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The present article extends the PVSG-WHO criteria into a simplified set of Rotterdam and
European Clinical, Molecular and Pathological (RCP/ECMP) criteria to diagnose and classify
the myeloproliferative neoplasms (MPNs). The crude WHO criteria still miss the masked and
early stages of ET and PV. Bone marrow histology has a near to 100% sensitivity and specificity
to distinguish thrombocythemia in BCR/ABL positive CML and ET, and the myelodysplastic
syndromes in RARS-T and 5g-minus syndrome from BCR/ABL negative thrombocythemias
in myeloproliferative disorders (MPD). The presence of JAK2''F mutation with increased
erythrocytes above 6x10'%/L and hematocrit (>0.51 males and >0.48 females) is diagnostic for PV
obviating the need of red cell mass measurement. About half of WHO defined ET and PMF and 95%
of PV patients are JAK2''F positive. The combination of molecular marker screening JAK2'6'"F,
JAK2 exon 12, MPL*"® and CALR mutations and bone marrow pathology is 100% sensitive and
specific for the diagnosis of latent, early and classical ECMP defined MPNs. The translation
of WHO defined ET, PV and PMF into ECMP criteria have include the platelet count above 350
x10%1, mutation screening and bone marrow histology as inclusion criteria for thrombocythemia
in various MPNs. According to ECMP criteria, ET comprises three distinct phenotypes of true
ET, ET with features of early (“forme fruste” PV), and ET with a hypercellular erythrocythemic,
megakaryocytic granulocytic myeloproliferation (EMGM or masked PV). The ECMP criteria clearly
differentiate early erythrocythemic, prodromal and classical PV from congenital polycythemia
and idiopathic or secondary erythrocytosis. The burden of JAK2'S'”F mutation in heterozygous
ET and in homozygous PV is of major clinical and prognostic significance. JAK2 wild type MPL'
mutated normocellular ET and MF lack PV features in blood and bone marrow. JAK2/MPL wild
type hypercellular ET associated with primary megakaryocytic granulocytic myeloproliferation
(PMGM) is the third distinct CALR mutated MPN. The translation of WHO into ECMP criteria for
the classification of MPNs have a major impact on prognosis assessment and best choice for first
line non-leukemogenic approach to postpone potential leukemogenic myelopsuppressive agents
as long as possible in ET, PV and PMGM patients.

How to cite this article: Michiels JJ, De Raeve H. The PVSG/WHO versus the Rotterdam European clinical, molecular and pathological
diagnostic criteria for the classification of myeloproliferative disorders and myeloproliferative neoplasms (MPD/MPN): From Dameshek to
Georgii, Vainchenker and Michiels 1950-2018. Int J Bone Marrow Res. 2019; 2: 027-050. https://doi.org/10.29328/journal.ijbmr.1001004

i HTTPS://WWW.HEIGHPUBS.ORG



https://crossmark.crossref.org/dialog/?doi=10.29328/journal.ijbmr.1001004&domain=pdf&date_stamp=2019-04-17

>

disorders and myeloproliferative neoplasms (MPD/MPN): From Dameshek to Georgii, Vainchenker and Michiels 1950-2018

The PVSG/WHO versus the Rotterdam European clinical, molecular and pathological diagnostic criteria for the classification of myeloproliferative m
3

Introduction

In the 19" century chronic myeloid leukemia (CML) and polycythemia vera
(PV) have been described as primary distinct disease entities [1-3]. In 1960 Nowell
and Hungerford described the presence of a minute chromosome in leukemic
cells of patients with CML [4]. This minute chromosome was called Philadelphia
(Ph) chromosome after the city of discovery [4]. Using banding techniques Janet
Rowley (1973) discovered that the Ph chromosome originated from a translocation
between the long arms of chromosomes 9 and 22, t(9;22)(q34;q11) [5]. Two groups
collaborating in scientific friendship discovered that a hybrid gene is generated by the
translocation consisting of the BCR gene on chromosome 22 and the ABL oncogene
originating from chromosome 9 [6]. This results in a BCR/ABL fusion gene with high
tyrosine kinase activity and CML-transformation capacity [7,8]. Ninety-five percent
of all CML patients are Ph*; 90% are Ph*/BCR/ABL*, 5% are Ph"/BCR/ABL*, and 5%
are Ph'/BCR/ABL, the latter group usually diagnosed as atypical CML, juvenile CML,
chronic neutrophilic leukemia or chronic myelomonocytic leukemia [9]. According
to strict morphological, biochemical, cytogenetic and molecular criteria including the
Ph* chromosome and BCR/ABL fusion gene and protein, CML is a malignant disease
with an obligate transition into acute leukemia, whereas PVSG defined essential
thrombocythemia (ET), polycythemia vera (PV) and primary myelofibrosis (PMF)
form the Ph-chromosome and BRC/ABL negative chronic myeloproliferative disorder
(MPD) featured by a benign proliferation of the three hematopoietic cell lines [10].

In 1950, Dameshek defined PV as a chronic disorder of the bone marrow
characterized by excessive production of nucleated red cells, granulocytes and
megakaryocytes, peripheral blood erythrocytosis, leukocytosis and thrombocytosis
[11]. Some cases however show pronounced elevation of erythrocytes or extreme
degree of thrombocytosis, while in others the leukocyte counts may be at or close
to leukemic levels, with only slight increase in red cells or platelets [11]. Regarding
etiology of PV, Dameshek proposed in 1950 two highly speculative possibilities: first,
the presence of excessive bone marrow stimulation by an unknown factor or factors,
and second, a lack or a diminution in the normal inhibitory factor or factors (Figure 1)
[11]. The discovery of the JAK2V®17F mutation in 2005 by Vainchenker confirmed the
hypothesis of Dameshek by demonstrating that the JAK25'’F mutation induced loss of
inhibitory activity of the JH2 pseudokinase part on the JH1 kinase part of JAK2, leading
to enhanced activity of the normal JH1 kinase activity of JAK2 (Figure 1) [12,13].
This renders the receptors of mutated hematopoietic stem cells hypersensitive to
hematopoietic growth factors thrombopoietin (TPO), erythropoietin (EPO) and
granulocyte colony stimulating factor (GCSF), resulting in trilinear myeloproliferation
[12,13].

The morphological distinction between Ph*and BCR/ABL* ET and thrombocythemia
associated with Ph* and BCR/ABL* CML versus the Ph-negative thrombocythemia in
various MPDs is primarily based upon conspicuous differences in the form and size
of megakaryocytes in bone marrow smears and sections of bone marrow biopsy
[10]. This difference observed by Michiels et al. in 1987, is obvious and reproducible
in bone marrow biopsies, which enables pathologists to distinguish between small
megakaryocytes in Ph* disease versus large megakaryocytes with more or less
pronounced hyper-lobulated nuclei in Ph-negative MPDs ET and PV (Figure 2)
[10]. This original observation by Michiels (1987) and Georgii (1990) of diagnostic
differentiation between Ph* CML and Ph-negative MPD and subclassification of the
MPDs into ET, classic PV and prefibrotic agnogenic myeloid metaplasia (AMM) or
chronic idiopathic myelofibrosis (CIMF) was worked out by Thiele et al. in 1988 and
1989, (Figure 2) [14-17]. The criteria of the Polycythemia Vera Study Group (PVSG)
and the 2001 WHO criteria to classify the MPDs as ET, PV and CIMF are suboptimal
and overlook the early prefibrotic stages (Figure 2) [19-23]. Georgii et al. in 1990 [18],
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Figure 1: Conceptual change of myeloproliferative disorders (MPD) into myeloproliferative neoplasms: From
Dameshek 1950 to Vainchenker 2005 and Michiels 2008. According to Dameshek in 1950 polycythemia vera (PV)
is a trilinear MPD due to one hypothetical stimulus has been confirmed by Vainchenker in 2005 to be caused by the
JAK2Y'F mutation as the cause of trilinear MPNs essential thrombocythemia (ET), PV and secondary myelofibrosis
(Michiels 2006). The speculation of Dameshek in 1951 on the MPDs chronic myeloid leykemia (CML), ET, PV and
agnogenic myeloid metaplasia (AMM) has been changed into Ph-postive ET and CML vs Ph-negative ET, PV and
AMM by the discovery of t(9:22)(q34:q11) in Ph positive CML by Rowley and the BCR/ABL fusion gene and protein,
a constitutively activated tyrokinase activity as the cause of Ph-positive CML and ET in the 1980s by Heisterkamp,
Groffen & Grosveld Erasmus University Rotterdam in collaboration with Abels, Hagemeyer & Michiels from the
Hematology Department Academic Hospital, Dijkzigt, Rotterdam, Netherlands.

