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one marrow fibrosis is a central pathological feature and World
Health Organization major diagnostic criterion of myelofibrosis.
Although bone marrow fibrosis is seen in a variety of malignant and
non-malignant disease states, the deposition of reticulin and collagen fibrosis in the bone marrow of patients with myelofibrosis is believed to be
mediated by the myelofibrosis hematopoietic stem/progenitor cell, contributing to an impaired microenvironment favoring malignant over normal
hematopoiesis. Increased expression of inflammatory cytokines, lysyl oxidase, transforming growth factor-β, impaired megakaryocyte function, and
aberrant JAK-STAT signaling have all been implicated in the pathogenesis
of bone marrow fibrosis. A number of studies indicate that bone marrow
fibrosis is an adverse prognostic variable in myeloproliferative neoplasms.
However, modern myelofibrosis prognostication systems utilized in riskadapted treatment approaches do not include bone marrow fibrosis as a
prognostic variable. The specific effect on bone marrow fibrosis of JAK2
inhibition, and other rationally based therapies currently being evaluated in
myelofibrosis, has yet to be fully elucidated. Hematopoietic stem cell transplantation remains the only curative therapeutic approach that reliably
results in resolution of bone marrow fibrosis in patients with myelofibrosis. Here we review the pathogenesis, biological consequences, and prognostic impact of bone marrow fibrosis. We discuss the rationale of various
anti-fibrogenic treatment strategies targeting the clonal hematopoietic
stem/progenitor cell, aberrant signaling pathways, fibrogenic cytokines,
and the tumor microenvironment.

Introduction
Bone marrow fibrosis (BMF) is characterized by the increased deposition of reticulin fibers and in some cases collagen fibers. The currently accepted methods of
evaluating and scoring BMF are primarily dependent on manual grading by the
hematopathologist based on the density and type of fibrosis (Table 1).1,2 There are
a number of hematologic and non-hematologic disorders that are associated with
increased BMF (Table 2).3 Myelofibrosis (MF) refers to the Philadelphia chromosome (BCR-ABL1)-negative myeloproliferative neoplasm (MPN) originating at the
level of the multipotent hematopoietic stem cell. MF can present as primary
myelofibrosis (PMF), or arise from a pre-existing diagnosis of polycythemia vera or
essential thrombocythemia. MF is characterized by variable degrees of cytopenias,
a leukoerythroblastic blood picture, and extramedullary hematopoiesis resulting in
progressive splenomegaly and debilitating disease-related constitutional symptoms, compromising quality of life.4,5 In addition to increased disease-related morhaematologica | 2016; 101(6)
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bidity, MF results in early death with the median survival
of affected patients being approximately 6 years.6 Causes
of early death include leukemic transformation, complications arising from progressive bone marrow failure, portal/pulmonary hypertension, infections, thrombosis and
bleeding.7 Pathologically, MF is characterized by thickening and distortion of bony trabeculae, deposition of reticulin and collagen fibers, and megakaryocytic hyperplasia
with atypical features.8
The exact pathogenesis of MF is not fully understood.
However, better understanding of the role of increased
JAK-STAT signaling [either through activating mutations
(JAK2V617F, MPL515L/K) within the signaling pathway, or
mutations involving CALR], the role of deregulated proinflammatory cytokine expression, and the impaired bone
marrow microenvironment is transforming the treatment
approach for MF. Here we review the pathogenesis of MF
and the prognostic impact of BMF, and highlight the
potential prospects for anti-fibrogenic strategies that can
be utilized in the treatment of MF and other hematologic
malignancies.

Pathogenesis
Cytokines
A major biological hallmark of MF is a significant elevation in circulating pro-inflammatory cytokines. The MF
inflammatory cytokine signature is believed to be both a
consequence of the malignant clone as well an integral
modifier of the bone marrow microenvironment, thereby,
promoting malignant hematopoiesis.9 Transforming
growth factor beta (TGF-β) is a pleiotropic cytokine that
potently stimulates fibroblasts to produce extracellular
matrix.10-13 It also increases the expression of proteases that
inhibit enzymes involved in the degradation of extracellular matrix. Experimental studies have demonstrated that
TGF-β1 is important in the development of BMF in animal
models.14 Chagraoui et al. compared the pathological
changes in irradiated wild-type recipient mice repopulated
with thrombopoietin-overexpressing hematopoietic stem
cells (HSC) from homozygous TGF-β1-/- or wild-type littermates.15 Mice engrafted with wild-type and TGFβ1-/cells developed thrombocytosis, leukocytosis, and
increased numbers of progenitor cells in the blood and
spleen. However, BMF and reticulin deposition in the
spleen occurred only in mice reconstituted with wild-type
cells. Additionally, osteosclerosis was seen only in mice
engrafted with wild-type cells.15
The Gata1low murine model of MF is characterized by
normal or mild elevation in TGF-β1 levels. Elevated levels
Table 1. European consensus on the grading of bone marrow fibrosis.1
0
1
2

