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Abstract

The 2008 World Health Organization (WHO) classificas reduced increased platelet
count 450x1®%1 as the minimum criterion for the diagnosis obestial thrombocythemia
(ET), and replaced increased red cell mass by hagmoglobin and hematocrit (and not
erythrocytes) for the diagnosis for polycythemiaavéPV). The crude 2008 WHO criteria
still miss the masked and early stages of ET andB®ie marrow biopsy (BMB) has a near
to 100% sensitivity and specificity to distinguitrombocythemia in BCR/ABL positive
CML and ET, and the myelodyspastic syndormes in BARand 5g-minus syndrome from
thrombocythemias in myeloproliferative disordersR®). Each of the markers including
spontaneous endogenous erythroid colony (EEC) fiiomaow serum erythropoietin (EPO)
levels, and JAK2 mutations are specific but nosges® enough for the diagnosis ET, PV and
primary myelofibrosis (PMF) indicating the need bbne marrow pathology as a

2Y81F mutation with increased

pathognomonic clue to each of the MPD. The presehdd&K
hematocrit (>0.51 males and >0.48 females) is disfym for PV (specificity 100%,
sensitivity 95%) obviating the need of red cell masasurement. About half of ET and PMF
and the majority of PV patients are JARY positive. The combination of molecular marker
screening (JAKZ'F, MPL*"® and JAK2 exon 12 mutations) and bone marrow patjyols
highly sensitive and specific for the diagnosislaiént, early and overt MPD. The present
article extends the 2008 WHO criteria into a sirfigdi set of European clinical, molecular
and pathological (2008 ECMP) criteria to diagnoed alassify the MPDs. The 208 ECMP
criteria have reduced the platelet count to theeufimit of normal (350 x1l) as inclusion
criterion for thrombocythemia in various MPDs. Aoding to ECMP criteria, ET comprises
three distinct phenotypes of true ET, ET with feasuof early (“forme fruste” PV), and ET
with a hypercellular megakaryocytic granulocytic efoproliferation (ET.MGM) without
leuko-erythroblastosis). The integrated 2008 WHQWEECcriteria clearly differentiate early
erythrocythemic and overt PV from congenital polpgmia and idiopathic or secondary
erythrocytosis. The burden of JAK3’F mutation in heterozygous ET and in homozygous PV
is of major clinical and prognostic significancAK2 wild type and MPE™ mutated ET and
MF lack PV features in blood and bone marrow. JAKRL wild type hypercellular ET
associated with primary megakaryocytic granulocygtieloproliferation (PMGM) is the third
distince MPD. The 2008 WHO-ECMP criteria for thesdification of MPD have a major
impact on prognosis assessment and best choidedbline non-leukemogenic approach to
postpone potential leukemogenic myelopsuppresgeata as long as possible in ET, PV and
PMF patients.



Introduction
In the 19" century chronic myeloid leukemia (CML) and polyogtnia vera (PV) have

been described as primary distinct disease entittedn 1960 Nowell and Hungerford
described the presence of a minute chromosomelketeic cells of patients with CMLThis
minute chromosome was called Philadelphia (Ph)robsmme after the city of discovéry
Using banding techniques Janet Rowley (1973) disal/that the Ph chromosome originated
from a translocation between the long arms of clussmes 9 and 22, t(9;22)(q34;q1 Tjwo
groups collaborating in scientific friendship diseced that a hybrid gene is generated by the
translocation consisting of thBCR gene on chromosome 22 and tABL oncogene
originating from chromosome®9This results in 8CR/ABL fusion gene with high tyrosine
kinase activity and CML-transformation capatftyNinety-five percent of all CML patients
are Ph; 90% are PHBCR/ABL", 5% are P#BCR/ABL", and 5% are PHBCR/ABL ", the latter
group usually diagnosed as atypical CML, juveniMLC chronic neutrophilic leukemia or
chronic myelomonocytic leukentia According to strict morphological, biochemical,
cytogenetic and molecular criteria including thé Phromosome and bcr/abl fusion gene and
protein, CML is a malignant disease with an obkgaansition into acute leukemia, whereas
essential thrombocythemia (ET), polycythemia vét®)(and agnogenic myeloid metaplasia
(AMM) or chronic idiopathic myelofibrosis (CIMF) fan the Ph-chromosome aiBiRC/ABL
negative chronic myeloproliferative disorder (MPBatured by a benign proliferation of the
three hematopoietic cell lins

In 1950, Dameshek defined PV as a chronic disartidre bone marrow characterized
by excessive production of nucleated red cellspgacytes and megakaryocytes, peripheral
blood erythrocytosis, leukocytosis and thrombodgtds Some cases however show
pronounced elevation of erythrocytes or extremeaakegf thrombocytosis, while in others the
leukocyte counts may be at or close to leukemiel&wvith only slight increase in red cells
or plateletss. Regarding etiology of PV, Dameshek proposed tvighli speculative
possibilities: first, the presence of excessiveeborarrow stimulation by an unknown factor
or factors, and second, a lack or a diminutiorhamrtormal inhibitory factor or factors(Figure
1)*. The discovery of the JAR2'F mutation in 2005 by Vainchenker confirmed the
hypothesis of Dameshek by demonstrating an indlm®sl of inhibitory activity of the JH2
pseudokinase part on the JH1 kinase part of JA&&]ihg to enhanced activity of the normal
JH1 kinase activity of JAK2 (Figure ¥)*® This renders the receptors of mutated

hematopoietic stem cells hypersensitive to hemagtipogrowth factors thrombopoietin



(TPO), erythropoietin (EPO) and granulocyte colatiynulating factor (GCSF), resulting in
trilinear myeloproliferatiof?*3

The morphological distinction between PindBCR/ABL" ET and thrombocythemia
associated with PrandBCR/ABL" CML versus the Ph-negative thrombocythemia inoui
MPDs is primarily based upon conspicuous differenda the form and size of
megakaryocytes in bone marrow smears and sectibnsome marrow biopsy. This
difference observed by Michiels et al in 1987 iwviobs and reproducible in bone marrow
biopsies, which enables pathologists to distinglistween small megakaryocytes in*Ph
diseases versus enlarged megakaryocytes with maessopronounced hyperlobulated nuclei
in Ph-negative MPD& This original observation of diagnostic differiatibn between Ph
CML and Ph-negative MPD and subclassification e&f MPDs into true ET, classic PV and
prefibrotic agnogenic myeloid metaplasia (AMM) dafiapathic myelofibrosis (IMF) was
worked out by Thiele et al in 1988 and 1889, confirmed by Georgii et al in 1980 and
used as bone marrow features by the World Healga@zation (WHO). The criteria of the
Polycythemia Vera Study Group (PVSG) and the 2004OAtriteria to classify the MPDs as
ET, PV and CIMF are suboptimal and overlook thdyearrefibrotic stage’S 23 In the present
manuscript we propose to integrate the PVSG and VEHi@ria into the European clinical,
molecular and pathological (ECMP) classificationibgluding bone marrow pathology and
the use of new laboratory and molecular markerslfagnostic differentiation of each of the

latent (masked), early and overt MPDs.

PVSG, TVSG, ECP and 2008 WHO criteriafor the diagnoses of ET, PV and AMM

In 1986, the PVSG reduced the platelet count fr@®0lto 600 x1¥1 as the arbitrary
minimum for the diagnosis of EF¥?® In Since 1997 we clinical and pathological
characteristics of the Ph-negative MPDs by inclgdione marrow histopathology according
to Georgii et al on top of PVSG criteria for ET, R¥d AMM*. The TVSG and ECP criteria
combined a typical ET histological bone marrow gietwith platelet counts in excess of 600
and 400 x1® respectivel§®? Comparing WHO and PVSG criteria reveals that PVSG
defined ET comprises three phenotypes of prefibreirly MPD: true ET (table 2); ET
associated with prefibrotic and early fibrotic stagf CIMF-0 and CIMF-1 (table 3), and
early thrombocythemic PA7?°. The minimum of 600x1W platelets according to the PVSG
and WHO excluded early (masked) ET at platelet tbefow 600 x18&1 in 29% of 143 ET
case?’. In this study, 97% of all 143 ET patients showetypical bone marrow histology of

increase and clustering of enlarged megakaryocgiagnostic for MPE’. This was



associated with normal cellularity in 52% consistemith true ET, with increased
erythropoiesis in 17% consistent with early PV, anidh increased cellularity due to
pronounced granulopoiesis in 45% consistent witfilprotic CIMF®.  Consequently, the
PVSG and WHO criteria overlook latent and earlygeta of MPD in patients with
thrombocythemia: 1) initial ET with a typical ET t® marrow but platelet count below 600
x10/1; 2) initial PV with a typical PV bone marrow,gtklet count less than 600 XAplow
serum erythropoietin (EPO), normal red cell masd Bematocrit less than 0.51; 3) initial
masked MPD with splenomegaly and normal or slightigreased platelet count and
hematocrit®. The 2008 WHO revised the PVSG and 2001 WHO classification decide to lower
the platelet counts from 600 to around 450x10%I and illogically changed the term MPD into
myel oproliferative neoplasia (MPN) for the clinical diagnosis of ET, PV, CIMF, CML and for
diagnosis of thrombocythemia in various MPDs?> 2,

