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2016 WHO Classification Scheme for Myeloid Neoplasms

Polycythemia Vera
Essential Thrombocythemia
Primary Myelofibrosis

Chronic Neutrophilic Leukemia
Chronic Eosinophilic Leukemia, NOS
MPN, unclassifiable

Chronic Myelomonocytic Leukemia
Atypical Chronic Myeloid Leukemia
Juvenile Myelomonocytic Leukemia
MDS/MPN-RS-T
MDS/MPN, unclassifiable

Chronic Myelogenous Leukemia

Acute

Chronic

Acute Myeloid Leukemia

Myelodysplastic Syndromes

Myeloproliferative Neoplasms

MDS/MPN

Myeloid/lymphoid neoplasms 
associated with eosinophilia and 

abnormalities of PDGFRA, 
PDGFRB, FGFR1, or PCM1-JAK2

Mastocytosis

Arber D et al, Blood, 2016



Case Presentation

• A 72 year-old man complains of fatigue, occasional night sweats, early satiety, 
and poor appetite, with 10-15 pound weight loss over the past few months

• Splenomegaly ~14 cm below the left costal margin

• Leukocytosis with anemia and thrombocytopenia:

• Bone marrow biopsy reveals a hypercellular marrow with megakaryocytic 
hyperplasia/atypia and 2+ fibrosis

• Cytogenetics normal, JAK2 negative, CALR type I (52 bp del) mutation positive

• NGS testing reveals a likely pathogenic ASXL1 mutation

Seg 35, bands 20, metamyelocytes

10, myelocytes 8, promyelocytes 4, 

blasts 2, teardrop RBCs, nRBCs

9.2
11318.2

What is this patient’s expected survival?

A) 10+ years

B) ~6-7 years

C) ~2-3 years

D) < 1 yr
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• Is additional testing needed to confirm the diagnosis?

• Is there a role for additional genetic testing?

• What is this patient’s overall prognosis?  Risk of transformation to AML?

• Should treatment with ruxolitinib (JAK2 inhibitor) be considered?

• Are there alternative therapies that should be considered?



Arber D et al, Blood, 2016

2016 WHO Diagnostic Criteria for Primary Myelofibrosis



Klampfl et al, NEJM 2013



Primary Myelofibrosis: Prognosis

DIPSS:

• Age >65 years: 1 point

• Leukocyte count >25,000/microL: 1 point

• Hemoglobin <10 g/dL: 2 points

• Circulating blast cells ≥1 percent: 1 point

• Presence of constitutional symptoms: 1 point

DIPSS category Points DIPSS-plus
points

DIPSS-plus
category

Low-risk 0 0 0

Intermediate-1 1-2 1 1

Intermediate-2 3-4 2 2-3

High-risk 5-6 3 4-6

Unfavorable karyotype 1

Platelets < 100,000/microL 1

RBC transfusion-dependence 1



Primary Myelofibrosis: Prognosis (DIPSS-plus)

Tefferi et al, JCO 2011



Genetic complexity and prognosis in myelofibrosis

Vannucchi et al, Leukemia 2013



Mutationally high-risk* patients

*Presence of mutation in EZH2, ASXL1, SRSF2, and/or IDH1/2

Vannucchi et al, Leukemia 2013

Genetic complexity and prognosis in myelofibrosis



Vannucchi et al, Leukemia 2013

Genetic complexity and prognosis in myelofibrosis



Guglielmelli et al, Leukemia 2014

• Presence of two or more mutations associated with worse 

LFS and OS (independent of DIPSS-plus)







MIPSS70

Training Validation

0-1 points

2-4 points

≥ 5 points

Anemia (Hgb < 10) = 1 point
Circulating blasts ≥ 2% = 1 point
Fibrosis grade ≥ 2 = 1 point
Constitutional symptoms = 1 point
Absence of CALR type-1 like mutation = 1 point
HMR category = 1 point

Leukocytosis (WBC > 25) = 2 points
Thrombocytopenia (plts < 100) = 2 points
≥ 2 HMR mutations = 2 points



MIPSS70-plus (incorporates cytogenetics)

Training Validation

Anemia (Hgb < 10) = 1 point
Circulating blasts ≥ 2% = 1 point
Fibrosis grade ≥ 2 = 1 point
Constitutional symptoms = 1 point
Absence of CALR type-1 like mutation = 2 points
HMR category = 1 point

Leukocytosis (WBC > 25) = 2 points
Thrombocytopenia (plts < 100) = 2 points
≥ 2 HMR mutations = 2 points
Unfavorable karyotype = 2 points

