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Polycythemia vera in 20–30% of cases progresses towards post-polycythemic myelofibrosis, an advanced phase
characterized by decreased red blood cells counts and increasing splenomegaly with extramedullary
hematopoiesis. There is evidence that the presence of neutrophilic leukocytosis at polycythemia vera disease
outset is associated with an increased risk of recurrent thrombosis. However, its clinical significance when
developing later in the course of the disease is not well defined. Over a period of 8 years we identified from the files
of two reference centers 10 patients (7M/3F, median age: 68 years) who developed persistent absolute leukocytosis
≥13×109/l (median: 25.1×109/l; range: 16.1–89.7×109/l) at or around the time of diagnosis of post-polycythemic
myelofibrosis (median interval from diagnosis:0 months; range: −6/31) and persisted for a median period of
13 months. Peripheral blood smears showed numerous neutrophils without dysplastic features and, in four, ≥10%
immature myeloid precursors. In five cases, corresponding marrow specimens obtained at or immediately after the
onset of leukocytosis showed a markedly increased myeloid:erythroid ratio due to granulocytic proliferation. No
change in JAK2 and BCR-ABL1 status or cytogenetic evolution was associated with the development of
leukocytosis. The mutational status of CSF3R, SETBP1, and SRSF2, genes associated with other chronic myeloid
neoplasms where neutrophilic leukocytosis occurs, was investigated but all cases showed wild-type only alleles.
Four patients died after developing leukocytosis and one experienced worsening disease. Compared with a control
group of post-polycythemic myelofibrosis patients (n=23) who never developed persistent leukocytosis, patients
with leukocytosis showed higher white blood cells counts and a shorter overall survival. This is the first study
describing the development of significant neutrophilic leukocytosis during advanced stages of polycythemia vera;
it includes comprehensive hematologic, marrow morphological, molecular, and clinical data. Our findings suggest
that persistent leukocytosis occurring at or around the time of progression to post-polycythemic myelofibrosis is
associated with an overall more aggressive course of the disease.
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Polycythemia vera, one of the classic Philadelphia
chromosome/BCR-ABL1 negative myeloproliferative
neoplasms, is a relatively indolent disease with a

median survival time from diagnosis commonly
exceeding 10 years with current therapies. Poly-
cythemia vera is associated with an increased
cardiovascular risk with at least 20% of deaths
caused by thromboembolic or hemorrhagic compli-
cations. It consists of a polycythemic phase char-
acterized by a mild to overt excess of red blood cells
with increased hemoglobin and hematocrit values
often associated with reduced erythropoietin
levels1–4 and a distinctively panmyelotic hypercel-
lular bone marrow. This polycythemic phase may be
followed by myelofibrotic phase, which occurs after
10–15 years from the onset in 20–30% of cases. This
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late disease stage, which is usually referred to as
post-polycythemic myelofibrosis, is characterized by
moderate to severe bone marrow fibrosis with
collagen deposition, decreasing blood counts
and worsening splenomegaly due to the develop-
ment of extramedullary hematopoiesis.1,5,6 Post-
polycythemic myelofibrosis is most likely the result
of progressive accumulation of multiple genetic
abnormalities occurring during the course of
polycythemia vera. Patients with post-polycythemic
myelofibrosis display a significantly higher
frequency of complex karyotypes often with multiple
clones when compared with patients in polycythe-
mic stage, as described in a recent study from our
group.6 Progression toward acute myeloid leukemia
is observed in 10–20% of all polycythemia vera cases
and occurs more often during the post-polycythemic
myelofibrotic stage. This blast phase clinically
manifests as rapidly progressing marrow failure with
presence of ≥20% blasts in bone marrow or
peripheral blood. In some patients clinical progres-
sion toward acute leukemia is abrupt, whereas in
others transformation can be preceded by an ‘accel-
erated phase’ characterized by ≥ 10% myeloblasts in
bone marrow and/or peripheral blood, with or
without concurrent myelodysplastic syndrome-like
morphologic changes.