3

Scattered linear reticulin with no intersection (cross-overs)
corresponding to normal bone marrow
Loose network of reticulin with many intersections, especially
in perivascular areas
Diffuse and dense increase in reticulin with extensive
intersections, occasionally with only focal bundles of
collagen and/or focal osteosclerosis
Diffuse and dense increase in reticulin with extensive
intersections with coarse bundles of collagen, often associated
with significant osteosclerosis
haematologica | 2016; 101(6)

of TGF-β1 have also been documented in patients with
MF.16 In order to evaluate the pathological contribution of
TGF-β in MF, Zingariello et al. utilized a Gata1low mouse
model of MF.17 First, the investigators demonstrated that
despite normal or mildly elevated plasma concentrations
of total and bioactive TGF-β1 in PMF patients and Gata1low mice, the TGF-β1 content in megakaryocytes was
increased 5- to 10-fold in both. In Gata-1low mice, this
increase was accompanied by an increase in TGF-β1,
hedgehog, and p53 signaling pathways in the spleen and
bone marrow. The mammalian target of rapamycin
(mTOR) signaling pathway was found to be increased in
the spleen only. The biological consequences of altered
gene expression were predicted using the David bioinformatics database and are in concordance with the
GATA1low phenotype. Increased TGF-β signaling results
in increased levels of osteoblast differentiation in bone
marrow but not in the spleen, increased apoptosis, G1
arrest in bone marrow and spleen, reduced ubiquitinmediated proteolysis in the bone marrow only.
Ubiquitin-mediated proteolysis in the bone marrow is
important for erythroid maturation. The mTOR signaling pathway is important for erythropoiesis and its selective increase in the spleen may lead to erythroblast maturation and promote extramedullary hematopoiesis.
Importantly, the investigators demonstrated that inhibition of TGF-β1 signaling in Gata-1low mice resulted in
reduced BMF, neovascularization/osteogenesis and

Table 2. Conditions associated with bone marrow fibrosis.3

Reticulin fibrosis only

Reticulin and collagen

Hairy cell leukemia
Human immunodeficiency virus
Pulmonary arterial hypertension
Visceral leishmaniasis
Treatment with hematopoietic
growth factors

Primary/secondary myelofibrosis
Chronic myeloid leukemia
Acute megakaryoblastic leukemia
Acute myeloid leukemia
Acute lymphocytic leukemia
Systemic mastocytosis
Myelodysplastic syndromes
Paroxysmal nocturnal hemoglobinuria
Hodgkin lymphoma
Non-Hodgkin lymphoma
Multiple myeloma
Metastatic tumors
Osteopetrosis
Primary and secondary
hyperparathyroidism
Nutritional and renal rickets
Osteomalacia
Primary hypertrophic
osteoarthropathy
Tuberculosis
Granulomatous diseases
Grey platelet syndrome
Systemic lupus erythematosus
Systemic sclerosis
Sjogren syndrome
Anti-phospholipid syndrome
661
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increased hematopoiesis in the bone marrow while a
reduction of hematopoiesis in the spleen was seen.17
TGF-β1 also stimulates fibroblasts to produce bone morphogenetic protein-6 in vitro.18 Additionally, the expression
of bone morphogenetic protein-4, -2, -5 and -6 genes is
increased in GATA-1low mice. Bone morphogenetic proteins are a group of proteins involved in extracellular
matrix synthesis, formation, and homeostasis. Although
the exact role of bone morphogenetic proteins in MF is not
clear, these studies suggest that they have an integral role
in the pathogenesis of BMF.18
Advanced MF is not only typified by BMF, but also by
osteosclerosis with an increase and thickening of the bone
trabeculae. These bone trabeculae are characterized by the
absence or sparse presence of osteoclasts. Bock et al.
demonstrated that this pathological finding may be related
to increased expression of osteoprotegerin, a known
inhibitor of osteoclast formation. Levels of osteoprotegerin expression were significantly increased up to 71-fold
in bone marrow samples from patients with severe BMF
and documented osteosclerosis.19
Studies of cardiac fibrosis in animal models have
demonstrated that TGF-β upregulates expression of Lysl
oxidase (LOX).20 The LOX family contains genes encoding
copper-dependent enzymes that are important for covalent cross-linking of collagen and elastin, ultimately leading to stabilization of extracellular matrix.21 Hypoxia
induces LOX expression in different types of cancer cells.22
This increase in expression of LOX is associated with proliferation, invasion, and a worse prognosis.21 In vitro studies
and animal models suggest an intricate interplay between
LOX, megakaryocytes and the bone marrow matrix.23
LOX, by enhancing the binding of platelet-derived growth
factor to its receptor, promotes expansion of the
megakaryocyte lineage. Although LOX is not critical for
the induction of megakaryocyte ploidy, its expression is
increased in low ploidy megakaryocytes and decreased in
mature and high ploidy megakaryocytes.23 Eliades et al.
showed that LOX expression is increased in megakaryocytes derived from the GATA-1low murine model.
Importantly, inhibiting LOX led to a decrease in BMF in
these GATA-1low mice.23
Several other studies of MF found increases in various
inflammatory cytokines. Tefferi et al. analyzed plasma levels of 30 cytokines/chemokines in 127 patients with PMF,
identifying a common cytokine signature. Among the 20
cytokines whose levels were statistically different from
those in control samples, interleukin (IL)-8 and IL-2R had
the strongest correlation with phenotype and prognosis.
Increased plasma levels of these two cytokines were associated with the presence of constitutional symptoms, transfusion need, leukocytosis, and inferior overall and leukemiafree survival.24 IL-8 is a pleiotropic pro-inflammatory
cytokine released by numerous cells and has angiogenic,
mitogenic and growth factor activity. IL-8 expression has
been associated with worse prognosis in numerous solid
malignancies. The pathogenic role of IL-8 in MF is not yet
fully clear, but it may be involved in leukemic transformation through its growth factor and mitogenic activities.25 An
increase in IL-2R levels may be a reflection of either
immune activation or an increase in tumor cell burden.24
Lipocalin-2 is a potent inflammatory cytokine that is
markedly elevated in the plasma of patients with MPN
(particularly MF) and has been shown to preferentially
promote proliferation of MF CD34+ cells, induce breaks in
662

