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Abstract: Polycythemia vera is a Philadelphia-negative chronic myeloproliferative neo-
plasm, characterized by erythrocytosis, which is unique, compared to essential thrombocy-
tosis and primary myelofibrosis. Though longevity can usually be expected, vascular
morbidity is associated with this condition, as well as a propensity to evolve into myelofi-
brosis (post-PV MF) and acute myeloid leukemia. In addition, patients can have a pro-
nounced symptom burden. Herein, contributors to the symptomatic burden, as well as the
thrombotic and transformative tendencies are reviewed. From a symptom perspective, some
are explained by cytokine release, others by microvascular complications, whereas certain
symptoms can herald disease evolution. Thrombosis has multifactorial contributors, includ-
ing but not limited to gender, and inflammatory stress; investigators have recently hypothe-
sized that microparticles and Neutrophil Extracellular Trap Formations may add to
thrombotic burden. Finally, we examine the progression to post-PV MF as well as leukemic
transformation, highlighting well-established risk factors including age and leukocytosis,
certain treatments, and the presence of “non-driver” mutations.

Keywords: polycythemia vera, symptomatic burden, thrombosis, myelofibrosis, leukemic
transformation

Introduction

Polycythemia vera (PV) is a Philadelphia-negative chronic myeloproliferative neo-
plasm (MPN), along with essential thrombocytosis (ET) and primary myelofibrosis
(PMF). Dr. Louis Henri Vaquez was the first to describe PV as a disease state,
which was further characterized by Dr. William Osler in 1903." In 1951, Dr.
William Dameshek classified ET, PV and PMF as “Myeloproliferative Disorders”
since they shared common features.” Three key driver mutations have been subse-
quently described in MPNs — JAK2, CALR and MPL — all of which act to
constitutively activate the JAK-STAT pathway.” © JAK2 V617F is most prevalent
in PV, compared to ET and PMF (99% vs 60%).” In 2007, the World Health
Organization (WHO) updated diagnostic and classification criteria for MPNs,
with a later revision in 2016 to include new clinical, morphological and molecular
genetic parameters.® Current criteria focus on elevated hemoglobin, hematocrit or
red cell mass levels, bone marrow changes including hypercellularity and pleo-
morphic changes, JAK2 mutational status, and subnormal erythropoietin levels.
There is some disagreement about the diagnostic criteria, discussed elsewhere.’
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Treatment of PV is aimed at reducing symptom burden,
and typically includes aspirin and phlebotomy, in addition
to cytoreductive therapies, hydroxyurea, pegylated inter-
feron and ruxolitinib.'”

This paper focuses on the disease complications asso-
ciated with PV, highlighting pathophysiology and risk
factors. The reader is directed to other comprehensive
reviews regarding diagnosis and management."' We
begin with a review of the PV symptom burden, which
can be attributed to cytokine release, microvascular dis-
turbance, or can herald disease evolution. Next we discuss
thrombosis, a hallmark complication of PV, reviewing the
role of gender, inflammation, and novel pathophysiologi-
cal contributors, including microparticles and Neutrophil
Extracellular Trap Formations (NETs). We then shift to
examine disease progression to myelofibrosis with a
review of risk factors including advanced age, leukocyto-
sis, JAK?2 allele burden and other non-driver mutations.
Finally, we end with a discussion of leukemic conversion,
with an emphasis on the prognostic implications of muta-
tions and risk from certain treatments.

Polycythemia Vera Symptom

Burden

PV symptoms can have a significant impact on patients’
overall quality of life (QOL), first demonstrated by an
important survey in 2007.'% Importantly, symptom burden
is independent from risk classification and varies by gen-
der. For example, a 2017 study by Geyer et al evaluated
the association between gender, disease characteristics and
symptom burden among 2,006 MPN patients.'® Study
results revealed that while men had higher rates of throm-
bocytopenia, transfusion requirements and shorter disease
duration, women experienced more severe and more fre-
quent symptoms, particularly abdominal and microvascu-
lar symptoms. It is noted that self-reporting of symptoms
and diagnosis can be a limitation of MPN QOL studies,
and could account for overlap in symptoms between ET,
PV, and MF. However, an important point from this body
of work, spanning more than a decade, is the symptom
burden can be significant not only in MF, but also in ET
and PV. Historically, symptom burden has been underap-
preciated in ET and PV. We view PV symptoms within
three broad categories, including those due to cytokine
release, microvascular disturbance (we discuss macrovas-
cular thrombosis in a subsequent section), or disease
evolution.

Cytokine Excess

It has been well established that patients with MPNs,
including PV, have significantly higher cytokine levels
This
increased predisposition to systemic inflammation is
thought to be in part due to the JAK2 V617F driver
mutation.'"* A 2011 analysis by Vaidya et al evaluated

compared to the general, healthy population.

the cytokine profile of PV patients (n=76) compared to a
PMF cohort (n=92) and healthy controls (n=35).'® Patients
with PV had higher levels of MIP-1a, eotaxin, GM-CSF,
IFN- o and IFN-y, compared to both PMF and healthy
patients. Patients with both PV and PMF had elevated
levels of IL-1RA, IL-7, HGF, MIG, and VEGF. Authors
also evaluated correlations between cytokine levels and
clinical outcomes, concluding the following associations
— platelet count (MIG), arterial thrombosis (VEGF,
MIP-1a, IFN- y), decreased survival (HGF, IFN- aq,
GM-CSF), among others. A 2015 review by Mondet et
al demonstrated that the majority of cytokine expression
occurs in PV and PMF, while ET patients had relatively
low levels of inflammatory markers.'® Their findings also
highlighted similar differences between PV and PMF cyto-
kine profiles compared to the prior study, but did note that
PV patients expressed higher levels of IL-5, IL-11 and
IL-23, as well.