According to current diagnostic criteria, myelofib-
rotic progression and accelerated/leukemic blast
phase represent the only forms of disease progression
recognized in polycythemia vera. However, in patients
with Philadelphia chromosome negative myeloprolif-
erative neoplasms, especially in those with a long-
standing disease, additional less common and yet not
well-recognized manifestations of disease progression
may occur. In this regards, it has been recently
reported by our group7 that a small subset of patients
with primary myelofibrosis can develop during their
disease a sustained absolute monocytosis in periph-
eral blood associated with morphologic changes in
marrow resembling those typically seen in patients
with chronic myelomonocytic leukemia.8,9 This
occurrence, which is associated with poor prognosis,
was considered to be evidence of disease progression.7

In polycythemia vera elevated leukocyte counts at
disease onset or early during the polycythemic phase
of the disease have been identified recently as an
independent unfavorable prognostic factor in a few
series.10,11 The mechanisms determining the negative
impact of leukocytosis on survival have not been
defined yet, although a few studies have shown that
neutrophilia can favor platelet activation and
increase the risk of thrombotic events.12,13

In this study we describe the clinical and
morphologic features of patients with polycythemia
vera who developed persistent and significant
neutrophilic leukocytosis for the first time at or
around the time of their progression to post-
polycythemic myelofibrosis. In these patients no
increase in the number of blasts, other evidence of
accelerated phase/blast phase or increase in the

percentage of monocytes were observed. Our study
provides for the first time comprehensive clinical,
laboratory, cytogenetic, and molecular data seen
in these patients, in addition to their detailed
peripheral blood and bone marrow findings
and a comparison with a control group of post-
polycythemic myelofibrosis patients who never
developed persistent leukocytosis.

Materials and methods

Case Selection

We reviewed the cases of polycythemia vera in the
files of the Department of Pathology and Laboratory
Medicine of Weill Cornell Medical College/New
York Presbyterian Hospital in New York City and
of the Department of Pathology of IRCCS Ca’ Granda-
Ospedale Maggiore Policlinico Foundation in Milan
to identify polycythemia vera patients progressed to
post-polycythemic myelofibrosis. Among 280
patients diagnosed with polycythemia vera between
2006 and 2013, 55 cases of post-polycythemic
myelofibrosis were identified. In 10 of the patients,
the clinical records were incomplete and those cases
were excluded. Review of the clinical charts identi-
fied 10 patients who developed for the first time
significant leukocytosis, defined as a white blood
cells (WBC) count ≥13× 109/l persistent for at least
3 months within 6 months before the histological
diagnosis of post-polycythemic myelofibrosis or at
any time after the diagnosis of post-polycythemic
myelofibrosis, and for whom CBC results and
peripheral blood smear and bone marrow examina-
tion were available. None of the selected cases had
shown leukocytosis at the onset of polycythemia
vera or earlier during the polycythemic phase of the
disease. Careful review of the clinical data of these
post-polycythemic myelofibrosis with leukocytosis
patients allowed the exclusion of any eventual
clinical condition or treatment known to be possibly
associated with reactive leukocytosis and neutro-
philia. Of the remaining 35 post-polycythemic
myelofibrosis cases that did not develop persistent
significant leukocytosis, 23 for whom CBC results
and peripheral blood smear and bone marrow
examination were available were selected as
controls. Their clinical and morphological features
and survival were compared with those of post-
polycythemic myelofibrosis cases with leukocytosis
and they served as a control group. None of the
selected control group patients had shown leukocy-
tosis at the onset of polycythemia vera or earlier
during the polycythemic phase of the disease. The
remaining 12 post-polycythemic myelofibrosis cases,
which included mostly consultation cases, were
not studied owing to the suboptimal quality of their
bone marrow specimens and/or lack of peripheral
blood smear.
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The design of the study was approved by the
Institutional Review Boards of Weill Cornell Medical
College, IRCCS Ca’ Granda-Ospedale Maggiore Poli-
clinico Foundation and University of Tubingen.

Morphologic Analysis

Histologic sections of the post-polycythemic myelofib-
rosis bone marrow biopsy, bone marrow aspirate and
peripheral blood smears were reviewed by AO, LB,
and UG. When possible, the initial bone marrow
biopsy diagnostic for polycythemia vera was also
reviewed; in cases in which the initial bone marrow
biopsy was not available, eg, cases with an outside
diagnosis, the original pathology report and patients’
clinical history was carefully reviewed to make sure
the clinical diagnosis of polycythemia vera was well
established at the time of disease presentation and
during the ensuing follow-up, according to the criteria
published by the WHO in its 2008 monograph.1