double-stranded DNA and cause apoptosis of normal
bone marrow cells, as well as enhance stromal cell proliferation through the production of reactive oxygen
species.26 A lipocalin-2-induced increase in the expression
of the extracellular matrix protein collagen type 1
(COL1A1) by mesenchymal stem cells as well as other disturbances in the bone marrow microenvironment likely
contribute to the progression of the malignant HSC.
Some studies have demonstrated dysregulation in the
levels of various other circulating cytokines, although the
findings have not been reproducible in all studies.9 This
may reflect differences in stage of disease, prior treatments, and technical aspects. However, despite these
inconsistencies, cytokines are postulated to play an important role in the initiation, progression, and phenotypic
presentation of MF.

Cellular interactions transforming the bone marrow niche
Osteoblastic lineage cells constitute the endosteal niche
which is defined anatomically by its close proximity to
trabecular or cortical bone. Osteoblastic lineage cells are
derived from multipotent stromal cells and are important
for the support and maintenance of normal HSC.27,28
Scheper et al. eloquently demonstrated the potential of
BCR-ABL+ clonal cells to transform the endosteal bone
marrow niche into a “self-reinforcing leukemic niche”.
BCR-ABL1 transgenic mice have increased expansion of
osteoblastic lineage cells. This increase is associated with
an increase in BMF and trabecular thickening. The expansion of osteoblastic lineage cells is driven by an interaction
between the MPN HSC and multipotent stromal cells.
MPN HSC stimulate production of multipotent stromal
cells of osteoblastic lineage through cytokines such as
thrombopoietin and CCL3, as well as direct cell contact.
Notably, the expansion of osteoblastic lineage cells and
the associated BMF are reversible. It was demonstrated
that by blocking BCR-ABL expression, the numbers of
osteoblastic lineage cells decreased and BMF resolved.28
The expanded osteoblastic lineage cells have increased
expression of genes involved in the regulation of extracellular matrix, cell adhesion, and inflammatory responses.
These genes include targets of TGF-β1, suggesting
increased TGF-β1 signaling in the osteoblastic lineage
cells. Importantly the ability of the expanded populations
of osteoblastic lineage cells to support normal HSC is compromised, as evidenced by reduced expression of HSC
retention factors. Additionally, these cells have increased
expression of pathways such as the TGF-β1 pathway,
which may promote myeloid neoplastic differentiation. It
was demonstrated that a malignant HSC clone can transform the bone marrow niche into a pathological environment preferentially supporting the neoplasm rather than
normal HSC.27,28