Cytokine excess may explain such PV-associated
symptoms as fatigue, night sweats, fever, bone pain and
pruritus. These symptoms are prevalent in PV. According
to a 2007 study by Mesa et al which sought to analyze the
symptoms of 1179 MPN patients, fatigue was the most
common symptom and endorsed by 85% of PV patients
(n=344)."% For some, fatigue resulted in significant barriers
to physical activity and low quality of life ratings overall.
As an example, PV patients scored 46.5 out of 100 on the
Functional Assessment of Cancer Therapy-Anemia
(FACT-An) questionnaire, where O indicates low QOL,
and 100 is consistent with a high QOL. Additional symp-
tomatic burden included 65% (n= 263) with pruritus and
43% (n=174) suffering from bone pain.

Aquagenic pruritus (AP), is another hallmark symptom
experienced by PV, and can lead to substantial suffering. A
2013 study by Siegel et al focused on the characteristics of
AP in 441 patients and its overall effects on quality of life
by distributing a patient directed questionnaire.'’ They
found that 68% (n=301) of PV patients suffered from
AP, which can often be the first manifestation of PV,
with 65% of all patients experiencing symptoms on
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average 2.9 years before being diagnosed with the disease.
Patients typically described AP as itching (71.8%, n=216),
tickling (20.9%, n=63), stinging (30.6%, n=92), burning
(17.9%, n=54), among other descriptors. 44 patients
(14.6%) described their AP symptoms and pain as unbear-
able. Itching is most severe on the chest, back, medial side
of arms and ventral legs. The survey also asked patients
about the association between water contact and AP, with
137 (45.5%) experiencing worse symptoms with warm
water compared to cold, and 114 patients (37.9%) noting
no difference. In the majority (78.4%) of patients, AP
started less than ten minutes after water exposure. Study
authors used the 100-point European Organization for
Research and Treatment of Cancer Quality of Life
Questionnaire Core 30 (EORTC QLQ-C30) to assess
QOL metrics in PV patients with and without AP. Study
findings revealed that AP patients had overall poorer QOL
(56/100 vs 64/100). Moreover, they also experienced more
fatigue, dyspnea, pain, as well as issues pertaining to
emotional, cognitive and social functioning.

The exact mechanism whereby pruritus develops is not
completely understood, but several theories have been
proposed. A 1987 Dermatology study by Steinman found
that PV patients with water-induced pruritus had higher
levels of histamine as well as cutaneous fibrinolytic activ-
ity, which is typically seen in high levels in patients with
inflammatory vasculitides such as scleroderma.'® Jackson
et al analyzed skin mast cells, basophils and histamine
levels in 13 PV patients.'” Their study results found that
pruritus was associated with high levels of mast cells, but
not with basophil or histamine levels. A 2009 study by
Ishii et al focused on the association between mast cells
and pruritogenesis in MPN patients, by analyzing prurito-
genetic factor release in MPN patients compared to normal
controls.?® Study findings revealed that MPN-specific mast
cells produced greater levels of inflammatory markers
including histamine, leukotrienes, IL-31, as well as higher
amounts of CD34+ cells. Study authors overall concluded
that MPN mast cells possess unique inflammatory proper-
ties compared to healthy control that result in increased
pruritogenesis in this population. Vannucchi’s group eval-
uated the role of basophil activation among MPN patients,
especially as it relates to JAK2 allele burden and symptom
burden.?' A total of 78 JAK2 V617F —positive PV patients,
70 individuals with ET and 22 with PMF were included in
their analysis. Using CD63" as a cellular surface biomar-
ker for basophils, study results showed that basophil levels
were higher in PV patients compared to ET or PMF

individuals  (p<0.0001 and p=0.02,

Moreover, there was a strong correlation between JAK?2

respectively).

allele burden (less than or greater than 50 percent) and
mean basophil count (82.8448.9 versus 155.5+109.7 x
10°/L respectively; p=0.002). Overall, study authors
found that levels of circulating CD63" basophils and
JAK? allele burden were significantly higher in patients
with aquagenic pruritus compared to those without this
symptom.

Microvascular Complications

Microvascular symptoms of PV are also common and
include headaches, visual disturbances, dizziness, numb-
ness, decreased concentration, mood disturbances and
sexuality problems. A 2011 analysis by Scherber et al
sought to analyze symptomatic burden in MPNs through
two assessment tools - the 18-item Myeloproliferative
Neoplasm Symptom Assessment Form (MPN-SAF), and
the Brief Fatigue Inventory (BFI).>* Their analysis
revealed the following prevalence of the most common
vascular symptoms among a cohort of 145 PV patients,
including — headache (52.2%), dizziness (52.1%), numb-
ness (66.2%), concentration difficulties (61.2%), sad mood
(65%) and sexuality difficulties (56.8%). Of note, patients
with PV experienced more severe headaches and concen-
tration problems compared to the ET and MF cohorts.