Wasserman and Michiels distinguished at least $iwbsequent stages in the natural
history of PV (table 4 and %)* The PVSG and WHO followed the recommendations of
Dameshek to define PV by increased red cell magsh(ecytosis or erythrocythemiay*3>
The PVSG failed touse BMB introduced 3 major anchihor clinical criteria as inclusion
criteria the diagnosis of PV in the PVSG-01 studly which increased RCM was
mandatory”® Increased RCM in PV patients corresponded toahbeenit values between
0.48 and 0.76 in all, platelet count above 400’41t two-third and palpable spleen in two-
third of about 400 PV patients in the PVSG-01 stlid@ne third of PV patients had normal
platelet count and spleen size at time of presemtaPure erythrocythemia featured by
increased hemoglobin, hematocrit and red cell rhassormal leukocytes, thrombocytes and

»*" or pure erythrocythosi$ Minor B

spleen size was labelled as idiopathic erythro¢ytoE
criteria did appear in untreated IE patients dufimitpw up and was associated with a high
incidence of major or lethal cerebrovascular throtithdiseas¥. This category of IE or the
earliest erythrocythemic stage of PV comprises ali@uto 20% of the PV cases at time of
presentatiof{*® In the 1970s tools available in the USA to diffstiate idiopathic
erythrocytosis into myeloproliferative PV versusnary or secondary erythrocytosis include
pretreatment bone marrow biops§t and EEC**> Such a powerful diagnostic
differentiation has not been implemented in Eursiece the 199382 Clinicians and
pathologists should be aware that pre-treatmene bboarrow biopsy specimens in 191 PV
patients of the PVSG-01 stufiy* with increased RCM showed a normal bone marrow
cellularity with no increase of normal or clusterémlge megakaryocytes (idiopathic

erythrocytosis) in about 7.5%, slight to moderatereased bone marrow cellularity (60 to



80%) and increase of clustered large megakaryodytds/o-thirds (consistent with early
erythrocythemic, thrombocythemic stage PV), anchpumced trilineage hypercellularity (80
to 100%) of the bone marrow in one-third (consistaith classic PV with trilinear
“panmyelosis” as described by the PV&®* exactly as defined at the bone marrow level
by Georgii et &, Michiels & Thielé®*’and by Thiele et &1°

In the 1990s it turned out that various degreeshafracteristic PV bone marrow
histology features (irrespective of RCM measures)esute seen in the four different stages of
newly diagnosed MPD patients (tables 4 arttB°“®“! First, early thrombocythemic PV
mimicking ET with a hematocrit in the upper limit mormal (<0.50) but increased platelet
count (>400 x1¥1) without or with slight splenomegaly (stage O ,Ptdble 5); Second,
“idiopathic erythrocytosis” with increased RCM, hichematocrit, low serum EPO, but
normal platelet count and spleen size (stage 1t&e 5); Third, classic PV with increased
RCM, high hematocrit and one or more B criteriagfp\stage 2 and 3 PV, table 5); Fourth,
unclassifiable or masked MPD with splenomegaly,nrar hemoglobin and hematocrit,
normal or slightly elevated platelet count. Thieteal confirmed that characteristic PV bone
marrow histopathological features are seen in idaR¥ and in early thrombocythemic PV
mimicking ET*>*

The 2001 WHO criteria combined a characteristic Rstological bone marrow
picture as a minor criterion with increased RCM asnajor inclusion criterion for the
diagnosis of P¥P, thereby excluding early thrombocythemic stage ivhicking ET. An
update of the 2001 WHO criteria was proposed in7200he revised 2008 WHO diagnostic
criteria are not sufficient for three reastn&irst, for ET they only include true ET, but the
diagnoses of early thrombocythemic PV (hemoglohi8.5 for men and <16.5 for women)
and ET associated with prefibrotic CIMF-0 with neukoerythroblastosis, anemia or
myelofibrosis (MF-0) remain unclassifiable. Secottnd, 2008 WHO criteria for PV arbitrarily
exclude the early stages of PV and occult or maBkégust by the main inclusion criterion of
a high hemoglobin level, and disregard increaséeokocytes, platelets and spleen size as
typical features of trilinear PV. Simple tests likdood cell counts including platelets,
leukocytes, hematocrit and erythrocytes and splee on echogram are not taken into
account to distinguish the early thrombocythemid arythrocythemic stages of PV from the
overt trilinear polycythemic stage of classic PV @scumented by bone marrow biopsy
showing typical erythroid, granulocytic and megakaytic myeloproliferation. Third, in the
application of the 2008 WHO criteria for primary etgfibrosis (PMF) and for true ET, the

third prefibrotic entity of so-called prefibrotic IBF-0O without leukoerythroblastosis or



anemia remains unclassifialeThese shortcomings of the 2008 WHO diagnostieiai for
MPD will hamper prospective clinicopathological dies on natural history, staging and
survival outcome of clinical and bone marrow defineue ET, ET associated with CIMF-0,
and early or overt PV and classic CIMF. To overcdire shortcomings of the PVSG and
WHO classifications of the MPDs, we here update Bugopean clinical, molecular and
pathological (ECMP) criteria for the diagnosis,ssidication and staging of true ET, PV and
ClMF18’24'46'4.7

Strenghts and Limitations of laboratory markersfor the diagnosis of ET and PV

RCM measurement as a main WHO/PVSG inclusion @itier the diagnosis of PV
is cumbersome, time consuming, costly, and notipdéar MPD. Increased RCM in patients
with erythrocytosis does not distinguish early Rrgtythemic PV from congenital
polycythemia (CP) or secondary erythrocytosis ($)a consecutive cohort of 105 patients
with WHO-defined PV, RCM had a sensitivity of 76% the diagnosis of PV and a
specificity of 79% in distinguishing PV and non-cé polycythemi2®. PV patients with
increased RCM may have normal hemoglobin and hemrittoecause of associated iron
deficiency and/or significant splenomergaly, buttlerocyte count is always increasédvith
values above 6xI8L.WHO bone marrow criteria subclassify patientshwincreased RCM
into patients with PV (figure 1B) as a trilinear MPand erythrocytosis (table 4), either
congenital, idiopathic or acquirfd®>* RCM in patients with thrombocythemia, slight
splenomegaly on echogram, and borderline serum &fRhemoglobin levels does equally or
even better distinguish between PVSG-defined ETmfrd®V than bone marrow
histopathology. In PV, RCM measurement data is dot;mbe without additional diagnostic
value, because all PV patients with increased etldncass usually show a typical PV bone
marrow histology and have erythrocyte counts alioaad'%/L 394647

Spontaneous EEC formation and low serum EPO leamdsspecific confirmative
criteria for the diagnosis of PV, but have insuffit diagnostic sensitivity as isolated
parameters to differentiate between PV, CP, CE,ESEand normal controis® About 50%
of PVSG defined ET patients show not only spontase&EC but also increased
polycythemia rubra vera-1 (PRV-1) expresSidtitogether with low serum EPO lev&1§>
indicating that EEC/PRV-1-positive ET comprises ialdgically distinct subgroup of ET
patients reflecting early PV (“forme fruste” PVgtire 2) that is at risk for progression to

overt PV. In a study of 170 PVSG-defined ET pasespontaneous EEC was seen in all 11



(6.5%), who later developed PV, and in 60% of 188gnts with stable ET during a median
follow-up of 29 months (12-138 montAS)

