45 PMF (42.5%) patients. All patients were clinically and histological 

diagnosed according to the World Health Organization (WHO) classification 2008.[25] As shown 

in Table 1 and 2 a total of 61 patients (57.5%) were women and 45 (42.5%) were men. Fifty-six 

patients were carriers of the  mutation (19 eT, 17 PV and 20 PMF patients), 24 

patients were carriers of the JAK2 wild type gene (15 eT, two PV and seven PMF patients) and 

of 26 patients the  mutational status was unknown due to insufficient DNA to detect 

the JAK2 status by PCr and because patients died prior to the availability of the  

mutation test. 

The patients were subdivided for the grading of myelofibrosis (mf) into mf 0/1 and mf 2/3; 43 

patients belonged to the mf 0/1 group (19 eT, 12 PV, 12 PMF) of which 24  positive 

and 11 JAK2 wild type and 61 belonged to the mf 2/3 group (17 eT, 12 PV, 32 PMF)  of which 

31  positive and 13 JAK2 wild type. 

The control group consisted of 36 morphologically normal negative staging biopsies from 

patients with non-Hodgkin lymphoma and Hodgkin lymphoma with a mean age of 55.8 years.
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Table 1: Clinical and laboratory findings of patients with eT, PV and PMF and the control group.

Essential 
thrombocythemia 

n=36

Polycythemia 
vera 
n=25

Primary 
myelofibrosis 

n=45

Control bone 
marrow

n=36

Males / females 11 / 25 8 / 17 26 / 19 23 / 13

Age, y, mean (SD) 59 (17,70) 65 (13,56) 67 (10,73) 56 (14,33)

JAK2 wild type / 
JAK2 mutation /  
JAK2 unknown

15
19
2

2
17
6

7
20
18

36
0
0

White blood cell 
count*109/L, mean (SD)

9,37 (2,89) 16,08 (12,22) 11,89 (11,38) 8,16 (4,44)

Minimum-maximum 4,4-18,30 5,70-62,00 0,90-70,60 2,80-23,80

Haemoglobin,  
mmol/L, mean (SD)

8,53 (1,26) 9,89 (1,81) 7,09 (1,58) 8,16 (1,10)

Minimum-maximum 6,10-12,00 6,70-13,50 3,30-10,60 6,10-11,10

Haematocrit L/L,  
mean (SD)

0,43 (0,06) 0,52 (0,09) 0,35 (0,08) 0,39 (0,05)

Minimum-maximum 0,29-0,61 0,37-0,68 0,15-0,50 0,30-0,52

Thrombocytes*109/L, 
mean (SD)

929 (346) 662 (316) 564 (532) 263 (137)

Minimum-maximum 327-1862 112-1371 15-2644 49-585

Table 2: Clinical and laboratory findings of patients with the JAK2 mutation or with wild type JAK2.

JAK2 positive n=56 Wild type JAK2 n=24

Males / females 26 / 30 9 / 15

Age, y,  
mean (SD)

64 (14,96) 63 (14,28)

White blood cell 
count*109/L, mean (SD)

13,6 (9,64) 8,5 (3,76)

Haemoglobine, mmol/L,  
mean (SD)

8,91 (1,46) 7,81 (1,67)

Haematocrit L/L,  
mean (SD)

0,44 (0,08) 0,39 (0,09)

Thrombocytes*109/L,  
mean (SD)

728 (341) 907 (374)
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Immunohistochemistry 

The bone marrow biopsy specimens were decalcificated using the Kristensen procedure 

for one hour or eDTA decalcification for four hours, followed by standard tissue processing 

and paraffin embedding. From the paraffin-embedded blocks 3μm slices were cut and 

mounted on starfrost slides (Knittel Gläser, Germany). All the antibodies were tested for 

specificity on positive and negative tumour control slides and also individually tested on 

decalcified control bone marrow biopsies, resulting in a variation of immunohistochemical 

procedures, optimised for all individual antibodies.

Immunohistochemical staining of perk, pAkt, Bnip3 and p70S6K was carried out using the 

antihuman rabbit monoclonal antibody phospho-p44/42MAPK (Thr202/Tyr204), phospho-

Akt (Ser473), antihuman mouse monoclonal antibody anti-Bnip3 (B7931) and phospho-70 

S6 kinase (Thr389) (1A5) with a dilution of 1:100, 1:25, 1:300 and 1:100 respectively (Cell 

signalling Technology, Danvers, for perk, pAkt and p70S6k, Sigma-Aldrich, USA, for Bnip3). 

After deparaffinization the slides were put in 0.3% H2O2 (Bnip3, p70S6k) in methanol to 

block endogenous peroxidase activity, followed by antigen retrieval by boiling for 20 minutes 

in 10mM sodium citrate buffer pH 6.0 in a water bath of 100ºC. For perk and pAkt after 

deparaffinization and antigen retrieval by boiling for 20 minutes in 10mM sodium citrate 

buffer pH 6.0 in a water bath of 100ºC, endogenous peroxidase activity was blocked in 3%  

H2O2 in methanol. After blocking solution (3% Bovine Serum Albumin/Phosphate Buffered 

Saline (BSA/PBS) for Bnip3 and p70S6k, Tris Buffered Saline Tween (TBST)/5% goat serum 

pH 7.2-7.6 for perk and pAkt) the primary antibody, applied in TBST/1% BSA (pH7.2-7.6 for 

perk, pAkt) or antibody diluent (Dako, Denmark, for Bnip3, p70S6k) was incubated overnight 

at 4ºC (perk, pAkt) or for 1 hour at room temperature (Bnip3, p70S6k). The slides were then 

incubated for 30 minutes with Powervision poly-HrP-Anti Ms/rb/ra IgG a histostaining kit 

(ImmunoLogic, The Netherlands, perk, pAkt) or with envision (Dako realTM envisionTM 

Detection system (K5007), Bnip3, p70S6k). After developing the colour, with freshly made 

diaminobenzidine solution (Dako), slides were counterstained with haematoxylin (Merck, 

Whitehouse Station, NJ), dehydrated and mounted in entellan (Merck).

The 142 trephines (MPN patients plus control patients) were immunohistochemically 

analysed using an automated immunostainer (Dako autostainer Link 48) with CD34 (clone 

QBend 10, Dako). CD34 was incubated for 20 minutes at room temperature. The reaction 

was revealed by means of the Dako envision Flex Kit (Dako) according to the manufacturer’s 

instructions.

Quantification of staining

The amount of positive stained cells for perk, pAkt, Bnip3 and p70S6k (see Figure 1) was 

quantified using an image processing and analysis system (Leica, Cambridge, UK) linked to 
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a Leica DML3000 light microscope (Leica Quantimet, Germany). The program used in this 

system was QWin (Leica’s Windows-based image analysis tool-kit-Leica, Cambridge, UK). 

was used for postprocessing. For measuring perk, pAkt, Bnip3 and p70S6k, five hot spots 

per slide were included to measure total tissue, total nuclei positive for perk, pAkt, Bnip3 

or p70S6k and total nuclei count. The amount of positivity was calculated as the percentage 

of positive nuclear pixels related to the total number of nuclear pixels. 

Figure 1: examples of perk, pAkt, Bnip3 and p70S6k staining in MPN patients and control patients.

A. perk (He, 1000x) staining in MPN patient B. perk (He, 650x) staining in control patient C. pAkt (He, 630x) 
staining in MPN patient D. pAkt (He, 650x) staining in control patient e. Bnip3 (He, 1000x) in MPN patient 
F. Bnip3 (He, 650x) in control patient G. p70S6k (He, 1000x) in MPN patient H. p70S6k (He, 650x) in control patient.
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From the five pictures taken we counted the total amount of megakaryocytes, the total 

amount of positive stained megakaryocytes, the megakaryocytes with nuclear staining and 

with cytoplasmatic staining. The mean total amount of megakaryocytes, total amount of 

positive stained megakaryocytes, megakaryocytes with nuclear staining and with 

cytoplasmatic staining was calculated using excel (Microsoft, redmond, WA).

MVD was assessed by counting the number of CD34 positive capillary-, arteriolar- or 

sinuslumen in five 1 mm2 fields at 100x magnification, calculating the mean over these 

five fields. The grading of fibrosis  was done according to the european consensus on 

grading of bone marrow fibrosis.[26]

Statistical analysis

The data were statistically evaluated using the SPSS 15 statistical package, analyzed 

descriptively (descriptives, explore and crosstabs). Statistical comparison was performed by 

Mann-Whitney U-test when comparing medians and by the independent t-test to evaluate 

differences in clinical parameters between the different groups. Differences were considered 

significant when p-value was less then 0.05. Pearson’s test was performed for correlating the 

expression of perk with MVD, pAkt with MVD, p70S6k with MVD, Bnip3 with MVD and fibrosis 

grading with MVD. 

In some cases bone marrow tissue was lost during the pre-treatment of the slides; for perk 

we report 4 missing values, for pAkt 5, for p70S6k 20, for Bnip3 21 and for MVD 5 missing 

values. For the grading of myelofibrosis we report 2 missing values.

results

The results of all staining percentages are summarized in Table 3, 4, 5, 6 and 7. Qualitative 

microscopic evaluation of perk showed a nuclear expression predominantly in the erythroblasts 

and occasionally in endothelial cells and plasma cells. The granulopoiesis and myelopoiesis did 

not show any perk expression. Compared to the control group perk was significantly higher 

expressed in the general bone marrow of eT patient (p=0.013) and the total MPN group (p=0.028) 

The megakaryocytes expressed perk significantly higher in eT (p=0.000), PV (p=0.000) and PMF 

patients (p=0.000) and the total MPN group (p=0.000) compared to the megakaryocytes of the 

control group. As shown in Table 2, there were significantly more stained megakaryocytes in the 

eT and PV group compared to the control group. 

pAkt was expressed in the cytoplasm and nucleus of immature myeloid cells. The megakaryocytes 

expressed pAkt cytoplasmatic. pAkt was significantly higher expressed in megakaryocytes of eT 

(p=0.000), PV (p=0.000) and PMF patients (p=0.000) and the total MPN group (p=0.000) compared 
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to the megakaryocytes of the control group. The megakaryocytes of eT patients showed  

a significant higher pAkt expression compared to PV (p=0.035)  and PMF (p=0.050) patients. 

Bnip3 showed its nuclear and cytoplasmatic expression in the myeloid cells. The megakaryocytes 

expressed Bnip3 in the cytoplasm and the endothelial cells nuclear. The expression of Bnip3 in 

the general bone marrow was comparably higher in the control group, this was statistically 

significant between eT patients and the controls (p=0.003), between PMF patients and the 

controls (p=0.001) and between the total MPN group and the control group (p=0.001). However, 

the megakaryocytes expressed Bnip3 significantly higher in eT (p=0.000), PV (p=0.000) and PMF 

patients (p=0.000) and the total MPN group (p=0.000) compared to the megakaryocytes of the 

control group. Bnip3 expression was significantly higher in megakaryocytes of eT patients 

compared to megakarocytes of PV (p=0.019). 

The expression of p70S6k was mainly in the immature myeloid (nuclear) and mature myeloid cell 

line (nuclear and cytoplasmatic). Megakaryocytes expressed p70S6k in the cytoplasm and in the 

nucleus. Adipocytes expressed p70S6k as well. p70S6k was significantly higher expressed in 

megakaryocytes of eT (p=0.000), PV (p=0.000) and PMF patients (p=0.000) and the total MPN 

group (p=0.000) compared to megakaryocytes of the control group. The megakaryocytes of eT 

patients showed a significant higher p70S6k expression compared to megakaryocytes of PV 

(p=0.003) and PMF patients (p=0.008). 

Concerning the myelofibrosis grading and the stainings we report a statistically significant higher 

p70S6k expression in the mf 0/1 group (p=0.033) compared to the mf 2/3 group. For MVD there 

was higher expression of MVD in the mf 2/3 group (p=0.001) compared to the mf 0/1 group. The 

pearson correlation also showed a significant correlation of MVD with the grading of myelofibrosis 

(p=0.000). 

DisCussioN

In this study we examined the immunohistochemical expression of perk, pAkt, Bnip3 and 

p70S6k in total bone marrow cells and in megakaryocytes of eT, PV, PMF and control patients 

along with the MVD. 