Bone marrow biopsies from Weill Cornell Medical
College were fixed in Bouin’s solution, decalcified in
a nitric acid solution and embedded in paraffin;
biopsies from Ospedale Maggiore Policlinico were
fixed in neutral buffered formalin, decalcified in
ethylenediaminetetraacetic acid and embedded in
paraffin. Sections from each case were stained with
hematoxylin and eosin and Giemsa staining for
morphologic examination and Gomori’s silver
impregnation and Masson’s trichrome staining to
evaluate fibrosis.2 The degree of bone marrow
fibrosis was assessed by using the European Con-
sensus Grading System.14 Bone marrow aspirates
and peripheral blood smears corresponding to the
bone marrow biopsies were stained with Wright–
Giemsa staining. All cases were immunostained with
monoclonal antibodies for myeloperoxidase, glyco-
phorin C, CD42b, CD34, and CD117 using external
negative and positive controls.

Cytogenetic and Molecular Analysis

Results of conventional cytogenetic analysis and of
Florescence in situ hybridization were reviewed
when available. Molecular analysis for the determi-
nation of the JAK2 phenotypes was performed on
peripheral blood samples obtained close to the time
of bone marrow examination. Mutations of exon 14
and the hotspot region (amino acids 739–795) of
exon 17 of CSF3R, of the hotspot region of exon 4
(amino acids 830–892) of SETBP1 and of the hotspot
region around P95 of SRSF2 were investigated using
DNA extracted from paraffin sections.15,16

Follow-up

Follow-up data were available for all patients. Over-
all survival was calculated as the interval from the
first diagnosis of polycythemia vera to the last

follow-up visit; survival times from the diagnosis of
post-polycythemic myelofibrosis, from the onset of
leukocytosis to the last contact with patient or death
and also total duration of leukocytosis were calcu-
lated. In case of death, the specific cause was
recorded.

Statistical Analysis

Statistical analysis were performed with the SPSS
statistics 17 software (SPSS, Chicago, IL, USA). For
all statistical tests a P-value o0.05 was considered
significant. All tests were two-sided. T-test was
performed to evaluate differences in continuous
variables as, eg, hemoglobin, white cells, neutro-
phils, and platelets counts, absolute cellularity and
myeloid:erythroid ratio. Pearson Chi-squared test
was used to evaluate proportions. Survivals in the
neutrophilic post-polycythemic myelofibrosis
patients and in the control group were described by
Kaplan–Meier curves and differences evaluated with
log-rank test.

Results

Cases

The cohort of post-polycythemic myelofibrosis
patients who developed leukocytosis was composed
of seven men and three women with a median age of
68 years. In three patients (30%) leukocytosis was
present at time of post-polycythemic myelofibrosis
diagnosis, in three (30%) it developed within
6 months before the diagnosis, and in the remaining
four (40%) after the diagnosis. The median time from
diagnosis to development of leukocytosis was
0 months. Median duration of leukocytosis was
13 months (see Table 1). The median absolute number
of leukocytes was 25.1×109/l with neutrophils
accounting for ≥75% of total WBC in 9 out of 10
cases (Table 2). Increased WBC and absolute neutro-
philia and were variably associated with hemoglobin
levels and platelets counts. None of the patients had
undergone splenectomy at time of diagnosis of post-
polycythemic myelofibrosis but most (7 out of 10)
showed splenomegaly. Data about treatment during
the polycythemic phase was available for nine cases:
all patients had received phlebotomies, hydroxyurea,
anagrelide, and aspirin in various combinations;
patient 6 had also received interferon and melphalan;
during the myelofibrotic phase, phlebotomies were
suspended in all patients and most of them continued
receiving aspirin variously combined with hydroxy-
urea and ruxolitinib; patient 2 was treated exclusively
with interferon (Table 3).

The clinical features of the 23 cases of the control
group are summarized in Table 4. Age, sex distribu-
tions, overall disease length, and follow-up times
both before and after the diagnosis of post-
polycythemic myelofibrosis were similar to those of
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the post-polycythemic myelofibrosis cases with leu-
kocytosis (Table 4). Control cases had been treated
during the polycythemic phase similarly to the cases
group, using phlebotomies and various combinations
of hydroxyurea, anagrelide, and aspirin; at time of
post-polycythemic myelofibrosis diagnosis phlebot-
omies had been suspended in all cases. Compared
with the neutrophilic cases, control cases showed
lower WBC and neutrophil counts (P=0.001 and
0.007, respectively) and also a lower absolute mono-
cyte count. However, when comparing the percen-
tage of monocytes, no difference was noted. All other
features were similar in the two groups.

