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ABSTRACT

Primary myelofibrosis is a stem cell-derived clonal malignancy
characterized by unchecked proliferation of myeloid cells,
resulting in bone marrow fibrosis, osteosclerosis, and pathologic
angiogenesis. Bone marrow fibrosis (BMF) plays a central role in
the pathophysiology of the disease. This review describes current
issues regarding BMF in primary myelofibrosis, including the
pathophysiology and impact of abnormal deposition of excess

collagenandreticulinfibersin bone marrow spaces, the modified
Bauermeister and the European Consensus grading systems
of BMF, and the prognostic impact of BMF on the overall
outcome of patients with primary myelofibrosis. The impact
of novel therapeutic strategies, including JAK-STAT inhibitors
and allogeneic stem cell transplant, on BMF is discussed.
The Oncologist 2015;20:1154-1160

Implications for Practice: Bone marrow fibrosis (BMF) plays an important role in the pathophysiology and the clinical outcomes of
patients with primary myelofibrosis. The severity of BMF correlates with the clinical manifestations of the disease and impacts the
survival in patients with myelofibrosis. Treatment with ruxolitinib has been shown to reverse BMF and to continue that trend with
ongoing treatment. Further studies to fully understand the mechanisms of fibrosis, to further explore the ability of currently
available agents (e.g., JAK-STAT inhibitors) to stabilize and/or reverse fibrosis, and to develop additional fibrosis-targeted therapies are

warranted.

INTRODUCTION

The myeloproliferative neoplasm (MPN) primary myelofibrosis
(PMF), previously known as chronic idiopathic myelofibrosis or
agnogenic myeloid metaplasia, is a heterogeneous, clonal, hema-
topoietic stem cell malignancy characterized by progressive stromal
fibrosis with an inversely proportional reduction in myelopro-
liferative capacity involving predominantly the megakaryocytic
and granulocytic lineages [1, 2]. Inflammation, disease-associated
changesin the bone marrow stroma, altered angiogenesis, and
an abnormal cytokine profile are characteristic pathophysio-
logical features of PMF. Bone marrow fibrosis (BMF) in PMF
results from abnormal reactive deposition of stromal reticulin
and collagen fibers [2]. Several studies have shown that the
degree of collagen fibrosis is strongly associated with the severity
of the PMF and the degree of myelosuppression [3]. This cor-
relation has not been shown with reticulin fibrosis [4-6]. More-
over, reticulin fibrosis is often reversible with treatment, whereas
collagen fibrosis is less likely to respond to treatment [7].

The World Health Organization revised the diagnostic
criteria for PMF in 2008 to include new features such as

megakaryocyte atypia and the degree of fibrosis [8], thereby
placing a renewed emphasis on bone marrow trephine biopsy
sampling as an essential tool to establish the diagnosis of PMF
and assess the severity of BMF (Fig. 1). Several grading systems
have been developed over the years to evaluate the severity
of BMF. The two most widely used systems include the
Bauermeister system [9], subsequently modified by Manoharan
et al. [10], which assesses fibrosis on a scale of 0—4, and the
revised European Consensus system, which uses a 03 scale to
provide a semiquantitative assessment of BMF [3].

Two distinct pathogenic processes have been implicated in
the initiation and progression of PMF: stem cell-derived clonal
myeloproliferation and a reactive cytokine-driven inflamma-
tory fibrosis. BMF also plays a central role in the clinical
manifestations of PMF, including extramedullary hematopoi-
esis, which may result in hepatosplenomegaly that causes
abdominal pain, weight loss, and bone marrow failure with
subsequent anemia and thrombocytopenia. Furthermore, it
has been suggested that the severity of myelofibrosis may
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Figure 1. Micrographs of bone marrow biopsy specimens from
a patient with primary myelofibrosis harboring the JAK2 V617F
mutation. (A): Micrograph of a diagnostic bone marrow core
biopsy specimen demonstrating more megakaryocytes with
nuclear atypia. Note the presence of background hematopoiesis.
(B): Reticulin stain demonstrating moderate reticulin fibrosis at
presentation. (C): Micrograph of a bone marrow biopsy specimen
from the same patient 5 years after diagnosis. Note confluent
aggregates of atypical megakaryocytes and reduction in back-
ground hematopoiesis. (D): Reticulin stain shows severe reticulin
fibrosis at 5 years after diagnosis.