Activated erk activates BAD, an apoptosis activator, and Bcl-2, an apoptosis inhibitor.[27, 28]  

The net result of erk phosphorylation is an overall inhibition of apoptosis. In our study we saw 

higher perk expression in bone marrow of MPN patients, suggesting this can be responsible 

for the increased bone marrow cellularity seen in MPN patients. Although it was shown that 

erk is constitutively activated by the  mutation, we failed to show a significant perk 

increase in  positive patients. This might be due to the relative high number of 

patients with an unknown JAK2 status in our study. The overall higher perk expression in 
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Table 4:  Percentage perk, pAkt, Bnip3, p70S6K and MVD in eT, PV, PMF, all MPN patients and control patients in total bone 
marrow cells.

Essential 
thrombocythemia 

n=36

Polycythemia 
vera 
n=25

Primary 
myelofibrosis  

n=45

All MPN  
patients 
n=106

Control  
patients         

n=36

perk, %,* mean (SD)
Minimum-maximum 
(CI)

16,93
1,88 

(12,37
-
-

(11,04)
36,68 
21,34)

13,49 
2,10

(10,14
-
-

(8,73)
31,44 
19,71)

14,61 
3,24

(12,52
-
-

(7,66)
30,23 
19,16)

15,13 
1,88

(13,74
-
-

(9,21)
36,68 
18,36)

11,41 
4,09

(11,74
-
-

(6,70)
34,32 
20,34)

pAkt, %,* mean (SD)
Minimum-maximum 
(CI)

15,31
4,93 

(12,44
-
-

(6,17)
29,85 
17,33)

14,04 
0,99

(13,47
-
-

(7,51)
29,18 
20,90)

13,99
0,71

(12,15
-
-

(6,01)
27,76 
16,80)

14,43
2,79

(13,74
-
-

(6,42)
29,18 
16,70)

10,11
1,04

(11,25
-
-

(7,19)
27,17 
19,15)

Bnip3, %,* mean (SD)
Minimum-maximum 
(CI)

15,55 
4,02

(12,79
-
-

(5,72)
25,46 
17,42)

18,20
6,46

(15,70
-
-

(6,53)
29,89 
23,01)

15,27 
6,09

(12,30
-
-

(5,27)
26,03 
17,07)

16,10 
4,02

(14,35
-
-

(5,83)
29,89 
17,36)

20,09 
11,18

(13,48
-
-

(5,28)
28,91 
20,57)

p70S6K, %,* mean (SD)
Minimum-maximum 
(CI)

20,74 
10,87

(18,67
-
-

(5,25)
33,63 
22,44)

22,54 
9,33

(17,31
-
-

(7,28)
33,27 
25,91)

21,06 
8,54

(18,56
-
-

(5,84)
33,23 
23,40)

21,28 
8,54

(19,53
-
-

(5,97)
33,27 
22,36)

20,07 
8,71

(16,94
-
-

(4,44)
30,16 
22,35)

MVD, 1 mm2, mean (SD) 
Minimum-maximum 
(CI)

37,72 
3,40

(29,70
-
-

(22,18)
89,60 
49,07)

47,55
5,80

(35,77
-
-

(27,45)
111,20
70,80)

58,47 
12,80

(50,30
-
-

(31,56)
122,40 
76,39)

48,79 
3,40

(44,16
-
-

(28,92)
122,40 
59,03)

27,95 
5,60

(17,94
-
-

(11,25)
57,80 
34,27)

* calculated as percentage positive nuclei of total nuclei count

Table 3: Percentage of stained megakaryocytes in eT, PV and PMF patients versus the control group.

Essential 
thrombocythemia 

n=36

Polycythemia 
vera 
n=25

Primary 
myelofibrosis 

n=45

Control bone 
marrow

n=36

perk, positive stained megakaryocytes, 
%, mean (SD),  
t-test p-value

80,13 
(26,67) 
p=0,02

84,25 
(25,67) 
p=0,01

75,61 
(30,92) 
p=0,10

63,62 
(32,69)

pAkt, positive stained megakaryocytes, 
%, mean (SD),  
t-test p-value

93,19 
(8,63) 

 p=0,06

83,97 
(24,75) 
p=0,85

84,81 
(21,44) 
p=0,72

82,58 
(30,38)

pBnip3, positive stained megakaryocytes,  
%, mean (SD),  
t-test p-value

97,04 
(6,27) 

 p=0,07

87,72 
(23,23) 
p=0,80

83,00 
(29,67) 
p=0,66

86,29 
(30,92)

p70S6k, positive stained megakaryocytes,  
%, mean (SD) 
t-test p-value

95,92 
(7,38) 

 p=0,12

86,79 
(22,70) 
p=0,77

87,77 
(19,65) 
p=0,87

88,63
(24,58)

VeGF, positive stained megakaryocytes,  
%, mean (SD), 
t-test p-value

84,59 
(20,97)  
p=0,57

79,32 
(26,00) 
p=0,80

86,80 
(22,67) 
p=0,35

81,13 
(27,67)
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Table 6:  Absolute amount of positive stained megakaryocytes of perk, pAkt, Bnip3 and p70S6K in eT, PV, PMF, all 
MPN patients and control patients.

Essential 
thrombocythemia 

n=36

Polycythemia 
vera 
n=25

Primary 
myelofibrosis 

n=45

All MPN  
patients 
n=106

Control  
patients         

n=36

perk, absolute positive 
megakaryocytes, mean (SD) 
Minimum-maximum 
(CI)

2,79
0,00

(2,06
-
-

(1,91)
7,00
3,51)

2,24
0,60

(1,62
-
-

(1,32)
5,60
2,86)

1,88 
0,00

(1,32
-
-

(1,55)
5,20
2,44)

2,29
0,00

(1,93
-
-

(1,67)
7,00
2,66)

0,71
0,00

(0,46
-
-

(0,69)
3,40
0,96)

pAkt, absolute positive 
megakaryocytes, mean (SD)
Minimum-maximum 
(CI)

3,04
0,80

(2,48
-
-

(1,47)
7,60
3,60)

2,25 
0,00

(1,45
-
-

(1,71)
7,80
3,05)

2,38
0,40

(1,87
-
-

(1,42)
5,80
2,89)

2,59
0,00

(2,25
-
-

(1,53)
7,80
2,92)

1,11
0,00

(0,76
-
-

(0,95)
4,00
1,46)

Bnip3, absolute positive 
megakaryocytes, mean (SD)
Minimum-maximum 
(CI)

2,43
0,20

(1,94
-
-

(1,31)
5,40
2,93)

1,85 
0,20

(1,29
-
-

(1,19)
4,00
2,40)

1,95
0,00

(1,42
-
-

(1,47)
5,20
2,48)

2,10 
0,00

(1,80
-
-

1,35)
5,40
2,40)

0,68 
0,00

(0,51
-
-

(0,46)
1,60
0,85)

p70S6K, absolute positive 
megakaryocytes, mean (SD)
Minimum-maximum 
(CI)

2,85
0,60

(2,38
-
-

(1,24)
5,80
3,32)

1,80 
0,00

(1,22
-
-

(1,23)
5,80
2,37)

1,96 
0,00

(1,50
-
-

(1,27)
6,80
2,41)

2,24 
0,00

(1,94
-
-

(1,32)
6,80
2,53)

0,97 
0,00

(0,73
-
-

(0,65)
2,80
1,21)

Table 5:  Percentage perk, pAkt, Bnip3, p70S6k and MVD in JAK2 positive and wild type JAK2 patients in total bone 
marrow cells.

JAK2 positive  
n=56

Wild type JAK2  
n=24

perk, %, mean (SD)*
Minimum-maximum 
(CI)

17,10 
3,65

(13,58

-
-

(9,89)
36,68 
19,41)

13,71 
1,88

(10,82

-
-

(7,52)
25,79 
17,53)

pAkt, %, mean (SD)*
Minimum-maximum 
(CI)

14,82 
3,47

(13,03

-
-

(6,40)
29,18
6,71)

16,89 
8,35

(13,72

-
-

(5,45)
23,30
17,90)

Bnip3, %, mean (SD)*
Minimum-maximum 
(CI)

16,89
4,02

(15,49

-
-

(4,43)
28,22
18,65)

17,84
7,21

(15,25

-
-

(5,25)
26,03
20,44)

p70S6k, %, mean (SD)*
Minimum-maximum 
(CI)

22,74 
8,54

(21,21

-
-

(5,73)
33,63
24,46)

21,47 
13,76

(19,46

-
-

(4,17)
27,47
23,48)

MVD, 1 mm2, mean (SD) 
Minimum-maximum 
(CI)

52,77
3,60

(44,72

-
-

(30,58)
122,40
63,18)

49,01 
17,20

(40,64

-
-

(25,98)
111,20
65,24)

* calculated as percentage positive nuclei of total nuclei count
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Table 7:  Absolute amount of positive stained megakaryocytes of perk, pAkt, Bnip3 and p70S6K in JAK2 
positive or wild type JAK2 patients.

JAK2 positive 
n=56

Wild type JAK2  
n=24

perk, absolute positive 
megakaryocytes, mean (SD)
Minimum-maximum (CI)

2,39
0,00

(1,88
-
-

(1,71)
6,60
2,90)

1,42
0,00 

(1,00
-
-

(1,50)
7,00
1,85)

pAkt, absolute positive 
megakaryocytes, mean (SD)
Minimum-maximum (CI)

2,67
0,60

(1,38
-
-

(1,61)
7,80
2,29)

1,84 
0,00

(1,38
-
-

(1,61)
7,60 
2,29)

Bnip3, absolute positive 
megakaryocytes, mean (SD)
Minimum-maximum (CI)

2,16 
0,00

(1,75
-
-

(1,37)
5,40
2,56)

1,31
0,00

(0,99
-
-

(1,13)
4,80 
1,63)

p70S6K, absolute positive 
megakaryocytes, mean (SD)
Minimum-maximum (CI)

2,30
0,00

(1,86
-
-

(1,46)
6,80 
2,73)

1,52 
0,00

(1,22
-
-

(1,06)
5,00 
1,82)

megakaryocytes of mainly eT but also PV and PMF patients and the total MPN group in our 

study might indicate a major important role for megakaryocytes in MPN pathogenesis and 

especially in eT patients. However, in eT patients, it might also be a result of the disease 

itself, while there was a significant higher amount of stained megakaryocytes in eT patients 

compared to the control group. Akt is phosphorylated by activated PI3K which in turn can be 

phosphorylated by pSTAT5 and the  mutation (see Figure 2). The down stream 

effector of pAkt is the apoptosis inhibitor of megakaryocytes, Bcl-xL.[5, 29-33] Megakaryocytes of 

eT, PV and PMF patients and the total MPN group showed higher pAkt expression compared 

to the megakaryocytes of control patients in our study, with the highest expression in eT 

patients. This suggests a role for pAkt in the pathological increase in megakaryocytes seen in 

the bone marrow of MPN patients leading to an increase of platelets in the peripheral blood. 

Several studies[34, 35] showed an increased pAkt in  positive patients, however, we 

could not demonstrate that, probably due to the relative high number of patients with an 

unknown JAK2 status.

Bnip3 is a pro-apoptotic protein, which is activated under hypoxic conditions by Hif-1 (see 

Figure 3).[24] The lower Bnip3 expression in the total group of MPN patients in our study might 

indicate that the increased bone marrow cellularity is also a result of decreased apoptosis 

and not only due to proliferative activity. A discrepancy seems to exist between our results of 

Bnip3 expression in total bone marrow cells and the Bnip3 expression in megakaryocytes of 

MPN patients. However, it might also refer to the protective role against bone marrow 
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apoptosis; Bnip3 might contribute to the increased cellularity in total bone marrow cells. 

For the activation of p70S6k the formation of a complex between the regulatory subunit of 

PI3K (p85) and mTor is required[21] and is therefore in line with the higher pAkt expression in 

megakaryocytes of MPN patients in our study. Activated p70S6k phosphorylates BAD resulting 

in inactivation of BAD leading to inhibition of apoptosis (see Figure 3).[36] The increased 

expression of p70S6k in megakaryocytes of MPN patients might indicate an inhibition of 

megakaryocyte apoptosis via p70S6k.

More studies were done on assessing the MVD in MPN patients, all show higher MVD in PMF 

patients compared to eT and PV patients and higher MVD in post-eT myelofibrosis and post-PV 

myelofibrosis compared to eT and PV indicating that angiogenesis is primarily involved in later 

stages of the disease.[37-41] We found a correlation between MVD and fibrosis, which is line with 

the study of Boveri et al.[38], who found the higher the MVD the higher the grading of fibrosis. 

Higher p70S6k expression in the mf 0/1 group compared to the mf 2/3 group indicates a 

declining p70S6k expression with increasing myelofibrosis. This might also explain why we 

did not find a significant difference in p70S6k expression in bone marrow cells between MPN 

patients and control patients, while a higher percentage of patients in our study belonged to 

the mf 2/3 group.