Morphologic and Immunohistochemical Analysis of
Bone Marrow

Marrow fibrosis was measured as grade 2 in 7 cases
(70%) of post-polycythemic myelofibrosis with
leukocytosis and as grade 3 in the remaining 3
(30%). Cellularity was increased for the age in all
cases (mean: 95%). Megakaryocytes showed marked
polymorphism ranging from cells displaying
normally folded nuclei to hyperlobulated and/or
abnormally lobulated ones. Tight clusters of mega-
karyocytes were only rarely observed. None of
the cases showed an increased number of blasts,
with CD34+ cells ranging between 1 and 2% in all.
Five marrow biopsies (50%) displayed a markedly
increased myeloid proliferation with preponderance
of mature neutrophilic forms (Figure 1), which was
reflected by the increased myeloid:erythroid ratio
ranging between 6:1 and 17:1 observed in the
corresponding bone marrow aspirate smear; the
remaining five marrows showed a normal or only
mildly increased myeloid:erythroid ratio, ranging
from 1 to 5:1. For case 10, two sequential biopsies
taken during post-polycythemic myelofibrotic stage
before and after the development of leukocytosis
were available for review. In the second one the

myeloid:erythroid ratio was markedly increased
compared with the first biopsy (6:1 vs. 1:2, respec-
tively). However, no other changes were observed,
including degree of marrow fibrosis (grade 2) and the
percentage of CD34+ blasts (1%). In case 2, the
spleen was removed a few months after the diagnosis
of post-polycythemic myelofibrosis and the onset of
leukocytosis: morphologic analysis showed diffuse
extramedullary hematopoiesis with preponderance
of neutrophilic granulocytes stuffing the red pulp.

The morphologic findings seen in the control
group are found summarized in Table 4. In the
comparison between the control and the neutrophilic
group the proportion of marrows with grade 3 fibrosis
was slightly higher and the mean myeloid:erythroid
ratio was lower among controls (P=0.02 for both),
whereas other morphologic features were similar.

Peripheral Blood Smear

Peripheral blood smears showed mostly cytologi-
cally unremarkable neutrophils in all cases of post-
polycythemic myelofibrosis with leukocytosis
(Figure 1). Significant nuclear hypersegmentation
was observed only in one case (case 3). Immature
myeloid elements accounted for ≥ 10% of peripheral
blood white cells in four patients (cases 2, 3, 4, and 7,
Table 2). In three (cases 2, 3, and 4) this feature was
associated with the presence of marked myeloid
proliferation in the bone marrow and an elevated
myeloid:erythroid ratio, whereas in case 7 the
myeloid:erythroid ratio was only borderline ele-
vated. Cases with o10% of circulating immature
myeloid elements showed a normal myeloid:ery-
throid ratio, except for case 9. All cases, including
those cases with higher percentages of circulating
immature elements, showed ≤2% blasts in both
marrow and peripheral blood (Table 2).

In the control group the percentage of circulating
immature myeloid elements was comparable to that

Table 1 Age, sex, total duration of leukocytosis, interval from post-polycythemic myelofibrosis diagnosis to onset of leukocytosis, follow-
up time after the development of leukocytosis, and overall survival from the diagnosis of polycythemia vera in patients with post-
polycythemic myelofibrosis and leukocytosis

Case Age Sex
Total duration of

leukocytosis (months)
Post-PV MF/onset of

leukocytosis interval (months)
Survival after onset of
leukocytosis (months) OS (months)

1 53 F 3 0 13 120
2 74 F 14 6 16 279
3 70 M 11 0 27 72
4 67 M 14 5 15 54
5 75 M 14 1 45 190
6 71 F 4 4 88 300
7 59 M 15 0 35 253
8 69 M 3 26 40 170
9 68 M 12 31 32 210
10 50 M 16 23 16 171
Range 50/75 — 3/16 6/31 13/88 54/300
Mean 66 — 11 7 33 182
Median 68 — 13 0 29 181

Abbreviations: F, female; FU, follow-up; M, male; OS, overall survival; Post-PV MF, post-polycythemic myelofibrosis.
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observed in the neutrophilic group (9% vs 7%,
respectively; Table 4): higher values were observed
in cases with grade 3 marrow fibrosis. Blast counts
were not increased in any of the control cases.