Figure 2: The concept of Polycythemia Vera Study Goup (PVSG) on the overlap myeloproliferative disorders (MPD)
essential thrombocythemia (ET), polycythemia vera (PV), agnogenic myeloid metaplasia (AMM) and chronic
myeloid leukemia (CML) was based on the 1951 Dameshek concept that the overlap MPD may be due to one
hypothetical stimulans, which in retrospect appeared to be incorrect. The unifying concept of Dameshek in 1951 on
the chronic myeloproliferative disorders (MPDs) PV ET AMM and CML has been broken up by the 1975 PVSG criteria
by Michiels in 1987 and Georgii in 1990 into Ph-positive essential thrombocythemia (ET) and CML complicated by
myelofibrosis (MF) and the Ph-negative MPDs ET, PV and MF either positive or negative for the acquired JAK2'¢'7"
mutation.

changed the PVSG-WHO defined ET, PV and PMF into the Hannover Bone Marrow
Classification ET, PV and chronic megakaryocytic granulocytic myeloproliferation
(PMGM) as three disctinct MPDs. In the present manuscript we propose to integrate
the PVSG-WHO clinical and Hannover bone marrow criteria into the Rotterdam and
European Clinical, Molecular and Pathological (ECMP) classification by including bone
marrow pathology and the use of new laboratory and molecular markers for diagnostic
differentiation of each of the latent (masked), early and overt MPDs.

PVSG, TVSG, RCP and WHO criteria for the diagnoses of ET, PV and AMM

In 1986, the PVSG reduced the platelet count from 1000 to 600 x10?/1 as the
arbitrary minimum for the diagnosis of ET [22,23]. In Since 1997 we defined the
clinical and pathological characteristics of the Ph-negative MPDs by including bone
marrow histopathology according to Georgii et al on top of PVSG criteria for ET, PV
and CMGM [24]. The TVSG and RCP criteria combined a typical ET histological bone
marrow picture with platelet counts in excess of 600 and 400 x10?/1 respectively
(Table 1) [25,26]. The PVSG-WHO criteria comprises three phenotypes of prefibrotic
early MPD: ET, early thrombocythemic PV, PV and prefibrotic and early fibrotic stages
of PMF MF-0 and MF-1 [27-29]. Lengfelder et al., demonstrated that the minimum
of 600x10°/1 platelets according to the 1986 PVSG criteria excluded early (masked)
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Table 1: The 1980-2005 Rotterdam Clinical and Pathological (RCP) criteria for Essential Thrombocythemia: ET. The
1980-2005 Rotterdam Clinical and Pathological (RCP) criteria for Polycythemia Vera: PV

ET at platelet count below 600 x10°/1 in 29% of 143 ET cases [30]. In this study,
97% of all 143 ET patients showed a typical bone marrow histology of increase and
clustering of enlarged megakaryocytes diagnostic for MPD [30]. This was associated
with normal cellularity in 52% consistent with true ET, with increased erythropoiesis
in 17% consistent with early PV, and with increased cellularity due to pronounced
granulopoiesisin 45% consistent with pre-fibrotic PMF [30]. The 1986 PVSG-2001WHO
criteria overlook latent and early stages of MPD in patients with thrombocythemia:
First, initial ET with a typical ET bone marrow but platelet count below 600 x10°/1;
Second, initial PV with a typical PV bone marrow, platelet count less than 600 x107/],
low serum erythropoietin (EPO), normal red cell mass and hematocrit less than 0.51;
Third, initial masked MPD with splenomegaly and normal or slightly increased platelet
count and haematocrit [25]. The 2008 WHO extended the 1975 PVSG and 2001 WHO
classification and changed the term MPD into myeloproliferative neoplasia (MPN) for
the clinical diagnosis of ET, PV, PMF [29-33].

The 1975 PVSG criteria followed the recommendations of Dameshek to define PV by
increased red cell mass (erythrocytosis or erythrocythemia) and did not include bone
marrow histology as a clue to MPD [11,34-36]. The PVSG investigators Wasserman
and Berlin introduced 3 major and 4 minor clinical criteria as inclusion criteria the
diagnosis of PV in the PVSG-01 study of which increased RCM was mandatory [19,20].
Increased RCM in PV patients corresponded to hematocrit values between 0.48 and
0.76 in all, platelet count above 400 x10°/L in two-third and palpable spleen in two-
third of about 400 PV patients in the PVSG-01 study [20]. One third of PV patients had
normal platelet count and spleen size at time of presentation. Pure erythrocythemia
featured by increased hemoglobin, hematocrit and red cell mass but normal leukocytes,
thrombocytes and spleen size was labelled as idiopathic erythrocytosis (IE) [37] or
pure erythrocythosis [38]. Minor B criteria did appear in untreated IE patients during
follow up and was associated with a high incidence of major or lethal cerebrovascular
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thrombotic disease [37]. This category of IE or the earliest erythrocythemic stage of
PV comprises about 10 to 20% of the PV cases at time of presentation was completely
overlooked by the PVSG criteria [37,38]. In the 1970s tools available in the USA to
differentiate idiopathic erythrocytosis into myeloproliferative PV versus primary or
secondary erythrocytosis include pretreatment bone marrow biopsy [39-41] and EEC
[42-45]. Such a powerful diagnostic differentiation has been implemented in European
Clinical and Laboratory (ECP) criteria of the MPD ET, PV and myelofibrosis (MF) since
the 1990s [24-26]. Clinicians and pathologists should be aware that pre-treatment
bone marrow biopsy specimens in 191 PV patients of the PVSG-01 study [40,41]
with increased RCM showed a normal bone marrow cellularity with no increase of
normal or clustered large megakaryocytes (idiopathic erythrocytosis) in about 7.5%,
slight to moderate increased bone marrow cellularity (60-80%) and increase of
clustered large megakaryocytes in two-thirds (consistent with early erythrocythemic,
thrombocythemic stage PV), and pronounced trilineage hypercellularity (80-100%) of
the bone marrow in one-third consistent with classic PV with trilinear “panmyelosis”
as described by the PVSG [35,40,41] exactly as defined at the bone marrow level by
Georgii et al. [18], Michiels & Thiele [46,47]and by Thiele et al. [46-50].