In conclusion, the increased cellularity seen in MPN bone marrow might be influenced by the 

increased expression and anti-apoptotic mechanism of the perk and pAkt pathway and a 

decreased expression of the pro-apoptotic protein Bnip3 in bone marrow cells in general. The 

increased amount of megakaryocytes seen in MPN might be due to the increased pAkt and 

p70S6k expression. Further, our results also suggest an important pathogenetic role for 

megakaryocytes in the pathogenesis of MPN patients, mainly in eT patients, as the anti-

apoptotic perk, pAkt, p70S6k and Bnip3 expression were all higher expressed in MPN 

megakaryocytes, mainly in eT patients, compared to the controls. Further, the increased 

MVD expression in patients with myelofibrosis suggests the important role of angiogenesis in 

the development of myelofibrosis and therefore is a potential therapeutic target in MPN 

patients with myelofibrosis.
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Figure 3: Bnip3 and p70S6k signalling pathway.Bnip3 and p70S6k signalling pathway.

Figure 2: erk and PI3K-Akt signalling pathway.
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aBstraCt

Background: essential Thrombocythemia (eT), Polycythemia Vera (PV) and Primary 

Myelofibrosis (PMF) belong to the group of Philadelphia negative Myeloproliferative 

Neoplasia (Ph-MPN). In the majority of Ph-MPN patients a  mutation was 

suggested to have a causal role in MPN pathogenesis. The  mutation leads to a 

sustained activation of JAK2 associated with activation of the mitogen-activated protein 

kinase (MAPK) signalling pathway, the phosphatidylinositol 3-kinase (PI3K)-Akt signalling 

pathway and activation of the signal transducer and activator of transcription (STAT) 

family. The discovery of the  mutation has generated an interest in the JAK/STAT 

pathway and the effect of JAK2 inhibitors. The aim of this study is to detect the change 

in presence of galectin-1, galectin-3 and phosphorylated STAT3, STAT5, erk and Akt in 

Ph-MPN bone marrow slides before and during treatment with the JAK1/JAK2 inhibitor 

INCB018424.

Methods: Four patients (one PMF and three post-PV myelofibrosis) treated with INCB018424 

and two patients (two PMF) without treatment were analyzed for the expression pattern of 

galectin-1, galectin-3, pSTAT3, pSTAT5, perk and pAkt by immunostaining bone marrow 

biopsy slides before and during treatment. This was followed by automated image analysis. 

All patients were proven to have the  mutation.

Results: The expression of pSTAT3, pSTAT5, perk and pAkt was reduced in MPN patients 

during treatment with INCB018424 compared to the expression before treatment. This 

reduction was absent in the control group of patients.

Conclusion: The results show a possible important role of the  mutation in Ph-MPN 

patients due to the pathological increase in MAPK, PI3K-Akt and STAT signalling pathways. 

However, considering the preliminary character of the current study a larger study is required 

to confirm these results.
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iNtroDuCtioN

essential thrombocythemia (eT), polycythemia vera (PV) and primary myelofibrosis (PMF) are 

the three main Philadelphia chromosome-negative (Ph-) myeloproliferative neoplasia 

(MPNs). MPNs are a group of clonal haematological diseases, characterised by proliferation 

of the myeloid, erythroid and/or megakaryocytic cell lineages.[1, 2] The development of fibrosis 

in the bone marrow occurs as a primary disorder in PMF patients or it may follow a preceding 

disease like eT and PV.[3, 4] Myelofibrosis is characterised in the peripheral blood by tear-drop 

erythrocytes, the presence of myeloid precursor cells and megakaryocyte abnormalities with 

progressive fibrosis of the bone marrow. The symptoms in patients with myelofibrosis consist 

of splenomegaly, progressive anaemia and constitutional symptoms like fatigue, weight loss, 

night sweats, bone pain and shortness of breath. Life expectancy for PMF patients vary from 

2 to 11 years due to an increased risk of fibrosis and leukemic transformation. Treatment of 

myelofibrosis is mainly palliative: blood transfusion, splenectomy, radiotherapy and 

chemotherapy. Stem cell transplantation is the only curative option at the moment.[5]

In 2005 the  mutation was discovered by several research groups in over 95% of the 

PV patients and in approximately half of the eT and PMF patients. The  results in a 

constitutive activation of the JAK2 gene.[6-9] The constitutive activation of the JAK2 gene results 

in an activation of the signal transducer and activator of transcription (STAT) family, the 

mitogen-activated protein kinase (MAPK) signalling pathway and the phosphatidylinositol 

3-kinase (PI3K)-Akt signalling pathway.[7, 9] These pathways are involved in angiogenesis, 

fibrosis and megakaryocyte differentiation and apoptosis. The discovery of this  

mutation has generated an interest in the development of JAK2 inhibitors. The homozygous 

mutational status has been associated with higher leukocytosis, more pronounced 

splenomegaly and greater need for cytoreductive therapy in PMF patients. The presence of the 

 mutation, regardless of the homozygous or heterozygous state, has been associated 

with large splenomegaly, necessity of splenectomy and leukemic transformation.[10] The 

selective inhibitor for JAK1 and JAK2, INCB018424 (ruxolitinib), was shown to significantly 

reduce splenomegaly in patients with myelofibrosis and improved constitutional symptoms.[11] 

Galectins belong to the family of animal lectins which have been shown to be involved in the 

development of fibrosis and angiogenesis.[12-14] This  has developed an interest in the possible 

involvement of galectins in MPN development.

In this study, we describe a decrease of phosphorylated STAT3 and STAT5 expression together 

with a decreased phosphorylation of erk and Akt in the bone marrow of patients with 

myelofibrosis and  treated with INCB018424.
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Materials aND MethoDs

Study population

The study was carried out on bone marrow trephines obtained from patients recorded at the 

University Hospital Maastricht and erasmus Medical Centre rotterdam, in the Netherlands, 

at the Academic Hospital Sint-Jan av Brugge, in Belgium, all between January 2009 and 

December 2010. The study was approved by the local institutional ethics committee and met 

the local Tissue Collection criteria. All patients were prior to this study clinically and 

histological diagnosed according to the 2008 World Health Organization (WHO) classification.

[15] The study population consisted of three PMF and three post-PV MF patients ranging from 

48 to 79 years (average age of 63.7 years at time of study inclusion). Five patients were male 

and one female. All six patients carried the  mutation.

Patients were enrolled in an open-label phase III study of the oral JAK1/JAK2 inhibitor 

INCB018424 versus the best available therapy in patients diagnosed with post-eT MF, post-

PV MF and PMF according to the 2008 WHO criteria.[15] See the COMFOrT-II trial for the 

details of the study.[16]  In our study two patients (both PMF) received besides aspirin no 

therapy and four patients (one PMF and three post-PV MF) received INCB018424. In the group 

that was treated with INCB018424 for one year, two patients received 20mg twice a day (one 

PMF and one post-PV MF). One patient (post-PV MF) received 20mg twice a day with a 

reduction to 5mg twice a day after one month due to thrombocytopenia. The patient stopped 

for one month, then received 15mg twice a day for one month, then stopped for one week 

again, restarted with 10mg twice daily for three months and received again 10mg twice daily. 

The last patient started with 15mg twice a day, stopped after three months for one month, due 

to thrombocytopenia and restarted with 10mg twice a day.

The grading of fibrosis was done according to the european consensus on grading of bone 

marrow fibrosis.[17] All patients had a fibrosis grading of three. Bone marrow histology was 

assessed on the myeloid to erythroid (M:e) ratio, cellularity, number of megakaryocytes and 

vascular density.

Immunohistochemistry 

The bone marrow biopsy specimens were formalin fixed (a few cases were Bouin fixed), 

decalcified using the Kristensen procedure for one hour, followed by standard tissue 

processing and paraffin embedding. From the paraffin-embedded blocks 3μm slices were cut 

and mounted on starfrost slides (Knitter Gläser, Germany) for immunohistochemical staining. 

All the antibodies were tested for specificity on positive and negative tumour control slides. 

They were also individually tested on decalcified control bone marrow biopsies, resulting in a 

variation of immunohistochemical procedures, optimised for all individual antibodies.
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Antihuman galectin-1 (r&D systems, Minneapolis, MN) was used with a dilution of 1:500 and 

antihuman galectin-3 (r&D systems, Minneapolis, MN) with a dilution of 1:50. After 

deparaffinization and blocking of endogenous peroxidase activity (0.3% H2O2 in methanol) 

antigen retrieval was performed by boiling in citric acid (pH 6) for 10 minutes in a water bath 

of 100ºC. After blocking with 5% bovine serum albumin/phosphate buffered saline (BSA/

PBS), primary antibodies were applied in 0.5% BSA/PBS. The slides were then incubated with 

a biotin-labeled secondary antibody (gal-1: polyclonal swine anti-rabbit, Dako (Glostrup, 

Denmark) and gal-3: rabbit anti-goat, Dako (Glostrup, Denmark)) with a dilution of 1:200 and 

1:500, respectively for 30 minutes. Staining was performed with the StrepABComplex/HrP 

kit (Dako, Glostrup, Denmark) according to the manufacturer’s instructions. The slides were 

visualized with diaminobenzidine solution (Dako), subsequently counterstained with 

haematoxylin (Merck, Whitehouse Station, NJ), dehydrated and mounted in entellan (Merck).

Immunohistochemical staining of pSTAT3, pSTAT5, perk and pAkt was carried out using the 

antihuman rabbit monoclonal antibody pSTAT3 (Tyr705), pSTAT5 (Tyr694), perk (Thr202/

Tyr204) and pAkt (Ser473) with a dilution of 1:50, 1:200, 1:100 and 1:25, respectively (Cell 

signaling Technology, Danvers, MA). After deparaffinization and antigen retrieval by boiling 

for 20 minutes in 1mM Tris eDTA pH 8 (pSTAT3 and pSTAT5) or 10mM citric buffer pH 6 (perk 

and pAkt) in a water bath of 100ºC, endogenous peroxidase activity was blocked in 3% H2O2 in 

methanol. After treatment with the blocking solution (Tris Buffered Saline Tween (TBST) with 

5% horse serum, pH 7.2-7.6), the primary antibodies were applied in TBST with 5% horse 

serum (pSTAT3) or 1% BSA (pSTAT5, perk and pAkt) overnight. All slides were then incubated 

with powervision poly-HrP-Anti Ms/rb/ra IgG a histostaining kit (ImmunoLogic, Duiven, the 

Netherlands) for 40 minutes. Development of the colour and counterstaining was performed 

as described above.

Analysis of staining

The staining of gal-1, gal-3, pSTAT3, pSTAT5, perk and pAkt was analysed using an image 

processing and analysis system (Leica, Cambridge, UK) linked to a Leica DML3000 light 

microscope (Leica Quantimet, Germany). QWin (Leica’s Windows-based image analysis tool-

kit-Leica, Cambridge, UK) was used for postprocessing. The surface area of galectin was 

measured separately in cell surface and in stroma. All measurements were conducted with 

a magnification factor of 40, in at least three to at most five complete bone marrow fields per 

slide. Total tissue, total area of (cytoplasmic) positive and negative staining (gal-1 and gal-3), 

total nuclei positive (pSTAT3, pSTAT5, perk or pAkt) and total nuclei count were recorded. The 

amount of positivity was calculated as the percentage of the total tissue area (gal-1 and gal-

3). In practice this was determined as the percentage of positive nuclear pixels relative to the 

total number of nuclear pixels (pSTAT3, pSTAT5, perk and pAkt). After analyzing, the mean 
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results

Qualitative microscopic evaluation of gal-1 staining was mainly seen in the cytoplasm 

of endothelial cells as well as in some megakaryocytes, but also stromal cells revealed 

some background staining. Gal-1 was only partly expressed in precursor erythroid, 

leukocyte and myeloid cells. Gal-3 was present in endothelial cells, stromal cells and 

occasionally in megakaryocytes and erythropoietic cells. Phosphorylated STAT3 and 

STAT5 proteins were localized in the cytoplasm and nuclei of endothelial cells, the 

nuclei of adipocytes and occasionally more mature erythropoietic cells; precursors of 

myeloid cells and megakaryocytes. Phosphorylated erk showed a nuclear expression 

predominantly in the erythroblasts and occasionally in endothelial and plasma cells. 

Phosphorylated Akt was expressed in the immature myeloid cell lineage in the 

cytoplasm as well as nuclear. The megakaryocytes expressed pAkt cytoplasmic.