Cytogenetic Analysis

Cytogenetic results were available in 8 out of 10
patients with post-polycythemic myelofibrosis and
leukocytosis. Five cases showed a normal karyotype
(62%) whereas three (38%) displayed chromosomal
abnormalities. Only case 2 showed a complex
karyotype, ie, with ≥ 3 alterations, and multiple
clones (Table 2). Cytogenetic results were available
for 18 of the control cases: 6 (33%) showed a normal
karyotype, whereas 12 (66%) showed alterations
with 5 complex karyotypes. Abnormal karyotypes
were more frequent in the control group, although
only a borderline statistical significance was reached
(P=0.08). All cases in both groups were negative for
t(9;22) and BCR-ABL1 and there was no cytogenetic
evolution or change in BCR-ABL1 status associated
with the development of leukocytosis.

Molecular Analysis

All cases, both in the neutrophilic cases and in the
control group, were positive for JAK2V617F muta-
tion. All cases of post-polycythemic myelofibrosis
with leukocytosis showed wild-type alleles for
CSF3R, SETBP1, and of SRSF2.

Survival Analysis

Four (40%) of the neutrophilic post-polycythemic
myelofibrosis patients (cases 2, 4, 7, and 8) died at a
median interval of 11 months after the onset of
leukocytosis, three (30%) of causes related to the
progression of polycythemia vera and one from

unrelated causes (case 8). The latter was excluded
from the survival analysis. An additional patient
(case 3) showed worsening disease and became
transfusion dependent (Table 3). Among the 23
controls only 2 (9%) died, both from progression of
disease to blastic phase. Survival analysis showed a
significantly shorter overall survival from time of
polycythemia vera diagnosis in patients with leuko-
cytosis compared with controls (log-rank test:
P=0.046; Figure 2). When comparing survival from
the time of post-polycythemic myelofibrosis diagno-
sis, no difference was noted between the two groups.

Discussion

Prognostic evaluation of polycythemia vera is pri-
marily based on clinical features and blood count
results obtained at the time of diagnosis. Two types
of disease progression are currently recognized for
polycythemia vera in the WHO 2008 classification: a
late stage dominated by marrow fibrosis and
hematopoietic failure, termed post-polycythemic
myelofibrosis and leukemic transformation usually
separated into accelerated and blast phases.1 Fibrotic
evolution and blast/accelerated phase are forms of
progression that polycythemia vera shares with other
myeloproliferative neoplasms. However, other rarer
types of progression may also be observed in
myeloproliferative neoplasms. Our group has
recently reported that some patients with primary
myelofibrosis may undergo a form of disease
acceleration characterized by the development of
sustained absolute monocytosis with marrow
changes resembling those seen in chronic myelomo-
nocytic leukemia.8,9

In this study we describe for the first time a group
of polycythemia vera patients that developed persis-
tent significant leukocytosis around the time or after
their evolution to post-polycythemic myelofibrosis

Table 2 Summary of the main morphologic features of post-polycythemic myelofibrosis biopsies and of WBC and neutrophil counts at
time of biopsy. Karyotype and molecular status of JAK2 are also reported

Case

BM
fibrosis
grade M/E ratio

CD34+
blasts in

BM Hb gr/dL
WBC
×109/l

Neutrophils
× 109/l (%)

Monocytes
× 109/l (%)

Platelets
×109/l

Immature
myeloid
cells in
PB %

Blasts %
in PB Karyotype JAK2

1 2 3/1 0% 14.4 17.5 13.1 (75) 0.5 (3) 595 o1% 1% 46,XX Mutated
2 3 17/1 2% 10.4 81.3 50.4 (62) 4.0 (5) 217 14% 2% 46,XX,del(13)(q12q14)[14]/

46,idem,+add(1)(p11),− 6[5]/
46,idem,del(4)(q21)[1]

Mutated

3 3 9/1 0% 12.4 89.7 70.9 (79) 1.8 (2) 223 15% 1% 46,XY Mutated
4 3 9/1 1% 10.2 22.2 18.6 (84) 1.1 (5) 572 10% 2% na Mutated
5 2 1/1 1% 13.6 19.7 16.5 (84) 0.8 (4) 352 o1% 2% 48,XY,+8,+9[2]/46XY[17] Mutated
6 2 3/1 2% 14.1 18 15 (83) 0.5 (3) 562 4% 0% na Mutated
7 2 5/1 1% 13.9 72.6 60.8 (84) 2.2 (3) 267 16% 0% 46,XY Mutated
8 2 3/1 1% 14.2 16.1 14.1 (87) 0.6 (4) 403 5% 0% 46,XY Mutated
9 2 8/1 2% 13 27.9 25.7 (92) 0.8 (3) 110 o1% 0% 46,XY Mutated
10 2 6/1 1% 11.2 43 35.5 (83) 1.3 (3) 1434 o1% 1% 46,XY,+1,der(1;15)(q10;q10)