0-2 points

3 points≥ 7 points

4-6 points









Case Presentation

• A 72 year-old man complains of fatigue, occasional night sweats, early satiety, 
and poor appetite, with 10-15 pound weight loss over the past few months

• Splenomegaly ~14 cm below the left costal margin

• Leukocytosis with anemia and thrombocytopenia:

• Bone marrow biopsy reveals a hypercellular marrow with megakaryocytic 
hyperplasia/atypia and 2+ fibrosis

• Cytogenetics normal

• JAK2 V617F negative

• Does this additional information help guide treatment recommendations?
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• CALR type I (52 bp del) mutation positive

• NGS testing reveals a likely pathogenic ASXL1 mutation



Activation of JAK-STAT signaling in MPNs



COMFORT-I



COMFORT-I



COMFORT-I



Verstovsek et al, ASH 2012



Verstovsek et al, NEJM 2012

Mean Percent Change from Baseline in Percent JAK2V617F at Weeks 24 and 48 



Overall Survival: ITT Population 

Note: For this unplanned analysis, P-values are descriptive and nominally significant. 
*Age was the only baseline characteristic that differed significantly between treatment groups as reported in Verstovsek S, et al. N Engl J Med 

2012;366:799-807 (median age: ruxolitinib, 66 years; placebo, 70 years; P<0.05). 
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154 148 145 136 125 121 113 96 44 6 Ruxolitinib 

No. at risk 

154 

155 

HR=0.58 (95% CI: 0.36, 0.95); P=0.028 

Age adjusted HR*=0.61 (95% CI: 0.37, 0.99); P=0.040 

No. of deaths: Ruxolitinib=27; Placebo=41  

Median follow up: 102 weeks 

8 Verstovsek et al, ASH 2012



Vannucchi et al, ASH 2013



JAK inhibitors approved/in development for MPNs

JAK inhibitor    JAK2 IC50 JAK selectivity Non-JAK targets Clinical trials

Ruxolitinib
FDA approved

4.5 nM JAK1 0.6x
JAK3 72x
TYK2 4x

MF
PV
ET

Momelotinib
Phase III

18 nM JAK1 0.6x
JAK3 8.6x
TYK2 Unk

JNK1
CDK2

MF
PV
ET

Pacritinib
Phase III

22 nM JAK1 58x
JAK3 24x
TYK2 Unk

FLT3 MF

Fedratinib
Phase III

3 nM JAK1 35x
JAK3 332x
TYK2 135x

FLT3
RET

MF
PV
ET

NS-018
Phase I/II

< 1 nM JAK1 33x
JAK3 39x
TYK2 22x

SRC, FLT3, ABL MF

Minimal 
thrombocytopenia

Anemia benefit

Wernicke’s 
encephalopathy
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• Is additional testing needed to confirm the diagnosis?

• Is there a role for additional genetic testing?

• What is this patient’s overall prognosis?  Risk of transformation to AML?

• Should treatment with ruxolitinib (JAK2 inhibitor) be considered?

• Are there alternative therapies that should be considered?



Clinical Vignette
• A 67 year-old man presents for routine evaluation

• CBC reveals erythrocytosis with mild leukocytosis and thrombocytosis:
19.6

55412.2

• He generally feels well but c/o pruritus that occurs after hot showers

• PEX unremarkable, no splenomegaly

• Epo level < 1.0 (2.6-18.5)

• JAK2 V617F: positive (68.2%)

• Patient declines bone marrow biopsy

• Does the patient meet diagnostic criteria for polycythemia vera (PV)?

• Should additional testing be done?  Role for genomic profiling?

• What is this patient’s overall prognosis?  Risk of transformation to AML?

• Should he be treated with ASA, phlebotomy, and/or hydroxyurea?

• Should treatment with ruxolitinib (JAK2 inhibitor) be considered?



Overview of polycythemia vera (PV)

• Chronic myeloproliferative neoplasm (MPN)

• Characterized by erythrocytosis often accompanied by 
thrombocytosis and/or leukocytosis

• Driven by genetic abnormalities involving the JAK-STAT 
signaling pathway

• Associated with increased risk of thrombotic complications

• Propensity for transformation to myelofibrosis (MF) and/or 
secondary acute myeloid leukemia (sAML)



Oh, Gotlib, Expert Review of Hematology 2010

Genetic basis of PV

How does one mutation (JAK2 V617F) 
“cause” three different diseases?