There was no difference in the gal-1 and gal-3 expression between patients treated with 

Table 1:  Average staining percentages of gal-1, gal-3, pSTAT3, pSTAT5, perk and pAkt in patients before 
treatment and after one year of treatment and in controls.

Staining

Patients

Before treatment
After 1 year 
treatment

Controls

Before treatment
After 1 year 
treatment

Gal-1 6,71 5,78 9,38 7,01

Gal-3 9,79 9,93 12,01 10,48

pSTAT3 16,25 5,52 15,94 17,30

pSTAT5 6,96 2,17 12,22 17,66

perk 21,28 11,17 24,52 22,57

pAkt 17,00 10,84 16,75 23,48

percentage of the three to five fields for gal-1, gal-3, pSTAT3, pSTAT5, perk and pAkt 

was calculated.

The author selecting the fields for scoring and the author analysing bone marrow 

histology were blinded as to the status of the bone marrow. 

To validate the data obtained at the molecular level, we tried to isolate DNA from bone 

marrow biopsies for western blot analysis to confirm our results at rNA level. However, 

the quality of the DNA was very poor and the DNA was too fragmented to be used.
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INCB018424 and the control group. All patients showed a reduction in the expression of 

gal-1 after one year except for one patient who showed an increased gal-1 expression 

treated with INCB018424. For gal-3 two patients treated with INCB018424 showed an 

increased expression after one year (see Figure 1 and Table 1).

The expression of pSTAT3, pSTAT5, perk and pAkt in the bone marrow of MPN patients 

showed a considerable reduction during treatment with INCB018424 compared to 

those who did not receive the treatment (see Figure 1 and Table 1). However, in one 

patient the expression of pAkt before and during treatment with INCB018424 was nearly 

the same.

All six patients had a grade three fibrosis before start of the treatment. Neither the 

control patients nor the patients treated with INCB018424 showed a reduction in the 

grading of fibrosis. There was a slight decrease in M:e ratio and cellularity compared 

to the controls. Vascular density was increased in all patients except in one patient who 

showed a decreased cellularity. The total number of megakaryocytes was decreased in 

patients treated with INCB018424 compared to the controls, only one patient showed a 

slight increased total number of megakaryocytes (see Table 2). 

Table 2:  Details of bone marrow histology before and after one year of treatment for both treated and control 
patients. pSTAT5, perk and pAkt in patients before treatment and after one year of treatment and in 
controls.

M:E ratio Fibrosis grade Megakaryocyte 
number per 5mm2

Vascular density 
5x1mm2

Percentage  
cellularity

Before 
treat- 
ment

After 
1 year 

treatment

Before 
treat- 
ment

After 
1 year 

treatment

Before 
treat- 
ment

After 
1 year 

treatment

Before 
treat- 
ment

After 
1 year 

treatment

Before 
treat- 
ment

After 
1 year 

treatment

Patient 1 3:1 2:1 3 3 147 70 150 90 50 30

Patient 2 2:1 2:1 3 3 120 100 135 261 70 50

Patient 3 4:1 3:1 3 3 85 95 85 180 70 40

Patient 4 3:1 2:1 3 3 580 270 215 305 90 90

Control 1 3:1 4:1 3 3 140 260 105 110 70 50

Control 2 3:1 3:1 3 3 140 130 90 75 90 90

From one patient (patient number one in the study) it is known that after one year of 

INCB018424 treatment there was a clinical response; hepato- and splenomegaly 

disappeared, there was weight gain and haemoglobin increased. This was associated 

with the decrease in pSTAT3, pSTAT5, perk and pAkt.
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Figure 1: Percentage of galectin-1 and galectin-3 positivity of total tissue area, percentage of positive 
nuclear pixels pSTAT3, pSTAT5, perk and pAkt to total number of nuclear pixels in MPN patients treated 
with INCB018424 (P1, P2, P3 and P4) and MPN patients without therapy (C1 and C2).
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In this preliminary study we examined the expression of gal-1, gal-3, pSTAT3, pSTAT5, perk 

and pAkt in post-PV MF and PMF patients treated with INCB018424 versus PMF patients 

receiving no therapy (see Figure 2). INCB018424 is a selective inhibitor of JAK1 and JAK2 

and was shown to have clinical benefi ts in patients with myelofi brosis. These benefi ts 

include reduction of the spleen size, improvement in constitutional symptoms and reduction 

in the number of red blood cell transfusion-dependent patients. The improvement of clinical 

symptoms was associated with a decline in levels of circulating infl ammatory cytokines 

such as interleukin-6, tumour necrosis factor and macrophage infl ammatory protein 1.[18] 

Currently, the safest and most effective INCB018424 dose is 15mg twice-daily. This dose 

causes minimal non-haematological toxic effects (i.e. diarrhoea, fatigue, headache) and 

minimal haematological toxic effects such as (new-onset) anaemia and thrombocytopenia.[18]

In this preliminary study, the expression of pSTAT3, pSTAT5, perk and pAkt was reduced 

in patients treated with INCB018424 compared to patients without therapy. This was not 

merely a result of decreased cellularity after one year of treatment while the cellularity 

hardly changed. All the patients in this study were carriers of the mutation. It is 

known that the  mutation leads to a sustained JAK2 activation resulting in 

activation of the STAT family, MAPK signalling pathway and PI3K-Akt signalling pathway.[7, 9] 

The JAK1/2 inhibitor INCB018424 might explain the lower pSTAT3, pSTAT5, perk and pAkt 

expression in  positive MPN patients treated with INCB018424. This is in line 

with the study of Quintás-Cardama et al. who found a dose-dependent reduction in the 

phosphorylated forms of STAT3, STAT5 and erk in vitro and with the study of Verstovsek 

et al. who found a dose-dependent suppression of pSTAT3 after INCB018424 treatment.

[18, 19] Interestingly, the suppression was not only seen in patients with the  

mutation but also in patients with wild-type JAK2 suggesting other pathways involved in 

the JAK activation in MPN patients.[18] except for the known mutations bone marrow cells, 

megakaryocytes, stem cells, progenitor cells and myeloid cells also produce aberrant 

cytokines. These cytokines are produced in  mutant and non-mutant MPN cells, 

both activating a signalling in MPNs. In other diseases the STAT3 and NF-signalling have 

been found to regulate cytokine transcription.[20] Treatment with JAK inhibitors as well as 

STAT3 deletion can both reduce cytokine expression in MPN cells and thus explain why 

JAK negative MPN patients can still respond clinically on JAK inhibitor therapy.[21]

The complex of the different molecular aberrations together with the production of 

aberrant cytokine signalling is believed to be the pathogenic mechanism initiating MPN 

disease. This could explain the effect of JAK inhibitor therapy.[21]

THe eFFeCT OF THe JAK2 INHIBITOr INCB018424 ON SIGNALLING PATHWAYS IN MYeLOPrOLIFerATIVe NeOPLASIA; A PreLIMINArY STUDY |
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Figure 2: A. pSTAT3 staining before INCB018424 treatment in patient 2 (He, 400x), B. pSTAT3 staining after 
one year of treatment with INCB018424 in patient 2 (He, 400x), C. pSTAT5 staining before INCB018424 
treatment in patient 2 (He, 400x), D. pSTAT5 staining after one year of treatment with INCB018424 in patient 
2 (He, 400x), e. perk staining before INCB018424 treatment in patient 2 (He, 400x), F. perk staining after one 
year of treatment with INCB018424 in patient 2 (He, 400x), G. pAkt staining before INCB018424 treatment 
in patient 2 (He, 400x), H. pAkt staining after one year of treatment with INCB018424 in patient 2 (He, 400x).
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In this preliminary study, patients without therapy showed a lower expression of gal-1 and 

gal-3 after one year. Three and two patients who were treated with INCB018424 also 

showed a reduction in the gal-1 and gal-3 expression respectively. This cannot be attributed 

to a lower cellularity as the cellularity only showed a slight decrease. The binding of gal-1 

to H-ras activates the MAPK (also known as extracellular signal-regulated kinase (erk)) 

pathway[22, 23] and the binding of gal-3 to K-ras modulates the PI3K signalling pathway.[24] 

This, together with our results, could suggest that signalling pathways activated by gal-1 

and gal-3 are not only activated via the  mutation. This explains why treatment 

with INCB018424 does not influence the expression of gal-1 and gal-3 in all patients. 

No reduction in the grading of myelofibrosis was seen in patients treated with INCB018424, 

which is in line with the study of Verstovsek et al.[18] This remains unsatisfactory, while the 

development of myelofibrosis determine the worse outcome of patients. A potential effect 

of long-term treatment and reduction of myelofibrosis is possible but needs further 

investigation.

In conclusion, we found a lower expression of phosphorylated forms of STAT3, STAT5, erk 

and Akt in  positive MPN patients after one year of therapy with the JAK1/2 

inhibitor INCB018424. Furthermore, this study has shown a lower expression of gal-1 and 

gal-3 in  positive MPN patients, treated and non-treated, which could suggest 

that other signalling pathways are involved in the expression of gal-1 and gal-3. However, 

as this is a preliminary study, conclusions cannot be drawn. A larger study is necessary to 

confirm the results we have found in the study.

THe eFFeCT OF THe JAK2 INHIBITOr INCB018424 ON SIGNALLING PATHWAYS IN MYeLOPrOLIFerATIVe NeOPLASIA; A PreLIMINArY STUDY |
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Criteria of Myeloproliferative Neoplasia

Under a microsope, essential thrombocythemia (eT) is recognized by an abnormal 

proliferation of the megakaryocytic cell line in the bone marrow. Proliferation of all 

three cell lines and in particular the erythroid cell line can be found in polycythemia 

vera (PV) patients, whereas proliferation of the megakaryocytic cell line and increasing 

development of fibrosis in the bone marrow is particular for primary myelofibrosis 

(PMF) patients. For eT and PV no maturation defects of the blood cells occur; there is 

only an increased proliferation. In contrast to PMF in which the bone marrow shows 

abnormal lobulated megakaryocytes of bizarre shapes with maturation defects.[1-4] 

The WHO classification defines the three distinct  Ph-MPN types based on the 

conjunction of bone marrow morphology, genotype, clinical data and phenotype. 

However, although it seems clear how to assign the MPN to the appropriate subtype, in 

practice the distinction between the types is not so straight forward. The initial clinical 

manifestations are highly variable, show similarities between different MPN entities 

and can even change with time. Firstly, eT shows phenotypic similarities with the 

prefibrotic form of PMF. The absence of relevant reticulin fibrosis in bone marrow with 

dual megakaryocytic and granulocytic myeloproliferation, associated with 

megakaryocyte dysplasia, is known as prefibrotic myelofibrosis. This new variant has 

been included as a prodromic phase of PMF into the WHO classification since 2001.[5-7] 

The phenotype of prefibrotic MF resembles that of eT and are therefore difficult to 

distinguish from each other. Both entities can be clinically present with thrombocytosis. 

However, prominent neutrophil proliferation, decreased numbers of erythroid precursors 

and marked megakaryocyte atypia should distinguish prefibrotic PMF from eT. 

Furthermore, erythrocytosis with increased red cell mass is the major feature of PV. 

eT does not have specific clinical or laboratory features that distinguish it from PV or 

prefibrotic PMF. 

Secondly, eT patients with the  mutation show considerable similarities with 

PV, they have higher haemoglobin and haematocrit levels and a lower blood platelet 

count. Thirdly, eT and PV can develop into a myelofibrosis form (post-eT MF and post-

PV MF respectively) with clinical and laboratory characteristics indistinguishable from 

PMF.[8-10] Fourthly, the early phases of eT, PV and PMF share many morphological 

characteristics and are therefore difficult to distinguish from each other when using 

only histological evaluation (Chapter 3). For this reason, a histological diagnosis should 

be correlated to the clinical and laboratory features of the patient. In daily practice, 

however, pathologists receive bone marrow without proper clinical data.

In practice it remains very difficult for clinical doctors as well as for pathologists to assign 
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the proper MPN entity. It is thus recommended to establish a panel, similar to the 

sarcomatoid tumours, lymphoma and melanoma panels, consisting of pathologists and 

clinical doctors to generate more expertise in the field of MPNs. The question remains 

however, whether it is clinically relevant to distinguish the different MPN entities. 

The discovery of the  mutation in more than 95% of the PV patients and in 

approximately 50% of eT and PMF patients[11-14] is of paramount importance. Unfortunately, 

it has not changed the ability to discriminate between the different MPN entities. 