Genetics
Since the discovery of the Janus kinase 2 (JAK2)V617 mutation in 2005, several other clonal markers have been identified including mutations in MPL and CALR.8,29,30
Understanding genotype-phenotype associations in MPN
will likely allow for better prognostication and potentially
provide novel targets for therapeutic intervention.
JAK2 is a member of the JAK family kinases (JAK1,
JAK3, and TYK2). These cytoplasmic tyrosine kinases are
associated with transmembrane class receptors of a number of cytokines (e.g. erythropoietin, thrombopoietin,
haematologica | 2016; 101(6)
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granulocyte-stimulating factor) involved in cellular
growth, differentiation, and survival of hematopoietic and
immune cells. JAK2 is important in mediating the signaling pathways of these cytokines.2
JAK2-signal transducers and activators of transcription
(STAT) dysregulation plays a central role in the pathogenesis of MPN. JAK2V617F has been identified in approximately 96% of patients with polycythemia vera, 50% of
patients with essential thrombocythemia and 60% of
patients with PMF. JAK2 signaling is initiated by ligand
binding to the cognate cytokine receptor leading to dimerization, which in turn leads to JAK autophosphorylation.
The phosphorylated kinases then phosphorylate intracellular receptor tyrosine residues creating a binding side for
SH2 domain-containing proteins such as STAT. STAT
phosphorylation leads to dimerization and translocation
to the nucleus, affecting the transcription of genes important for cell-cycle regulation, apoptosis, and proteasomal
degradation.2 Several other signaling pathways are also
activated by JAK2 including the PI3K/Akt and mitogenactivated protein kinase (MAPK) signaling pathways. JAKSTAT signaling is negatively regulated by suppressor of
cytokine signaling proteins (SOCS), Casitas B-cell lymphoma (CBL) and by protein tyrosine phosphatases (PTP).2
JAK2V617F is constitutively active resulting in chronic activation of the JAK-STAT pathway. This is achieved by a
gain of function in the JH1 domain and loss of function in
the auto-inhibitory JH2 domain. Furthermore, JAK2V617F
escapes negative feedback by SOCS3.2,31 The exact mechanism by which JAK2V617F contributes to the pathogenesis
of MF is not fully known. However, as mentioned above,
JAK2V617F may promote BMF by transforming the bone
marrow microenvironment through various cellular and
cytokine-mediated mechanisms.27,28 Alhough Schepers et
al. did not observe a defect in megakaryocytopoiesis, earlier studies suggested that the effects of JAK2V617F are in part
mediated by its impact on platelet function and structure.
Using a JAK2V617F knock-in mouse model of essential
thrombocythemia, Hobbs et al. showed that the proportion of JAK2V617F-positive megakaryocytes forming proplatelets is greater than the proportion of control
megakaryocytes. Moreover, the JAK2V617F knock-in
megakaryocyte has increased fos gene expression. Fos is a
regulator of TGF-β signaling.32 Previously Muth et al. studied patients with MPN and reported that proplatelet numbers were higher in patients with essential thrombocythemia and pre-fibrotic MF than in controls.33
Proplatelets were even more abundant in patients with
fibrotic MF compared to those with pre-fibrotic MF or
essential thrombocythemia.34 Exaggerated production of
proplatelets may be associated with increased thrombospondin production. Thrombospondin 1 in PMF is
thought to be fibrogenic by activating latent TGF-β1 and
inhibiting metalloproteinases.33,35
Calreticulin (CALR) is a multifunctional calcium-binding
protein that is located primarily in the endoplasmic reticulum. CALR is important for intracellular calcium homeostasis and intracellular protein chaperoning.36 Recently
two groups identified CALR mutations in approximately
20 to 25% of patients with essential thrombocythemia
and PMF.29,37 All mutations identified so far are either insertions or deletions in exon 9 of the gene. CALR mutations
are mutually exclusive with mutations in both JAK2 and
MPL.29,37 Clinically, CALR mutations in PMF are associated
with younger age, a higher incidence of thrombocytosis,
haematologica | 2016; 101(6)

and lower leukocyte count.36,37 The prognostic impact of
CALR is discussed later.
CALR mutations lead to impaired calcium binding and
cellular dislocation. This in turn may lead to activation of
several pathways including IL-3 and JAK-STAT signaling.30
The functional consequences of CALR mutations have
been recently elucidated.38,39 In murine transplant studies,
mutant CALR alone was sufficient to induce an MPN phenotype. In vitro, mutant CALR leads to transformation and
activation of the JAK-STAT pathway only in MPL-expressing cell lines. Moreover, mutant, but not wild-type, CALR
was shown to bind MPL. These findings suggest that
mutant CALR is sufficient to induce MPN through an
MPL-dependent pathway.
Somatic mutations of JAK2, MPL, and CALR behave as
founding driver mutations responsible for the MPN phenotype. As the disease progresses, the founding malignant
clone acquires additional subclonal mutations. There are a
number of subclonal mutations which have been reported
such as those in ASXL1, EZH2, CBL, IDH1/IDH2, TP53
and SRSF2. These mutations also have prognostic impact
as discussed later.30

Prognosticators and predictors beyond the IPSS
and DIPSS scores
Risk stratification is at the core of current MF management. The International Prognostic Scoring System (IPSS)
and the Dynamic International Prognostic Scoring System
(DIPSS) are the two main prognostication schemes used to
guide risk-adapted treatment strategies for patients with
MF.7 These scores combine patient and MF-specific clinical
variables to provide a risk category with an associated
median survival. However, these scoring systems do not
always reflect the genetic heterogeneity of MF. Several
groups have now identified mutational profiles associated
with poor prognosis in MF. Vannucchi et al. showed that
patients harboring mutations in any one of the following
genes, ASXL1, EZH2, SRSF2 or IDH1/ IDH2, have a shorter overall survival and a higher risk of their disease transforming into acute myeloid leukemia compared to MF
patients who do not have mutations in any of these
genes.40,41 The prognostic impact of mutations in CALR versus JAK2 versus MPL mutations versus triple negativity was
assessed in a cohort of 254 patients with PMF. Triple negative status and CALR-/ASXL+ patients had the shortest
median overall survival of 2.5 years and 2.3 years, respectively.36 Low JAK2V617F allele burden at diagnosis, homozygosity for JAK2V617F, as well as elevated levels of IL-8 and/or
IL-2R are also associated with worse overall survival.42,43,24
Other molecular markers have also been associated with
poor prognosis; however, they have not yet been validated in large prospective studies.