also impact the overall survival of PMF patients. Traditionally,
allogeneic stem cell transplant (ASCT) has been the only
therapeutic modality known to reverse fibrosis in patients with
PMF [11]. Althoughitis well known that ruxolitinib reduces the
clinical stigmata associated with PMF, including improvements
in spleen size, weight, performance status, and symptom
control to prolonged survival, the impacts of ruxolitinib on
BMF were only recently defined [12—-16]. An exploratory
analysis of BMF data from an ongoing, phase I/1l, single-arm
study of ruxolitinib provided the first insight that JAK-inhibitor
therapy meaningfully retards the advancement of BMF [17].
In this study, BMF was shown to stabilize or reverse, after 24
and 48 months of ruxolitinib treatment in the majority of patients,
a magnitude of effect not seen with long-term hydroxyurea
treatment [17].

In this review, we discuss BMF with an emphasis on the
pathophysiology and clinical implications of marrow fibrosis
in PMF, therapies that stabilize and reverse fibrosis in patients
with PMF (with a focus on JAK-inhibitors and antifibrotic
proteins), and theimpact of fibrosisreversalin patients with
PMF.

PATHOPHYSIOLOGY OF FiBRosIS IN PMF

BMF results from the abnormal and excessive deposition of
collagen and reticulin fibers derived from marrow fibroblasts
[18-20]. Elevation of cytokines such as interleukin (IL)-6, IL-2,
IL-8, tumor necrosis factor-a, y-interferon, and profibrogenic
growth factors such as transforming growth factor 8 (TGF-B),
basic fibroblast growth factor (bFGF), and vascular endothelial
growth factor (VEGF), are thought to mediate BMF in patients
with PMF [21-24] (Fig. 2). Platelet-derived growth factor
(PDGF) was one of the first cytokines to be identified as
a potential cause of BMF in patients with PMF [18, 25]. PDGF is
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Figure 2. A working model summarizing the pathophysiology of
bone marrow fibrosis in primary myelofibrosis.

Abbreviations: bFGF, basic fibroblast growth factor; PDGF, platelet-
derived growth factor; TGF-B, transforming growth factor 3.

the primary mediator of the growth and proliferation of
marrow fibroblasts [19]; however, it has been demonstrated to
have a limited role in the production and deposition of colla-
gen fibers and fibronectin in primary myelofibrosis [19, 20].
Further, the megakaryocyte growth and development factor
(MGDF) has also been shown to play a role in megakaryocyte
production and the development of fibrosis. MGDF over-
expression in mice results in more rapid platelet recovery than
seen in control mice after transplantation [26]. Prolonged
overexpression of MGDF in mice can lead to decreased
marrow hematopoiesis, especially erythropoiesis with a shift
to extramedullary hematopoiesis in the spleen and liver [26].
More importantly, all the MGDF-overexpressing mice de-
veloped myelofibrosis and osteosclerosis, possibly induced
by megakaryocyte- and platelet-produced cytokines. This
stimulatory effect of MGDF in vivo was restricted to the
megakaryocyte lineage, with no effect on the other hemato-
poietic lineages.