The 1980-2005 Rotterdam Clinical and Pathological (RCP) criteria revealed that
various degrees of characteristic PV bone marrow histology features (irrespective of
RCM measurements) are seen in ET and three different PV stages of newly diagnosed
MPD patients (Tablel) [32,33,36,46,47]. First, early thrombocythemic prodromal PV
mimicking ET with a hematocrit in the upper limit of normal (<0.50) and erythrocytes
below 6x10'2/L but increased platelet count (>400 x10°/1) without or with slight
splenomegaly (prodromal PV). Second, “idiopathic erythrocytosis” with increased
RCM, high hematocrit, low serum EPO, but normal platelet count and spleen size
(erythrocythemic PV). Third, classic PV with increased RCM, erythrocytes above
6x10'2/L, high hematocrit and one or more B criteria (classical PV, Table 1). Fourth, ET
with a hypercellular trilinear myeloproliferation (ET.MGM Table 2) or unclassifiable
or masked MPD with splenomegaly, normal hemoglobin and hematocrit, normal or
slightly elevated platelet count [48-51].

Inthe2001 WHO criteriaThiele & Vardiman combineda characteristic PVhistological
bone marrow picture as a minor criterion with increased RCM as a major inclusion

Clinical and molecular criteria WHO bone marrow criteria

ET stage 1 ET

1. Platelet count of =350 x10"/1 and Predomnanl prulrferaﬂan of enlanqed
the p of large | ina yocytes with
blood smear( also stage 2 and a; hyperlubulated nuclei and mature

2. Presence of JAK2- | lacking F

morpholegical abnormalities.
3. Normal hematocrit: male <51 %, No increase proliferation or Imaturi:y of

female <48 % iesis or erythrop
erythrocytes< 6x10%/L No or borderiine increase in reticulin, RF0-1
ET stage 2 Prodromal PV
1. Platelet count of >350 x10°/1 and  Increased cellularity with trilineage
hematocrit in normal or upper myeloproliferation (i.e. panmyelosis).
normal range: male <51 %, female Prollferatlon and clusterlng afs’nall to giant
<48, erythrocytes< Bx10'%/L (pl

) No pronnunced mﬂammatnn,r reaction
2. Presence of JAK2-*"F mutation  (plasmacytosis, cellular debris). Absence
bone marruw features consistent with

3. Low serum EPO level and/or | polycythemia and dary
increased LAP score erythrocytosm

4. Spontaneous EEC. No or borderiine increase in reticulin. RF0-1

ET stage 3 ET MGM

1. Platelet count of >350 x10° and Increased cellularm,f dueto megakaryocytic
no signs of leuko-erythroblast gl ation (MGM).

2. No or slight spl galy on N | reduoed erythropoi
ultrasound Loose to dense clustering of

3. No anemia with Hb and htin the  enlarged pleiomorphic megakaryocytes
normal or lower range of normal: \Mth hyparplnld nuc1e1 and the presence of

=12g/dl ) with
4. Presence of JAKZ-"®'F mutation  with clumsy aysn'borphlc Iobulated nuclei.

5. No preceding or allied of CML, PV,
RARS-T or MDS . No or borderline increase in reticulinRF0-1

Table 2: 2008 ECMP criteria for the diagnosis of 3 phenotypes of JAK2'5'”F mutated Essential Thrombocythemia
(ET): important to differentiate because the natural history may differ.
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criterion for the diagnosis of PV [25], thereby excluding early thrombocythemic stage
PV mimicking ET. Tefferi et al,, revised the 1975 PVSG - 2001 WHO criteria into the
2007and 2008 WHO criteria into ET, PV and PMF [52]. 2008 WHO ET was defined by
platelet count above 450x10*2/L but did not distinguish the three stages of ET at the
bone marrow level. The diagnosis of early thrombocythemic PV (hemoglobin <18.5
for men and <16.5 for women) and ET associated with prefibrotic PMF remained
unclassifiable. The 2008 WHO criteria for PV arbitrarily exclude the early stages of
PV and occult or masked PV just by the main inclusion criterion of a high hemoglobin
level, and disregard increase of leukocytes, platelets and spleen size as typical features
of trilinear PV. Simple tests like blood cell counts including platelets, leukocytes,
hematocrit and erythrocytes and spleen size on echogram are not taken into account
to distinguish the early thrombocythemic and erythrocythemic stages of PV from the
overt trilinear polycythemic stage of classic PV as documented by bone marrow biopsy
showing typical erythroid, granulocytic and megakaryocytic proliferation [52]. These
shortcomings of the 2008 WHO diagnostic criteria for MPD will hamper prospective
clinicopathological studies on natural history, staging and survival outcome of clinical
and bone marrow defined ET, ET associated with prePMF (MF-0), and early prodromal
PV, classical PV and masked PV. To overcome the shortcomings of the PVSG and WHO
classifications of the MPDs, we here update the ECP and ECMP criteria for the diagnosis,
classification and staging of ET, PV and PMGM [18,24,46,47].

Strenghts and limitations of PVSG-WHO criteria for the diagnosis of ET and PV

RCM measurement as a main PVSG-WHO inclusion criteria for the diagnosis of
PV is cumbersome, time consuming, costly, and not specific for MPD. Increased RCM
in patients with erythrocytosis does not distinguish early erythrocythemic PV from
congenital polycythemia (CP) or secondary erythrocytosis (SE). In a consecutive cohort
of 105 patients with WHO-defined PV, RCM had a sensitivity of 76% in the diagnosis
of PV and a specificity of 79% in distinguishing PV and non-clonal polycythemia [53].
PV patients with increased RCM may have normal hemoglobin and hematocrit because
of associated iron deficiency and/or significant splenomegaly, but erythrocyte count
is always increased [54]. with values above 6x10'?/L. WHO bone marrow criteria
subclassify patients with increased RCM into patients with PV as a trilinear MPD and
erythrocytosis (Table 4), either congenital, idiopathic or acquired [36,46-51]. RCM in
patients with thrombocythemia, slight splenomegaly on echogram, and borderline
serum EPO and hemoglobin levels does equally or even better distinguish between
PVSG-defined ET from PV than bone marrow histopathology. In PV, RCM measurement
data is found to be without additional diagnostic value, because all PV patients with
increased red cell mass usually show a typical PV bone marrow histology and have
erythrocyte counts above 6x10'?/L[39,46,47].

Spontaneous EEC formation and low serum EPO levels are specific confirmative
criteria for the diagnosis of PV, but have insufficient diagnostic sensitivity as isolated
parameters to differentiate between PV, CP, CE, SE, ET and normal controls [55-60].
About 50% of PVSG defined ET patients show not only spontaneous EEC but also
increased polycythemia rubra vera-1 (PRV-1) expression [61-65], together with low
serum EPO levels [61,65,66], indicating that EEC/PRV-1-positive ET comprises a
biologically distinct subgroup of ET patients reflecting early PV (“forme fruste” PV,
Figure 2) that is at risk for progression to overt PV. In a study of 170 PVSG-defined ET
patients, spontaneous EEC was seen in all 11 (6.5%), who later developed PV, and in
60% of 159 patients with stable ET during a median follow-up of 29 months (12-138
months) [67].