[13]/46,XY[16]
Mutated

Range 1–17/1 0–2% 8.5–14.4 16.1–89.7 13.1–70.9 (62–92) 0.5–4.0 (2–5) 110–1434 o1–16% 0–2%
Mean 6.4/1 1.1% 12.7 40.8 32.1 (81) 1.4 (4) 473.5 7% 0.9%
Median 5.5/1 1% 13.3 25.1 22.2 (84) 1 (3) 377.5 5% 1%

Abbreviations: BM, bone marrow; Hb, hemoglobin; M/E ratio, myeloid:erythroid ratio; na, not available; PB, peripheral blood; WBC, white
blood cell.
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and show that this occurrence is associated with a
worse overall survival. There is previously pub-
lished information dealing with leukocytosis and
neutrophilia in patients with polycythemia vera.
Tefferi et al.11 and Bonicelli et al.10 have recently
identified leukocytosis (WBC: 413 or ≥15× 109/l,
respectively) occurring in polycythemia vera at
diagnosis or during the polycythemic phase as an
independent adverse prognostic factor, confirming
early preliminary observations.17,18 However, all
these previous studies were focused exclusively on
patients in polycythemic phase (not post-polycythe-
mic) and lacked detailed WBC differential counts

and/or a description of the observed bone marrow
findings. In the present study we adopted the
threshold of ≥13× 109/l WBC to define significant
leukocytosis because this cut-off is commonly used
in the WHO 2008 monograph to define leukocytosis
in the setting of different myeloid entities.19–22

Marked myeloid proliferation and markedly
increased myeloid:erythroid ratio are not features
commonly observed in polycythemia vera marrows,
as highlighted by the comparison of neutrophilic
cases with the cases of the control group. The
appearance of a ‘myeloid shift’ in marrow morphol-
ogy seems to be strictly associated with the onset of

Table 3 Summary of treatment regimens, prior and following the development of leukocytosis, and of clinical status of patients

Treatment Clinical Status

Case Polycythemic phase Post-PV MF
Thrombotic/

hemorrhagic events Post-neutrophilia Cause of death

1 Phlebotomies, hydroxyurea Aspirin, hydroxyurea na Alive
2 Phlebotomies, hydroxyurea,

anagrelide
Interferon na Dead Worsening

cytopenias
3 na Aspirin, azacitidine Portal and splenic

vein thrombosis
Worsening anemia and
thrombocytopenia with
circulating blasts

4 Phlebotomies Hydroxyurea,
anagrelide

na Dead Hemorrhagic shock
due to GI bleeding

5 Phlebotomies, aspirin, hydroxyurea Aspirin, hydroxyurea 0 Alive
6 Phlebotomies, aspirin, hydroxyurea,

interferon, melphalan
Aspirin, hydroxyurea 0 Lost at follow-up

7 Phlebotomies, aspirin, hydroxyurea aspirin 1 TIA Dead AML
8 Phlebotomies, aspirin, hydroxyurea Aspirin, hydroxyurea DVT Dead Progression of SCC

of penis
9 Phlebotomies, aspirin Aspirin, hydroxyurea 0 Alive
10 Phlebotomies, aspirin, hydroxyurea Aspirin, hydroxyurea,

ruxolitinib
0 Alive

Abbreviations: AML, acute myeloid leukemia; DVT, deep vein thrombosis; GI, gastrointestinal; na, not available; Post-PV MF, post-polycythemic
myelofibrosis; SCC, squamous cell carcinoma; TIA, transient ischemic attack.