JAK2 V617F allele burden segregates with MPN phenotype

Antonioli et al, Haematologica 2008



Vannuchi AM et al, Leukemia Sep 2007 

JAK2 V617F allele burden segregates with MPN phenotype



JAK2 V617F heterozygous and homozygous clones may co-
exist in the same patient

Godfrey et al, Blood 2012



1. Hg >18.5 g/dL in men 
and >16.5 g/dL in women, 

or other evidence of increased 
red cell volume

2. Presence of JAK2 V617F 
mutation or other functionally 
similar mutation, such as JAK2

exon 12 mutation

Bone marrow biopsy showing 
hypercellularity (for age) with 
trilineage myeloproliferation

Serum erythropoietin 
level below reference 

range of normal

Endogenous erythroid
colony formation in vivo

Diagnosing PV: WHO Criteria (2008)

Vardiman JW et al. Blood. 2009;114:937-951. 

For PV Diagnosis
 Both Major and One Minor Criteria or
 Major Criteria 1 + Any Two Minor 

Criteria

Minor CriteriaMajor Criteria 



Diagnosing PV: WHO Criteria (2016)

Arber et al, Blood 2016



PV Symptom Burden

Stein et al. JCO 2015



Symptom Burden Across MPNs

Geyer and Mesa, Blood 2014;124:3529-3537



Thrombotic Complications in PV

• Thrombotic events in 41% of the patients (arterial >> venous)

• 20% with thrombosis as presenting symptom

• 19% with thrombosis during follow-up period (3.4%/year)

Falanda and Marchetti, Am Soc Hematol Educ Program 2012

Risk Factors for thrombosis:

• Age > 60 years

• Previous history of thrombosis

• Leukocytosis

• Higher JAK2 V617F allele burden



Tefferi et al, Leukemia 2013

PV Prognosis: Disease Transformation



Tefferi et al, Leukemia 2013

PV Prognosis: Overall Survival



Causes of Death in PV

Tefferi et al, Leukemia 2013



• Low dose aspirin recommended for all patients (unless 
contraindicated)

• Phlebotomy: Goal Hct < 45

• Cytoreductive therapy (usually hydroxyurea)

– Indicated for patients at high risk for thrombosis

• Age > 60 or prior h/o thrombosis

• Alpha-interferon (younger high-risk patients)

• Ruxolitinib (JAK2 inhibitor) – for PV patients 
refractory/intolerant to hydroxyurea

Overview of Treatment for PV



Landolfi R et al. N Engl J Med. 2004;350:114-124. 

• Aspirin reduced the combined risk of non-fatal MI, non-fatal stroke, 
pulmonary embolism, major venous thrombosis, or death from 
cardiovascular causes (relative risk, 0.40)



• 365 PV patients randomized to low HCT (target < 45%) vs

high HCT (target 45-50%) groups

• HCT control via phlebotomy and/or cytoreductive therapy

• Low-dose ASA recommended for all patients unless 

contraindicated

• Primary composite endpoint – time until death from CV 

causes or major thrombotic events

What is the Goal Hematocrit in PV?



What is the Goal Hematocrit in PV?



PEG-IFN in PV

Kiladjian et al, Blood 2008 Quintás-Cardama et al, Blood 2013

• Complete hematologic response at 12 mo: 94.6%

• Complete molecular response: 7/29 (24%)

• AEs in 89% (grade 1, 2); decreasing over time

• Treatment discontinuation: 35% (24% for toxicity) 

• Complete hematologic response: 76%

• Complete molecular response: 18%

• Drug-related treatment 

discontinuation: 20%



51

Primary endpoint: phlebotomy independence and 
spleen volume reduction at week 32

Investigator-selected BAT: hydroxyurea, IFN/PEG-IFN, 
anagrelide, pipobroman, IMIDs, or observation

BAT

Week 32
(primary 
endpoint)

Week 80

n = 110

n = 112

Crossover to ruxolitiniba

• Resistance to 
or intolerance 
of hydroxyurea 
(modified ELN 
criteria)

• Phlebotomy 
requirement

• Splenomegaly

Pre-randomization 
(day −28 to day −1)

HCT 40%-45%

Extended treatment
phase

Ruxolitinib 
10 mg BID

Week 
208

Week 
208

Week 48

R

Verstovsek S et al. NEJM 2015

Phase 3 RESPONSE Study 

a At wk 32 if patients on BAT failed 
to meet the primary endpoint or 
later in case of progression 
(phlebotomy requirement and/or 
splenomegaly progression).



RESPONSE: Primary Response at Week 32

• 77% of patients randomized to ruxolitinib met at least one 
component of the primary endpoint

• 91% of patients who met the primary endpoint had a confirmed 
response at wk 48

SV: spleen volume.

Verstovsek S et al. NEJM 2015



RESPONSE: Duration of Primary Response

Verstovsek S et al. NEJM 2015



RESPONSE: Percentage Change in Spleen Volume at 
Week 32

Verstovsek S et al. NEJM 2015



RESPONSE: Improvement in Individual Symptoms

Patients with assessments at baseline and wk 32, with baseline value >0.