Elevated levels of another cytokine, TGF-B, found in
megakaryocytes, platelets, and monocytes [27-29], may also
play a central role in inciting and propagating BMF in MPNs
[30]. Studies have shown a significant correlation between
TGF-B and the severity of BMF in PMF and hairy cell leukemia
[28, 31]. The interaction between TGF-B and thrombopoietin
(TPO) precipitates BMF in animal models [32, 33]. In rats,
the injection of a suprapharmacologic dose (100 wg/kg) of
pegylated recombinant human megakaryocyte growth and
development factor (daily for 5 days was associated with an
increase in marrow megakaryocytes and platelet counts at 6—8
days. Myelofibrosis with a predominance of reticulin fibers
was noticed on day 10. The level of TGF-8 in the extracellular
fluid of the marrow and platelets was also increased, sug-
gesting that TGF-8 may be required for TPO-induced BMF
[33]. Other growth factors that may also contribute to the
fibrotic reaction but play a less central role include epidermal
growth factor [19], bFGF-2, VEGF, calmodulin, and matrix
metalloproteinase-9 [34-37].

Another potential mechanism of fibroblast activation
and fibrosis deposition in PMF is via emperipolesis (Fig. 2).
Emperipolesis is a physiologic process by which a cell, typically
a neutrophil, penetrates into and through the cytoplasm of
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a megakaryocyte. Emperipolesis has been described with an
increased frequency in patients with MPN [38, 39]. Schmitt
etal. suggested that the abnormal P-selectin distribution in
megakaryocytes induces selective sequestration of eosino-
phils, resulting in the release of a-granular proteins and
assorted growth factors in the megakaryocyte cytoplasm, with
subsequent fibroblast activation and fibrous tissue deposition
in PMF [22].

It is now generally accepted that the BMF observed in
patients with PMF is a “reactive” inflammatory phenome-
non affected by non-neoplastic cells in the bone marrow
microenvironment. Indeed, facets of the pathophysiology of
BMF bear resemblance to reactive bone marrow changes seen
with infections [40] or after exposure to chemicals or toxins
(the latter frequently leading to agranulocytosis and neu-
tropenia) [41]. Moreover, therapies that eradicate the PMF
clone, such as ASCT, may reverse the fibrosis [42]. In addition,
several observations have suggested that myelofibrosis may
be the result of an imbalance between the microenviron-
mental niches that orchestrate hematopoietic homeostasis.
Alterations of this balance may lead to uncontrolled cellular
proliferation and, ultimately, to the promotion of leukemias
and MPNs [43].

Several observations have suggested that myelofi-
brosis may be the result of an imbalance between the
microenvironmental niches that orchestrate hemato-
poietic homeostasis. Alterations of this balance may
lead to uncontrolled cellular proliferation and, ulti-
mately, to the promotion of leukemias and MPNs.

DIFFERENTIAL Di1AGNoOsIS OF PMF

Several benign and malignant diseases are associated with
BMF. Some are only associated with reticulin fibrosis without
concurrent collagen fibrosis, whereas others are associated
with both (Table 1). Furthermore, BMF is seen in other
hematologic malignancies, including acute myeloid leukemia
(AML) [10], acute lymphocytic leukemia (ALL) [4], myelodys-
plasticsyndrome (MDS) [45, 46], and chronic myeloid leukemia
(CML) [47, 48]. In adults with AML and ALL, high-grade fibrosis
was found in 9% and 33%, respectively. Although fibrosis in
these conditions usually resolves with therapy of the un-
derlying disease and re-emerges at relapse, the presence or
degree of fibrosis was not associated with survival or remission
rates [10]. In addition, BMF associated with CML is reversible
with imatinib mesylate therapy but is usually not affected by
interferon [47, 48].

An autoimmune syndrome, primary autoimmune myelo-
fibrosis [AIMF], distinct from primary myelofibrosis has been
described [49, 50]. AIMF is characterized by cytopenias, absent
or mild splenomegaly, and high grades of BMF with concurrent
lymphocytic infiltration of the bone marrow without signifi-
cant associated osteosclerosis. In a retrospective analysis of
seven patients who met the diagnostic criteria for this disease,
six patients responded to corticosteroid therapy with normal-
ization of their counts and partial resolution of BMF [50].
In a larger study of 29 patients with primary and secondary
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Table 1. Disorders associated with bone marrow fibrosis [44]