In a review of 120 cases with splanchnic vein thrombosis (Budd-Chiari syndrome
51, and portal/splenic and/or mesenteric vein thrombosis in 69), MPD was diagnosed
in 80 with spontaneous EEC as a clue to MPD in 73 (61%). The diagnoses in the 80 MPD
patients based on specific laboratory and bone marrow data were overt PVin 37 (31%),
ET in 2, PMF in 2, and latent (masked) MPD in 39 (32.5%) [68]. At that time in 1997 we
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concluded that both spontaneous EEC and histopathology from bone marrow biopsy
provide specific information as sensitive clues for the diagnosis of all variants of overt
and latent myeloproliferative disorders [68]. Accounting clustered enlarged or giant
megakaryocytes as diagnostic for MPD enabled French investigators to subsequently
diagnose MPD in 46 out of 128 patients with splanchnic thrombosis either hepatic
vein or portal vein thrombosis (Table 3) [69,70]. In this study, the sensitivity for the
diagnosis of MPD was 63% for increased RCM, 52% for low serum EPO level, 72% for
EEC formation, and 74% for splenomegaly, indicating the superiority of bone marrow
histopathology to detect masked, early and overt stages of MPD as the underlying
etiology in patients with idiopathic splanchnic vein thrombosis [69,70]. JAK2Vé17F
mutation screening of 274 patients with splanchnic vein thrombosis, either hepatic,
portal or mesenteric vein thrombosis in four recent studies appeared to be a specific
clue to MPD in 86 cases (31%) [71-74]. Of these 86 JAK2V¢'” patients, 16 presented
with overt MPD, and 70 (25.5%) had latent (masked) MPD of which 38 (overall 14%)
developed MPD during follow-up when PVSG criteria are applied [71-74]. In two
additional reports on patients with splanchnic vein thrombosis and masked MPD,
the laboratory markers EEC, PRV-1 expression and low serum EPO were insensitive,
whereas the combination of JAK2V¢'’F mutation screening and bone marrow histology
assessment was highly sensitive and specific to diagnose MPD [75,76].

The role of JAK2V®'"F mutation in the pathogenesis of trilinear MPD

The discovery of the JAK2V61Ff mutation by Vainchenkers and his team of MPD
investigators [12,13], was immediately appreciated as an evolutionary event,
and rapidly confirmed by several investigators (Figure 1) [26,27]. JAK2 plays an
essential role in cytokine-induced signalling from receptors to the nucleus by several
hematopoietic cytokines including erythropoietin (EPO), thrombopoietin (TPO), and
granulocyte colony stimulating factor (G-CSF) [26,77-79]. The JAK2'6'”F mutation
renders the receptors on mutated hematopoietic progenitor cells hypersensitive to
these cytokines, thereby resulting in growth advantage of the mutated aver the non-
mutated trilinear hematopopoietic cells present in the bone marrow. The JAK2V617F
mutation is detectable in CD34* hematopoietic bone marrow cells, erythroblasts, in
cells of spontaneous EEC, blood platelets and granulocytes (Figure 1) [77-79]. Applying
allele-specific polymerase chain reaction (PCR) analysis in PVSG-defined MPD patients,
a high frequency of the JAK2V¢'7F mutation of 95% (92-97%) is described in PV, and a
lower frequency of 53% (49-57%) in ET and 52% (44-55%) in CIMF [26,80]. Only 3
to 4% of ET, 24 to 27% of PV and 6 to 18% of CIMF patients are homozygous for the
JAK2V617F mutation [26,80].

Based on animal studies and different mutation states of JAK2V617Fin MPD patients,
two hypotheses have been proposed to explain why three different phenotypes of MPD
are caused by the same JAK2V¢'Fmutation: the “dosage” hypothesis and the “additional
events” hypothesis [78-80]. According to the “dosage” hypothesis the level and
duration of JAK2V®'7F directly contribute to the phenotypic diversity of trilinear MPDs
[78,79]. This hypothesis is based on different densities of TPO receptors (TPOR or
MPL)) and EPO receptors (EPOR) on hematopoietic progenitor cells and on differences
of response of TPOR and EPOR to various levels of JAK2V'’F activity [78,79]. TPOR/
MPL is expressed at high levels in megakaryocytic cells where it controls physiological
TPO levels. It is possible that activation of a few TPO receptors by low levels of
JAK2V6'F (heterozygous) is sufficient to send a signal to megakaryocytic cells. A slight
increase in numbers of mutated large (giant) megakaryocytes and platelets (about
50 to 100 x10°/1 mutated platelets) might be sufficient to produce platelet-mediated
microvascular circulation disturbances (Figure 1) [26,80]. Conversely, EPOR is
expressed at low levels on hematopoietic progenitor cells and therefore high levels of
JAK2V6'7F may be required to activate EPOR and generate a PV-like phenotype [26,80].
Sustained high levels of JAK2V17F during long-term follow-up subsequently may lead
to a high level activation of activation of EPOR and GCSF receptor (GCSFR) leading
to extramedullary hematopoiesis (splenomegaly) and cytokine mediated secondary
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myelofibrosis [78,79]. The percentage of JAK2V6!"" positivity and progression from
heterozygous to homozygous is strongly correlated with increased PRV-1 expression in
granulocytes, with the ability to form spontaneous EEC formation and with progressive
post-PV myelofibrosis [64,81]. Scott et al.,, showed that BFU-e colonies are already
homozygous for the JAK2V617F mutation in PV patients with a heterozygous pattern of
JAK2V6'F in their peripheral blood granulocytes [82]. In contrast, the BFU-E colonies
from heterozygous patients with ET did not contain a subpopulation of JAK2V617F
homozygous cells (Figures 1,2) [82]. French investigators studied a large group of
JAK2V61F positive PV (N=159, 36% homozygous) and ET (N=147, 4% homozygous),
and genotyped BFU-E colonies in in 20 PV and 6 ET patients [83]. They showed that
JAK2V®17F positive ET patients usually harbour heterozygous BFU-E clones, some PV
patients have a purely heterozygous profile, and most PV patients have a mixture of
heterozygous and homozygous BFU-E clones [83]. Mutated erythroid progenitors are
more sensitive to EPO than normal progenitors, and most homozygous progenitors
are EPO independent. In this cohort of 306 JAK2V6'’F positive MPD patients, PV
was associated with significantly lower platelet counts and higher hematocrit and
granulocyte values than ET patient. The highest platelet count was associated with low
JAK2V6'7F levels in PV, whereas high JAK'®'"" levels correlated with high hemoglobin
and high granulocyte counts in ET [83]. A recent study detected JAK26!"F in 75% of
ET (n=60) and in 97% of PV patients (n=62), whereas allelic ratios exceeding 50%
JAK2V6'7F indicating homozygosity were found in 70% of PV at diagnosis but never in
ET [84]. Transition from heterozygosity to homozygosity for the JAK2V61”f mutation
represents a very important step in the progression from early to classic PV and
subsequent post-PV myelofibrosis [81]. Comparing JAK2'6'’F heterozygous and
homozygous PV patients showed that homozygote JAK2V%1’F PV patients displayed
significantly higher hemoglobin at time of diagnosis, increased incidence of pruritus,
higher PRV-1 expression in granulocytes, and a higher rate of fibrotic transformation
[84]. Sex appears to be a powerful genetic background modifier in JAK261F-positive
MPDs as ET is more common in females and PV in males.

Mechanisms other than mitotic recombination such as duplication of the mutated
allele is observed in a proportion of PV and MF patients displaying a gain of 9p, mostly
due to trisomy 9 [85-87]. Campbell et al,, reported that the JAK2V¢!”f mutation was
associated with trisomy 9 with all 10 MPD patients investigated and was found in 28
of 29 MPD patients (PV, ET or MF) with a 20q deletion [87]. Scott et al., identified
JAK2 exon 12 mutations in 10 erythrocytosis patients with increased red cell mass
but no JAK2V6'7F, of which according to PVSG criteria 6 could be diagnosed as PV and
4 as idiopathic erythrocytosis [88]. Pre-treatment bone marrow biopsies in 5 patients
carrying a JAK2 exon 12 mutation showed a characteristic pattern of erythroid
hyperplasia without morphological abnormalities of the megakaryocyte or granulocyte
lineages [88]. Therefore, an overlap between “dosage” and “additional molecular
events” hypotheses is very likely in patients with trilinear PV [78,79].