In a review of 120 cases with splanchnic vein thsosis (Budd-Chiari syndrome 51,
and portal/splenic and/or mesenteric vein thron®osi69), MPD was diagnosed in 80 with
spontaneous EEC as a clue to MPD in 73 (61%). Tdgndses in the 80 MPD patients based
on specific laboratory and bone marrow data weertdvV in 37 (31%), ET in 2, CIMF in 2,
and latent (masked) MPD in 39 (32.5%)At that time in 1997 we concluded that both
spontaneous EEC and histopathology from bone mabiopsy provide specific information
as sensitive clues for the diagnosis of all vasaot overt and latent myeloproliferative
disorder&®. Accounting clustered enlarged or giant megakagscas diagnostic for MPD
enabled French investigators to subsequently degmdPD in 46 out of 128 patients with
splanchnic thrombosis either hepatic vein or partgh thrombosis (table %)’ In this study,
the sensitivity for the diagnosis of MPD was 63% iftcreased RCM, 52% for low serum
EPO level, 72% for EEC formation, and 74% for spleegaly, indicating the superiority of
bone marrow histopathology to detect masked, earlg overt stages of MPD as the
underlying etiology in patients with idiopathic apthnic vein thrombosis (table ®3}°
JAK2"®1F mutation screening of 274 patients with splanchmeia thrombosis, either hepatic,
portal or mesenteric vein thrombosis in four recéindies appeared to be a specific clue to
MPD in 86 cases (31%)"* Of these 86 JAK?''patients, 16 presented with overt MPD, and
70 (25.5%) had latent (masked) MPD of which 38 (allel4%) developed MPD during
follow-up when PVSG criteria are applied” In two additional reports on patients with
splanchnic vein thrombosis and masked MPD, the r&boy markers EEC, PRV-1
expression and low serum EPO were insensitive, edsethe combination of JAKZ'"
mutation screening and bone marrow histology assmsswas highly sensitive and specific
to diagnose MPEY'"®

Therole of JAK2'®"F mutation in the pathogenesis of trilinear MPD

The discovery of the JAK?®''F mutation by James et 'af® was immediately
appreciated as a evolutionary event, and rapidhficoed by several investigators (Figure
1)*®7" JAK2 plays an essential role in cytokine-inducgighalling from receptors to the
nucleus by several hematopoietic cytokines inclgdenythropoietin (EPO), thrombopoietin
(TPO), and granulocyte colony stimulating factor@SFf* """ The JAKZ°'F mutation
renders the receptors on mutated hematopoieticepitmy cells hypersensitive to these

cytokines, thereby resulting in growth advantagéhefmutated aver the non-mutated trilinear



hematopopoietic cells present in the bone marfte JAK2®'F mutation is detectable in
CD34" hematopoietic bone marrow cells, erythroblasts;ehs of spontaneous EEC, blood
platelets and granulocytes (figure”1. Applying allele-specific polymerase chain reastio
(PCR) analysis in PVSG-defined MPD patients, a liighuency of the JAK2*’F mutation
of 95% (92-97%) is described in PV, and a loweqtiency of 53% (49-57%) in ET and 52%
(44-55%) in CIME®® Only 3 to 4% of ET, 24 to 27% of PV and 6 to 18%CIMF patients
are homozygous for the JAKZ'F mutatiorf®°

Based on animal studies and different mutatiorestat JAK2®’Fin MPD patients,
two hypotheses have been proposed to explain wiee tHifferent phenotypes of MPD are
caused by the same JAKRS "mutation: the “dosage” hypothesis and the “addiicevents”
hypothesi€®. According to the “dosage” hypothesis the levetl auration of JAKZ®'F
directly contribute to the phenotypic diversitytdfinear MPD<®® This hypothesis is based
on different densities of TPO receptors (TPOR orL)MRand EPO receptors (EPOR) on
hematopoietic progenitor cells and on differendesesponse of TPOR and EPOR to various
levels of JAKZ®F activity’®’® TPOR/MPL is expressed at high levels in megakajo
cells where it controls physiological TPO levelsisl possible that activation of a few TPO
receptors by low levels of JAKZ'F (heterozygous) is sufficient to send a signal to
megakaryocytic cells. A slight increase in numbafrsnutated large (giant) megakaryocytes
and platelets (about 50 to 100 X Onutated platelets) might be sufficient to proelystatelet-
mediated microvascular circulation disturbancegut@ 15%% Conversely, EPOR is
expressed at low levels on hematopoietic progerswls and therefore high levels of
JAK2Y®F ‘may be required to activate EPOR and generate dikBVphenotyp&®
Sustained high levels of JAKZ'F during long-term follow-up subsequently may leadat
high level activation of activation of EPOR and GT%eceptor (GCSFR) leading to
extramedullary hematopoiesis (splenomegaly) and okaye mediated secondary
myelofibrosis®’® The percentage of JAKZ'F positivity and progression from heterozygous
to homozygous is strongly correlated with increaB&Y/-1 expression in granulocytes, with
the ability to form spontaneous EEC formation andthwprogressive post-PV
myelofibrosi§*®* Scottet a. showed that BFU-e colonies are already homozydoushe

2617F in their

JAK2Y®'F mutation in PV patients with a heterozygous pattef JAK
peripheral blood granulocyt&s In contrast, the BFU-E colonies from heterozygpasents
with ET did not contain a subpopulation of JARY"™ homozygous cells (figures 1 and?2)
French investigators studied a large group of JAKZ positive PV (N=159, 36%

homozygous) and ET (N=147, 4% homozygous), andtgpad BFU-E colonies in in 20 PV



and 6 ET patienfd They showed that JAK2'F positive ET patients usually harbour
heterozygous BFU-E clones, some PV patients hguarely heterozygous profile, and most
PV patients have a mixture of heterozygous and hkggmus BFU-E clondd Mutated

erythroid progenitors are more sensitive to EPOnthrmal progenitors, and most

homozygous progenitors are EPO independent. Ircttisrt of 306 JAKZ "

positive MPD
patients, PV was associated with significantly lopkatelet counts and higher hematocrit and
granulocyte values than ET patient. The highestef@a count was associated with low
JAK2®1F levels in PV, whereas high JAR'F levels correlated with high hemoglobin and
high granulocyte counts in B A recent study detected JAK2'F in 75% of ET (n=60) and
in 97% of PV patients (n=62), whereas alleleliGastexceeding 50% JAR2''" indicating
homozygosity were found in 70% of PV at diagnosis bever in E¥. Transition from
heterozygosity to homozygosity for the JARY" mutation represents a very important step
in the progression from early to classic PV andsegbent post-PV myelofibroéts
Comparing JAKZ®''F heterozygous and homozygous PV patients showechtmozygote
JAK2"®YF pv patients displayed significantly higher hemdijo at time of diagnosis,
increased incidence of pruritus, higher PRV-1 eggian in granulocytes, and a higher rate of
fibrotic transformation (figures 1 and®2)Sex appears to be a powerful genetic background
modifier in JAK2'**""-positive MPDs as ET is more common in femalesRydn males.
Mechanisms other than mitotic recombination suctugdication of the mutated allele
is observed in a proportion of PV and CIMF patiediitplaying a gain of 9p, mostly due to
trisomy §°® Campbell et al reported that the JARZ" mutation was associated with
trisomy 9 with all 10 MPD patients investigated avals found in 28 of 29 MPD patients (PV,
ET or CIMF) with a 20q deleti¢h Scott et al identified JAK2 exon 12 mutations1i@
erythrocytosis patients with increased red cellsrast no JAKZ®*'F, of which according to
PVSG criteria 6 could be diagnosed as PV and 4liapathic erythrocytosia Pre-treatment
bone marrow biopsies in 5 patients carrying a J&K@n 12 mutation showed a characteristic
pattern of erythroid hyperplasia without morphot@diabnormalities of the megakaryocyte or
granulocyte lineag&% Therefore, an overlap between “dosage” and “&aftit molecular

events” hypotheses is very likely in patients vithnear PV®"°

Acquired MPL gain of function mutations as the cause of normocellular ET
The JAK2 kinase activity in MPDs is not only depend on the amount of
heterozygous and homozygous JARZ™ mutant protein, but may also be influenced by the

various steps upstream or downstream the signgliigways including MPL, JAK2, STAT-
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3. This has been demonstrated in animal modelsegpegssing c-MP¥. MPL transgenic
mice manifested with typical features of ET withfaur fold increase of platelet count,
increased colony formation of megakaryocytes, andrease of clustered enlarged
megakaryocytes in the bone marrow. The ET animpieared healthy, had a very slight
decrease of hematocrit (0.39 versus 0.42 in ca)trdéspite an increase of bone marrow
EEC, and survived normally with no evidence of mofierosis in the bone marrdW The
acquired MPIY>**t and MPIY>**K gain of function mutations have recently beenalisced

L°'® is a somatic activating

as the underlying etiology in ET patients (figurg°2X MP
mutation in the transmembrane domain of MPL, thiertibopoietin receptor (TPOR), which
was found in 4 of 45 (9%) of JAK2 wild type myelofsis patienf€.and in about 10% of
MF patients in Fran¢é In a mouse model transplant assay, overexpressitre MPL/>*°"
mutation (100%) resulted in a fully penetrant MPa@acterized by marked thrombocytosis
and leukocytosis with no evidence of PV, but wititrease and clustering of enlarged
dysmorphic megakaryocytes in the bone marrow, nfiyetsis and marked splenomegaly
due to extramedullary hemopoiesis consistent wiffMScreening of 1182 PVSG-defined
MPD patients (318 ET, 242 PV, and 290 IMF) and 6Atmls for MPI°* mutations resulted
in the detection of MPL mutations either ME* (n=17) or MPLY*** (n=5) in 20 MPD
patients (de novo CIMF in 4%, ET in 4 = 1%, amdtpET myelofibrosis in 1), but not in the
242 PV patients and contrdls Six cases carried both MPP*®" and JAK2®''" alleles
indicating that these alleles have functional cam@ntation in CIMF (figure 2). MPE®
mutation related myelofibrosis may represent airdistentity of JAK2 wild type CIMF
without features of PV and distinct from JAR2'" trilinear MPD. These observations are in
line with the “additional events” hypothesis, inglitg that alternative or additional molecular
abnormalities, like JAK®'” mutation alone, combinations of JAX’FandMPL>*> mutations
or other combinations of still unknown mutationsntdoute to or modify the MPD

phenotypes (figure 2).