Disorders

Primary myelofibrosis

Myelofibrosis secondary to essential
thrombocytopenia or polycythemia vera

Chronic myeloid leukemia

Acute myeloid leukemia

Acute lymphoid leukemia

Hairy cell leukemia

Myelodysplastic syndrome

Acute panmyelosis with myelofibrosis
Hodgkin lymphoma

Non-Hodgkin lymphoma

Plasma cell myeloma

Metastatic tumors

Connective tissue diseases

Vitamin D deficiency

Osteoporosis

Primary and secondary hyperparathyroidism
Tuberculosis

Primary autoimmune myelofibrosis
Systemic sclerosis

HIV infection

Pulmonary arterial hypertension
Visceral leishmaniasis

AIMF (secondary was defined as marrow reticulin fibrosis
and lymphocyticinfiltration in the context of an established
autoimmune disorder), 20 patients (69%) were considered to
have secondary AIMF [51]. Primary and secondary AIMF were
pathologically indistinguishable except for an increased in-
cidence of granulocytic hyperplasia in primary AIMF. Periph-
eral smears showed rare to absent teardrop cells, nucleated
red blood cells, and blasts in 96% of the patients [51]. Overall,
72% progressed to a hypercellular marrow, including 87% with
MF-1, 10% with MF-2, and 4% with MF-3. Among the 12
patients with follow-up, 4 achieved complete response with
resolution of cytopenias and 3 achieved partial response with
immunosuppression treatment [51].

Surprisingly, BMF has been noted in diseases that tradi-
tionally are not thought to be associated with bone marrow
changes. These include HIV infection [5], pulmonary hyper-
tension [52], and visceral leishmaniasis [52]. In a retrospective
analysis of 35 patients with HIV, BMF was found in the majority
of the patients and was not associated with the CD4 cell count,
suggesting no correlation between BMF and the severity of HIV
infection [5]. Similarly, the BMF associated with visceral
leishmaniasis was not associated with either response to
therapy or overall outcome [52]. The exact mechanism of BMF
in these diseases remains unknown.

In addition, BMF has been observed in patients receiving
treatment with hematopoietic growth factors. In a retrospec-
tive analysis of 12 females patients with breast cancer without
bone marrow involvement, treatment with interleukin 11
and recombinant human granulocyte-macrophage colony-
stimulating factors (GM-CSF) was associated with increase in
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BMF in 7 (58%) patients [53]. The administration of GM-CSF to
patients with MDS with BMF was associated with increased
fibrosis in half of the patients and decreased fibrosis in the
other half [54]. In a study of nine patients with AML treated
with TPO and GM-CSF, eight had a transient increase in the
degree of BMF resembling MPN [55].

BMF GRADING SYSTEMS IN PMF

The distinction between increased bone marrow reticulin and
collagen fibrosis is essential for accurately evaluating the bone
marrow of patients with PMF. A number of scoring systems
have been developed to evaluate the normal values of bone
marrow cellularity and to grade the amount of reticulin and
collagen fibers in patients with myelofibrosis. These scoring
systems are subjective and heterogeneous, as they are based
on a pathologist’s histomorphometric evaluation, which may
require implementation of a variety of bone marrow process-
ing and staining techniques (Table 2). Furthermore, quantita-
tive changes in bone marrow cellularity and fibrosis related to
age or concomitant therapy must be taken into consideration
at the time of evaluation.

In 2005, a panel of experienced hematopathologists
retrospectively reviewed more than 150 myelofibrosis tre-
phine biopsy specimens from various medical institutionsin an
attemptto reach a consensus on grading cellularity and fibrosis
in patients with MPN [3]. The trephine biopsy specimens
predominantly included PMF and essential thrombocythemia
samples from adult patients before and after therapy [3]. The
grading of myelofibrosis was simplified into four categories
including, for the first time, a formal differentiation between
reticulin and collagen fibers [3]. The panel also pointed out the
importance of evaluating the density of fibersin relation to the
hematopoietic tissue to avoid a false (spurious) impression of
reduced fiber content in fatty and/or edematous bone marrow
samples that may be encountered after treatment. Their
scoring system has become the most widely used grading
system for bone marrow fibrosis [3]. Table 2 demonstrates the
comparison between the modified Bauermeister grading
system and the European Consensus grading system of bone
marrow fibrosis.