A 2016 analysis by Geyer et al focused on sexuality
symptoms as an indicator of MPN symptom burden and
overall QOL.>* A total of 1971 MPN patients, 682 of
whom had PV, were included and completed the
MPN-SAF Sexuality Score as well as EORTC-QLQ C30
questionnaires. The MPN-SAF Sexuality Score assesses
several domains on a scale of 0 (absent symptoms) to 10
(worse imaginable). Overall study conclusions revealed
that 64% of MPN patients experience sexual dysfunction,
with 43% rating their difficulties as severe. Furthermore,
compared to healthy age-matched controls, MPN patients
had worse sexual ratings according to the MPN-SAF ques-
tionnaire (MPN-SAF score of 3.6 vs 2.0, P<0.001). More
specifically, PV patients had an average MPN-SAF
Sexuality score of 3.61, compared to 4.38 among PMF
individuals, and 3.12 in the ET cohort. Additional contri-
buting factors included age greater than 65 years old,
cytopenias, frequent transfusion requirements, and expo-
sure to certain treatments including glucocorticoids and
immunomodulators. Overall, sexual dysfunction was con-
cluded to be multifactorial and related to microvascular
disturbances, disease-related complications and treatment,
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as well as other indicators of poor QOL including
impaired social, cognitive and emotional functioning.
These microcirculatory disturbances may be explained
by increased blood viscosity or platelet hypersensitivity.
Erythromelalgia is a vasomotor complication of PV that
manifests as warmth, erythema and burning pain in the
extremities.”* In addition to pain, patients frequently
experience hand and/or feet paresthesias. Although the
pathogenesis is incompletely understood, it is thought to
be partially mediated by platelet hypersensitivity. In 1985,
Michiels et al studied the pathophysiology of erythrome-
lalgia via skin punch biopsies which revealed arteriolar
inflammation, fibromuscular proliferation and thrombotic
occlusions.?* Their team saw resolution of pain and rever-
sal of microvascular complications with aspirin and indo-
methacin but not other therapeutic agents,
highlighting the
inflammation and microcirculatory occlusion in the patho-

thereby
important role of platelet-mediated

genesis of erythromelalgia.

Symptoms That May Suggest Disease

Evolution
According to the aforementioned 2007 study by Mesa et
al, among 405 PV patients, 49% (n=198) suffered from
night sweats, 13% (n=52) had fevers, and 10% (n=40)
endorsed unexplained weight loss.'? In 2016, Dr. Mesa
and his colleagues published the multi-center MPN
Landmark Study which analyzed MPN patients’ assess-
ments of overall disease burden, QOL, activities of daily
living and work productivity, using the previously men-
tioned MPN-SAF questionnaire.”> A total of 813 indivi-
duals (MF, n=207; PV, n=380; ET, n=226) completed
the survey. Among PV patients, the following incidences
of constitutional symptoms were reported — night sweats
(45%), weight loss (12%), and fevers (5%). Interestingly,
there was no significant difference in MPN-SAF ratings
among PV patients with high versus low prognostic risk
scores (16.2 versus 16.8). Reduced QOL was endorsed by
66% of PV patients, despite a substantial proportion of
those patients having low prognostic risk scores (62%) and
low symptom severity (33%). Furthermore, 10% of PV
patients felt that their activities of daily living were limited
by pain a great deal, 63% expressed that their disease
affected their family/social life, and 37% had reduced
work hours.?

While these symptoms can be present in lower risk,
newly diagnosed patients, they are more often observed as

the disease progresses;'* onset later in the disease can may
be an indicator of progression to myelofibrosis.

Over time, PV patients develop progressive splenome-
galy. Splenomegaly in MPN is often a result of extramedul-
lary hematopoiesis due to bone marrow dysfunction and is
more common in individuals with fibrotic disease.”®*’ A
2014 review by Geyer et al evaluated the symptom severity
and clinical variables of 1334 PV patients with use of the
MPN-SAF patient survey, with ratings on a scale of 0
(absent symptoms) to 10 (worse imaginable).”® The sub-
groups analyzed included patients who had palpable sple-
nomegaly (PV-S), failed hydroxyurea (PV-HU), required
ongoing phlebotomy (PV-P), or had all three features
(PV-HUPS). Study findings revealed that PV-S patients
experienced more early satiety (3.3) and pruritus (3.8)
compared to the other groups. PV-HUPS patients had
worse patient-reported symptoms and QOL overall.

Thrombosis

Thrombosis is a well-known complication of PV that can
result in significant morbidity and mortality. It is estimated
that major thrombotic events are present in approximately
34 to 39% of PV patients at the time of diagnosis.”” The
mechanisms involved in the pathogenesis of thrombosis
are multifaceted, and involve several cell types, prothrom-
botic factors and inflammatory markers. A recent January
2019 paper by Bar-Natan and Hoffman describes a pro-
inflammatory MPN milieu — a delicate interplay between
vessel endothelium, cell adhesion molecules (including
integrins and selectins), platelet/red blood cell interactions,
and the presence of JAK2 V617F mutations.* Some of the
well-established risk factors for PV-associated thrombosis
include advanced age, disease duration, prior history of
thrombosis, erythrocytosis, leukocytosis, and JAK2 V617F
allele burden (Table 1).*!

Interestingly, MPN patients also have higher rates of
thrombosis in atypical sites. For example, there can be
involvement of the abdominal vasculature, including the
portal (PVT), hepatic (Budd-Chiari Syndrome), splenic
and mesenteric veins’?> A 2012 meta-analysis by
Smalberg et al reviewed the prevalence of MPNs in
splanchnic vein thrombosis (SVT), including Budd-Chiari
(n=1062) and PVT (n=855) patients.>* In Budd-Chiari
patients, 41% had MPNs, with PV patients comprising
53% of the MPN cohort. Among patients diagnosed with
PVT, 31.5% had an underlying MPN disorder, with subtype
analysis showing 27.5% who had PV (95% CI 19.0-38.1).
Moreover, PV was found to be more prevalent in Budd-
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Table | Unique Risk Factors For Thrombotic Complications

Risk Factor Comments

Gender Differences Women:
® | age at diagnosis

® 1 rates of AVT

Driver Mutational Status ® 1 JAK2 V6I7F allele burden

Role of Pentraxins:
® 1 hs-CRP
® | PTX3

Inflammatory Markers

Microparticles MPs associated with:
® | thrombin inhibition
® 1 CD4l

® 1 splenomegaly

Neutrophil Extracellular Trap
Formations (NETs)

Result in NETosis and apoptosis

Abbreviation: AVT, abdominal vein thrombosis.