Table 4 Comparison of the clinical and morphological features of the patients in the control group and the post-polycythemic
myelofibrosis patients with leukocytosis. Mean values are reported, unless otherwise specified

Control group (n=23) Post-PV MF with leukocytosis (n=10) P-value

Age (range) 65 (45–79) 66 (39–75) NS
Sex (M/F) 16/7 7/3 NS
Hemoglobin (g/l) 11.8 12.7 NS
WBC ×109/l 14.4 40.8 0.001
Neutrophils × 109/l (%) 11.5 (72) 32.1 (81) 0.007 (0.06)
Monocytes × 109/l (%) 0.4 (4.2) 1.4 (4) 0.01 (NS)
Platelets × 109/l 280.1 473.5 NS
Splenomegaly (yes/no) 17/2 7/3 —

Cytogenetics (normal/altered) 6/12 5/3 NS
JAK2V617 (mutated/WT) 23/0 10/0 NS
Cellularity (%) 90 95 NS
Marrow fibrosis: grade 2/grade 3 (ratio) 8/15 (0.5) 7/2 (3.5) 0.02
Myeloid:erythroid ratio 6.4 3.9 0.02
CD34+ blasts in marrow (%) o1 1.1 NS
Circulating immature myeloid elements (%) 9 7 NS
Circulating blasts (%) 1 o1 NS
Median overall survival (months) 252 181 —

Median FU after Post-PV MF diagnosis (months) 38 37 —

Mortality due to disease progression 9% 30% —

Abbreviations: F, female; FU, follow-up; M, male; NS, not significant; Post-PV MF, post-polycythemic myelofibrosis; WBC, white blood cells; WT,
wild type.

Modern Pathology (2015) 28, 1448–1457

Leukocytosis in Post-PV MF

L Boiocchi et al 1453



peripheral neutrophilia: the comparison of bone
marrow biopsies taken before and after the onset of
neutrophilic leukocytosis and also the morphologic
examination of a spleen removed during the myelo-
fibrotic phase showed that both marrow and extra-
medullary hematopoiesis were dominated by a
granulocytic proliferation composed of segmented
neutrophils. However, a marked myeloid shift was
not evident in all cases.

The findings observed in these cases of post-
polycythemic myelofibrosis with leukocytosis and
neutrophilia can pose diagnostic difficulties. From a
morphological point of view, some of these case may
in fact superficially resemble chronic neutrophilic
leukemia, a rare subtype of BCR-ABL1 negative
myeloproliferative neoplasm20 characterized by the
prevalence of normally segmented, non-dysplastic
neutrophils. In five of our post-polycythemic myelo-
fibrosis cases with neutrophilia, similarly to chronic

neutrophilic leukemia, the bone marrow biopsies
showed a striking myeloid proliferation with abun-
dance of neutrophils, high myeloid:erythroid ratios,
no increase in the number of blasts and, again, no
evidence of significant dysplasia. In contrast, in other
four cases the presence of ≥10% immature myeloid
cells in peripheral blood in addition to the presence
of a WBC ≥13×109/l may suggest a diagnosis of
atypical chronic myeloid leukemia BCR-ABL1 nega-
tive, a rare myelodysplastic/myeloproliferative neo-
plasm, but the absence of dysplastic features in our
cases tended to exclude such possibility. Although
we observed an increase in the absolute counts of
monocytes in the case group compared with the
control group, the percentage of monocytes never
exceeded 5%. Thus, the increase in monocyte count
seen in cases of post-polycythemic myelofibrosis
with neutrophilia most likely represents a minor
consequence of the high WBC.

Figure 1 Bone marrow biopsy of a case of post-polycythemic myelofibrosis with leukocytosis (case 2). (a and b): (a, × 10 magnification, b,
× 20) hypercellular bone marrow with a marked neutrophilic proliferation. Note the presence of pleomorphic megakaryocytes consistent
with polycythemia vera. The megakaryocytes’ morphology seen in the neutrophilic cases of post-polycythemic myelofibrosis was not
different from that observed in the cases included in the control group. (c and d): reticulin (c, × 10) and trichrome (d, × 10) stains showing
grade 3 fibrosis that confirmed the diagnosis of post-polycythemic myelofibrosis. (e and f): (e, × 40; f, × 60) peripheral blood smear showing
markedly increased WBC with neutrophilia and increased number of circulating immature myeloid precursors (WBC: 81.3 × 109/l, 62%
neutrophils). (g and h): (g, × 20; h, × 20) spleen removed a few months after the onset of leukocytosis showing extramedullary
hematopoiesis dominated by a neutrophil-rich granulocytic proliferation (g). The granulocytic cells are highlighted by their positivity for
myeloperoxidase (anti-MPO immunohistochemistry) (h). WBC, white blood cells.
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The concurrence of elevated counts of peripheral
neutrophils and pronounced mature myeloid prolif-
eration in marrow prompted the hypothesis that at
least some cases could share a biological relationship
with the other types of myeloproliferative neoplasms
that typically show increased neutrophilic and/or
myeloid proliferation, as chronic neutrophilic leuke-
mia, atypical chronic myeloid leukemia BCR-ABL1
negative or chronic myelomonocytic leukemia. All
cases retained their JAK2V617F mutation positivity
and remained negative for BCR-ABL1 fusion. To
explore other possible mechanisms involved with the
development of leukocytosis, we investigated eight
cases for mutations of CSF3R, SETBP1, and SRSF2
genes. Truncation mutations of the receptor cytoplas-
mic domain for CSF3R have been recently identified
as a highly sensitive and specific molecular marker
for CNL23–25 and SETBP1 is frequently mutated in
atypical chronic myeloid leukemia26 in other myelo-
dysplastic syndromes, myelodysplastic/myeloprolif-
erative neoplasms27 or chronic myelomonocytic
leukemia.28 SRSF2 mutations has been described in
47% of chronic myelomonocytic leukemia29 and,
although less frequently, in other types of myelodys-
plastic and myeloproliferative neoplasms.30–32 All