While eT, PV and PMF show overlap in their morphological characteristics, clinical signs 

and symptoms and possibly even share the same molecular mutation ( ), 

questions are raised whether eT, PV and PMF are indeed three separate entities or just 

different manifestations of the same disorder? It is advised to classify MPN patients in 

two groups according to the presence or absence of the  mutation. Both groups 

have a different prognosis of disease progression and survival chances  

(Chapter 1 and 2). regarding post-eT MF, post-PV MF and PMF, there are no differences 

in survival chance, clinical and laboratory features and treatment? The relevance of 

distinguishing these types is therefore questionable. It is suggested to use the term 

MPN-associated myelofibrosis (MPN-MF) to encompass these disorders instead.[8] 

fiBrosis

Myelofibrosis (MF) is the existence of fibrosis in the bone marrow and is determined by 

the amount of reticulin staining. Myelofibrosis can occur as primary disorder in PMF 

but can also develop in the setting of eT and PV referred to as post-eT MF and post-PV 

MF respectively. The histologic grading of fibrosis in the bone marrow shows an 

acceptable inter observer variability as we have shown in Chapter 3. Clinically, the 

development of fibrosis in PMF, eT and PV patients indicates poor survival chances.[15] 

So far myelofibrosis does not respond to any of the available therapies. even the 

promising JAK2 inhibitors do not reverse the development of bone marrow fibrosis, 

although our preliminary data suggest that the fibrosis stays stable during JAK 

inhibitor treatment (Chapter 6). However, it might be too early to draw conclusions 

from the present JAK2 inhibitor studies, because the treatment duration and follow-up 

period were very short. Finding a therapy that can cure or at least reduce the bone 

marrow fibrosis is important, as the development of fibrosis is a very important marker 

indicating a severe worsening of the patients’ condition. The underlying pathogenesis 

of fibrosis development is still unclear and should be clarified before new therapies for 
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myelofibrosis can be developed. Allogeneic stem cell transplantation is the only 

curative option at the moment.

MiCrovessel DeNsity

Angiogenesis is the formation of new capillaries and vessels from existing blood 

vessels and plays an important role in malignancies. The microvessel density (MVD) is 

a good morphological surrogate for angiogenesis in bone marrow. In our study we 

investigated the MVD and estimated the number of vessels in MPN bone marrow with 

the MVD ‘hotspot’ method. However, the MVD ‘hotspot’ method might not be the best 

way to estimate the number of vessels in Ph- MPN bone marrow. Bone marrow of Ph- 

MPN shows a broad variation of cellularity and, therefore, the amount of vessels can 

be underestimated in marrows with a relative low cellularity. This is especially true 

when comparing them to marrows with higher cellularity. This is due to the fact that 

with the ‘hotspot’ method there is no correction of the absolute number of vessels for 

the cellularity of the specimen. A solution might be to use an index that accounts for 

both the absolute marrow cellularity and the percentage of immuno-stained cells. On 

the other hand, however, the use of the MVD ‘hotspot’ method allows us to easily 

compare results to previous data and to the majority of the relevant studies in the 

literature (Chapter 4 and 5). 

We have also tried to stain MPN bone marrow trephines with vascular endothelial 

growth factor (VeGF), although this seemed not reliable in our hands; the VeGF staining 

in patients from two different hospitals showed too much background staining or was 

stained so weakly that we have excluded it from the analysis. At the same time, the 

VeGF staining in another series of patients from a third hospital showed promising 

results: almost no background staining was visible and a good differentiation between 

staining cells and non-staining cells was visible (Chapter 4).

There is discussion whether MVD or VeGF positively correlates with the degree of 

fibrosis. MPN patients with increasing development of fibrosis show also increasing 

MVD, but it is unclear in which order symptoms are appearing; increased angiogenesis 

which contributes to the increasing development of fibrosis or increased fibrosis which 

contributes to the increased angiogenesis. It is known that galectin-1 is involved in 

angiogenesis. Galectin-1 has been shown to be increased in the endothelium of 

tumours and to be the target for anginex. This is a novel artificial cytokine-like peptide 

inhibiting angiogenesis, which binds to galectin-1 resulting in inhibition of angiogenesis.[16] 

In Chapter 4 we have described an increased expression of galectin-1 along with an 
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increased MVD in MPN patients, suggesting a possible role for anginex as angiogenesis 

inhibitor in MPN patients (Chapter 4). 

DeCalCifiCatioN proBleMs

Immunohistochemical analysis of the bone marrow is a very important procedure in 

the diagnosis of haematological disorders, because differentiation by means of 

conventional histological techniques is often insufficient. The advantage of the use of 

sections of trephine bone biopsies is the preservation of tissue architecture and the 

relationship between haematopoietic tissue and bone trabeculae. However, one of the 

problems of immunohistochemical analyses is the fixation procedure and especially 

the decalcification procedures. Several laboratories in europe still use the acid 

decalcification procedure. This hampers immunohistochemistry and the extraction of 

DNA from paraffin embedded bone marrow biopsies, while the acid completely 

destroys DNA for genetical analyses. We have tried to extract DNA from paraffin 

embedded and acid as well as eDTA decalcified bone marrow biopsies to determine the 

JAK2 status from patients who had already past away prior the availability of the JAK2 

test. Unfortunately, in most cases the quality of the DNA was very poor and DNA was 

too fragmented to be able to use the JAK2 test (Chapter 4 and 5).

It is therefore recommended to develop a european guideline for the fixation and 

especially decalcification procedure to be used in every european laboratory. This 

makes it possible to compare several stainings done by different laboratories.

staiNiNgs

Another problem with the current practice of immunohistochemistry is the impossibility 

to prove whether the staining corresponds to the affected protein. To resolve this 

problem it is recommended to validate the primary antibody with a western blot. An 

additional disadvantage of immunohistochemistry is the unreliable quantification of 

the staining. Immunohistochemical staining can be present in the membrane, 

cytoplasm, nucleus and/or stroma. Assessment of this staining can range from being 

present or absent and increased or decreased expression. The assessment of nuclear 

stained cells might be more reliable than assessment of cytoplasmic stained cells or 

stroma, as the latter two are less specific than nuclear staining and are more sensitive 

to reactivity. There are also different scoring systems, mainly manually and therefore 
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dependent on the experience and alertness of the interpreter. This has been improved 

since the use of computerized image analysis systems.

On the other hand, immunohistochemistry also has several advantages: 1. the staining 

localizes exactly where the component is located in the tissue; 2. it is possible to 

recognize a certain pattern in the tissue and what the relationship is between other 

cells; 3. it is a very quick method and can give results in only one day and 4. tissue 

staining is also a method for detecting the tissue sensitivity for certain therapies by 

means of detecting the presence or increased amount of a certain molecular target.

In conclusion, the use of immunohistochemistry is a useful and quick method in the 

procedure of diagnosing haematological disorders, but might be more reliable if there 

is a european fixation and decalcification guideline and if standardized protocols for 

assessment will be available.

the JaK2v617f MutatioN

Although progress in the understanding has been made since the discovery of the 

 mutation, the underlying pathogenetic cause(s) of MPN has not been 

elucidated completely. It is known that the JAK-STAT pathway, erk and PI3K-Akt 

pathway play a major role, mainly driven by the mutation, with an increased 

phosphorylation of STAT3, STAT5, erk and Akt in MPN patients.[12, 17] 

Although the  mutation explains many of the clinical and laboratory 

characteristics of eT, PV and PMF, it is not the initiating mutation (Chapter 1 and 2).

How one mutation can be responsible for three different clinical phenotypes is still an 

unresolved issue. At the moment there are three hypotheses. The first hypothesis is 

the ǵene-dosage´ hypothesis, which postulates a correlation between phenotype and 

allele burden, which is the ratio between mutant and wild type JAK2 in haematopoietic 

cells. Most PV patients are homozygous for the  mutation, while eT patients 

are heterozygous. Some eT patients with increasing allele burden develop PV or PMF 

over time. Importantly, eT patients with the  mutation have a “PV-like” 

phenotype compared to eT patients who do not carry the mutation. However, the ‘gene-

dosage’ does not entirely explain the phenotypic heterogeneity of the MPNs. Differences 

in mice with different genetic background have been observed leading to a second 

hypothesis of ‘host genetic factors’. This hypothesis postulates that host genetic 

characteristics might act as modifiers of the phenotype in combination with the 

 mutation, for instance, singe nucleotide polymorphisms (SNPs). Finally, a 

third hypothesis is the ‘pre-JAK2 phase’ which postulates additional somatic mutations 
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or inherited predisposing alleles present before the  mutation, which are 

responsible for the clonal haematopoiesis and determine the phenotype. This pre-

JAK2 phase might even be responsible for generating the  mutation or might 

act synergistically.[18, 19]

The discovery of the  mutation has generated an interest in the development 

of JAK inhibitors. The results are very promising with great reduction in splenomegaly 

and improvement of constitutional symptoms. Some JAK inhibitors reduce the levels 

of circulating inflammatory cytokines and the  allele burden. The JAK 

inhibitors also reduce the phosphorylation of STAT3, STAT5, erk and Akt (Chapter 6). 

Although the quality of life of MPN patients is greatly improved by JAK inhibitors, they 

only generate a stable disease situation; they do not cure the patients. The JAK 

inhibitors inhibit not only the mutated JAK2 gene, but also the normal JAK2 gene. 

While JAK2 is important for the normal blood cell production, a balance should be 

found between enough JAK inhibition and too much inhibition which can be lethal. 

Furthermore, it is remarkable that not only patients positive for the  mutation 

benefit from the JAK inhibitors, but also patients who do not carry the  

mutation.[20] This indicates another mechanism involved in the MPNs with increased 

activation of the JAK-STAT pathway. The question remains however, whether the 

search for new mutations enlighten the pathogenesis of MPN. None of the discovered 

mutations so far have turned out to be the critical driver of the underlying 

myeloproliferative process. It seems that the known mutations are secondary 

mutations. Therefore from a therapeutical point of view, it is more reasonable to 

investigate the JAK-STAT pathway.

Indeed, bone marrow cells also produce aberrant cytokines which are produced in 

 mutant and non-mutant MPN cells. The cytokines activate a signalling in 

MPNs. STAT3 and NF-κβ signalling have been found to regulate cytokine transcription 

in other diseases.[21] Treatment with JAK inhibitors and STAT3 deletion can both reduce 

the expression of cytokines in the chronic inflammatory bone marrow and resolve the 

issue why JAK negative MPN patients also respond clinically to JAK inhibitor therapy.[22] 

Indeed, the complex of the different molecular aberrations together with the production 

of aberrant cytokine signalling is believed to be the pathogenic mechanism initiating 

MPN disease and explaining the effect of JAK inhibitor therapy.[21]

Pomalidomide, an immunomodulating drug, could also be a promising drug in the 

treatment of MPN. Pomalidomide is structurally related to lenalidomide and 

thalidomide, but is less toxic. It is believed that the abnormal cytokine environment in 

myelofibrosis contributes to anaemia, constitutional symptoms, cachexia and 

extramedullary haematopoiesis. Due to its anti-angiogenic, anti-cytokine and pro-
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erythropoietic properties, pomalidomide  has been shown to be effective in the treatment 

of myelofibrosis.[23] However, ongoing phase III studies need to confirm these results.

In this thesis we decided to focus on the JAK-STAT pathway and the erk, PI3K/Akt 

pathway. Other interesting pathways to look at in the future are the proteins that inhibit 

STAT3, STAT5, JAK2, PI3K, Akt and erk, like PIAS, GATA-1/2, SOCS, SHP and pTeN. 

Also the epigenetic changes in these pathways might be very interesting to investigate. 

Furthermore, the MPNs are characterized by the continuous release of inflammation 

products from activated leukocytes and platelets associated with a chronic 

inflammation. Chronic inflammation is also associated with an increase in DNA 

methylation. If chronic inflammation has a major impact on DNA-methylation in MPNs 

it may be hypothesized that a chronic inflammatory bone marrow microenvironment 

with an increase in cytokines and chemokines result in epigenetic changes, genomic 

instability and DNA mutations in haematopoietic cells. This may subsequently initiate 

clonal development and also drive clonal evolution by triggering additional mutations. 

This could further enhance clonal expansion and release of inflammatory products.

A growing list of mutations has been generated during the last couple of years. 

However, it is questionable whether this has generated more insight in the pathogenesis 

of MPN development. The last couple of years it has become more clear that the MPNs 

are not a single-hit disease, but that the nature of these diseases is more complex. 

The  mutation has turned out not to be the initiating mutation because only 

half of the PMF and eT patients carry the JAK2 wild type gene. The existence of a pre-

JAK2 phase has become more likely, with eZH2, TeT2 and ASXL1 as early events 

preceding the  mutation. However, the influence of genetic and environmental 

changes play also a role and act as modifiers in combination with the  

mutation.