Acquired MPL gain of function mutations as the cause of normocellular ET

The JAK2 kinase activity in MPDs is not only dependent on the amount of
heterozygous and homozygous JAK2Y6!”F mutant protein, but may also be influenced
by the various steps upstream or downstream the signalling pathways including MPL,
JAK2,STAT-3.This hasbeen demonstrated in animal models overexpressing c-MPL [89].
MPL transgenic mice manifested with typical features of ET with a fourfold increase of
platelet count, increased colony formation of megakaryocytes, and increase of clustered
enlarged megakaryocytes in the bone marrow. The ET animals appeared healthy, had
a very slight decrease of hematocrit (0.39 versus 0.42 in controls) despite an increase
of bone marrow EEC, and survived normally with no evidence of myelofibrosis in the
bone marrow [89]. The acquired MPLW5*t and MPLY5'** gain of function mutations
have recently been discovered as the underlying etiology in ET patients [90,91].
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MPL5 is a somatic activating mutation in the transmembrane domain of MPL, the
thrombopoietin receptor (TPOR), which was found in 4 of 45 (9%) of JAK2 wild type
myelofibrosis patients [81], and in about 10% of MF patients in France [77]. In a mouse
model transplant assay, overexpression of the MPL"5L mutation (100%) resulted
in a fully penetrant MPD characterized by marked thrombocytosis and leukocytosis
with no evidence of PV, but with increase and clustering of enlarged dysmorphic
megakaryocytes in the bone marrow, myelofibrosis and marked splenomegaly due to
extra medullary hemopoiesis consistent with MF [90]. Screening of 1182 PVSG-defined
MPD patients (318 ET, 242 PV, and 290 IMF) and 64 controls for MPL>*® mutations
resulted in the detection of MPL mutations either MPLY5'* (n=17) or MPLW5'K (n=5)
in 20 MPD patients (de novo CIMF in 4%, ET in 4 = 1%, and post-ET myelofibrosis in
1), but not in the 242 PV patients and controls [91]. Six cases carried both MPLW>5t
and JAK2V6'7F alleles indicating that these alleles have functional complementation in
CIMF. MPL5® mutation related myelofibrosis may represent a distinct entity of JAK2
wild type MF without features of PV and distinct from JAK2V®'’F trilinear MPD. These
observations are in line with the “additional molecular events” hypothesis, indicating
that alternative or additional molecular abnormalities, like JAK2¢'” mutation alone,
combinations of JAKV®'’F and MPL>'®> mutations or other combinations of still unknown
mutations contribute to or modify the MPD phenotypes.

Hannover bone marrow classification for the MPDs ET, PV and PMGM

In 1990 Georgii et al proposed the Hannover Classification to clearly distinguished
three distinct primary MPDs ET, PV and CMGM/PMGM (Figure 2) [18]. With the
improvement of bone marrow biopsy and tissue processing in the 1980s, Georgii
defined the pathological features of ET, PV and chronic megakaryocytic granulocytic
myeloproliferation (CMGM) on bone marrow histopathological morphology
[18,100,101,106]. ET was defined by persistent increase of platelets in excess of
400 x10?/1 without the Ph* chromosome together with monolinear proliferation
of mature enlarged megakaryocytes in the bone marrow with normal cellularity,
normal erythropoiesis and normal granulopoiesis (Figure 2) [18,24-26,33,100-104].
PV was defined as a trilineage proliferation of megakaryopoiesis, erythropoiesis and
granulopoiesis in which the erythropoiesis was most prominent together with variable
degrees of increased platelets, erythrocytes and granulocytes in the peripheral blood in
the absence of the Ph* chromosome [14-18,100-104]. Georgii regarded myelofibrosis
(MF) as areactive feature secondary to progressive disease [18] seen in CMGM, PV and
CML [18,100-104,106]. Georgii reasoned that the terms agnogenic myloid metaplasia
(AMM) or chronic idiopathic myelofibrosis (CIMF) used by Thiele and Vardiman
in the 2001 WHO classification lack accuracy since they are applied to both the
prefibrotic hypercellular and advanced fibrotic stages [4-17,102-105]. The diagnosis
of prefibrotic PMGM [18,100,101] is based on identical bone marrow criteria: 1) the
presence of large megakaryocytes with immature cytoplasm and immature cloud-
like nuclei not seen in ET and PV, 2) increased granulopoiesis but never disturbed
in maturation and 3) usually relatively decreased erythropoiesis (Figure 2). As
prefibrotic CMGM is typically featured by thrombocythemia associated with typical
primary megakaryocytic and granulocytic myeloproliferation (PMGM) in the complete
absence of myelofibrosis (MF) Michiels preferred to the term primary megakaryocytic
granulocytic myeloproliferation (PMGM) simple because myelofibrosis (MF) is not
a disease but a secondary complication of MPD (Table 5) [106,111] Consequently,
Michiels & De Raeve followed the Hannover BM classification to change the PVSG-WHO
classifications into the ECP (Table 1), [46,47] and the 2008 ECMP [112] criteria for the
diagnosis of the Ph-negative MPDs to describe the full spectrum of WHO bone marrow
features for ET, early prodromal PV, classical PV, Masked PV and ET associated with
PMGM (Tables 2-5).

Grading of myelofibrosis in myeloproliferative disorders

Myelofibrosis (MF) itself is not a disease because reticulin and collagen fibrosis
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Table 3: The 2008 ECMP criteria for the diagnosis of Polycythemia Vera: PV.

Clinical and molecular criteria WHO bone marrow criteria
ET ET

1. Platelet count >350-400 x10°/1, Predominant proliferation of small, large
Presence of large platelets in blood and giant megakaryocytes with
smear. hyperlobulated, staghorn-like nuclei
morpholog

ical abnormalities.
No increase, proliferation or immaturity of

2. JAK-2 wikd type +-MPL*"® mutation N or signt increase in raticulin: RF 0-1
3. No anemia, Hb >12.8 g/dl
ol ET-+MF
4. Normal serum EPO and ferritin
Increased cellularity due to chronic
5. No or slight splenomegaly on megakaryocytic and granulocytic
ultrasound myeloproliferation and
6. No leu throblastosi reduced erythroid precursors.

Loose to dense clustering of small, large

7. No dry tap on bone marrow biopsy and giant megakaryocytes
and the presence of some
8. No preceding or allied of CML, PV, dysmature clumpsy lobulated nuclei

RARS-T or MDS .
Increase in reticulin: RF 23 or 4

Table 4: The 2008 ECMP criteria for the diagnosis of MPL®'> mutated normocellular ET.