Chiari than PVT (P=0.001). Overall, study authors conclude
that these findings highlight a need for additional workup,
such as JAK2 mutation testing, as part of the routine
workup of SVT.

A recent review by Spivak highlighted the pathophy-
siology, clinical significance, and treatment of hepatic vein
thrombosis (HVT) among PV patients, particularly young
women.” Moreover, the review proposes that HVT occurs
due to increased blood viscosity from an increased RCM,
and resultant nitrous oxide (NO) scavenging by hemoglo-
bin molecules. As a result, it is suggested that phlebotomy
is the cornerstone of management. Further, the concept of
plasma volume expansion is discussed, which can have a
masking effect, obscuring recognition and aggressive man-
agement of erythrocytosis.

There are other selected contributors to the develop-
ment of thrombotic complications, including gender differ-
ences, inflammatory markers (hs-CRP and PTX3), and the
role of microparticles and neutrophilic extracellular traps

(NETs).

Gender And Vascular Complications

It has been shown the clinical course can vary between
men and women living with MPNs. For example, women
are more likely to have ET, whereas PMF is more common
in males.'® Additional studies have shown that PV man-
ifests at a younger age in women, and women may have
lower JAK2 V617F allele burdens compared to men.>
Thrombosis burden and complications are not an excep-
tion to gender differences that exist among MPN patients.

A 2011 retrospective study analyzed the association
between gender and vascular complications among 270
JAK2 V617F —positive individuals with MPN.*>* Within
the patient cohort, 164 were women, and 63% (n=104) had
PV. There was no statistical difference in the rate of
vascular complications among subtypes of MPN. Women
were diagnosed with MPN at younger ages, with a median
age difference of 6 years (P=0.001), had lower median
white blood cell counts (9.5 vs 13.2 x 10°/L, P=0.02) and
lower rates of JAK2 V617F allele burden compared to men
(53% vs 63%, P=0.05). The prevalence of chronic diseases
including hypertension and diabetes mellitus was similar
between genders, however women had lower rates of
dyslipidemia (9% vs 25%, P=0.001) and tobacco use
(22% vs 39%, P=0.01). Despite these differences, study
findings revealed no statistically significant difference in
vascular complications between women and men (27% vs
18%, P=0.09). However, among women who had a pre-
senting vascular event during their MPN diagnosis (n=15),
60% (n=9) of these events were abdominal venous throm-
boses (AVT). This was statistically significant compared to
men who presented with AVT at diagnosis (60% vs 14%,
P=0.04).

A subsequent retrospective study in 2013 that focused
on age-specific disease characteristics of PV patients had
similar findings.*® 120 patients aged <45 years old were
compared to a cohort of 85 individuals >65 years old.
Among 32 younger individuals with vascular events,
these predominantly involved the venous system (n=18,
56%). Of a total of 18 patients with SVT, 16 were in the
younger patient cohort (P=0.0056), and 16 were female.
Hence, from the above findings we can presume that
despite significant risk factors, younger women with PV
have a higher incidence of AVT. Similar findings were
demonstrated in a 2017 analysis by How et al that focused
on the clinical and molecular risk factors for MPN-asso-
ciated SVT.*® Their review highlighted key risk factors
including younger age, female sex, JAK2 V617F muta-
tions and the presence of other hypercoagulable condi-
tions. Study authors conclude that there is a unique
interplay between activated blood cells and the splanchnic
endothelial environment in MPN disorders.

In 2011, Colaizzo and colleagues sought to evaluate
whether there are sex-specific genetic differences that alter
the natural course of JAK2 V617F positive MPNs.>” More
specifically, study authors questioned whether gender
impacts JAK2 somatic and acquired mutation status, and
the propensity to develop SVT. Among a total of 180
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patients with SVT, this included 95 women and 85 men.
38 patients (21.1%; 95% CI 15.8-27.7) had MPNs — 12
PV patients (8 women vs 4 men), 9 individuals with ET (5
women vs 4 men), and 17 MF cases (9 women vs 8 men).
Overall, 43 patients were carriers of the JAK2 V617F
mutation, with a higher frequency in women (n=29,
30.5%; 95% CI 22.1-40.4) compared to men (n=14,
16.5%; 95% CI 10.0-25.9). Moreover, women carrying
the rs12343867 CC genotype, a specific 46/1 haplotype,
demonstrated higher rates of JAK2 V617F mutations com-
pared to those without this specific genotype (60.0% [95%
CI 31.2-83.3] vs 26.8% [95% CI 18.4-37.4]; OR: 4.1;
95% CI 1.1-14.9). Overall, study authors point toward a
likely association between female sex, JAK2 V617F muta-
tions, 46/1 haplotypes, and an increased risk of developing
abdominal venous thrombosis.

Inflammatory Markers — hs-CRP And

Pentraxin

Inflammation is a well-known catalyst for thrombus for-
mation. There are several fundamental cell types, signaling
proteins and other key biomarkers involved in the inflam-
matory cascade and resultant clot formation.* Pentraxins
are a group of multimeric proteins that function as pattern
recognition proteins, and have been described as key reg-
ulators of our innate immune systems.>® Two specific
pentraxins, high sensitivity C-reactive protein (hs-CRP)
and pentraxin-3 (PTX3) have historically been studied in
cardiovascular disease with a focus on atherosclerosis.