The eZH2, TeT2 and ASXL1 mutations may also occur late during disease progression. 

This indicates that the occurrence of these mutations, regardless of the order of 

appearance, drives disease progression while these mutations are more frequent in 

PMF patients. Mutations which are more frequent seen in disease transformation are 

IDH1/2 and TP53 mutations.[24, 25]

Thus, some mutations are more involved in the early phases of MPN in combination 

with the  mutation, other environmental and genetic changes which can lead 

to disease progression and transformation over time with the occurrence of other 

mutations. 

However, very recently another mutation has been discovered, the calreticulin (CALr) 

mutation. The CALr mutation was predominantly found in patients with eT and PMF 

|GeNerAL DISCUSSION
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without the  or MPL mutation, in approximately 70% of patients. This mutation 

also activates the JAK/STAT pathway. eT patients with the CALr mutation had higher 

platelet counts, lower haemoglobin and lower white cell count. PMF patients with the 

CALr mutation had lower white cell count and higher platelet count. The lower white 

cell count and lower haemoglobin level might be responsible for the observed lower 

frequency of thrombosis in MPN patients with a CALr mutation. Patients with the 

CALr mutation were shown to have longer overall survival and have a more benign 

clinical course than MPN patients with the  or MPL mutation.

The discovery of another mutation in approximately 70% of MPN patients without 

 or MPL mutation might suggest that MPN patients can be divided in MPN 

patients with the  or MPL mutation and MPN patients with the CALr mutation, 

with patients with the CALr mutation having a longer overall survival and lower 

frequency of thrombosis.[26, 27]
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Myeloproliferative neoplasia (MPN) are clonal bone marrow stem cell disorders 

characterized by proliferation of the erythroid, megakaryocytic and/or myeloid cell lines. 

essential thrombocythemia (eT), polycythemia vera (PV) and primary myelofibrosis (PMF) 

belong to the Philadelphia chromosome negative MPNs. 

In the last couple of years it has become evident that bone marrow morphology is a 

cornerstone of MPN diagnosis and disease classification. 

Together with the discovery of the  mutation more insight in the development of 

MPN has been generated. 

In chapter 1 and 2 we describe the clinical and histological criteria of MPN and the symptoms 

patients with a MPN display. The symptoms of the different MPN entities show a great 

overlap which makes it difficult to distinguish these three entities clinically from each other. 

Bone marrow pathology is an important type of investigation for a definitive diagnosis. Bone 

marrow in eT patients is predominantly  characterized by a megakaryocyte proliferation, 

lying in loose clusters. PV shows a trilinear proliferation in the bone marrow, but the 

erythroid cell line is predominantly present. Bone marrow in PMF patients shows reticulin 

fibrosis and proliferation of the megakaryocytes which are clustered together very tightly. 

However, eT as well as PV patients can show some reticulin fibrosis in their bone marrow, 

known as post-eT myelofibrosis (post-eT MF) and post-PV myelofibrosis (post-PV MF) 

respectively. 

The presence of the  mutation in all MPN entities makes it more difficult to 

differentiate between eT, PV and PMF. The  mutation is present in approximately 

95% of PV patients and in approximately 50% in eT and PMF patients. The morphological 

and clinical overlap and the presence of the  mutation in MPN patients causes 

ambiguity whether eT, PV and PMF are three distinct diseases or simply expressions of one 

disease. We propose to divide the MPNs in JAK2 positive MPNs and JAK2 negative MPNs 

with a subdivision in patients with and without myelofibrosis.

Furthermore, we give a brief overview of the treatment of MPN patients. The treatment of 

the individual MPNs depends on the risk category. eT and PV patients belonging to the low 

and intermediate risk group are treated with a low dose of aspirin. PV patients will also 

receive phlebotomie. In eT and PV patients belonging to the high risk group a 

chemotherapeutical is added. In PMF patients belonging to the low and intermediate-1 risk 

category a ‘wait-and-see’ approach is justified. The intermediate-2 and high risk group 

receives chemotherapy or will be allocated for an allogeneic stemcell transplantation or 

experimental drugs.
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In chapter 3 we assessed the reproducibility of the current major individual morphological 

characteristics described in the WHO classification and the reproducibility of the histological 

diagnosis. The discovery of the  mutation resulted in a revision of the WHO 

diagnostic criteria of the MPN in 2008. However, there is concern of the reproducibility of 

morphological features as stated in these criteria. This was also shown in our study; we 

show a high degree of consensus for the individual histological features as described in the 

WHO classification. However, the translation to a final histological diagnosis is problematic; 

despite a good correlation between the individual histological features, we showed an 

inter-observer variation in the translation to a final diagnosis. Not only the recognition of 

the individual histological features is important, also their frequency, ranking and 

combination play a role in the pathologists decision to assign the bone marrow biopsy to eT, 

PV or PMF. These aspects are not clearly defined in the WHO classification and suggest that 

additional agreement on the definitions of the histological characteristics would be valuable. 

In chapter 2, 4 and 5 we focus on the molecular mechanisms involved in the pathogenesis 

of MPN. The  mutation in MPN patients results in a sustained JAK2 proliferation 

leading to an increased activation of the signal transducer and activator of transcription 

(STAT) family. especially STAT3 and STAT5 seems to play an important role in MPN 

development. STAT3 regulates cell growth and is involved in the megakaryopoiesis. STAT5 

also regulates cell growth and inhibits the megakaryocyte apoptosis. The net result of 

STAT3 and STAT5 phosphorylation is proliferative activity and apoptosis inhibition of mainly 

megakaryocytes. In chapter 4 we stained bone marrow of MPN and control patients 

immunohistochemically with phosphorylated STAT3 (pSTAT3) and STAT5 (pSTAT5). pSTAT3 

was more expressed in PMF and  positive patients compared to the control and eT 

patients. pSTAT5 expression showed an increasing trend in PV and  positive 

patients. We also demonstrate a correlation between microvessel density (MVD) and 

pSTAT5 expression.

The reduced life expectancy of PV and PMF patients can mainly be attributed to the 

increased vessel density and the increasing development of fibrosis in the bone marrow 

during the disease course. Galectin-1 (gal-1) is known to be involved in tumour angiogenesis 

and galectin-3 (gal-3) in liver fibrosis. 

In chapter 4 we show that the gal-1 expression is significantly higher in the whole group of 

MPN patients compared to the control group. This finding, together with the finding of a 

significant correlation of the gal-1 expression with the MVD suggest a possible role of gal-1 

in the increased angiogenesis seen in the bone marrow of MPN patients. Since it was 

demonstrated that angiogenesis is inhibited via gal-1 with the angiogenesis inhibitor 
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anginex, it might even be a probable angiogenesis inhibitor in MPN patients in the future.

The sustained JAK2 activation leads also to a sustained activation of the extracellular 

signal-regulated kinase (erk) and the phosphatidylinositol-3-kinase (PI3K)/Akt/p70S6k/

mammalian target of rapamycine (mTor) signalling pathway. Activation of the erk and PI3K/

Akt pathway results in apoptosis inhibition especially of megakaryocytes. 

In chapter 5 we stained MPN and control bone marrow immunohistochemically with perk, 

pAkt, p70S6k and Bnip3 (apoptosis activator) along with the MVD to characterize abnormal 

activation of these pathways and abnormal apoptotic responses in bone marrow and 

megakaryocytes of MPN patients. We show that increased bone marrow cellularity in MPN 

patients might be influenced by increased perk, pAkt and decreased Bnip3 expression.  

A dominant role for megakaryocytes in especially eT patients was shown. Increased 

amounts of megakaryocytes in MPN patients can be due to increased pAkt and p70S6k.

The  mutation is present in over 95% of the PV patients and in approximately half of 

the eT and PMF patients. The discovery of the  mutation has generated an interest 

in the development of JAK2 inhibitors. In chapter 6 we analysed the expression of gal-1, gal-

3, pSTAT3, pSTAT5, perk and pAkt in mutation positive patients with myelofibrosis 

who were treated with the JAK1/2 inhibitor INCB018424, ruxolitinib. ruxolitinib is a JAK1/2 

inhibitor which showed great improvements in clinical symptoms in MPN patients. We tried 

to correlate this improvement with a decrease in molecular markers in bone marrow. In this 

pilot study with only seven patients we demonstrated a decrease in pSTAT3, pSTAT5, perk 

and pAkt expression in patients who were treated with ruxolitinib during one year compared 

to patients who did not receive ruxolitinib. However, other studies also have shown a 

suppression of these molecular markers in MPN patients without the . This 

indicates that other pathways are involved in the JAK2 activation in MPN patients. 

For gal-1 and gal-3 a lower expression was seen in patients treated with ruxolitinib but also 

in patients who were not treated with ruxolitinib. Therefore, we conclude that the expression 

of gal-1 and gal-3 is independent of JAK2 activation.

Unfortunately, in our pilot study no effect was seen on the grading of fibrosis after 

ruxolitinib treatment, as fibrosis indicates a worse disease prognosis. If the underlying 

mechanism of fibrosis development in MPN patients can be revealed it would open up the 

possibilities for important breakthroughs in therapeutical treatment options. This would 

result in a better prognosis for MPN patients and probably longer survival rates especially 

in PMF, post-eT MF and post-PV MF patients. Although this study was done on only seven 

MPN patients with fibrosis, it underlines the importance of the discovered  

mutation in the pathogenesis of MPN patients with fibrosis.
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Myeloproliferatieve neoplasia (MPN) zijn aandoeningen die gelokaliseerd zijn in het 

centrale merg van de botten en een toename geven van verschillende onderdelen van het 

bloedvormende beenmerg. De ziekte die uitgaan van de rode reeks, simpel gezegd 

verantwoordelijk voor o.a. een grote toename van rode bloedcellen, noemen we 

polycythaemia vera (PV). een proliferatie van de bloedplaatjes en de megakaryocyten, 

cellen die deze plaatjes vormen, zien we met name bij trombocythemie (eT). Proliferatie 

van fibroblasten, cellen van stroma in de tussenstof, noemen we een primaire myelofibrose 

(PMF). Het onderzoek in dit proefschrift is met name gericht op deze drie ziekten. De 

ziekte die een toename geeft van de witte reeks noemen we een myeloide leukemie, 

hetgeen berust op een ander ontstaansmechanisme en niet in dit proefschrift wordt 

besproken. 

In de laatste jaren is duidelijk geworden dat het microscopisch beeld van de beenmergcellen 

een belangrijk onderdeel is van de MPN diagnose en onderverdeling van deze ziekten. 

Mede door de ontdekking van de  mutatie in het genetisch materiaal van het 

bloed, is meer inzicht verkregen in de pathogenese van MPN.

In hoofdstuk 1 en 2 beschrijven we de klinische en histologische criteria van MPN en de 

symptomen van MPN patiënten. De symptomen die MPN patiënten hebben, vertonen een 

grote overlap waardoor deze drie entiteiten klinisch moeilijk van elkaar te onderscheiden 

zijn. Beenmerg pathologie is mede een belangrijk onderzoek voor een definitieve diagnose. 

Beenmerg van patiënten met eT wordt voornamelijk gekenmerkt door een megakaryocyten 

proliferatie waarbij de megakaryocyten in losse clusters liggen. PV toont een trilineaire 

proliferatie in het beenmerg, maar de erythroïde cellijn is overwegend aanwezig. 

Beenmerg van PMF patiënten vertoont reticuline fibrose en proliferatie van de 

megakaryocyten waarbij de megakaryocyten dicht tegen elkaar in groepen geclusterd 

zijn. Sommige PV en eT patiënten vertonen ook reticuline fibrose in het beenmerg, bekend 

als post-eT myelofibrose (post-eT MF) en post-PV myelofibrose (post-PV MF) 

respectievelijk. De aanwezigheid van de  mutatie in zowel eT, PV als PMF 

patiënten maakt het stellen van de diagnose makkelijker, maar onderling zijn deze ziekten 

moeilijker van elkaar te onderscheiden. De  mutatie is aanwezig in ongeveer 95% 

van de PV patiënten en bij ongeveer 50% van de eT en PMF patiënten. De morfologische en 

klinische overlap en de aanwezigheid van de  mutatie in MPN patiënten zaaien 

twijfel over het gegeven of eT, PV en PMF wel drie verschillende ziekten zijn danwel 

uitingen van één ziekte. Derhalve wordt ook voorgesteld om de MPNs in JAK2 positieve 

MPNs en JAK2 negatieve MPNs te verdelen met een onderverdeling in patiënten met en 
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zonder myelofibrose. Omdat echter niet alle patiënten met een MPN een JAK2 mutatie 

hebben lijken ook nog andere, nog niet ontdekte oorzaken van belang bij het ontstaan van 

deze ziekte. Verder geven we een kort overzicht van de behandeling van MPN patiënten. 