Table 5: Grading of myelofibrosis (MF) according to Baumeister, USA [137], Manoharan, UK [138], and the European
Consensus (EC) agreement in 2005 by Thiele et al. [139], in bone marrow biopsies of patients with a chronic
myeloproliferative disorder.
A.«[1If7] U [13.8] EC gradlr\g.[139] EC '[139]
Subjective Subjective Descriptive
Scattered linear fine fibers with no intersections MF 0
MF 1 1+ Lo .
(cross-overs) and rare course reticukin fibers Prefibrotic
- . . . . MF 1
Loose network of reticulin with intersections, especially in perivascular areas,
MF 2 2+ o Early
no collagenization .
fibrotic
Diffuse and dense increase in reticulin with extensive intersections, MF 2
MF 3 3+ K . X .
occasionally only focal bundles of collagen and/or focal osteosclerosis Fibrotic
Diffuse and dense increased in reticulin with extensive interactions with MF 3
MF 4 4+ . e . .
coarse bundles of collagen, often associated with significant osteosclerosis Sclerotic

are produced by polyclonal fibroblasts in response to cytokines released from the
clonal granulocytic and megakaryocytic proliferative cells in both PV and MF (Table
5) [18,136]. Transformation to myelofibrosis is rare in ET and does occur in about
one third of PV [100,101,106,107,115]. The grading of the Baumeister scoring system
of MF was developed on aspirated bone marrow samples, is poorly defined and not
reproducible for the proper grading of myelofibrosis in bone marrow biopsies by
pathologist (Table 3) [137]. The Manoharan system used silver stain according to
Gordon and Sweet scored the degree of reticulin in bone marrow biopsy in a completely
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different way (Table 5) [138]. A scoring system based on morphometric analysis
(point intersection with an ocular grid) and quality of fibers (reticulin and collagen
fibers) and the bone marrow fiber density (fine or course reticulin and some or course
bundles of collagen) has been proposed by German institutes of pathology [18,100-
108]. All these different scoring systems for MF use different criteria for grading of
reticulin and collagen, are subjective and not comparable by lack of strict criteria. A
panel of experienced European pathologists and an USA expert reached a consensus
on how to grade bone fibrosis in bone marrow biopsies of patients with CIMF or PV
[139]. Grading of MF was simplified by using four easily reproducible categories that
included differentiation between reticulin and collagen [139]. According to defined
standardized semiquantitative grading of reticulin and collagen fibrosis in the bone
marrow, MF can reliably be graded at the pathological bone marrow level as 0 in
prefibrotic, as 1 in early fibrotic, as 2 in classical fibrotic and as 3 in classical sclerotic
MF (Table 5) [139].

Definition of ECMP criteria for the diagnosis and classification of MPD

The ECMP criteria combine the major features from the PVSG-WHO classifications
with Hannover BM features and incorporates specific laboratory markers (including
EEC, serum EPO, JAK2V%'7F, MPL5%) for the diagnosis and staging of the three prefibrotic
myeloproliferative neoplasms (MPNs) ET, PV and PMGM (Tables 1, 2, 3 and 4, Figures
3 and 4) [112]. For the diagnosis of the MPN trephine bone marrow biopsy specimens
should be embedded in paraffin or plastic, which have both their technical limitations.
Paraffin requires decalcification with EDTA (preferable, allows reasonable DNA
quality) or acid electrolysis. The specimens should have at least 4 evaluable bone
marrow spaces with hematopoiesis. Recommended stains include: hematoxylin and
eosin (H&E), Giemsa (3 pm sections), periodic acid-Schiff (PAS); Perls for estimation of
hemosiderin content; chloro-acetate esterase (Leder) for identification of granulocytic
differentiation; silver stain for reticulin; and trichrome-Masson for collagen staining.
Immunostains of paraffin embedded specimens should include glycophorine C for
erythropoiesis, myeloperoxydase for granulopoiesis, CD42b, CD61 or FVIII- related
antigen for megakaryocytes; CD34 for CD34-positive hematopoietic progenitor cells
or blasts. Regarding MPD, clinicians want to receive from their pathologist a classifying
diagnosis either ET, PV or ET associated with PMGM in newly diagnosed MPD patients
based on a detailed report according to the Cologne bone marrow evaluation form
[46,47,111,112].

ET. According to 2008 ECMP criteria, increase and loose clustering of enlarged
mature megakaryocytes with hyper-lobulated nuclei in a normocellular bone
marrow and platelet count >400 x10°/1 represent the hallmark of ET. In ET there is
no proliferation or immaturity of granulopoiesis or erythropoiesis. In congenital and
acquired erythrocytosis and in reactive thrombocytosis the megakaryocytes are of
normal size and morphology and there is no tendency to cluster (Figure 3). A typical
histopathological ET picture of the bone marrow excludes RT and distinguishes ET
from early PV and clearly defines ET associated with PMGM as clearly distinct from
thrombocythemias associated with atypical MPD, MDS, refractory anemia with
increased ringed sideroblasts (RARS-T) or Ph*-positive thrombocythemia in CML.

PV. The characteristic increase and clustering of small and enlarged pleomorphic
megakaryocytes and increased erythropoiesis with increased granulopoiesis and
increased cellularity (according to age) are the diagnostic characteristics of classic
PV with increased erythrocytes above 6x10'2/L and hematocrit above 0.51 combined
with low serum EPO and JAK2'6!”F mutation distinguishing it from congenital and
secondary erythrocytosis. A typical histological PV picture with moderately increased
bone marrow cellularity is seen in patients with early PV mimicking ET or “forme
fruste” PV featured by platelet count >400x10°/1 and hematocrit <0.51, low serum EPO
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Figure 3: Algorithm for diagnostic work-up for patients with suspected thrombocythemia as the presenting feature
of ET, early PV, prefibrotic CIMF-0 (ET-MGM), early fibrotic CIMF-1 or refractory anemia with increased ringed
sideroblasts (RARS-T) [112]. For explanation see text.

Figure 4: Algorithm for diagnostic work-up of patients with suspected polycythemia vera versus primary or
secondary erythrocytosis [112]. For explanation see text.

and/or the presence of the JAK26!F mutation. A typical histological PV bone marrow
picture is also seen in the early erythrocythemic stage 1 PV (hematocrit >0.51, platelet
count <400 x10°/1, normal spleen, low serum EPO) with the presence of the JAK2V617F
mutation.

ET associated with PMGM (MF-0): According to Hannover [18], Cologne [27],
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Figure 5: 2018 Clinical Laboratory Molecular and Pathological (2018 CLMP) translational states of four distinct
JAK2/MPL/CALR mutated Myeloproliferative Neoplasms: CLMP classification of the MPNs according to Michiels
& De Raeve.

WHO [25] and ECMP [112] classifications, ET associated with PMGM is characterized by
hypercellularity of the bone marrow due to increased granulopoiesis, relative decrease
of erythropoiesis and the presence of dense clusters of immature megakaryocytes with
bulky nuclei showing lobuli and irregular roundish forms (so-called cloud-like nuclei),
which are almostneverseenin ET and PV (Table 6). The degree of dysmegakaryopoiesis
in ET associated with PMGM (MF-0) may range from atypical slight maturation
defect of megakaryocytes with no cloud-like nuclei to typical maturation defects of
megakaryocytes with typical cloud-like nuclei or a mixture of both (Table 6). The risk
of ET associated with PMGM (MF-0) to progress to early MF-1 and subsequent CMF-
2/3 with extramedullary hematopoiesis is related to the degree of hypercellularity and
on the degree of maturation defects of megakaryopoiesis [18,107,108].

High quality histological bone marrow preparations in the hands of experienced
pathologists are required to achieve discrimination of ET associated with PMGM (MF-
0) from true ET and PV in about 85 to 90% of the cases [14-18,100-108]. There are
no studies that have examined the concordance between a number of pathologists
who have used characteristic histological bone marrow features to assign cases to
the prefibrotic stages of true ET, PV and ET associated with PMGM (MF-0) without
knowledge of the biological MPD markers and the clinical findings except age. Data on
the very long-term natural history of patients with ECMP defined ET, prodromal PV and
ET associated with PMGM as derived from large scale prospective studies are lacking.
We do not really know whether the early prodromal stages of PV patients are at no, low
or high risk of progression to post-PV myelofibrosis or whether heterozygous JAK26'7F
mutated ET never progresses to fibrotic MF as it is claimed. Masked PV featured by
trilinear hypercellular bone marrow with increased erythropoiesis, megakaryopiesis
and granulopoiesis (EMG) is associated with variable degrees of thrombocythemia,
leukocytosis, increased LAP-score and moderate to pronounced splenomegaly
(labelled as inapparent PV by Laky et al.).