A 2011 study by Barbui et al evaluated the role of both
hs-CRP and PTX3 in thrombotic complications among
patients with ET and PV.>* A total of 244 patients were
included — 173 ET patients, and 71 individuals with PV.
Patients had serial blood work obtained at consecutive
office visits over a median time of 5.3 years from diag-
nosis. 97% (n=69) of PV patients had a J4K2 V617F
mutation, compared to 63% (n=108) of the ET cohort.
Hs-CRP and PTX3 values were analyzed based on tertiles.
Study results revealed that individuals with the highest
levels of hs-CRP (>3 mg/L) had higher rates of major
thrombosis compared to the lowest quartile (36% vs
17%, P=0.01), as well as an increased likelihood of
JAK2 V6I17F allele burden greater than 50% (31% vs
8%, P=0.003). After accounting for confounders during a
multivariate analysis, the odds ratio of thrombus formation
remained significantly higher in patients with hs-CRP
levels above 3mg/L. Interestingly, an inverse relationship

was observed between PTX3 values and thrombotic epi-
sodes. Individuals with PTX3 levels in the first tertile
(<2.5mg/L) had more thrombotic events compared to
those with levels >4.5mg/L (39% vs 25%, P=0.045),
whereas the highest tertile carried the lowest risk of throm-
bosis. These findings were re-demonstrated in the multi-
variate analysis. Similar to hs-CRP, higher levels of PTX3
correlated with an increased JAK2 V617F allele burden
greater than 50% (27% vs 9%, P=0.01). Overall, major
thrombosis events were more prevalent within the highest
hs-CRP cohort and lowest PTX3 tertile.

A subsequent 2017 analysis by Lussana et al investi-
gated the association between MPN driver mutations and
inflammatory biomarkers including hs-CRP and PTX3.*
172 PV patients and 305 individuals with ET were
included. Results revealed a significant correlation
between JAK2 V617F homozygous status and high levels
of PTX3 (OR 1.93, 95% CI 1.44-2.59, P< (0.0001) among
both disease groups, after adjusting for factors in a multi-
variate model. There was no significant association
between hs-CRP levels and driver mutational status.
Focusing on thrombotic outcomes, this paper found similar
findings compared to the aforementioned study — higher
levels of PTX3 correlated with lower rates of thrombosis
(OR 0.57, 95% CI 0.31-1.04), whereas elevated hs-CRP
values was associated with increased thrombotic events
(OR 2.57, 95% CI 1.39-4.75). Though of interest, these
markers are not yet used in routine clinical practice to risk
stratify MPN patients.

Microparticles

Microparticles (MP) are 0.1 to 1 pm circulating membrane
fragments commonly bound to tissue factor (TF) that serve
as prothrombotic biomarkers in cardiovascular disease and

several solid tumor malignancies.*'

MPs are typically
released into the circulation after being activated by dif-
ferent cell types, especially platelets and endothelial
cells.!

A 2010 study by Duchemin et al examined MP activity
among 44 MPN patients compared to controls.** Study
results found that MPN patients had significantly higher
levels of MPs (24.0 = 9.0 nM vs 10.6 £ 44 nM, P<
0.001). They subsequently evaluated thrombin generation
in the presence of thrombomodulin (TM), an important
cofactor that inactivates thrombin, thereby acting as an
anticoagulant. Findings revealed that MPs were associated
with less thrombin inhibition (20.1 £+ 9.5% vs 28.4 &+ 11.8%,

P< 0.001), indicating that these patients have lower
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sensitivities to TM and a higher risk of thrombosis. To
further illustrate this point, after plasma was filtrated
through a 0.22 pm membrane, there was an increased
sensitivity to TM. Overall, study authors conclude that
MPs result in “TM-resistance” in patients, thereby support-
ing its role as a procoagulant.

A 2012 pilot study compared MP levels between 47
MPN patients (ET=13, PV=18, MF=12) and healthy
individuals.** Overall, there were similar levels of TF-
bearing MPs between MPN patients and controls (22.7%
vs 14.7%, P=0.16). However, MPN patients demonstrated
higher levels of TF-bearing MPs derived from CD4la
(median 7.0% vs 2.0%, P=0.009), indicating that these
particles were more likely to originate from platelets, and
may result in an increased risk of thrombosis.

In 2017, Zhang et al sought to evaluate the role of
various subtypes of MPs and their association with throm-
bosis, splenomegaly and JAK2 V617F mutation status.*’
The study included a total of 92 patients with MPN
(ET=60, PV=20, MF=12). Thrombotic complications were
seen in 23 patients, with increased MP levels compared to
the non-thrombosis group (Platelet-derived MPs (PMPs):
1989.742,023.7/uL vs 617.7+1,169.5, P<0.05). Similarly,
among MPN patients with splenomegaly (n=50), MP levels
were higher compared to the non-splenomegaly cohort
(PMPs: 1,447.5+1,873.1/uL vs 381.1£656.8/uL, P< 0.05).
Comparable results were found with higher PMP levels
among JAK2 V617F positive (n=50) versus JAK2 V617F
negative (n=42) groups (P<0.05).

A 2017 study by Taniguchi et al similarly evaluated the
association between plasma MPs and thrombosis among
59 MPN patients.** Similar to the aforementioned studies,
TF+MPs were significantly higher in patients with throm-
botic complications compared to those without (33.8/uL
vs 47.2/uL, P=0.02). Interestingly, study authors then
examined TF+MP levels in patients who had received
cytoreductive therapy compared to those who had not.
Results revealed that individuals who had not received
cytoreductive treatment had higher levels of TF+MPs
(101.2/uL vs 42.5/uL, P< 0.001).

While the role of MPNs has been illuminated in trans-
lational studies, prognostic implications from prospective,
controlled clinical studies are not available.