In an attempt to minimize the subjectivity of evaluating
BMF under the microscope, a computer-assisted digital image
analysis study was conducted in 101 patients with newly
diagnosed MPNs[56].Thirty-four of these patients had primary
myelofibrosis. Adequate reticulin- and hematoxylin-and-eosin-
stained bone marrow core biopsies were digitally scanned with
the ScanScope XT digital system (Leica Biosystems Nussloch
GmbH, Buffalo Grove, IL, http://www.leicabiosystems.com)
to evaluate the amount of osteosclerosis [56]. Subjective
scores of BMF by three independent pathologists were
obtained by using the Bauermeister system and the revised
Europeangrading systemand were subsequently correlated
with the objective numerical score obtained by the digital
imaging. Correlation of the objective score was similar for
both grading systems [56]. While the use of computer-assisted
digital image analysis might improve the reproducibility of
BMF assessment, it remains to be determined whether its
use is associated with improved risk stratification of PMF
patients.
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Table2. Comparison between the modified Bauermeisterand
the European Consensus grading systems of bone
marrow fibrosis

Quantification of bone marrow reticulin and collagen (modified
Bauermeister GS) [9]

0 No reticulin fibers demonstrable
1 Occasionalfineindividual fibers and foci of a fine fiber network

2 Fine fiber network throughout most of the section; no coarse
fibers

3 Diffuse fiber network with scattered, thick, coarse fibers but
no mature collagen (negative trichrome staining)

4 Diffuse, often coarse fiber network with areas of
collagenization (positive trichrome staining)

European Consensus GS of bone marrow fibrosis [3]

0 Scattered linear reticulin with no intersection (crossovers)
corresponding to normal bone marrow

1 Loose network of reticulin with many intersections, especially
in perivascular areas

2 Diffuse and dense increase in reticulin with extensive
intersections, occasionally with only focal bundles of collagen
and/or focal osteosclerosis

3 Diffuse and dense increase in reticulin with extensive
intersections with coarse bundles of collagen, often associated
with significant osteosclerosis

Abbreviation: GS, grading system.

Surprisingly, BMF has been noted in diseases that
traditionally are not thought to be associated with
bone marrow changes. These include HIV infection,
pulmonary hypertension, and visceral leishmaniasis.
Inaretrospective analysis of 35 patients with HIV, BMF
was found in the majority of the patients and was not
associated with the CD4 cell count, suggesting no
correlation between BMF and the severity of HIV

infection.

BMF AND CLINICAL MANIFESTATIONS IN PMF

The most common clinical manifestations of the PMF are
anemia, leukocytosis, leukopenia, thrombocytosis, constitu-
tional symptoms, and marked splenomegaly with extramedul-
lary hematopoiesis [57, 58]. Several studies have evaluated
the relationship between the degree of BMF and the clinical
symptoms in patients with PMF. In a large retrospective
analysis of 865 bone marrow biopsy specimens from patients
with newly diagnosed PMF, low-grade BMF (MF-0/1) was
present in 565 patients and was associated with mild anemia
and no or mild splenomegaly [59]. Higher grades of BMF (MF-
2/3) were associated with marked anemia, large splenomegaly,
increased number of peripheral blasts, and low platelets and
leukocyte counts (Table 3) [59]. Another multicenter observa-
tional study of 309 patients with PMF, with long follow-up,
included 822 bone marrow biopsy specimens obtained at
different stages of the disease. A quarter of the patients had
grade MF-0 disease at diagnosis, 32% had grade MF-1, 17%
had grade MF-2, and 26% had grade MF-3 disease [60]. With
a median interval of 32 months between biopsy procedures,
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Table 3. Correlation between clinical data and bone marrow
fibrosis grading in 865 patients with primary myelofibrosis