The 2008 ECMP criteria separate ET patients into three phenotypes of prefibotic
MPNs at the bone marrow level (Table 1). ET, prodromal PV mimicking ET and ET
associated with atypical and typical PMGM (MF-0) without features of PV and absence
of leuko-erytroblastosis in the peripheral blood [107-112]. These three ECMP defined
ET phenotypes do not differ significantly with regard to peripheral blood features,
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2012 ECMP criteria for the diagnosis, clinical staging and grading of myelofibrosis (MF) in JAK2-MPL wild type
primary dysmegakaryocytic, granulocytic myeloproliferation: PDGM
European clinical and pathological (ECP) criteria for the diagnosis and staging of PMF or PMGM and AMM (Michuels Thiele 2002 2005)

J. 7 Michiels Clinical criteria 2005 Pathological criteria 20052008

Al No preceding or allied other subtype of myeloproliferative Bl Dysmegaksryocytic and g locytic P ation
disorders CML or MDS. Main presenting feature is pro- (I}iM) and no or relative reduction of erythroid
nounced thrombocythemia and no dry tap on bone marrow precursors. Abnormal clustering and increase in
aspiration arypical giant to medium sized megakaryocytes con-
JAK2 and MPL wild type (2008 ECMVTP) taining bulb: {cloud-like) hypolobulated nuclei and

definitive maturation defects.

[ Clinical stages of PMF or PMGM or PDGM MF Staging of myelofibrosis (MF)

C1 Early clinical stages
Normal hemoglobin or slight anemia, grade I: hemoglobin MF-0 prefibrotic stage PMF or PDGM  no reticulin fibrosis
>12 gidl RFEOor]
Slight or o P galy on scan or CT MF-1 early PMF or PDDGM  slight reticulin fibrosis: RF 2
Thrombocytosis, platelets in excess of 400, 600 or even
1,000 = 10"~

Normal or increased LAF-score
No leuko-erythroblastose

c2 Intermediate clinical stage: PDGM

Anemia grade [I: hemoglobin > 10g/d] MF-1 PMF or PDGM : slight reticulin fibrosis RF 2
Definitive leuko-erythroblastic blood picture and/or tear drop  MF-2 manifest AMM : marked increase in reticulin and slight
erythrocytes Increased LDH to moderate collagen fibrosis: RCF 3
Splenomegaly

c3 Advanced clinical stage: PDGM
Anemia grade I11: Hemoglobin < 10g/dl MF-3 overt PDGM: advanced collagen fibrosis with optional

ostecosclerosis

Definitive leuko-erythroblastic blood picture and/or tear drop
erythrocytes
Spl ly, thromb P leukocytosis, leukopenia

The by of Al+BIl blish PMF or PMGM . -any other criterion C or MF contributes to staging

Table 6

thrombocythemia related clinical presentation or laboratory findings [107,108].
Therefore, patients with normocellular ET and early PV and ET associated with PMGM
(MF-0) are to be treated equally based on clinical risk stratification for thrombotic and
bleeding complications [80]. Progression of normocellular ET into myelofibrosis was
not seen five years after diagnosis in two studies, but data on very long-term follow-up
are lacking [108,114,115-117].

Diagnostic work-up of patients with ET in various MPNs

Clinical manifestations of thrombocythemia in masked and overt MPNs consist
of microvascular circulation disturbances including atypical and typical TIAs, ocular
ischemic attacks, erythromelalgia, and splanchnic vein thrombosis [92-95]. Sustained
increase of platelet counts (>400 x10°/1) associated with slight splenomegaly on
echogram (>12cm), increased leukocytes (>12 x10°/1), or LAP score with normal ESR
is highly suspicious of WHO-ECMP defined ET or thrombocythemia in various MPN
with the absence of any cause for reactive thrombocytosis (Figure 2). The presence
of giant platelets in a peripheral blood smear is indicative for MPN. The presence of
numerous abnormal enlarged or giant mature or dysmorphic megakaryocytes and
clustered larged megakaryocytes in bone marrow biopsy are the pathognomonic
clues to the diagnosis of prefibrotic MPN. The diagnostic work-up of patients with
thrombocythemia in various MPDs ET, PV, ET associated with PMGM (MF-0 or MF-1)
is based on bone marrow histology findings. These include:

Thrombocythemia patients should fulfil the peripheral blood (clinical) criteria for
the diagnosis of thrombocythemia irrespective of bone marrow features (Figure 3).

JAK2V617F mutation screening as a first intention diagnostic test is very helpful in the
diagnostic work-up of patients with suspected thrombocythemia in various MPDs, but
only half of ET and MF patients carry this mutation (sensitivity 50-60%).

Pretreatment bone marrow biopsy will allow clinicians and pathologists to
diagnose the early stages of thrombocythemia in various MPNs irrespective of
JAK2V®17F mutation status. The 2008 ECMP criteria classify JAK2V%'F mutated MPN
into 3 phenotypes or stages (Table 2, Figure 3), normocellular ET phenotype 1; ET
phenotype 2 with features of PV (prodromal PV); hypercellular ET associated with
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megakaryocytic granulocytic myeloproliferation (prefibrotic ET-MGM or masked PV)
without features of leukoerythrocytosis and extramedullary hematopoiesis.

The 2008 ECMP criteria distinguish thrombocythemia in various MPDs from
thrombocythemia associated with Ph!-chromosome and BRC/ABL positive chronic
myeloid leukemia (CML) and ET [118] or myelodysplastic syndromes (MDS) including
the so-called 5q-syndrome, which clearly differs from refractory anemia with ringed
sideroblasts and significant thrombocytosis (RARS-T) (Figure 3) [119-121]. Among 9
RARS-T patients, 6 showed the presence of JAK26”F mutation [121,122].

As compared to JAK2 wild type ET, JAK2V'7F positive ET is characterized by higher
values for hemoglobin, hematocrit, neutrophil counts, LAP score, by lower values for
serum EPO levels, serum ferritin and MCV, and by increased cellularity of the bone
marrow in biopsy material [113,114], indicating early thrombocythemic PV mimicking
ET (“forme fruste” PV, stage 1 PV, Table 1, Figure 3) [26,111,112]. JAK2 wild type ET
patients represent a distinct category who had significantly higher platelet counts,
normal serum EPO levels, a typical bone marrow picture of ET, no features of early
PV, and are at lower risk for the development of thrombotic complications [122,123].
These data are in line with the fact that JAK2"5'7 positive and JAK2 wild type ET patients
at diagnosis represent two distinct entities with a related pathophysiology in the JAK-
2/STAT signalling pathway but different molecular etiology.