Median Percentage Changes From Baseline at wk 32 in Individual 
Symptom Scores (MPN-SAF)

Verstovsek S et al. NEJM 2015



Patients, n (%)

Ruxolitinib
(n = 110)

BAT
(n = 111)

All Grade Grade 3/4 All Grade Grade 3/4

All thromboembolic events 1 (0.9) 1 (0.9) 6 (5.4)
a

2 (1.8)
a

Portal vein thrombosis 1 (0.9) 1 (0.9) 0 0

Myocardial infarction 0 0 1 (0.9) 1 (0.9)

Deep vein thrombosis 0 0 2 (1.8) 1 (0.9)

Pulmonary embolism 0 0 1 (0.9) 1 (0.9)

Splenic infarction 0 0 1 (0.9) 0

Thrombophlebitis 0 0 1 (0.9) 0

Thrombosis 0 0 1 (0.9) 0

• A higher proportion of patients in the ruxolitinib arm had a history of prior 
thromboembolic events at baseline than in the BAT arm (35.5% vs 29.5%)

• There was one additional event in the ruxolitinib group over the course of 
randomized treatment (median exposure 81 wk)

RESPONSE: Thromboembolic Events Up to Week 32

a 1 patient in the BAT group had both myocardial infarction and pulmonary embolism.

Verstovsek S et al. NEJM 2015



Clinical Vignette
• A 67 year-old man presents for routine evaluation
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19.6
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Age-Related Differences in Disease Phenotype in PV

Does mutational profile play a role in the distinct 
phenotype of young vs old PV patients?



Age-Related Differences in Disease Phenotype in PV

Hypothesis: Age-related differences in clinical characteristics associated with PV 
can be attributed to intrinsic differences in the composition of genetic changes 
and resultant phenotypic and functional characteristics of the malignant clone.

Figure 2. Observed and predicted mutation rates as a function of aging. (A) Total number of validated SNVs per genome versus 
age of patient in de novo AML; M1 AML (red), M3 AML (blue), adapted from Welch et al.18 Green and yellow circles depict total SNVs 

identified in a patient with PMF transformed to sAML.17 (B) Number of validated SNVs per exome identified in each of three clones 
derived from individual HSPCs from seven healthy donors, adapted from Welch et al.18 Blue and orange circles represent predicted 

mutation rates in younger (age ≤ 45) and older (age ≥ 65) PV patients. 

Younger	cohort	
(age	≤	45)	

Older	cohort	
(age	≥	65)	

A B 



Age-Related Differences in Disease Phenotype in PV

Objective: To identify differences in the spectrum of genetic changes 
present in younger and older patients with polycythemia vera

• Exome capture sequencing of 10 younger (age ≤ 45) and 11 older 
(age ≥ 65) PV patient samples

• Identify somatic mutations in both cohorts

• Validate mutation hierarchy by genotyping single cell-derived 
clones



JAK2 V617F allele burden in young vs old PV patients



Mutational load in young vs old PV patients

• Young PV avg. 3.4 mutations / patient (1.6 mutations in target genes/patient)
– Estimate from Welch paper of normal aging would be ~4 mutations

• Old PV avg. 10.9 mutations/patient (2.9 mutations in target genes/patient)
– Estimate from Welch paper of normal aging would be ~9 mutations



Mutational load in young vs old PV patients
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• 0/7 young PV patients 
with likely cooperating 
mutations 

• 9/10 old PV patients with 
likely cooperating 
mutations



Clonal hierarchy in old PV patients

208617 149502 336362 513884 569292 570655 478806 513509 374024 673286
0

20

40

60

80

100

old cohort patient samples

v
a

ri
a

n
t 
a

ll
e

le
 

fr
e

q
u

e
n

c
y

 (
%

) JAK2

ASXL1

TET2

DNMT3A

CHEK2

FOXP1

NFE2

pre-JAK2

coincident
  w/JAK2post-JAK2

• 2/9 pts with mutations likely acquired before JAK2

• 4/9 pts with mutations likely acquired after JAK2

• 3/9 pts with mutations likely acquired coincident with JAK2



Clonal hierarchy in old PV patients
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Ongoing studies/outstanding questions

• Germline analysis ongoing – are  there variants that modify the 
likelihood of acquiring PV at young vs old age?

• ET patients also have low JAK2 V617F allele burden – what factors 
differentiate ET from young PV patients?

• Does the inflammatory milieu play a role in determining age-
associated PV phenotype?

• Validation in a larger cohort of young vs old PV patients