Neutrophil Extracellular Trap Formations
Neutrophil Extracellular Traps (NETs) are key entities of
the innate immune systems that defend host organisms
against bacteria and other pathogens.*’ They are comprised

of fundamental factors including neutrophils, DNA and
granular proteins that synergistically result in an increased
inflammatory state. NETs activation and release results in a
process called NETosis, ultimately culminating in apoptosis.
Therefore, their role has been implicated in the pathophy-
siology of disease states including sepsis, acute respiratory
distress syndrome, glomerulonephritis and cystic fibrosis.
Moreover, NETs are linked to a greater thrombotic tendency
as a result of their pro-inflammatory properties. However,
similar to MPs, NET formation cannot be assessed in rou-
tine clinical practice.

In 2016, Wolach et al examined the relationship
between NETs and thrombus formation among 14 MPN
patients compared to age-matched controls.*® They found
that neutrophils from individuals with all subtypes of MPN
had significantly higher levels of NETs compared to con-
trols (P=0.003). They subsequently incubated healthy neu-
trophils with ruxolitinib in-vitro, and noted decreased
levels of NETosis in these cells. Study authors then used
JAK2 V617F knock-in mice to evaluate the association
between NETs and thrombosis. Overall, JAK2 V617F
mutated mice (n=11) have an increased propensity for
NETs formation and higher rates of thrombosis after two
hours compared to wild-type (n=8) mice (45% vs 0%,
P=0.04). Interestingly, treatment with ruxolitinib was asso-
ciated with less thrombotic events in mice models. Wolach
and colleagues extrapolated their findings in a 2018 ana-
lysis, which commented on overall similar findings —
higher NETs formation among MPN patients compared
to healthy controls (P=0.0006), and development of a
NET-rich, prothrombotic phenotype among JAK2 mutated
mice with decreased rates of thrombosis after receiving
ruxolitinib.*’

Progression To Myelofibrosis

Fibrotic evolution to MF highlights an important disease
transformation with significant impacts on morbidity and
mortality among PV patients. According to the
International Working Group for Myeloproliferative
Neoplasms Research and Treatment (IWG-MRT) consen-
sus criteria, the diagnosis of post-PV MF requires a bone
marrow fibrosis grade >2 (3-point scale) or >3 (4-point
scale), in addition to two clinical features such as anemia,
splenomegaly, constitutional symptoms, need for phlebot-
omy and/or cytoreductive therapy, or a leukoerythroblastic
smear.*® In 2014, a group led by Passamonti developed a
prognostic model (MYSEC-PM) to predict survival in

post-PV and post-ET MF patients.*’ Variables in the
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model included: age >65 years, time to MF progression
>15 years, previous thrombosis, constitutional symptoms,
hemoglobin <10 g/dL, and circulating blast >1%. The
predictive value of MYSEC-PM was confirmed in a vali-
dation cohort (P=0.01).

The frequency of post-PV MF has been estimated to be
49 to 6% at 10 years, and 6 to 14% at 15 years.’!
According to a 2015 review by Cerquozzi and Tefferi,
the literature reveals an incidence of MF transformation
of less than 10% at a disease duration of less than 10
years.”® When analyzing the incidence among different
ethnic groups, a 2015 analysis by Bai et al showed higher
rates of post-PV MF among Chinese PV patients — 27.4%,
39.9% and 61.1% at 10, 15 and 20 years, respectively.>
There have been several prognostic factors associated with
disease transformation to MF among PV patients, includ-
ing age, leukocytosis, JAK2 V617F allele burden, and non-
driver mutational status (Table 2). Even after adjusting for
these and other variables, progression to MF shortens
survival rates among PV patients (HR 2.17, 95% CI
1.27-3.72, P=0.005).>

Advanced Age And Leukocytosis

Advanced age, typically defined as > 60 years old, is a
well-established risk factor for disease progression and
adverse outcomes among PV patients.' In 2007, Gangat
et al focused on the prognostic relevance of various factors
on disease outcomes among 459 PV patients.’* Of these,
11.8% (n=54) developed post-PV  MF.
Interestingly, among this cohort, the only statistically sig-

patients

nificant variable was age >60 years. In 2008, Passamonti

et al developed a prognostic model to predict survival in
post-PV MF patients.” Their cohort included 68 patients
who with disease transformation to MF. Results showed a
median age at diagnosis of 65 years, with a range of 44 to
81 years. A 2013 international study by Tefferi et al
analyzed the survival and prognosis of 1545 PV patients.'
In a multivariate analysis, overall survival was adversely
affected by older age. Study findings revealed a hazard
ratio of 8.5 (95% CI 5.9-12.7) among individuals >67
years old, and 2.9 (95% CI 1.9-4.4) for ages 57-66
years. A 2013 study evaluated the age-related differences
in characteristics and outcomes among a cohort of 204 PV
patients — 120 patients < 45 years old and 84 patients >65
years or older.® 12.7% of patients (n=26) had MF trans-
formation, with a median age of 54 years among younger
individuals and 77.5 years in the older population. There
were similar incidences of MF progression among the
younger cohort compared to the older (15% vs 10%,
P=0.29). However, the median number of years to disease
progression was statistically longer among younger
patients (20 years vs 8 years, P=0.035) compared to the
elderly cohort.

Leukocytosis is associated with multiple disease com-
plications among MPNss, including increased risk of arter-
ial and venous thrombosis, myocardial infarction, MF
transformation and evolution to leukemia.”® Passamonti
and colleagues highlighted similar findings specifically
focusing on post-PV MF patients. Study results revealed
that leukocyte count > 15 x 10°/L at PV diagnosis was a
significant risk factor for the development of post-PV MF
(P= 0.002).