Diagnostic work-up of patients with polycythemia vera: PV versus
erythrocytoses

PV patients frequently present with headache, TIAs, erythromelalgia [92-95],
splanchnic vein thrombosis [68-76], and microcytosis of erythrocytes due to iron
deficiency [123,124]. Characteristic PV features include increased hematocrit (>0.51),
increased erythrocytes (>6 x10'2/1), slight splenomegaly, increased leukocytes (>12
x10°/1) or LAP score with normal ESR, increased platelets (>400 x10°/1) (Table 2,
Figure 4). PV patients usually show the presence of large platelet in peripheral blood
smear. Patients with congenital erythrocytosis with a gain of function mutation in
the EPOR or acquired erythrocytosis lack the clinical, laboratory, molecular and bone
marrow features of MPD and are usually asymptomatic [125,126]. The detection of
JAK2V6'F in granulocytes with sensitive PCR techniques plays a key-role as a first
intention diagnostic test for erythrocytosis, because it simplifies the diagnostic work-
up of PV (Figure 4) [112,127,128]. In the context of erythrocytosis (hematocrit >0.51
in males and >0.48 in females) the presence of the JAK2'6”F mutation has a sensitivity
of 95% and positive predictive value of 100% for the diagnosis of PV, and excludes
congenital and secondary erythrocytosis (Figure 4) [112,127,128]. EEC and low
serum EPO significantly contribute but are not sensitive enough to diagnose the broad
spectrum of PV phenotypes [55,56,129-133].

In contrast to increased serum EPO levels in cases secondary erythrocytosis,
generally below-normal serum EPO levels have been found in early and overt PV
[60,129-133]. The decrease in serum EPO levels is appropriate for the level of
hematocrit due to autonomous increased erythropoietin in the bone marrow. EEC is
time consuming and difficult to establish in many (non-specialized) laboratories, and
not sensitive enough to distinguish PV from primary or secondary erythrocytosis [59].
In contrast, bone marrow histology clearly differentiates trilinear hypercellularity
in PV from an isolated increase of erythropoiesis in congenital polycythemia and
secondary erythrocytosis (Figure 3). Clinicians and pathologists tend to replace EEC
by the wide spread available bone marrow histology assessment as a gold standard
for the diagnosis of masked, overt and advanced JAK2'%'”F mutated and exon 12
mutated PV [68-70,88,134]. Differential diagnosis of JAK2 wild type classic PV, early
erythrocythemic PV and idiopathic erythrocytosis may be problematic [88,124]. Red
cell mass measurement does not distinguish myeloproliferative PV from primary
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and secondary erythrocytoses. The combined use of molecular screening and bone
marrow histology has a sensitivity and sensitivity of 100% to distinguish JAK2 wild
type primary and secondary erythrocytoses from JAK2'6'”F mutated, JAK2 exon 12
mutated IE and PV.

The diagnostic role of JAK2 mutation detection and bone marrow histology
in MPN

Bone marrow biopsy significantly contributes to the diagnostic differentiation
between true heterozygous ET and early homozygous PV. Bock et al,, evaluated the
JAK2V®17F mutation using PCR techniques in bone marrow cells derived from bone
marrow trephine biopsies from 79 MPD patients classified according to PVSG-
WHO classification ET, PV or PMF [141]. The JAK2V'’F mutation was found in 90%
of PV (n=29), 22% in PMF (MF-0, n=18), 60% in advanced PMF (n=20), and 27% in
normocellular ET (n=15), but not in CML (n=5), acute leukemia (n=20) secondary
erythrocytosis (n=10, or normal bone marrow (n=10) [141]. The JAK2"¢'7F mutation
occurred at a lower frequency in normocellular ET never exceeding 50% of alleles
indicating heterozygosity, and exceeding 50% of alleles indicating homozygosity in PV
and fibrotic PMF. Bock et al., evaluated the JAK2"6'7F status from trephine bone marrow
biopsies in a second series of 64 patients with PMF. The frequency of JAK2V617F mutation
was 45% (9% homozygous, 36% heterozygous) in early hypercellular prePMF MF-0 or
MF1 (n-31) and 53% (13% homozygous and 40% heterozygous) in advanced PMF MF-
2/3 (n-33) [142]. Horn et al, studied 152 paraffin-embedded trephine bone marrow
biopsies from patients with MPD diagnosed according to PVSG-WHO criteria for the
presence of the JAK2V'7F mutation using PCR techniques [143]. Only 6 of 152 samples
were not evaluable because of poor DNA quality. The JAK2V'’F mutation was detected
in27 of 28 (96%) cases of PV, 17 of 23 (74%) cases of normocellular ET, 28 of 45 (75%)
of PMF with MF-0 to 3, in 8 of 12 (75%) cases of MPD unclassifiable or with MDS/MPD
syndrome, but not in Ph-chromosome positive CML (n=4), secondary erythrocytosis
or reactive thrombocytosis (n=15) and controls (n=19). Data on JAK2'%1”F mutation
burden and the diagnostic differentiation between heterozygous or homozygous for
the JAK2 mutation are lacking in this study [143].

The JAK2V¢1F mutation is very sensitive to detect the early latent (masked) stages
of ET and PV particularly in those young MPD patients who present with migraine-
like headache, atypical TIAs, Budd-Chiari syndrome or splanchnic vein thrombosis.
The combined use of the recently discovered JAK2 and MPL mutations with bone
marrow histology appears to be pathognomonic and powerful diagnostic tools to
identify the latent (masked), early and overt MPDs [112]. Within the JAK2¢!7F-positive
MPDs, three main clinicopathological subtypes can easily be distinguished. ET is an
indolent slow onset myeloproliferation of mature enlarged megakaryocytes. The
combination of increased platelet count, EEC and/or low serum EPO at hematocrit
below 0.50 is consistent with early thrombocythemic prodromal PV. The combination
of JAK2V6'” mutation, EEC, low serum EPO and increased erythrocytes above 6x10'?/L
and hematocrit above 051 in males, above 0.48 in females, but normal platelet and
leukocyte counts and normal spleen size is consistent with early erythrocythemic
PV, formerly categorized as idiopathic erythrocytosis. Early thrombocythemic PV,
early erythrocythemic PV, and classic PV are caused by JAK2V®17F mutation in 95%.
JAK2 wild type PV is rare (5%) and frequently carries a heterozygous JAK2 exon 12
mutation [88]. PV patients “heterozygous for the JAKZ mutation in granulocytes”
are usually homozygous for JAK2V617F in BFU-E at the bone marrow level [77], which
may readily explain the rapid onset and progressive nature of the disease. JAK2Vé17F
positive MF may be regarded as a variant of PV with predominance of granulocytic
myeloproliferation and no or relative decrease of erythropoiesis. The degree of
dysmegakaryopoiesis in overt and advanced PV, ET associated with PMGM (MF-0
and MF-1) seems to be associated with increased risk of progression to myelofibrosis
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[112,144]. Evidences accumulate that JAK2 wild type normocellular ET and PMF lack
specific PV laboratory and pathological features at diagnosis and during follow-up.
This has been demonstrated for MPL>*> mutated MPD (ET/MF) both in humans and in
animal models [90,91]. Whether the finding of very low levels of the JAK2V¢”f mutation
around 1% in controls and in cases with suspected MPD is of relevance remains
elusive [145-147]. This issue can only be solved by the combined use of WHO-ECMP
markers to clearly define and document MPN patients [112,144]. Recently we could
define JAK2 /MPL wild type hypercellular ET associated with primary megakaryocytic
granulycytic myeloproliferation (PMGM) as a third distinct MPN entity caused by
the CALR mutation al (Figure 5) [148-152]. The flexible use of WHO-ECMP criteria
should serve as pathognomonic diagnostic clues to each of the prefibrotic MPDs, will
distinguish early and overt PV from primary or secondary erythrocytosis, and can be
applied to document the natural history of myeloproliferative and fibrotic disease
in ET, PV and MF patients. Further improvement of the WHO-ECMP classification of
prefibrotic and fibrotic MPDs is predicted to have an impact on natural history with
regard to transition into overt PV or progressive MF.
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