Congenital autosomal dominant ET

Since the early 1980s we have used platelet cawerdess of 400 x?Q. and increase
of clustered enlarged megakaryocytes in bone masmears and biopsies for the diagnosis
of true ET and PV in PVSG-defined ET and*®%. Peripheral blood smears from a finger
prick usually show increase of platelet countssagytose of platelets, some large platelets
and the presence of platelet aggregates (figufe Be early (latent or masked) prefibrotic

stage of thrombocythemia in various MPDs is typic&atured by platelet counts closely
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approaching the upper limit of normal (350 to 400), with the presence of enlarged
platelets in a peripheral blood smear and the poesef enlarged megakaryocytes in a bone
marrow smear in the complete absence of any uridgrlglisorder causing reactive
thrombocytosi&"?> Autosomal dominant hereditary ET due to a gaifunttion mutation in
the TPO gene in the Dutch family is associated wiirked increased TPO levels, with
typical clinical manifestations of microvascular rctilation disturbances including
erythromelalgia and atypical transient ischemiacks similar to acquired EY%". Peripheral
blood and bone marrow morphology of the propoditoan born in 1934, platelet count 880
x10%/1) and increased serum thrombopoietin of 530 ta&%ompared to controls <62 pg/ml
due to a gain of function mutation in the TPO geste)wed the presence of large platelets in
a peripheral blood smear, enlarged megakaryocytes hone marrow smear and a typical
WHO-defined ET picture in bone marrow biopsy spemisf®’ indistinguishable from
acquired heterozygous JAKZ' mutated true ET (figures 3 and®5)Interestingly, EECs
were negative in all affected members of the Dufaimily with hereditary E. The
propositus of the Dutch family with the gain of &tion mutation in the TPO gene showed no
further increase of platelet counts, no featureB\f no splenomegaly, and no myelofibrosis
during life-long follow up. Autosomal dominant hdiary ET associated with a gain of
function mutation of the c-MPL gene, which encotiesthe receptor of thrombopoietin, has
been described in one family, but laboratory datgeripheral blood and bone marrow were

not reportedf.

WHO bone marrow featuresfor the diagnosisof ET, PV and CIMF

With the improvement of bone marrow biopsy andues@rocessing in the 1980s,
Georgii and Thiele defined the pathological feaduné ET, PV and chronic megakaryocytic
granulocytic myeloproliferation (CMGM = CIMF or AMM on bone marrow
histopathological morpholody %1% ET was defined by persistent increase of platetet
excess of 400 x£0 without the Ph chromosome together with monolinear proliferatadn
mature enlarged megakaryocytes in the bone marragth normal cellularity, normal
erythropoiesis and normal granulopoiesis (figuré®#)?633190104 py \was defined as a
trilineage proliferation of megakaryopoiesis, ergpoiesis and granulopoiesis in which the
erythropoiesis was most prominent together withialde degrees of increased platelets,
erythrocytes and granulocytes in the peripherabdio the absence of the Rifiromosom¥”
18.00-104 Georgii regarded myelofibrosis (MF) as a reacfe@ture secondary to progressive
diseas® seen in CMGM = CIMF, PV and CME!%°1041%8 Georgii reasoned that he terms
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agnogenic myloid metaplasia (AMM) or CIMF lack araty since they are applied to both
the prefibrotic hypercellular and advanced fibrosiage¥. Accordingly, Georgii et al
replaced the terms AMM and CIMF by chronic megakawyic granulocytic
myeloproliferation (CMGM). The diagnosis of prefitic PMGM®%!%! hypercellular
AMM or CIMF**171021035 hased on identical bone marrow criteria: 1)phesence of large
megakaryocytes with immature cytoplasm and immatloed-like nuclei not seen in ET and
PV, 2) increased granulopoiesis but never distuibechaturation and 3) usually relatively
decreased erythropoiesis (figure 3). The WHO angl&het al used the term prefibrotic
CIMF (CIMF-0) in stead of CMGM for he third distin®PD entity.?>%5"% |n 1990 Georgii
et al proposed the Hannover Classification to migtish 3 distinct primary MPDs ET, PV
and CMGM?®, The Hannover bone marrow classification the Cutoglinicopathological
classifications are based on identical specifitohogy features for the three prefibrotic MPDs
true ET, PV and CMGM or CIMF-0 and has been takeer doy the WHO in 200%. Such
Hannover, Cologne and WHO defined phenotypes antbiocythemia in various are poorly
characterized at the clinical level, because datRGM, serum erythropoietine, EEC and the
JAK2 status are lacking in these cohorts of prefiorMPD patients. The WHO allows the
use of the terms AMM, CMGM = CIMF for the third @gtof MPD. PVSG-defined clinical
diagnosis of ET without leukoerythroblastosis aral increase of reticulin fibrosis is not
compatible with the clinical diagnosis of CIME'* Prefibrotic CIMF-0 is a contradiction of
terms. As prefibrotic CMGM or CIMF-0 is typicallétured by thrombocythemia associated
with typical megakaryocytic and granulocytic myeafageration (CMGM) in the complete
absence of myelofibrosis (MF) we prefer to the temmmary megakaryocytic granulocytic
myeloproliferation (PMGM) and use MF-0 in brackdty reasons of clarify®'* As
myelofibrosis (MF) is not a disease but a secondamplication of MPD (figure 5) we use
the term chronic or primary megakaryocytic granuytimc myeloproliferation
(CMGM/PMGM) in stead of myeloid metaplasia with noféorosis (MMM) or CIMF.
Consequently, Michiels et al proposed the Europelamical and pathological (ECf)*’
followed by the 2007 European clinical, moleculad @athological (2008 ECMPBY criteria
for the diagnosis of the Ph-negative MPDs to déscthe full spectrum of WHO bone
marrow features for true ET, early and overt PV d&SBociated with PMGM (CIMF-0) and
various degrees of MF in CMCM/PMGM (Tables 1, Al 4).
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2008 ECMP criteriafor the diagnosis and classification of MPD

The 2008 ECMP criteria uses the major features fribm PVSG and WHO
classifications and incorporates specific labosatorarkers (including EEC, serum EPO,
JAK2Y®LF MPL®') for the diagnosis and staging of the three prefio MPDs*% For the
diagnosis of the MPD trephine bone marrow biopsgcsBpens should be embedded in
paraffin or plastic, which have both their techhiclmitations. Paraffin requires
decalcification with EDTA (preferable, allows reaable DNA quality) or acid electrolysis.
The specimens should have at least 4 evaluable b@meow spaces with hematopoiesis.
Recommended stains include: hematoxylin and eodi®E], Giemsa (3 pum sections),
periodic acid-Schiff (PAS); Perls for estimation bémosiderin content; chloro-acetate
esterase (Leder) for identification of granulocwitferentiation; silver stain for reticulin; and
trichrome-Masson for collagen staining. Immunostawf paraffin embedded specimens
should include glycophorine C for erythropoiesisyetoperoxydase for granulopoiesis,
CD42b, CD61 or FVIII- related antigen for megakayes; CD34 for CD34-positive
hematopoietic progenitor cells or blasts. Regardi@D, clinicians want to receive from
their pathologist a classifying diagnosis either, BY or ET associated with MGM (CIMF-0)
in newly diagnosed MPD patients based on a detadpdrt according to the Cologne bone
marrow evaluation forff§4"11112

ET. According to 2008 WHO and 2008 ECMP criteria, @ase and loose clustering
of enlarged mature megakaryocytes with hyperlokdliatuclei in a normocellular bone
marrow and platelet count >400 XflOrepresent the hallmark of ET. In ET there is no
proliferation or immaturity of granulopoiesis ory#ropoiesis. In congenital and acquired
erythrocytosis and in reactive thrombocytosis thegakaryocytes are of normal size and
morphology and there is no tendency to clusterypAcal histopathological ET picture of the
bone marrow excludes RT and distinguishes true i fearly PV, ET associated with
MGM (CIMF-0), CMF-1 and thrombocythemia associatedith atypical MPD, MDS,
refractory anemia with increased ringed sideroblagRARS-T) or Ph-positive
thrombocythemia in CML.