De behandeling van de individuele MPNs is afhankelijk van de risico categorie waartoe 

de patiënten behoren. eT en PV patiënten die behoren tot de lage en intermediaire risico 

groep worden behandeld met een lage dosis aspirine en bij PV patiënten wordt daar 

phlebotomie (aderlating) aan toegevoegd. eT en PV patiënten die behoren tot de hoge 

risicogroep worden naast een lage dosis aspirine en eventueel phlebotomie bij PV 

patiënten ook behandeld met een chemotherapeuticum. Bij PMF patiënten die behoren 

tot de lage en intermediair-1 risico categorie is een afwachtende benadering 

gerechtvaardigd. De intermediair-2 en hoog risico groep krijgt chemotherapie of er zal 

overleg plaatsvinden of de patiënt in aanmerking komt voor een allogene stamcel 

transplantatie dan wel voor experimentele medicijnen.

In hoofdstuk 3 hebben we de reproduceerbaarheid bepaald van de huidige individuele 

morfologische kenmerken zoals beschreven in de WHO-classificatie en we hebben de 

reproduceerbaarheid van de histologische diagnose bepaald. De ontdekking van de  

mutatie resulteerde in een herziening van de WHO-diagnostische criteria van de MPNs in 

2008. echter, bezorgdheid bestaat over de reproduceerbaarheid van de  morfologische 

kenmerken zoals vermeld in de WHO 2008 criteria. Dit blijkt uit onze studie waarin we een 

hoge mate van consensus aantonen voor de afzonderlijke histologische kenmerken zoals 

beschreven in de WHO-classificatie. echter, de vertaling naar een definitieve histologische 

diagnose is problematisch, ondanks een goede correlatie tussen de verschillende histologische 

kenmerken toonden we een inter-observer variatie aan in de vertaling naar een definitieve 

diagnose. Niet alleen de erkenning van de individuele histologische kenmerken is van belang, 

ook de frequentie, de rangschikking en de combinatie van de histologische kenmerken spelen 

een rol bij de beslissing van pathologen om een beenmerg biopsie te diagnosticeren als eT, PV 

of PMF. echter, deze aspecten zijn niet duidelijk omschreven in de WHO-classificatie en 

suggereert dat aanvullende afspraken over de definities van de histologische kenmerken van 

belang kunnen zijn om tot de juiste diagnose te komen.

In hoofdstuk 2, 4 en 5 richten we ons op de moleculaire mechanismen die betrokken zijn bij de 

pathogenese van MPN. De  mutatie in MPN patiënten resulteert in een 

aanhoudende JAK2 proliferatie met als gevolg een verhoogde activering van de signaal 

transducer en activator van transcriptie (STAT) familie. Vooral STAT3 en STAT5 lijken 

een belangrijke rol te spelen in de MPN ontwikkeling. STAT3 is verantwoordelijk voor de 
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celgroei en is betrokken bij de megakaryopoïese. STAT5 is ook verantwoordelijk voor de 

celgroei en verder remt STAT5 de megakaryocyte apoptose. Het netto resultaat van 

STAT3 en STAT5 fosforylering is proliferatieve activiteit en apoptose remming vooral 

van de megakaryocyten.

In hoofdstuk 4 hebben we beenmerg immunohistochemisch gekleurd van MPN patiënten 

en van controle patiënten met gefosforyleerd STAT3 (pSTAT3) en STAT5 (pSTAT5). 

pSTAT3 kwam meer tot expressie in PMF en  positieve patiënten in vergelijking 

met controle en eT patiënten. pSTAT5 expressie toonde een trend in PV en  

positieve patiënten. We hebben ook een verband aangetoond tussen densiteit aan 

bloedvaten (MVD) en de pSTAT5 expressie. De verminderde levensverwachting van PV en 

PMF patiënten is vooral te wijten aan de verhoogde vaatdichtheid en de toenemende 

ontwikkeling van fibrose in het beenmerg tijdens het ziekteverloop. Galectine-1 (gal-1) is 

bekend betrokken te zijn in tumor angiogenese en galectine-3 (gal-3) in leverfibrose. 

In hoofdstuk 4 laten we zien dat gal-1 significant meer tot expressie komt in de totale MPN 

groep vergeleken met de controlegroep. Deze bevinding, in combinatie met de vaststelling 

van een significante correlatie van de gal-1 expressie met de vaatdichtheid suggereren 

een mogelijke rol van gal-1 in de verhoogde angiogenese in het beenmerg van MPN 

patiënten. eerdere studies laten zien dat angiogenese wordt geremd via gal-1 met de 

angiogeneseremmer anginex, daarom kan anginex zelfs een mogelijk angiogenese 

inhibitor in MPN patiënten in de toekomst zijn. De aanhoudende JAK2 activatie leidt ook tot 

een aanhoudende activatie van het extracellulair signaal gereguleerde kinase (erk) en 

fosfatidylinositol-3-kinase (PI3K)/Akt/p70S6k/mammalian doel van rapamycine (mTOr) 

signaalweg. Activering van de erk en PI3K/Akt signaalweg leidt tot een remming van de 

apoptose met name van de megakaryocyten. 

In hoofdstuk 5 hebben we MPN beenmerg en controle beenmerg immunohistochemisch 

gekleurd met perk, pAkt, p70S6k en Bnip3 (activeert apoptose) samen met de vaatdichtheid 

om abnormale activatie van deze routes en abnormale apoptotische responsen in het 

beenmerg en in de megakaryocyten van MPN patiënten te achterhalen. We tonen aan dat 

de verhoogde cellulariteit in het beenmerg van MPN patiënten mogelijk wordt beïnvloed 

door de toegenomen perk, pAkt en verminderde Bnip3 expressie. een dominante rol voor 

de megakaryocyten, in het bijzonder eT patiënten, werd aangetoond. Verhoogde 

hoeveelheden megakaryocyten in MPN patiënten kunnen verklaard worden door 

toegenomen pAkt en p70S6k.



130

| SAMeNVATTING

De mutatie is aanwezig in meer dan 95% van de PV patiënten en in ongeveer de helft 

van de eT en PMF patiënten. De ontdekking van de  mutatie leidde tot de ontwikkeling 

van JAK2 remmers. 

In hoofdstuk 6 hebben we de expressie van gal-1, gal-3, pSTAT3, pSTAT5, perk en pAkt 

geanalyseerd in  positieve patiënten met myelofi brose die werden behandeld met de 

JAK1/2 remmer INCB018424, ruxolitinib. ruxolitinib is een JAK1/2 remmer, die grote 

verbeteringen in de klinische symptomen van MPN patiënten vertoonden. We probeerden 

deze verbetering te correleren met een afname van moleculaire markers in het beenmerg. In 

de pilot-studie, slechts zes patiënten, toonden we een daling aan van de pSTAT3, pSTAT5, perk 

en pAkt expressie bij patiënten die werden behandeld met ruxolitinib gedurende een jaar in 

vergelijking met patiënten die niet werden behandeld met ruxolitinib. Andere studies tonen 

ook een onderdrukking van deze moleculaire markers aan in MPN patiënten zonder de 

 mutatie. Dit geeft aan dat andere signaal routes betrokken zijn bij de activatie van 

JAK2 in MPN patiënten. 

Voor gal-1 en gal-3 werd een lagere expressie waargenomen bij patiënten die behandeld 

werden met ruxolitinib maar ook bij patiënten die niet werden behandeld met ruxolitinib. 

Daarom is de expressie van gal-1 en gal-3 onafhankelijk van de JAK2 activatie. 

er werd geen effect gezien op de mate van fi brose met ruxolitinib behandeling, dat is 

teleurstellend, aangezien fi brose een slechtere prognose geeft van de ziekte. Als het 

onderliggende mechanisme van fi brose in MPN patiënten ontdekt wordt zal een belangrijke 

doorbraak in therapeutische opties mogelijk zijn, waardoor een betere prognose voor MPN 

patiënten ontstaat en waarschijnlijk een langere overleving met name voor de PMF, post-eT 

MF en post-PV MF patiënten.  Hoewel deze studie werd gedaan bij slechts zes MPN patiënten 

met fi brose onderstreept het het belang van de ontdekte  mutatie in de pathogenese 

van MPN patiënten met fi brose.
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een promotie onderzoek naar de myeloproliferatieve afwijkingen. U heeft geen moment 

geaarzeld en mij meteen gemaild. Tsja, toen was de knoop doorgehakt voor mij, ik ging 

promotie onderzoek combineren met de studie geneeskunde.

De eerste twee jaren had ik weinig contact met u, tot de laatste 2-3 jaar aanbraken. 

Door het toch wel wat dramatische beloop met m’n begeleiders die vertrokken, de 

onderzoeksgroep waar ik bij hoorde vertrok en m’n promotor die vertrok, wilde u iedere 

maand een afspraak maken om een vinger aan de pols te houden. Dit heb ik als zeer 

prettig ervaren en hier ben ik u heel erg dankbaar voor!

Inmiddels is het voor mij duidelijk geworden dat ik haematologe wil worden waarbij u 

mijn grote voorbeeld bent zowel de manier waarop u met patiënten omgaat als de manier 

waarop u met studenten en AIOS omgaat. Ik zal u zeker nog tegenkomen gedurende mijn 

AIOS plek in Maastricht en wie weet heb ik de grote eer om nog eens als haematologe 

heel klein naast u te mogen staan.

Professor Dr. A. zur Hausen, één van mijn promotoren en patholoog in het MUMC+. 

Beste Axel, voor ons beiden was het een lastige situatie. Nadat m’n promotor van de 

pathologie afdeling was vertrokken heb ik een tijdje geen promotor gehad, totdat u het 

nieuwe hoofd van de afdeling pathologie werd. In overleg met elkaar werd u mijn promotor. 

Ik wil u dan ook hartelijk bedanken voor de kritische noot bij mijn laatste artikelen.

Dr. A.M.W. van Marion, copromotor en patholoog in het VieCuri te Venlo.

Beste Ariënne, vanaf het begin van mijn promotie was je via Freek zijdelings betrokken bij 

mijn onderzoek, maar om nou te zeggen dat we elkaar goed kende... nee. Het omslagpunt 
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kwam toen Freek wegging en jij heel dapper de begeleiding van mij op je wilde nemen. 

Ik was en ben je er nog steeds  ontzettend dankbaar voor. Tot mijn grote verdriet kreeg 

ik bijna een jaar na het vertrek van Freek op een vrijdag tegen het eind van de middag 

tijdens mijn GeZP stage op de haematologie afdeling in het azM een mailtje van je; het 

was een lang verhaal, maar de boodschap was duidelijk….je ging weg naar Venlo. Ik heb 

die middag een potje zitten huilen en gedacht ik stop ermee, de tweede begeleider die nu 

weggaat en wie kan het overnemen? Met die gedachte heb ik een tijdje rondgelopen, maar 

jij wilde koste wat kost mijn begeleiding blijven doen omdat er niemand anders was om 

het over te nemen en je niet wilde dat ik hiervan de dupe zou worden. Ik zal je hiervoor 

altijd dankbaar blijven! Ik heb ontzettend veel van je geleerd als we weer eens met z’n 

tweeën door de microscoop aan het turen waren, we aan het brainstormen waren over 

hoe de kleuringen te verbeteren en je was altijd positief als ik het even niet zag zitten. 

Ook de kletsmomenten over de gewone dingen van het leven vond ik altijd erg gezellig  

en aangenaam.

Ariënne, ik wil je ontzettend bedanken voor je grote inzet en steun, zonder jouw begeleiding 

was ik zeker gestopt, je opkomen voor “jouw” promovenda als dat nodig was, de gezellige 

kletsmomenten en de vele vele uurtjes die je erin hebt gestoken naast je gewone werk 

waar ik veel bewondering voor heb. 

Dr. F.J. Bot, patholoog in het Haga ziekenhuis te Den Haag.