Impact of bone marrow fibrosis on the
prognosis of myeloproliferative neoplasms
and other hematologic malignancies
Myelofibrosis
As discussed above, the IPSS and DIPSS are currently
the two commonly used scales to assess prognosis in MF
and the prognostication may now be further refined
through the incorporation of gene mutation profiling.
663
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BMF is not at present included in risk stratification
schemes for MF or other hematologic malignancies.
However, studies suggest a correlation between the grade
of BMF and prognosis in MF.44
Several studies have evaluated the prognostic impact of
BMF in MF. In most of these studies, high grade BMF was
associated with worse outcome.45,46 In a retrospective
analysis that included 131 patients with PMF, Lekovic et al.
found that BMF grade >1 was associated with shorter
overall survival (median: 51 months) compared to grade
≤1 (median: 147 months). Importantly the grade of BMF
was an independent risk factor for overall survival when
analyzed with IPSS and competing comorbidities.45 In a
study that included 196 patients with PMF, higher grade
BMF was an independent predictor of poor survival.46
Moreover, higher grade BMF can further refine the prognosis of PMF patients with low and intermediate risk
IPSS.46 However, Nazha et al. reported similar rates of
overall survival, event-free survival, and disease transformation in MF patients with different grades of BMF. Their
study included 512 patients with MF: 1% had MF grade 0,
9% MF grade 1, 33% MF grade 2, and 57% MF grade 3.
Higher grade of BMF correlated with clinical manifestations of MF such as lower hemoglobin level, higher percentage of peripheral blood blasts and larger spleen.
Although grade of BMF was demonstrated to be correlated with IPSS and DIPSS risk, an impact on overall survival
was not evident in this analysis. This may in part be
explained by higher numbers of patients with MF grade 2
and MF grade 3 in this cohort.47 In a recent retrospective
Italian study of 540 bone marrow specimens from time of
PMF diagnosis, higher grade BMF was found to be associated with more constitutional symptoms (P<0.0001), larger splenomegaly (P<0.0001), greater risk of developing
anemia (P<0.0001) and thrombocytopenia (P=0.003), as
well as with higher risk IPSS score.48 Although there was
no association between driver mutation status and grade
of BMF, high molecular risk mutations, such as ASXL1 and
EZH2, were seen more frequently in PMF patients with
higher grade BMF. Importantly, grades 2 and 3 BMF maintained their adverse prognostic values for overall survival
[HR 3.9 (1.4-10.8) and HR 4.2 (1.5-12.0), respectively],
independently of IPSS score, driver mutation and high-risk
molecular status.
Pre-transplant MF grade 3 was associated with worse
overall survival in a univariate analysis of patients with
MF who underwent hematopoietic stem cell transplantation (HSCT) with reduced intensity conditioning.
However, this was not confirmed in multivariate analysis.49 Interestingly, the regression of BMF after HSCT was
associated with a better overall survival, as discussed in
more detail in the treatment section.44 With the advent of
mutation-based prognostication in MF, it remains to be
seen whether BMF grade will have an additional prognostic impact.

Essential thrombocythemia/polycythemia vera
Increased reticulin BMF has been reported in approximately 20% of patients with essential thrombocythemia
and can also be seen to various degrees in the bone marrow of patients with polycythemia vera.50,51 BMF was associated with an increased risk of transformation to MF or
acute myeloid leukemia (HR 1.89, P=0.0359 for essential
thrombocythemia; HR 1.71, P=0.0164 for polycythemia
vera). However, BMF grade was not associated with
664

worse overall survival.52 These results were replicated in
another study by Campbell et al. in which 311 patients
with essential thrombocythemia were included. Again,
increased reticulin BMF grade at diagnosis was not significantly associated with poorer overall survival.
Interestingly, increased grade of reticulin BMF was associated with an increased rate of arterial thrombosis, major
hemorrhage and progression to MF.50 The presence of BMF
in polycythemia vera has been associated with an
increased risk of transformation to MF, but this has not
been shown to affect overall survival.51