PV. The characteristic increase and clustering of km@adl enlarged pleomorphic
megakaryocytes and increased erythropoiesis withe@ased granulopoiesis and increased
cellularity (according to age) are the diagnosharacteristics of classic PV with increased
hematocrit >0.51, low serum EPO and/or JXRZ, distinguishing it from congenital and
secondary erythrocytosis. A typical histological PMture with moderately increased bone

marrow cellularity is seen in patients with early Phimicking ET or “forme fruste” PV
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featured by platelet count >400Xll0and hematocrit <0.51, low serum EPO and/or the
presence of the JAR2'F mutation. A typical histological PV bone marrovcipire is also
seen in the early erythrocythemic stage 1 PV (heanat>0.51, platelet count <400 xIQ
normal spleen, low serum EPO) with the presentae8AK2®*"F mutation.

ET associated with MGM (MF-0). According to Hannové¥, Cologné’, WHO? and
ECMP? classifications, ET associated with CMGM/PMGM (d¥N) is characterized by
hypercellularity of the bone marrow due to increhgganulopoiesis, relative decrease of
erythropoiesis and the presence of dense clusfeirmmature megakaryocytes with bulky
nuclei showing lobuli and irregular roundish forifs®-called cloud-like nuclei), which are
almost never seen in ET and PV. The degree of dyakagyopoiesis in ET associated with
CMGM/PMGM (CIMF-0) may range from atypical slight aturation defect of
megakaryocytes with no cloud-like nuclei to typicaaturation defects of megakaryocytes
with typical cloud-like nuclei or a mixture of botffhe risk of ET associated with PMGM
(CIMF-0) to progress to early CMF-1 and subsequéMF-2/3 with extramedullary
hematopoiesis is related to the degree of hypeteelly and on the degree of maturation
defects of megakaryopoie¥i?’1%

High quality histological bone marrow preparatioms the hands of experienced
hematopathologists are required to achieve dispation of ET associated with PMGM
(CIMF-0) from true ET and PV in about 85 to 90%thé cases (figure 5)*81%1% There are
no studies that have examined the concordance betaaumber of pathologists who have
used characteristic histological bone marrow festuo assign cases to the prefibrotic stages
of true ET, PV and ET associated with PMGM (CIMFAddhout knowledge of the biological
MPD markers and the clinical findings except agatalon the very long-term natural history
of patients with ECMP defined true ET, early PV &l associated with PMGM (CIMF-0)
as derived from large scale prospective studiesaateng. A conflict of opinion exists about
dividing the natural history of ET associated wRMGM (CIMF-0) into stages of different
natural history and severity on the basis of bor@row biopsy features, i.e the degree of
dysmegakaryopoiesis and the grade of myelofibr@dis). We do not really know whether
the early stages of PV patients are at no, low igh hrisk of progression to post-PV
myelofibrosis or whether true ET never progresedtbtotic MF as it is claimed. The clinical
presentation and the bone marrow histology of ESbasated with atypical PMGM (CIMF-0)
showing slight dysmegakaryopoiesis can overlap wd@hy PV (hematocrit <0.51) presenting
with a trilinear hypercellular bone marrow withagVe increased granulopoiesis as compared

to erythropoiesis and a similar degree of thrombwayia, leukocytosis, increased LAP-score
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and slight splenomegaly. The histology of ET assed with atypical PMGM (CIMF-0)
showing slight dysmorphic megakaryopoiesis may lapewith that of true ET in cases of
mild hyperplasia of granulopoiesis and/or a mixtafemild hyperploid and dysmorphic
megakaryocytes. Diagnostic differentiation betwéere ET, early PV, and ET associated
with typical PMGM (MF-0) at the bone marrow levelllwbe feasible in well equipped
pathology laboratories by experienced pathologiststhe majority of cases. However,
significant overlap (grey zones 20-30%) betweera&Jociated with atypical PMGM (CIMF-
0) on one hand and true ET or early PV on the atherbe predicted due to a inter-observer
disagreement between hematopathologists.

The 2008 ECMP criteria separate ET patients inteethphenotypes of prefibotic
MPDs at the bone marrow level (Table 1): ET, e&dy mimicking ET and ET associated
with atypical and typical PMGM (MF-0) or CMGM (MF)1without features of leuko-
erytroblastosis in the peripheral bld®d*2 These three ECMP defined ET phenotypes do not
differ significantly with regard to peripheral biddeatures, thrombocythemia related clinical
presentation or laboratory finding5'® Therefore, patients with normocellular ET andyear
PV and ET associated with PMGM (MF-0) are to bated equally based on clinical risk
stratification for thrombotic and bleeding comptioas, irrespective of bone marrow
feature8’. The prognostic importance of recognition of EBasated with CPMGM (RF-0)
and PMGM (RF-1) as compared to normocellular Edlemonstrated in a large retrospective
study of 476 PVSG-defined ET patients (plateletntoe600 x18/1), who were reclassified
according to the WHO bone marrow criteria: true iBTL67, CIMF-0 in 174 and CIMF-1
(Cologne terminology) in 138" The main inclusion criterion was a bone marrowapbi,
whereas for the clinical diagnosis of ET and PVboeoe marrow biopsy is needed. This may
explain the overrepresentation of CIMF patientshis study. Mean age of true ET patients
was 59 years, which is 8 to 10 years younger coetptr patients with CIMF-0, 67 years,
and CIMF-1, 69 years. The differences in relati@eygars survival rates: 99 + 7.8% for true
ET, 81 £ 11.7% for CIMF-0, and 67 +17.8% for CIMFghtients, are significant. The
majority of CIMF-O patients have early stage diseasithout features of leuko-
erythroblastosis (table 6), whereas CIMF-1 patiets a mixture of early and intermediate
stage disease without and with leuko-erythroblastds In another study of 116 PVSG-
defined ET patients reclassified according to WHDé marrow criteria the diagnoses were
true ET in 19%, CIMF-0 in 21%, CIMF-1 in 37%, CIMFin 12%, early PV in 8%, and
unclassified MPD in 394> Median age of true ET and CIMF-0 (ET-MGM) patemas 54
and 52 years respectively, which is 7 to 14 yeatswger than CIMF-1 (59 years) and CIMF-
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2 (66 years)? In this study life threatening events includingu& myeloid leukemia,
advanced CIMF and second malignancies were mogedre in CIMF-1 and CIMF-2 during
long-term follow-up.

Progression of normocellular ET into myelofibrosigs not seen five years after
diagnosis in two studies, but data on very longatéollow-up are lacking***> Kvasnicka
and Thiele calculated that the risk of progressmthin 3 years into clinically defined
myelofibrosis (AMM or MMM with anemia, leuko-erytbblastosis and extramedullary
hematopoiesis) was 2.2% in PVSG-defined ET and 2i8%VHO-defined CIMF-0 and
CIMF-1 (nearly 1% per yed® This is in line with the findings in a retrospieet study of
195 PVSG-defined ET patients (median follow-up & Years), showing that evolution into
CIMF-2/3 (classic CMF with anemia, leuko-erythrdditasis and splenomegaly) occurred in
2.7% at 5 years, 8.3% at 10 years and 15% at 1B'Vea Similar findings in another
retrospective study of 322 PVSG-defined ET revealathulative risks of progression to
CIMF-2/3 and leukemia of 3.8% and 1.4% at 10 yeans| of 19.9% and 8.1% at 20 years
respectively'’. The overall survival in these two studies of PV&ined ET was similar to
an age-matched control population in the first decédut significantly worse beyond the first
decade of the diseds&*’

Diagnostic work-up of patients with thrombocythemiain various M PDs
Clinical manifestations of thrombocythemia in makkend overt MPDs consist of

microvascular circulation disturbances includingpatal and typical TIAs, ocular ischemic
attacks, erythromelalgia, and splanchnic vein throsis>*° Sustained increase of platelet
counts (>400 x1W) associated with slight splenomegaly on echogfat®cm), increased
leukocytes (>12 x1%), or LAP score with normal ESR is highly suspigs of PVSG-defined
ET or thrombocythemia in various MPD with the aluserof any cause for reactive
thrombocytosis (figure 2). The presence of giamttglets in a peripheral blood smear is
indicative for MPD and excludes reactive thrombosig. The presence of numerous
abnormal enlarged or giant mature or dysmorphic akagocytes and clustered larged
megakaryocytes in bone marrow biopsy are the pattrognic clues to the diagnosis of
prefibrotic MPD. The diagnostic work-up of patiemigh thrombocythemia in various MPDs
ET, PV, ET associated with MGM (CIMF-0) or CMF-1hased on blood and bone marrow
findings. These include:

1. Thrombocythemia patients should fulfil the perigdslood (clinical) criteria for the

diagnosis of thrombocythemia irrespective of borzgrow features (Figure 2).
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2. JAK2"*YF mutation screening as a first intention diagnott is very helpful in the
diagnostic work-up of patients with suspected thyooythemia in various MPDs, but
only half of ET and CMF patients carry this mutatigensitivity 50-60%).