Moreover, once diagnosed with MF,

Table 2 Risk Factors For Post-PV MF And Leukemic Transformation

Risk Factor Comments

Advanced Age 2 60 years old

Leukocytosis WBC 215-30 x 10°/L

JAK2 Allele Burden

Homozygous > Heterozygous

Non-Driver Mutations Post PV MF:

AML

® ASXLI, SRSF2, RUNXI, SF3BI, IDHI/2

® ASXLI,TP53, SRSF2, IDH1/2, RUNXI

Exposures to Therapies Leukemogenic Risk

No Leukemogenic Risk

® Phosphorus-32(*2P), Chlorambucil, Pipobroman

® Hydroxyurea (controversial), Busulfan, *Erythropoiesis stimulating agents (ESAs), *Splenectomy

Note: *Not reproducible and confounded by severe underlying disease.

submit your manuscript

366

Dove

Journal of Blood Medicine 2019:10


http://www.dovepress.com
http://www.dovepress.com

Dove

Cuthbert and Stein

leukocytosis greater than 30 x 10%/L was a useful predictor
of decreased survival. Overall, their dynamic prognostic
score focused on three variables — leukocyte count >30 x
10%/1., hemoglobin <100 g/l and platelet count <100 x
10°/1. They conclude that the presence of any of these
three risk factors results in a 4.2 fold increase in mortality.
In the aforementioned 2013 international study by Tefferi
et al, a leukocyte count >15 x 10°/1 among PV patients
was associated with a HR of 1.8 (95% CI 1.1-2.8) in the
multivariate survival analysis." Unfortunately, there is no
proof that control of leukocytosis can prevent progression.

JAK2 Allele Burden

The JAK/STAT pathway plays an integral role in normal
hematopoiesis. However, a gain-of-function mutation in
JAK?2 leads to constitutively activated JAK/STAT signaling,
thereby giving rise to myeloid neoplasms.® This hypersen-
sitivity mutation is a hallmark feature of PV, with 99% of
patients harboring the J4K2 V617F mutation.” Moreover,
there has been a correlation between higher mutant allele
burden, often characterized as homozygous versus hetero-
zygous, and worse disease outcomes. In 2006, Tefferi et al
studied the clinical phenotype of wild-type, heterozygous
and homozygous JAK2 phenotypes among a cohort of 63
PV patients.”® The JAK2 mutant allele was detected in 92%
(n=58) patients, with a 21% frequency of homozygosity.
Compared to heterozygous mutation carriers, homozygous
individuals had higher hemoglobin levels (P=0.001) and
experienced more pruritus symptoms (69% vs 38%,
P=0.04). Focusing on disease evolution, homozygous
patients had a higher rate of fibrotic transformation (23%
vs 2%, P=0.009).

A 2007 study by Vannucchi et al sought to define the
clinical profile of homozygous versus heterozygous JAK?2
mutations among a cohort of PV and ET patients.”® The
study population included a total of 962 patients, 323 with
PV and 639 with ET. The PV group had a JAK2 mutation
homozygosity frequency of 32.2%, compared to 2.2%
among ET patients. Findings revealed that homozygosity
was associated with more severe symptoms and worse
disease outcomes, including higher rates of cardiovascular
events, leukocytosis, splenomegaly, and aquagenic pruri-
tus. Focusing on disease evolution, 15 PV patients trans-
formed to a myeloid metaplasia (MMM), with an
increased frequency among homozygous carriers (11.5%
vs 1.4%, P<0.001).

A subsequent 2010 prospective study by Passamonti’s
group focused on the role of JAK2 V617F allele burden on

disease outcomes and complications in 338 PV patients.>’
Of these, 94.7% (n=320) were carriers of the JAK2 V617F
mutation. Individuals were divided into two groups — low
mutant burden (<50%) and high-mutant burden (>50%).
There were a total of eight patients with disease progres-
sion to post-PV MF, all of who were classified as high-
mutant burden carriers. Overall, study authors conclude
that mutant allele burden significantly correlated with the
risk of MF transformation (P=0.029), even in the multi-
variable analysis (P=0.03).

Novel Non-Driver Mutations

There is increasing awareness that additional non-driver
somatic mutations may add to prognostication in PV. A
2016 paper by Tefferi et al highlighted the presence of such
additional mutations and their prognostic implications.’®
Using a myeloid neoplasm-relevant 27-gene panel, this
group identified adverse variants/mutations that affected
overall, leukemia-free and myelofibrosis-free survival. A
total of 316 patients (n=133 PV, n=183 ET) at Mayo Clinic
were included as the primary cohort, with an additional 215
patients at an Italian center used as an external validation
group. Of the original Mayo Cohort with PV, 53% (n=70)
patients possessed variants other than the traditional driver
mutations, with TET2 and ASXLI as the most common.
ASXLI co-segregated with IDH2 (P=0.003) and KIT
(P=0.02), and TET? correlated closely with SH2B3
(P=0.01). Focusing on prognosis and disease outcomes,
ASXLI, SRSF2 and IDH2 were associated with worse out-
comes. On a multivariable analysis, ASXL/ (HR 2.2, 95% CI
1.1-4.3) and SRSF2 (HR 6.1, 95% CI 2.0-19.2) were sig-
nificantly correlated with inferior overall survival. For mye-
lofibrosis-free survival, there was an association with SRSF2
and RUNX1 on the univariate analysis, however only SRSF2
(HR 27.2, 95% CI 2.7-274.3) remained significant on the
multivariate analysis. Similar prognostic contributions were
shown in the Italian group — overall survival: ASXL/ (HR
2.41, 95% CI 1.3-4.5) and SRSF2 (HR 3.84, 95% CI 1.2—
12.6), myelofibrosis-free survival: ASXL/ (HR 1.9, 95% CI
1.2-3.6). Overall, study authors conclude that these sequence
variants possess important prognostic relevance for PV
patients.