Parameter MF-0 MF-1 MF-2 MF-3
Patients, no. 232 333 146 154
Median hemoglobin level, g/dL 139 13.2 123 109
Median white blood cellcount X10° 10.8 11.2 10.1 9.7
Median platelet count X 10° 854 825 593 276

Median spleen size, cm below the 0 1 2 5

costal margin

67% of the patients with low-grade fibrosis had progressed to
higher grades, 42% were stable, and 6% had a regression of
myelofibrosis independent of the therapy they received,
suggesting that the degree of BMF changes over the course of
the disease [60]. This may also explain the varied clinical
manifestations seen in later stages of PMF as compared with
diagnosis. More importantly, with a median interval of 20
months, 15% of the patients treated with busulfan had
a regression in their BMF, 49% were stable, and 36% had
progressive BMF. Comparing patients treated with hydroxy-
urea with those treated with interferon a-2b, 5% versus 17%
had aregression in their BMF, 55% versus 44% had stable BMF,
and 40% versus 39% had progressive BMF, respectively [60].
These observations confirm the dynamic nature of BMF during
the course of the disease, which may be related to either
disease progression or treatment.

PRroGNoOSTIC IMPACT OF FIBROSIS IN PMF

The relationship between the degree of BMF and the outcome
of patients with PMF has been reviewed in retrospective
studies [59, 61, 62]. Thiele et al. evaluated 865 bone marrow
biopsies from patients with primary myelofibrosis over a 25-
year period [59]. Although, the p value was not reported, the
overall survival (OS) for patients with MF-0/1 (according to the
European Consensus grading system) was superior to that of
patients with MF-2 and MF-3, respectively (10-year OS was 78/
71 months in MF-0/1, 67 months in MF-2, and 35 months in
MF-3).Vener et al. evaluated the impact of the degree of BMF
in 113 newly diagnosed patients with primary and secondary
myelofibrosis [61] including MF-0 (n = 33), MF-1 (n = 27), MF-
2 (n = 26), and MF-3 (n = 12). With a median follow-up of 19
months, the OS of patients with MF-0 was longer than that of
those with MF-3 (p = .0011). Similarly, the OS of patients with
MF-1/2 was longer than that of those with MF-3 (p = .003).
Barosi et al. conducted a retrospective analysis of 683 patients
with PMF [62]. Bone marrow biopsy specimens at diagnosis
were reviewed. Patients with grade MF-0 disease were
categorized as having prefibrotic myelofibrosis (pre-MF) and
patients with MF-1/2/3 were categorized as having myelofi-
brosis fibrotic (PMF-fibrotic). The authors defined pre-MF
based on the presence of three bone marrow characteristics:
dual myeloid megakaryocyte dominance, megakaryocyte mor-
phology (anisocytosis, dense nuclei with plump lobation) with
clustering, and a BMF grade of 0 or less than 1. Patients with
bone marrow morphological features of pre-MF but having at
least grade 1 fibrosis were placed in the PMF-fibrotic category
[62]. Patients with pre-MF were more likely to be female, under
the age of 50 years at diagnosis, and to have a milder clinical
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phenotype. Neither the JAK2V617F allele burden nor the
percentage of patients who carried the mutation was differ-
ent in patients with pre-MF compared with PMF-fibrotic
type [62]. Pre-MF patients displayed distinct hematological
presentations and disease-related complications as com-
pared with the patients with PMF-fibrosis. Seventy percent of
the pre-MF patients manifested an isolated thrombocytosis
simulating ET, and 30% were diagnosed with splanchnic vein
thrombosis without other features of myelofibrosis. The
median OS was not reached in pre-MF patients and was
16.6yearsin patients with PMF-fibrotictype (p <.001) [62].
Ninety-eight percent, 81%, and 56% of patients with pre-MF,
PMF fibrotic type with early BMF, and PMF-fibrotic-type
with advanced BMF, respectively, were alive at 10 years from
diagnosis (p < .001) [62].