3. Pretreatment bone marrow biopsy will allow cliaies and pathologists to diagnose
the early stages of thrombocythemia in various MRiDsspective of JAKZ''F
mutation status. The 2008 ECMP criteria classifyfKdAmutated MPN into 3
phnotypes (Table 1, Figure 2): normocellular ETrgitgpe 1 ; ET phenotype 2 with
features of PV (prodromal PV); hypercellular ET asated with megakaryocytic
granulocytic myeloproliferation  (prefibrotic MGM) ithout features of
leukoerythrocytosis and extramedullary hematopsiesi

4. The 2008 ECMP criteria distinguish thrombocythenima various MPDs from
thrombocythemia associated with 'Rihromosome andbcr/abl positive chronic
myeloid leukemia (CMLY*® or myelodysplastic syndromes (MDS) including tloe s
called 5g-syndrome, which clearly differs from gaftory anemia with ringed
sideroblasts and significant thrombocytosis (RARS(igure 2)'°** Among 9
RARS-T patients, 6 showed the presence of JAK2 mutatiort?*%2

As compared to JAK2 wild type ET, JAKZ'F positive ET is characterized by higher values
for hemoglobin, hematocrit, neutrophil counts, LA&ore, by lower values for serum EPO
levels, serum ferritin and MCV, and by increasetiutaity of the bone marrow in biopsy
material*** indicating early thrombocythemic PV mimicking EForme fruste” PV, stage

1 PV, table 1, Figure 112 JAK2 wild type ET patients represent a distirategory who
had significantly higher platelet counts, normaluse EPO levels, a typical bone marrow
picture of ET, no features of early PV, and arlmatr risk for the development of thrombotic
complication$?>*?® These data are in line with the hypothesis ti#d€2Y°!’ positive and
JAK2 wild type ET patients at diagnosis represemb tdistinct entities with a related
pathophysiology in the JAK-2/STAT signalling pathwiaut different molecular etiology.

Diagnostic wor k-up of patients with polycythemia vera

PV patients frequently present with headache, Tekgthromelalgi& > splanchnic

vein thrombosi®’® and microcytosis of erythrocytes due to iron deficy?>?*
Characteristic PV features include increased hernat(~0.51), increased erythrocytes (>6
x101), slight splenomegaly, increased leukocytes (x12%/1) or LAP score with normal
ESR, increased platelets (>400 ¥1)0(Table 2). PV patients usually show the present

large platelet in peripheral blood smear. Patieritis congenital erythrocytosis with a gain of
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function mutation in the EPOR or acquired erythtosis lack the clinical, laboratory,
molecular and bone marrow features of MPD and aweally asymptomat?&f"lz? The
detection of JAKZ*''F in granulocytes with sensitive PCR techniques playkey-role as a
first intention diagnostic test for erythrocytodigcause it simplifies the diagnostic work-up
of PV (figure 3}*2'%"128 |n the context of erythrocytosis (hematocrit 30i5 males and
>0.48 in females) the presence of the JARZ mutation has a sensitivity of 95% and
positive predictive value of 100% for the diagnosisPV, and excludes congenital and
secondary erythrocytosis (figure 3}>'?"1?® EEC and low serum EPO significantly
contribute but are not sensitive enough to diagrtbsebroad spectrum of PV phenotypes
55,56,129-1353

In contrast to increased serum EPO levels in cesesndary erythrocytosis, generally
below-normal serum EPO levels have been foundriy ead overt P¥°*?°*33 The decrease
in serum EPO levels is appropriate for the levehematocrit due to autonomous increased
erythropoietin in the bone marrow. In most PV pase a reduction in circulating red cell
mass induced by phlebotomy and hydroxyurea orfaren therapy results in increased EPO
production with serum EPO values in the normal eaitEC is time consuming and difficult
to establish in many (non-specialized) laborato@es not sensitive enough to distinguish PV
from primary or secondary erythrocytdSisin contrast, bone marrow histology clearly
differentiates trilinear hypercellularity in PV fro an isolated increase of erythropoiesis in
congenital polycythemia and secondary erythrocgto€llinicians and pathologists tend to
replace EEC by the wide spread available bone mwahistology assessment as a gold
standard for the diagnosis of masked, overt andmabd JAK2V617 mutated and exon 12
mutated P\# 70813 Differential diagnosis of JAK2 wild type classi®V, early
erythrocythemic PV and idiopathic erythrocytosisymze problematf®*?* Red cell mass
measurement will distinguish apparent from absatuyghrocytosis but does not differentiate
between JAK2V617F mutated, exon 12 mutated, and2JMKd type PV and congenital
polycythemia or secondary erythrocytosis indicatiig need to search for underlying
molecular causes like exon 12 JAK2, EPOR or VHFatioih.

Grading of myelofibrosisin myeloprolifer ative disor ders

Myelofibrosis (MF) itself is not a disease becaws#culin and collagen fibrosis are
produced by polyclonal fibroblasts in response taokines released from the clonal
granulocytic and megakaryocytic proliferative ceifs both PV and MF (Table %)%

Transformation to myelofibrosis is rare in ET andesl occur in about one third of
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p\/100.101106.107.115The grading of the Baumeister scoring system &f Was developed on
aspirated bone marrow samples, is poorly definedrat reproducible for the proper grading
of myelofibrosis in bone marrow biopsies by patlgio (table 3)*”. The Manoharan system
used silver stain according to Gordon and Sweetescthe degree of reticulin in bone
marrow biopsy in a completely different way (tal8¥*. A scoring system based on
morphometric analysis (point intersection with aular grid) and quality of fibers (reticulin
and collagen fibers) and the bone marrow fiber irfBne or course reticulin and some or
course bundles of collagen) has been proposed byaBeinstitutes of patholody % All
these different scoring systems for MF use differenteria for grading of reticulin and
collagen, are subjective and not comparable by tdddtrict criteria. A panel of experienced
European pathologists and an USA expert reachetseasus on how to grade bone fibrosis
in bone marrow biopsies of patients with CIMF or'®VGrading of MF was simplified by
using four easily reproducible categories thatudeld differentiation between reticulin and
collager®®. According to defined standardized semiquantieatyrading of reticulin and
collagen fibrosis in the bone marrow, MF can rdliabe graded at the pathological bone
marrow level as 0 in prefibrotic, as 1 in earlyréitic, as 2 in classical fibrotic and as 3 in

classical sclerotic MF (table ‘3j.

Per spectives anno 2008

The present article is a strenuous joint effortliyicians and pathologists to demonstrate
that scrutinized and integrated clinical, laborgtonolecular and pathological approaches and
intense communications amongst basic and clinieakarch are warranted to precisely
diagnose and treat MPDs before avoidable majomnthatic and bleeding complications had
occurred. The novel ECMP criteria incorporate axigrd the established PVSG, TVSG and
WHO postulated MPD criteria and are in urgent nidvalidation in future well designed
large prospective clinical studies to even bettefing the gold standards for diagnosis,
classification and treatment of the whole presgnspectrum of Ph-chromosome negative
MPDs. The revised PVSG criteria by including theleualar marker JAK®''" for the
classification of MPD¥* appear to be a significant step forwards but il rather
confounding by overlooking the scientific importanof the pathognomonic bone marrow
features in patients with masked and overt MPDfilthatic PMGM (CIMF-0) and early
fibrotic PMGM without leukoerythroblastosis are deeked by the UK MPD 2006
classificatiod®”. Applying the 2008 ECMP criteria can easily inamate the PVSG

classification with preservation of the cardinahtiees of the three main prefibrotic MPDs:
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true ET, early PV mimicking ET, and thrombocythemagsociated with prefibrotic PMGM
(CIMF-0). These three phenotypes of thrombocythemtihout leukoerythroblastosis do not
differ significantly with regard to clinical presetion and are to be treated similarly, but
natural history and prognosis may differ duringgdaarm follow-up. The importance of the
recognition of ET associated with typical MGM (CIMJ lies in the increased risk of
myelofibrotic transformation and decreased lifeeptpncy?®’ 108112144