Chronic myelogenous leukemia
BMF is not specific to MPN and can be seen in many
other hematologic malignancies, solid malignancies, and
non-malignant conditions, as summarized in Table 2.
Patients with chronic myelogenous leukemia have been
shown to have increased BMF compared to their normal
counterparts53 and, in the pre-imatinib era, an increased
degree of BMF prior to starting treatment was associated
with a worse outcome.54 Treatment with imatinib was
associated with complete reversal of pathological BMF in
73% of treated patients (14/19 patients) in one series.53
The degree of BMF in chronic myelogenous leukemia at
baseline in imatinib-treated patients was not shown to be
an adverse prognostic factor.55 However, emergence of
small foci with abnormal fiber increase or BMF during
imatinib treatment is associated with a lower probability
of achieving complete cytogenetic response or major
molecular response. Furthermore, emergence of abnormal
fiber increase can occur in patients who have achieved
complete cytogenetic or major molecular response preceding the loss of molecular response. This is believed to be a
consequence of the ability of the chronic myelogenous
leukemia clone to produce fibrogenic cytokines even
when the quantity of the clone is below the threshold of
cytogenetic or molecular detection.53,56 Importantly
emerging or relapsing abnormal fiber increase was an
independent predictor of failure of imatinib treatment.
Advanced BMF in chronic myelogenous leukemia has also
been associated with an increased risk of developing accelerated phase and blast phase disease.53

Myelodysplastic syndromes
Significant BMF has been reported in approximately 1020% of patients with myelodysplastic syndromes (MDS).
BMF in MDS is associated with profound cytopenias and
increased red cell/platelet transfusion dependence.57,58 In a
study of 301 patients with MDS, patients with grades 2
and 3 BMF had shorter overall and leukemia-free survival
compared to those with grade 0 or 1 BMF. The impact of
BMF on overall and leukemia-free survival was seen in
WHO subgroups without excess of blasts (overall survival,
HR=2.89, P=0.001; leukemia-free survival, HR=2.21,
P=0.006) and in refractory anemia with excess blasts type
1 and type 2 (overall survival, HR=2.25, P=0.004;
leukemia-free survival, HR=2.03, P=0.01). In MDS
patients stratified by the IPSS and WPSS (WHO classification-based Prognostic Scoring System) risk score, grades 2
and 3 BMF maintained their prognostic significance.
Furthermore, developing BMF during the course of MDS
was shown to be associated with a worse outcome.59
These results held true even when applying the revisedIPSS. Advanced BMF is an adverse risk factor that is not
captured by the revised-IPSS.58 In this study, BMF grade 2haematologica | 2016; 101(6)
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3 was an independent variable that negatively influenced
overall and leukemia-free survival in MDS patients treated
with a non-transplant modality. Moderate/severe BMF
was identified in 17% of cases of therapy-related MDS,
but was not associated with an increased risk of leukemic
transformation or inferior outcome.57 This may in part be
explained by the intrinsic high-risk features of therapyrelated MDS resulting from genetic and epigenetic alterations rather than histopathomorphological aspects. The
presence of severe BMF was associated with reduced overall survival even in MDS patients who underwent allogeneic HSCT.58,60 It has also been shown that in MDS
patients treated with azacitdine, grade 3 BMF is associated
with a poor response to treatment.61
The potential prognostic impact of BMF extends beyond
myeloid malignancies. Among patients with chronic lymphocytic leukemia, those with high grade BMF (grades 2
and 3) had a worse 5-year overall survival rate than those
with grade 0-1 BMF (51.9% versus 86.92 %, respectively).
Fluorescence in situ hybridization analysis was performed
in only a few patients in this study and none was tested
for P53 status. It, therefore, remains unknown whether
BMF has true prognostic significance independent of modern prognostic features.62

Grading of bone marrow fibrosis
Increased reticulin and collagen deposition in the bone
marrow is the hallmark of MF. Reticulin and collagen are
connective tissue fibers that provide the structural framework of bone marrow stroma. BMF is routinely assessed
and graded in core biopsies from patients with a known
or suspected MPN, and is a major diagnostic criterion in
the 2008 WHO classification system of MPN. Reticulin is
detectable by silver staining methods (Figure 1) while
collagen deposition is detected by trichrome staining
(Figure 2).
Several reporting systems have been proposed to quantify reticulin and collagen deposition in the bone marrow.

Figure 1. Photomicrograph showing reticulin (silver) stain in a specimen from
a patient with myelofibrosis. Note the diffuse and dense increase in reticulin
with extensive intersections which would be graded as 2+ myelofibrosis. The left
upper corner is a mark up image of post-image analysis processing with the reticulin fibers being de-convoluted from background tissue. The area occupied by
the fibers, as well as branching points, could be objectively quantified using
computer assisted image analysis (original magnification, 400X).

haematologica | 2016; 101(6)