Beste Freek, toen Harry een aanbieding kreeg voor een onderzoek naar myeloproliferatieve 

afwijkingen was jij als haemato-patholoog de aangewezen persoon om mijn begeleiding 

te gaan doen. Al snel kwamen er een aantal ideeën op tafel waar we vol goede moed 

mee aan de slag gingen. Het ging uiteraard niet zo snel in verband met mijn studie, maar 

ondertussen heb ik gemerkt dat het ook voor jullie best wel prettig is om niet de hele tijd 

een zeurende promovendus aan de deur te hebben staan met lastige vragen als “heb 

je al tijd gehad om naar het excel bestand te kijken?” “heb je vandaag tijd om coupes te 

kijken?” en de meest lastige vraag “heb je het artikel al nagekeken?”. Helaas kwam aan 

onze samenwerking een einde toen je besloot naar Den Haag te vertrekken, ik vond het 

uiteraard heel erg jammer en achteraf bleek dat je niet de eerste zou zijn die vertrok 

naar een ander ziekenhuis. We spraken af contact te houden en Ariënne en ik hebben 

je gevraagd om mee te blijven denken met mijn promotie en of je artikelen wilde mee 

beoordelen. Helaas, roet werd in het eten gegooid toen je ziek werd, ik schrok erg toen je 

me belde een paar dagen voor de kerst van 2009. Gelukkig gaat alles nu weer goed met je.

Beste Freek, het gaat goed met je en dat doet me goed. Je hartelijkheid als ik binnen 

wandelde was altijd erg aangenaam, ik voelde me zeer welkom bij je. Ik wil je ontzettend 

bedanken voor je kennis die je hebt overgebracht over de MPNs, de tijd die je erin 
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hebt gestoken om samen te kijken naar de beenmergcoupes van de patiënten en me 

langzaamaan hebt geleerd wat de kenmerken zijn van de myeloproliferatieve afwijkingen. 

Ook de vele gezellige en vaak ook onzinnige kletsmomenten zal ik niet vergeten. 

Dr. K.H. Lam en Dr. K.M. Hebeda, patholoog in het erasmus M.C te rotterdam en 

pathologe in het radboud ziekenhuis te Nijmegen respectievelijk.

Beste King en Konnie, ik leerde jullie kennen via Freek en Ariënne toen jij, Konnie, 

het idee opvatte om de WHO criteria eens onder de loep te nemen. Vaker hebben we 

uitstapjes gemaakt naar rotterdam en Nijmegen en dat was altijd leerzaam en leuk. Ik 

herinner me m’n allereerste presentatie in Bordeaux nog. Ik presenteerde onze data 

en jeetje…wat was ik zenuwachtig. Ik zie jullie nog zitten op het puntje van jullie stoel, 

ook gespannen, maar zodra ik de eerste zin had gesproken leunde jullie achterover 

en zeiden later tegen me…”toen je eenmaal de eerste zin had uitgesproken, konden 

we rustig achterover leunen, zelfs de missende slide heb je goed opgepakt!”. Ook van 

jullie heb ik veel geleerd op de momenten dat we met elkaar om de tafel zaten. King jij 

hebt regelmatig met me gesproken over de opleiding tot internist en hoe te combineren 

met promotie en dat ik af en toe toch echt meer met m’n vuist op tafel moest slaan. 

Hahaha…dat laatste is en blijft een moeilijk punt voor me, maar ik hou het altijd in m’n 

achterhoofd. King en Konnie, heel erg bedankt!

Lieve Kimsie (Kim), ik was heel erg blij toen jij ook je promotie onderzoek startte in 

het MUMC+. We hebben vele koffiemomenten gehad en elkaar op bepaalde gebieden 

zeker kunnen helpen al zit jij in een ander vakgebied. Buiten het werk om ben je een 

van m’n beste vriendinnen. Ik heb zo’n ontzettende bewondering voor jou; hoe je alles 

hebt aangepakt tijdens je studie, de moeilijke dingen waar je toen al tegen aan liep en 

vervolgens A(N)IOS combineren met je gezinsleven. Je bent en blijft altijd positief, je 

hebt een luisterend oor en je hebt me ontzettend gesteund in een van m’n moeilijkste 

periodes. Onze vriendschap lijkt net vanzelf te gaan en dat is héél erg prettig en ben dan 

ook blij dat je mijn paranimf wilt zijn!

Lieve Kim, ik wil je heel erg bedanken voor de gezellige momenten en de tijd dat je me 

gesteund hebt toen ik het zo nodig had. Je zei de waarheid tegen me en dat is uiteraard 

niet altijd leuk, maar heel goed geweest. Meis, ik wens je heel veel succes nu je bij de 

gynaecologie in Heerlen gestart bent. Je wordt een fantastische gynaecologe, daar ben 

ik van overtuigd en we blijven de gezellige momenten erin houden !

|DANKWOOrD 
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Lieve Flo, Floor, jij en ik lijken in veel opzichten op elkaar. We deelden dezelfde kamer, nog 

net niet dezelfde stoel , en we hadden nog iets gemeen tijdens ons promotie onderzoek; 

we waren een vreemde eend in de bijt. Dit is voor ons beiden niet altijd even makkelijk 

geweest, maar gelukkig konden we bij elkaar spuien! Nu zit je in Amsterdam en heb je 

eindelijk een heerlijk eigen stekkie samen met Bas, tenminste als jullie niet weer eens 

apart voor jullie werk de wereld over vliegen. Dit heeft je veel rust opgeleverd. Meis, twijfel 

vooral niet aan jezelf, je bent een ontzettende slimme meid en ik ben er van overtuigd 

dat je er zeker gaat komen welke kant je ook uitgaat. Blijf vooral bij jezelf en kom voor 

jezelf op, want niemand anders doet dat voor je! Ik hoop dat we de gezellige etentjes en 

bioscoop bezoekjes kunnen uitbreiden met weekendjes in Amsterdam en Maastricht.

Lieve Anne, we kennen elkaar al wat langer van Gezondheidswetenschappen, maar zijn 

pas echt goede vriendinnen geworden sinds de studie geneeskunde. Lieve meis, je hebt 

het niet makkelijk gehad en heb een grote bewondering voor je doorzettingsvermogen! 

Je bent in opleiding tot kinderarts en elk kind dat jou tegenkomt in het ziekenhuis als 

arts mag in zijn/haar handjes wrijven met jou! Ook jij bent een steun voor me geweest 

de laatste tijd en bij jou kon ik uit huilen en hahaha…dan zat jij ook met tranen in je ogen! 

Meiske, we zien elkaar niet veel, maar weet dat ik altijd voor je klaar sta. Je wordt een 

fantastische kinderarts, maar denk ook aan jezelf en geef je grenzen aan! De gezellige 

momenten met Kim houden we erin!

Uiteraard zijn er meer mensen die ik graag wil bedanken voor de afgelopen jaren. 

Allereerst de analisten: Petra, Peter, edith, Kim W, Andrea, Sarah en Guido voor jullie 

kennis en het aanleren van de immuno’s en de gezellige klets momenten op het lab.

Benoit dank je wel voor het overnemen van de machinale kleuringen dat heeft me veel 

tijd gescheeld!

Jack dank je wel voor quantimet-programma’s wat moesten we toch zonder jou!

Ook dank je wel aan de “kleine demo” kamergenootjes, Karin, Karen, Joep, Tjinta, Anette, 

Thomas, David en Timo voor de hilarische momenten en gezellige sfeer!

Lieve eef, Leintje en Lian, vriendinnen vanaf de middelbare school en voor het leven. We 

zien elkaar niet veel en spreken elkaar niet veel, maar als we elkaar zien dan is het altijd 

bere gezellie  en we kunnen altijd op elkaar rekenen. Als er iets is dan staan we voor 

elkaar klaar en dat is echte vriendschap. Van jullie heb ik heel veel steun gehad de laatste 

tijd wat ik erg hard kon gebruiken. Lieve meiden, ik ben ontzettend blij met jullie als 

vriendinnen en dat reisje naar rome moeten we nu toch echt een keer gaan plannen!!!!

DANKWOOrD |
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Tineke, Ilona, Marielle en Kaythlin, ook super lieve en goede vriendinnen, met jullie 

heb ik ook veel meegemaakt. Hele gezellige momenten, lekker uit ons dak gaan met 

stappen, maar ook de serieuze dingen van het leven. Ook jullie wil ik heel erg bedanken 

voor alle steun. Iedereen heeft nu wel zo’n beetje haar stekkie gevonden, alles valt op 

zijn plaats. Kortom, het komt wel goed met jullie!

Iris, Veerle, Hanneke, Ingrid, Joep, Jürgen en andere oud-epi’s die ik eventueel vergeten 

ben, dank jullie wel voor de gezellige kletsmomenten en dat ik me bij jullie groep mocht 

aansluiten.

Cor en elly en de dames van het secretariaat, jullie ook heel erg bedankt dat ik altijd 

mocht binnenvallen voor de administratieve en financiële hulp en de leuke en serieuze 

gesprekken die daaruit voortvloeiden.

Ook Matthijs wil ik bedanken voor het oplossen van alle computerproblemen, zonder 

hem had ik m’n laptop al lang uit het raam gegooid!

Verder wil ik iedereen die ik nog vergeten ben en iedereen van de pathologie afdeling  

bedanken voor de interesse, hulp en gezellige kletsmomenten.

Verder wil ik mijn collega-AIOS en bazen van de afdeling interne geneeskunde in het 

MUMC+ bedanken voor de interesse in mijn promotie en de leuke samenwerking. 

Ook mijn meest recente nieuwe collega-AIOS en bazen in het Atrium te Heerlen wil ik 

bedanken voor de interesse en de gezelligheid en de snelheid waarmee jullie mij een 

welkom gevoel gaven.

Lieve Jasper, we kennen elkaar nog niet zo lang, maar hebben al wel wat hobbels 

moeten nemen. Vanaf het begin heb je me gesteund en het me op meerdere fronten 

makkelijk gemaakt en ik heb het jou juist héél moeilijk gemaakt . Ik ben je dankbaar 

voor je geduld en liefde! en het lijkt erop dat we eindelijk een beetje onze weg met z’n 

tweeën hebben gevonden.

|DANKWOOrD 
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Last but definitely not least... 

Lieve pap & mam en robert-Jan, aan jullie ben ik mijn grootste dank verschuldigd! 

Jullie zijn mijn steun en toeverlaat geweest en nog steeds. Op jullie heb ik altijd kunnen 

rekenen en mijn verhalen, boosheid, frustraties en verdriet altijd kunnen vertellen. 

robert-Jan jij weet als geen ander hoe het is om te promoveren en we konden bij elkaar 

de frustraties goed kwijt. Ik ben ontzettend trots op je wat je allemaal bereikt hebt. Je 

hebt alles achter je gelaten in Nederland en hebt weer een nieuw leven opgebouwd in 

engeland en nu sinds kort ben je aan een nieuw leven begonnen in Oostenrijk. Hierdoor 

zien we elkaar heel erg weinig en zien en spreken we elkaar voornamelijk via de skype 

en dat is niet altijd even leuk. Maar ik geniet wel van de gesprekken via skype en heb ook 

heel veel steun gehad aan je wijze woorden en manier van naar bepaalde dingen in het 

leven te kijken en daar ben ik je heel dankbaar voor! Ik kan me geen betere en vooral 

ook geen lievere broer wensen. In engeland heb je ook Beckie leren kennen en in elkaar 

hebben jullie gevonden wat jullie zochten. Ik ben ontzettend blij voor jullie en wens jullie 

alle geluk toe en hopelijk over een paar jaar een eigen stekkie met z’n tweeën op het vaste 

land van europa .

Pap en mam, ik ben jullie heel dankbaar voor de steun, stimulatie, de mogelijkheden 

en vooral de liefde die jullie ons altijd hebben gegeven. Het doorzettingsvermogen, het 

verantwoordelijkheidsgevoel hebben we echt van jullie geërfd wat ook zo zijn nadelen 

kan hebben. 

Hoe jullie het hebben volgehouden de laatste tijd met mij weet ik ook niet, maar ik besef 

me maar al te goed dat jullie het niet makkelijk met me hebben gehad afgelopen jaar. een 

zware periode, op meerdere uiteenlopende fronten, kenmerkte helaas het einde van m’n 

promotie, maar jullie zijn er altijd voor me geweest en ik kon altijd bellen dag en nacht. 

De momenten dat ik thuis ben of wanneer jullie in Maastricht zijn vind ik heerlijk! Leuke 

en gezellige dingen, maar mam we moeten echt meer dagjes shoppen hoor… en ach 

dan nemen we pap wel weer mee, vindt hij stiekem veel te leuk. Ik ben jullie ontzettend 

dankbaar en kan me geen betere ouders wensen. Lieve pap & mam en r-J&Beckie, ik 

hou ontzettend veel van jullie en ben jullie ongelooflijk dankbaar voor alles.

DANKWOOrD |
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