PVSG, TVSG or WHO defined ET patients frequentlyesemt with a long history of
microvascular circulation disturbances for sevgears and no progressive myeloproliferative
disease during subsequent long-term follow-up. Witthe JAK2®'""positive MPDs,
evidence accumulate that the majority of PVSG/TU&#ned ET patients in table 1 are
heterozygous for the JAR2'F mutatiof*® and behaves as an indolent slow onset
myeloproliferation of mature enlarged megakaryoswéth no progression to homozygosity
and myelofibrosis during long-term follow-up. Inrtaast, the majority of PVSG and WHO
defined PV patients appear to be homozygous forJ&i2"**’" mutatio®* and usually
present with a short history of minor and majorcwdar complications, show more or less
pronounced progressive disease including leukomsytogruritus, splenomgaly and
constitutional symptoms in the majority, and pregréo post-PV in about one third after
long-term follow-up. Spivak and his co-workers @s®el the burden of JAKZ'F mutation
and PVSG-defined MPD in 84 ET, 92 PV, and 19 filordfiF patient®’. The JAK2®*'F
mutation was detected in 92% of PV, in 45% of E1d & 42% of fibrotic MF patients. The
median burden of JAKSY'F alleles was significantly lower ET (47%) than N B67%) in
PV patients (p=<0.001) when stratified for disedseation, a JAKZ**'" burden of 100%
(homozygosity) was present in only 15% of PV léemtthree years from diagnosis compared
to 40% of PV three to 10 years and 40% of PV betwk®and 26 years since diagnosis, but
none in ET patients during very long-term follow-(fiygure 8). Passamonti et al studied the
burden of JAK¥®''F in WHO-defined MPD JAK2 mutated ET, PV, prefibmCIMF (p-
CIMF), fibrotic CIMF (f-CIMF) and 16 post-PV myelitirosi$’. The JAK?®*'F mutation
was detected in 92% of 25 PV, in 53% of 19 ET, 8&cof 12 CIMF-0 in 56% of 18 fibrotic
CIMF, and in 100% of 16 post-PV myelofibrosis pat#’. Interestingly, ET and p-CIMF
patients had significantly lower percentage of rredaalleles than patients with PV (p=0.01),
whereas patients with f-CIMF had much higher valines p-CIMF or ET (p=0.0008) (figure
8). Circulating CD34 positive circulating cells wenormal all patients with PV (25), ET (19)
and p-CIMF, (12) and 6 out of 18 f-CIMF patientsilermal (<10x10L) circulating CD34
cells. Conversely, 12 out f 18 f-CIMF and all p&- MF (16) had increased CD34
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circulating cells. These data indicate that ET pr@dIMF are not different at the molecular
(JAK2'%?1"R and biological (CD34 cells) level. This arise theestion whether WHO defined
JAK2V®2F 5 CIMF and ET are the same or distinct diseasehdir natural history during
follow-up. Post-PV myelofibrosis had the highestgestages of mutant alleles approaching
100% homozygosity (figure 8). PV and MF patientsthwia high mutation burden
(granulocytes mutant alleles in excess of 50%khaukocytosis, splenomegaly, increased
LDH levels, increased circulating CD34-positivdls;ea worse event free survival and a
compromised overall survival as compared with thagéh lower mutation burden
(granulocyte mutant alleles of 1-50%) mainly seanBT and early stage BY These
observations in PVSG defined and WHO defined MPBepts in figure 8 implicate that
diagnostic  differentiation between true heterozyolET and early combined
hetero/homozygous ET associated with MGM and Piiha of presentation is becoming of
huge importance for prognosis assessfefft Correct diagnostic differentiation between ET
and PV remains a major challenge. The current P\&®@ WHO criteria for PV are
complementary and require a typical PV bone mampisture and either an elevated RCM
above 125% of predicted value, or hemoglobin lel®ve 18.5 g/L in men and 16.5 g/L in
women. Some investigators recently proposed tdahgethreshold for hematocrit at 0.51 in
men and 0.48 in women and others at 0.47 in menOa4¥l in women to diagnose PV in
JAK2"®1F positive patients.

Bone marrow biopsy may contribute to the diagnodiferentiation between true
heterozygous ET and early homozygous PV. Bock avaluated the JAKZ'" mutation
using PCR techniques in bone marrow cells deriveh foone marrow trephine biopsies from
79 MPD patients classified according to WHO bonerrowa criterid®.. The JAK2®*'F
mutation was found in 90% of PV (n=29), 22% in CMGMF-0, n=18), 60% in advanced
MMM (n=20), and 27% in true ET (n=15), but not iMC (n=5), acute leukemia (n=20)
secondary erythrocytosis (n=10, or normal bone ovarn=10}*~. The JAKZ®''F mutation
occurred at a lower frequency in true ET never edow 50% of alleles indicating
heterozygosity, and exceeding 50% of alleles irtdigahomozygosity in PV and fibrotic
MMM. Bock et al evaluated the JAKZ'F status from trephine bone marrow biopsies in a
second series of 64 patients with CIMF. The freqyesf JAK2/**"F mutation was 45% (9%
homozygous, 36% heterozygous) in early hypercell@d®GM MF-0 or MF1 (n-31) and
53% (13% homozygous and 40% heterozygous) in agdahiM MF-2/3 (n-33)*2 Horn et
al studied 152 paraffin-embedded trephine bone emabiiopsies from patients with MPD

diagnosed according to WHO bone marrow criteria thog presence of the JAKB'F
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mutation using PCR techniqdés Only 6 of 152 samples were not evaluable becafipeor
DNA quality. The JAKY®*"F mutation was detected in 27 of 28 (96%) casesVofl? of 23
(74%) cases of ET, 28 of 45 (75%) of CIMF with MRe03, in 8 of 12 (75%) cases of CMPD
unclassifiable or with MDS/MPD syndrome, but notih-chromosome positive CML (n=4),
secondary erythrocytosis or reactive thrombocyt@sl5) and controls (n=19), but data on
JAK2Y5F mutation burden and the diagnostic differentiatiostween heterozygous or
homozygous for the JAK2 mutation are lacking irs tudy*.

The JAK?®"Fmutation is very sensitive to detect the earlyriaenasked) stages of
ET and PV particularly in those young MPD patiemteo present with migraine-like
headache, atypical TIAs, Budd-Chiari syndrome ofarsghnic vein thrombosis. The
combined use of the recently discovered JAK2 andL Miutations with bone marrow
histology appears to be pathognomonic and poweliadnostic tools to identify the latent
(masked), early and overt MPB$% Within the JAKZ®'"positive MPDs, three main
clinicopathological subtypes can easily be distisiged. ET is an indolent slow onset
myeloproliferation of mature enlarged megakaryogylighe combination of increased platelet
count, EEC and/or low serum EPO at hematocrit be®0 is consistent with early
thrombocythemic PV. The combination of JARY mutation, EEC, low serum EPO and
increased hematocrit (>051 males, >0.48 femaleshbimal platelet and leukocyte counts
and normal spleen size is consistent with earlyheogythemic PV, formerly categorized as
idiopathic erythrocytosis. Early thrombocythemic,Raarly erythrocythemic PV, and classic
PV are caused by JAKZ'F mutation in 95%. JAK2 wild type PV is rare (5%)ddnequently
carries a heterozygous JAK2 exon 12 mutdfioRV patients “heterozygous for the JAK2
mutation in granulocytes” are usually homozygous J&K2"'F in BFU-E at the bone
marrow levef’, which may readily explain the rapid onset andgpessive nature of the
disease. JAK?'F positive CMF may be regarded as a variant of P¥ wiredominance of
granulocytic myeloproliferation and no or relatidecrease of erythropoiesis. The degree of
dysmegakaryopoiesis in overt and advanced PV, Ebcaéted with MGM (CIMF-0) and
CIMF-1 seems to be associated with increased risgrogression to myelofibrogis*44
Evidences accumulate that JAK2 wild type ET and Clslék specific PV laboratory and
pathological features at diagnosis and during ¥oligp. This has been demonstrated for
MPL>* mutated MPD (ET/MF) both in humans and in animaldeis®®* Whether the
finding of very low levels of the JARS'"" mutation (0.01%) in controls and in cases with
suspected MPD is of relevance remains eldSiVé’ This issue can only be solved by the

combined use of clinical, laboratory, molecular gathological markers to clearly define and
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document MPD patient§*** Recently we could define JAK2/MPL wild type hypeltular
ET associated with primary megakaryocytic granuiigcynyeloproliferation (PMGM) as a
third disctint MPD entity first defined as CMGM Iyeorggii et al (Figure 4, Table'4§*°
The flexible use of WHO-ECMP criteria should seas pathognomonic diagnostic clues to
each of the prefibrotic MPDs, will distinguish sadnd overt PV from primary or secondary
erythrocytosis, and can be applied to documenndtaral history of myeloproliferative and
fibrotic disease in ET, PV and MF patients. Furth@provement of the WHO-ECMP
classification of prefibrotic and fibrotic MPDs edicted to have an impact on natural

history with regard to transition into overt PVmogressive MF.
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Legend to thefigures

Figure 1. Molecular pathogenesis of JAK2'" mutated myeloproliferative disorders (MPD)
and associated etiology of clinical manifestatians essential thrombocythemia (ET),
polycythemia vera (PV), and chronic idiopathic nofddrosis (CIMF) followed by
myelofibrosis (MF) grade 1, 2 and 3.