neutrophilic post-polycythemic myelofibrosis cases
showed only wild-type alleles for these genes, a
finding that suggests that the neutrophilic prolifera-
tion arising during the fibrotic stages of polycythemia
vera is caused by mechanisms biologically distinct
from those involved in chronic neutrophilic leuke-
mia or atypical chronic myeloid leukemia.

Cytogenetic abnormalities and complex karyotypes
are a common feature of post-polycythemic
myelofibrosis,6 and are considered evidence of
progressive accumulation of genetic damage. How-
ever, among the neutrophilic cases an abnormal
karyotype was found in 38% of cases, fewer than in
the control group. The presence of chromosomal
abnormalities did not correlate with the degree of
peripheral neutrophilia or neutrophilic proliferation
in marrow. In fact, among the four cases showing the
highest myeloid:erythroid ratios and neutrophil
counts cytogenetic results were mixed: two patients
showed chromosomal anomalies but the remaining
two displayed normal karyotypes. Moreover, there
was no association between the development of
leukocytosis and any specific alteration.

In spite of these negative results, the most likely
explanation is that a yet undiscovered molecular

Figure 1 Continued.
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alteration such as the presence of a myeloid cell
subclone present at disease onset or acquired later in
the course of polycythemia vera, succeeds in becom-
ing dominant during the late stage of the disease. The
presence of such clonal instability might account both
for the observed phenotypic shift and the worse
overall survival of these patients. Clonal complexity
as a mechanism underlying phenotypic shifts in
myeloid neoplasm has been recently reviewed by
Itzykson et al.33 The more widely known and best
characterized example includes the development in
cases of JAK2 mutation-positive myeloproliferative
neoplasm of two different leukemic clones, one with
JAK2 mutation-positive blasts and one with JAK2
wild-type blasts; another example of this mechanism
could explain the selection of JAK2 positive/
BCR-ABL1 negative clones from those rare cases
of myeloproliferative neoplasms with concurrent
BCR-ABL1 and JAK2 mutation-positivity treated with
imatinib.34–36 Therefore, a more comprehensive
mutational analysis with more numerous samples
might be able to better estimate the type and
frequency of molecular alterations associated with
this uncommon event.

Our data suggest potentially important clinical
implications. Among neutrophilic patients three
died soon after the onset of leukocytosis for disease
progression and an additional patient showed signs
of progressively worsening disease. Thus, the death
rate in the neutrophilic post-polycythemic myelofib-
rosis group was higher than in the control group.
This observation was supported by survival analysis
that showed shorter overall survival, calculated from
the time of diagnosis of polycythemia vera, in the
cohort of patients who went on to develop neutro-
philia than in the control group. However, when
survival was calculated from the time of progression
to post-polycythemic myelofibrosis no difference
was evident between the two groups. This latter
finding might be explained by the limited number of

patients included in the study and/or by the fact that
myelofibrotic progression of polycythemia vera
carries already an inherently very poor prognosis
irrespectively of additional adverse findings such as
the late development of leukocytosis or a higher
frequency of cytogenetic alterations.6

In summary, the occurrence of neutrophilic pro-
gression in advanced stage polycythemia vera
patients should be recognized because of its poten-
tial adverse impact. A better understanding of the
pathogenic mechanisms underlying this phenom-
enon may help the development of newer targeted
treatments aimed at preventing disease progression
in polycythemia vera patients.
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