The most frequently used grading systems are based on
reticulin grade scored using the Bauermeister system from
1971 (0-4 scale) and the recently revised European consensus system (0-3 scale) (Table 1 and Figure 1). All accepted
traditional grading systems are dependent on manual
grading of reticulin by a histopathologist. These traditional grading systems are semi-quantitative, and suffer major
limitations related to subjectivity.63 This problem is further
confounded by the heterogeneity of fibrosis within a
given sample, variability of pre-analytical processing,
staining inconsistency and subjective assessment from
lack of a positive staining internal standard, and inadequate guidance to disregard lymphoid nodules, vessels as
well as fibers framing adipocytes. Reports that address
these limitations are scarce to non-existent.
Whole slide imaging with computer-assisted image
analysis has emerged recently as a more objective
approach to provide numerical assessment of both fibrosis
and osteosclerosis, offering a more precise way of following patients over time.63 The most significant advantages
of this approach are its contribution to standardizing
assessment of fibrosis among histopathologists and hematologists and that it makes it possible to assess disease progression or to serially assess the impact of a therapy on
marrow histology as a surrogate endpoint of efficacy of
therapy.
The microscopic assessment of BMF by skilled
hematopathologists remains the standard of care in the
diagnosis MPN. However, computer-assisted image analysis is being increasingly utilized in clinical trials for objective assessment of BMF as an adjunct to semi-quantitative
grading. Computer-assisted image analysis correlates well
with morphology but was more sensitive than
histopathology for detecting BMF level changes in MF
patients undergoing treatment.64
Recently, a stereology-based computer-assisted image
analysis method using systematic uniform random sampling and line counting to calculate length density of the
reticulin network as well as to measure heterogeneity
across the bone marrow sample was developed by Salama
et al.65 Computer-based stereology proved to be more
reproducible than manual scoring at predicting a therapeutic actionable cut-point. This novel stereology-based
method is fast and can be easily implemented in the clini-

Figure 2. Trichrome stain showing deposits of collagen fibers. The fibers are
arranged in bundles that are marked with red arrows (original magnification
400X).
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cal laboratory with a high level of reproducibility. A major
advantage of this approach is that it can provide a measure
of heterogeneity of the BMF.
Another promising stain-free modality that employs
two photon excitation and second harmonic generation
phenomena has great potential as an application for quantification of BMF where pre-analytical variability related
to stain limitation can be eliminated. Accurate scoring of
BMF remains a major area of academic interest and an
unmet clinical need.

Treatment strategies for bone marrow fibrosis
Most of the data regarding treatments targeting BMF
has been garnered from MF. However, because of a potential overlap in the pathogenesis of BMF among different
disease entities, some treatment strategies can be used in
diseases other than MF. Historically, BMF has been considered a secondary or reactive process driven by the clonal
malignancy and not produced by the malignant cell population itself. In an early, small study, the incidence of cytogenetic abnormalities in fibroblasts from patients with MF
was comparable to that in patients with non-malignant
causes of anemias. Importantly, the karyotypic abnormalities seen in fibroblasts were often different from those
seen in the hematopoietic cells. This finding supports the
hypothesis that the fibroblast population in MF is the
result of a reactive phenomenon rather than a malignant
outgrowth.66 However, there are evolving data to suggest
clonal involvement of fibroblasts in PMF as evidenced by
the detection of JAK2V617F and other chromosomal abnormalities in fibroblasts that are concordant with the MPN
cell population.67
In general, the goals of MF-directed treatment can be
divided into two broad categories: clonal eradication and
treatments targeting various signaling pathways and
mediators implicated in BMF. As discussed in the section
on pathogenesis, eradicating the BCR-ABL1+ clonal cells in
animal models of chronic myelogenous leukemia was
associated with reversal of pathological BMF.28 In PMF,
allogeneic HSCT is the only therapeutic intervention with
curative potential, effectively eradicating the malignant
MPN HSC clone, leading to reversal of BMF and MPNassociated histomorphological features of the bone marrow. In a study by Rondelli et al., 21 patients with intermediate/high risk MF underwent reduced intensity conditioning-HSCT. Nineteen had grade 3 or 4 BMF at baseline.
After transplantation, all evaluable patients had BMF grade
0 - 2 for at least 12 months of follow up.68 Importantly,
regression of BMF at day +100 after HSCT in patients
with MF is associated with improved survival, independently of IPSS score at the time of transplantation, as
demonstrated by Kroger et al.44 This conclusion was
reached in a study that included 57 patients with PMF or
MF evolving from polycythemia vera or essential thrombocythemia who underwent reduced intensity conditioning-HSCT. Bone marrow histology was available for 35
patients at days +30 and +100, while 13 patients only had
a day +30 bone marrow biopsy, and nine patients only
had a day +100 bone marrow biopsy. Patients with grade
2/3 BMF at day +100 had a higher rate of dependence on
red blood cell and platelet transfusions compared to
patients who had grade 0/1 BMF at day +100. Importantly,
patients with grade 0/1 BMF at day +100 after HSCT had
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a 5-year overall survival rate of 96% compared to 57% in
those with persistent grade 2/3 BMF (P=0.04). This survival advantage was attributed to a lower risk of treatment-related mortality and a decrease in relapse rate.
Additionally, patients with a reduction of BMF by 2 or 3
grades at day +100 after HSCT had a trend towards a better overall survival rate than that of patients with
unchanged BMF (95% versus 71%, respectively; P=0.19).
The regression of BMF achieved in patients after reduced
intensity conditioning-HSCT did not correlate with
JAK2V617F allele burden or with IPSS risk group at the time
of transplantation.44 This study highlights the prognostic
significance of BMF in MF not accounted for by the current prognostic scoring systems. It also raises the potential
of improving outcomes of HSCT by combining anti-fibrogenic strategies prior to or even after the transplant.
Apart from HSCT, none of the conventional therapies
utilized in the treatment of MF is considered curative.
However, there are several published reports describing
reversibility of BMF with interferon-α (IFN-α) based therapy. Early data from patients with MPN did not show significant changes in grade of reticulin BMF with the use of
recombinant IFN-α.69 However, in a subsequent, small,
prospective study, 17 patients with early stage MF, without grade 3/4 BMF, were treated with IFN-α (n=14) or
pegylated IFN-α (n=3) and four of the patients had documented improvements in bone marrow reticulin and collagen fibrosis. Two of these patients had complete resolution of BMF and megakaryocytic atypia after 1-4 years of
treatment. The median duration of bone marrow responses was 1.9 years.70 A large retrospective analysis by Ianotto
et al. suggests that IFN-α2a can be clinically effective in
patients with MF who do not have massive splenomegaly
(spleen size <6 cm), marked leukopenia or thrombocytopenia, and BMF <grade 3.71 However, there were no data
regarding the effect of IFN-α treatment on BMF in this
study. Evidence of reduction in grade of BMF with IFN-α
therapy in patients with MF is mostly restricted to case
reports.72 Collectively, these reports suggest IFN-α therapy
may have the most beneficial impact on BMF early on in
the disease course. However, the clinical significance of
this finding and the impact on overall survival of reducing/eliminating BMF with IFN-α-based therapy remain
uncertain.