Figure 2. Algorithm for diagnostic work-up for patients wiguspected thrombocythemia as
the presenting feature of ET, early PV, prefibr@id/1F-0 (ET-MGM), early fibrotic CIMF-1

or refractory anemia with increased ringed sidexstsl (RARS-T)*2. For explanation see text.

Figure 3. Algorithm for diagnostic work-up of patients witluspected polycythemia vera

versus primary or secondary erythrocytt€is=or explanation see text.
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Table 1 . 2008 WHO-CMP criteria for the diagnosis of 3 phenotypes of JAK2V617F
mutated Essential Thrombocythemia (ET): important to differentiate because the
natural history may differ

Clinical and molecular criteria

WHO bone marrow criteria

ET stage 1

ET

1.

Platelet count of >350 x10?/1 and
the presence of large platelets in a
blood smear( also stage 2 and 3)

. Presence of JAK2-"®'

F mutation

. Normal hematocrit: male <51 %,

female <48 %
erythrocytes< 6x10'%/L

Predominant proliferation of enlarged
pleiomorphic megakaryocytes with
hyperlobulated nuclei and mature
cytoplasm, lacking conspicuous
morphological abnormalities.

No increase, proliferation or immaturity of
granulopoiesis or erythropoiesis.

No or borderline increase in reticulin. RF0-1

ET stage 2

Prodromal PV

1.

2.

3.

Platelet count of >350 x10°/l and
hematocrit in normal or upper
normal range: male <51 %, female
<48, erythrocytes< 6x10'%/L

Presence of JAK2-"""F mutation

Low serum EPO level and/or
increased LAP score

Increased cellularity with trilineage
myeloproliferation (i.e. panmyelosis).
Proliferation and clustering of small to giant
(pleomorphic) megakaryocytes.

No pronounced inflammatory reaction
{plasmacytosis, cellular debris). Absence
bone marrow features consistent with
congenital polycythemia and secondary
erythrocytosis.

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

ET stage 3 ET MGM

1. Platelet count of >350 x10°/l and Increased cellularity due to megakaryocytic
no signs of leuko-erythroblastosis  granulocytic myeloproliferation (MGM).

2. No or slight splenomegaly on Normal or reduced erythropoiesis.
ultrasound Loose to dense clustering of

3. No anemia with Hb and ht in the enlarged pleiomorphic megakaryocytes
normal or lower range of normal:  with hyperploid nuclei and the presence of
=12g/dl pleiomorphic megakaryocytes with

4. Presence of JAK2-"*'"F mutation  with clumsy dysmorphic lobulated nuclei.

5. No preceding or allied of CML, PV,

RARS-T or MDS .

MNo or borderline increase in reticulin RF 0-1
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Table2. WHO-CMP criteriafor the diagnosis of Polycythemia Vera: PV

Clinical and Molecular criteria Pathological criteria (WHO)

Major PV criteria P 1.Bone marrow pathology: increased
cellularity due to trilinear increase of
erythropoiesis, megakaryopoiesis
and granulopoiesis and clustering of
small to giant (pleomorph)
megakaryocytes with

hyperlobulated nuclei.

AQ. Early PV. Hematocrit in the upper limit
of normal: Ht: 0.45 to 0.51 in male and
0.43 to 0.48 in female erythrocytes<6x10 4
A1. Classical WHO defined PV: Hematocrit
>0.51/>0.48 in male/female
Erythrocytes >6x10"/L
A2. Presence of JAK2V6E17F or exon 12
e No pronounced inflammatory
ot 2 s [P (2] £iea . reaction (plasmacytosis, cellular
spontaneous endogenous erythroid debris)
colony (EEC) formation

Absence of stainable iron.

Minor MPN criteria P 2. Selective increase of erythropoiesis,
normal granulopoiesis and
megakaryocytes of normal size,
morphology and no clustering of
megakaryocytes in primary or
secondary erythrocytosis

B1. Persistent increase of platelet count:
grade |: 400-1500, grade II: =1500
B2. Granulocytes >10 x1 0%/ or Leukocytes
>12 x10°/l and/or raised LAP-score or

increased PRV-1 expression in the

absence of fever or infection P3. Grading of reticulin fibrosis (RF)
B3. Splenomegaly on palpation or on Post PV-MF-1. MF-2 and MF-3

ultrasound echogram (>12 cm length in ’

diameter)
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Table 3. Grading of myelofibrosis (MF) according to BaumeistUSA™’, Manoharan,
UK*3® and the European consensus (EC) agreement int300Biele et df°in bone marrow
biopsies of patients with a chronic myeloproliferatdisorder.

USA® UK EC grading™® EC™®
Subjective |Subjective |Descriptive
MF 1 1+ Scattered linear fine fibers with no intersectiongMF 0

(cross-overs) and rare course reticukin fibers |Prefibrotic
MF 2 2+ Loose network of reticulin with intersections, |MF 1

3+ especially in perivascular areas, Early

no collagenization fibrotic

MF 3 4+ Diffuse and dense increase in reticulin with MF 2

extensive intersections, occasionally only focal|Fibrotic
bundles of collagen and/or focal osteosclerosis

MF 4 Diffuse and dense increased in reticulin with  [MF 3
extensive interactions with coarse bundles of |Sclerotic
collagen, often associated with significant
osteosclerosis
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Table 4.
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 (Michiels&Thiele 2002,2005)

F. F Michiels

Clinical criteria 2005

Pathological criteria 2005/2008

Al

(o]

C1

Cc2

C3

No preceding or allied other subtype of myeloproliferative
disorders CML or MDS. Main presenting feature is pro-
nounced thrombocythemia and no dry tap on bone marrow
aspiration.

JAK?2 and MPL wild type (2008 ECMP)

Clinical stages of PMF or PMGM or PDGM

Early clinical stages

Normal hemoglobin or slight anemia, grade I: hemoglobin
>12 g/dl

Slight or moderate splenomegaly on ultrasound scan or CT
Thrombocytosis, platelets in excess of 400, 600 or even
1,000 x 10°~"

Normal or increased LAF-score

No leuko-erythroblastose

Intermediate clinical stage:PDGM

Anemia grade II: hemoglobin >10g/dl

Definitive leuko-erythroblastic blood picture and/or tear drop
erythrocytes Increased LDH

Splenomegaly

Advanced clinical stage: PDGM
Anemia grade III: Hemoglobin <10g/dl

Definitive leuko-erythroblastic blood picture and/or tear drop
erythrocytes
Splenomegaly, thrombocytopenia, leukocytosis, leukopenia

B1

MF

MF-0

MF-1

MF-1
MF-2

MF-3

Dysmegakaryocytic and granulocytic myeloproliferation
(DGM) and no or relative reduction of erythroid
precursors. Abnormal clustering and increase in
atypical giant to medium sized megakaryocytes con-
taining bulbous (cloud-like) hypolobulated nuclei and
definitive maturation defects.

Staging of myelofibrosis (MF)

prefibrotic stage PMF or PDGM no reticulin fibrosis:
RFOorl
early PMF or PDGM slight reticulin fibrosis:RF 2

PMF or PDGM : slight reticulin fibrosis:RF 2
manifest AMM': marked increase in reticulin and slight
to moderate collagen fibrosis: RCF 3

overt PDGM: advanced collagen fibrosis with optional
osteosclerosis

The combinations of Al1+B1 establish PMF or PMGM : -any other criterion C or MF contributes to staging

41



Legend to thefigures

Figure 1.

The concept of Dameshek in 1950 on polycythemia vera (PV) asatrilinear

myelopr olifer ative disorder (M PD) due to one hypothetical stimulans, appeared to be
caused by the acquired JAK2V617F mutation discover ed by Vainchenker et al in 2005.
The unifying concept of Dameshek in 1951 on the chronic myeloprolifer ative disorders
(M PDs) essential thrombocythemia (ET), polycythemia vera (PV), agnogenic myeloid
metaplasia (AMM) has been broken up by the 1975 PVSG criteria and by Michielsin
1987 into Ph-positive thrombocythemia and CML complicated by myelofibrosis (MF)
and the Ph-negative MPDs ET, PV and MF either positive or negativefor the acquired
JAK2V617F mutation.

Figure 2.

Algorithm for diagnostic work-up for patients with suspected thrombocythemia as the
presenting feature of ET, early PV, prefibrotic CIMF-0, early fibrotic CIMF-1 or
refractory anemia with increased ringed sideroblasts (RARS-T)

Figure 3.

Algorithm for diagnostic wor k-up of patients with suspected polycythemia vera or
Erythrocytosis.
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