THERAPEUTIC STRATEGIES THAT TARGET BMF IN PMF
ASCT remains the only potential curative option for patients
with PMF. It may also reverse BMF. To evaluate the impact of
ASCTon BMF, Thiele et al. performed animmunohistochemical
and morphometric evaluation of BM biopsy specimens from
20 patients before and after their transplant [60]. Regression of
BMF was observed up to 6 months after transplant in
responding patients, but osteosclerosis did not change
significantly during the time of observation [60]. The impact
of other treatment modalities on BMF in PMF was evaluated in
a multicenter observational study of 309 patients with PMF
with long follow-up. The study included 822 bone marrow
biopsy specimens obtained from patients at different stages of
their disease [63]. Among patients who received busulfan, 15%
had a regression in BMF, 49% were stable, and 36% had
progressive BMF. Five percent of patients treated with
hydroxyurea had regression of their BMF, 55% remained
stable, and 40 progressed as compared with 17%, 55%, and
39% of patients treated with interferon a-2b, respectively [63].
Several JAK-STAT inhibitors have been evaluated in PMF,
polycythemia vera, and ET [64]. Ruxolitinib is an oral JAK-1/2
inhibitor and is the only drug approved for the therapy of
myelofibrosis in the U.S. and Europe [12, 14, 16, 65, 66]. In
two large randomized trials of ruxolitinib versus best supportive
care in patients with PMF (Controlled Myelofibrosis Study with
Oral JAK Inhibitor Treatment [COMFORT]-1, and COMFORT-2),
treatment with ruxolitinib was associated with significant
reduction in symptomatic splenomegaly, and improved consti-
tutional symptoms and quality of life [12, 66]. More importantly,
patients who received ruxolitinib had a longer OS compared
with patients who received best supportive care [12, 14].
Interestingly, JAK2V617F allele burdens have not been shown
to be affected by ruxolitinib treatment; however, clinical benefit
was achieved irrespective of JAK2V617F mutational status [12,
66]. In a subsequent analysis of the COMFORT-1 trial with
median follow-up of 2 years, 100 of 155 patients randomized to
ruxolitinib were still receiving treatment [67]. All patients
randomized to placebo crossed over to ruxolitinib or discon-
tinued within 3 months of the primary analysis [67]. More
importantly, improved survival was continued to be observed
in patients who received ruxolitinib compared with placebo
(hazard ratio: 0.58; 95% confidence interval: 0.36-0.95; p =
.03 [67]. Inalonger follow-up of the same trial, OS continued to
favor ruxolitinib even though the majority of patients receiving
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placebo crossed over to ruxolitinib (hazard ratio: 0.69; 95%
confidence interval: 0.46-1.03; p = .067) [16]. Although the
initial analysis of the COMFORT-2 study did not show any
survival advantage in patients who received ruxolitinib com-
pared with best available therapy (BAT), a 3-year follow-up
showed that patients randomized to ruxolitinib had alonger
OS than those randomized to BAT (hazard ratio: 0.48; 95%
confidence interval: 0.28-0.85; log-rank test, p = .009) [68]. In
an exploratory analysis of the BM biopsy specimens of patients
enrolled in a phase I/1l trial of ruxolitinib, 68 patients were
evaluated at 24 and 48 months [17]. At 24 months after
ruxolitinib treatment, 15% of patients had an improvement in
their degree of BMF, 57% had stabilization, and 37% had
progression. At 48 months, 22% of patients who continued
ruxolitinib had improvement in their degree of BMF, 56%
remained stable, and 25% progressed [17]. This study demon-
strated the ability of ruxolitinib to reverse BMF in a small sub-
set of patients with PMF. A longer follow-up is still needed to

1159

evaluate whether more patients will have improvement in
their BMF while continuing treatment with ruxolitinib.
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