A subsequent 2018 paper by Senin et al sought to
evaluate the prognostic value of non-driver mutations in
JAK2 V617F patients.”® JAK2 V617F allele burden and
next generation sequencing (NGS) of non-driver genes
was analyzed in 100 PV and ET patients with long-term
molecular follow-up. A total of 84 additional somatic
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mutations were found in the patient cohort, with the lowest
frequency seen in patients who did not progress to MF or
AML (18% mutation frequency, 1.7 new mutations x 100
person-years). The highest variant allele frequency was seen
among alterations in TET2, DNMT3A, TP53, and ASXLI.
Overall, median survival was lower in patients with addi-
tional non-driver mutations compared to those without
mutations (5 years vs 24 years, P= 0.04), with statistical
significance seen among the following gene mutations;
DNMT34 (P= 0.02), SRSF2 (P< 0.001), SF3BI
(P=0.048), IDHI1/2 (P< 0.001), and RUNXI (P= 0.003).
24 patients (18 PV and 6 ET) had MF transformation, with
higher rates seen among individuals with non-driver muta-
tions (40% vs 23%, P=0.002). The genes associated with a
higher chance of MF progression included SF3B1 (P=0.02)
and IDH1/2 (P< 0.0001). These findings highlight the prog-
nostic relevance of non-driver mutations to MF transforma-
tion and overall survival. Although not currently used
in mainstream clinical practice, their future impact is
promising.

Transformation To Leukemia

MPN blast-phase (MPN-BP) is defined as the presence of
20% or more blasts in the bone marrow or peripheral
blood.®® Patients with PV typically transition to MPN-BP
through an intermediate MF phase as highlighted above,
but direct transformation to AML can be observed. The
incidence of progression is correlated with disease dura-
tion, with 2.3% and 7.9% of PV patients with leukemic
conversion at 10 and 20 years, respectively.’ MPN-BP
carries a poor prognosis, with a median survival of 1.5 to
2.5 months in untreated patients.®' Inherent risk factors for
this progression include several that have already been
highlighted, including advanced age, leukocytosis, cyto-
kine excess and mutational status. Therapy-related neo-
plasms have been associated with certain therapies
including Phosphorus-32(>*P), and alkylating agents such
as chlorambucil, and pipobroman.®®> Moreover, individuals
treated with more than one cytoreductive therapy have a
greater likelihood of developing leukemia (18.2% vs 3.3%,
P=0.0002).°> The potential leukemogenicity of hydro-
xyurea (HU) has been a contentious area of debate.®* ¢
(Table 2).

Various mutations have been associated with leukemic
evolution of PV. The aforementioned analysis by Senin
and colleagues also focused on non-driver somatic muta-
tions associated with AML development.®® They found a
13.5% probability of AML transformation at 15 years,

with significantly higher rates among individuals with
mutations present during first sample compared to those
without (33% vs 3.6%, P<0.0001). Among 12 patients
who progressed to AML (two through a MF phase), the
following somatic mutations were significantly associated
with disease transformation: ASXLI! (P<0.0001), TP53
(P=0.01), SRSF2 (P<0.0001), IDHI/2 (P<0.0001), and
RUNXI (P<0.0001). Moreover, after accounting for con-
founding variables in a multivariate analysis, the presence
of these mutations was associated with an increased risk of
AML (HR 12.2, 95% CI 2.6-57.1, P=0.001). In the pre-
viously discussed 2016 study by Tefferi et al focusing on
non-driver mutations, univariate analysis showed signifi-
cant correlations between leukemia-free survival with
SRSF2, IDH2, and RUNXI among the PV cohort.’® On
multivariate analysis, SRSF2 (HR 74.5, 95% CI 4.4-
1261.7) and IDH?2 (HR, 55.5, 95% CI 3.5-887.4) remained
statistically significant.

Conclusion

PV can present with an array of clinical manifestations,
and a symptom burden that often causes significant mor-
bidity. Several studies have highlighted worsened quality
of life experienced by PV patients, due to a multitude of
constitutional symptoms, aquagenic pruritus and microvas-
cular complications. PV patients often experience some
level of emotional or social dysfunction, in addition to
significant sexual dysfunction that impairs interpersonal
relationships.

Morbidity and mortality in PV can stem from throm-
botic complications; historically, risk classification has
relied upon age and prior thrombosis history. However,
there is an association between gender and thrombosis.
Specifically, abdominal thromboses are more commonly
observed in women compared to men. Inflammation plays
a role in symptoms and thrombosis. Biomarkers of interest
include hs-CRP and PTX3. The pathophysiology of throm-
bosis is multifaceted, and beyond demographics, inflam-
matory markers and cell counts, microparticles and
neutrophil extracellular trap formations (NETs) may play
a role.

Several risk factors are common for both myelofibrotic
and leukemic progression, including age, leukocytosis, and
novel “non-driver” mutations. However, we also highlight
a correlation between JAK? allele burden and MF progres-
sion. In some cases, therapies worsen the natural history of
MPNs, rather than modify in a positive manner.
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In all, there have been substantial discoveries relating

to MPN-disease states, including PV, other the past several

years. A challenge for the field is to validate novel surro-

gates that may not only characterize the symptomatic

burden, but identify patients at risk for a worsening out-

come. With a greater understanding of the pathophysiol-

ogy of clinical manifestations as well as risk factors for

disease transformation, in the future, hopefully we can

provide optimal, targeted care to PV patients in order to

palliate symptoms, improve overall quality of life, and

increase overall survival for these individuals.
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