Impact of ruxolitinib on bone marrow fibrosis
With the introduction of selective JAK2 inhibitors into
clinical investigation over the last 10 years, initial expecta-

Table 3. Ruxolitinib therapy and effect on bone marrow fibrosis.

24 months
77

Kvasnicka et al.
Number of patients
Improvement, n.
Worsening, n.
Thiele et al.78
Number of patients
Stabilization, n.
Improvement, n.
Worsening, n.

RUX
67
10
19
RUX
68
39
10
19

HU
31
3
12
BAT
97
52
6
39

48 months

60 months

RUX HU
17
20
4
0
4
13
RUX
BAT
38
63
19
29
9
1
10
33

RUX BAT
26
32
11
9
9
1
6
22

Rux: ruxolitinib; HU: hydroxyurea; BAT: best available therapy.
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tion of clonal suppression as measured by elimination of
molecular and karyotypic abnormalities was dampened
by the observations of persistent clonal hematopoiesis and
unaltered MPN bone marrow pathological features. None
of the approximately dozen oral JAK2 tyrosine kinase
inhibitors evaluated in the preclinical and clinical MF setting has recapitulated the success of the BCR-ABL1
inhibitors in chronic myelogenous leukemia. An analysis
of results from bone marrow biopsy specimens obtained
from MF patients enrolled in the pivotal phase III COMFORT studies at 6 and 12 months of therapy with ruxolitinib failed to show improvements in histopathological
abnormalities and did not confirm reductions in grade of
BMF.73,74 However, several case reports and retrospective
analyses suggest that longer treatment duration with ruxolitinib may have a modest impact on BMF in a subset of
patients. In several published case reports, resolution of
BMF was noted after 17 and 48 weeks of ruxolitinib treatment.75,76 Recently, reports of long-term follow-up of bone
marrow responses in MF patients treated in the phase I/II
trial of ruxolitinib have suggested modest responses in
BMF in selected cases. The changes in grade of BMF at 24
and 48 months of ruxolitinib treatment were analyzed and
compared to those in a similar, matched cohort of MF
patients treated with hydroxyurea (Table 3). At 24
months, BMF had stabilized in 57% and 52% of the ruxolitinib and hydroxurea treatment groups, respectively
and 15% and 10%, respectively, had improvements in
grade of BMF. At 48 months, stabilization was achieved in
53% of ruxolitinib-treated patients versus 35% of the
hydroxyurea-treated patients. Improvements in BMF
grade were achieved in 24% of the ruxolitinib group, but
in none of those treated with hydroxyurea.77 These results
were further validated in a larger cohort with a longer follow-up. In this study, changes in the grade of BMF were
determined at 24, 48 and 60 months of ruxolitinib treatment and compared with those in a group of MF patients
treated with “best available therapy”. The majority of
patients treated with “best available therapy” received
hydroxyurea or various sequential therapies, or were

being observed; only a few patients were treated with
IFN-α. As summarized in Table 3, compared to this control cohort, a higher percentage of patients in the ruxolitinib group had stabilization or improvement of BMF.
Ruxolitinib-treated patients who achieved stabilization or
improvement in grade of BMF at 24 months had a reduced
relative risk of death in this analysis.78

Targeting fibrogenic cytokines
Pirfenidone is an anti-fibrotic agent that inhibits fibrogenic cytokines including platelet-derived growth factor,
tumor necrosis factor-α and TGF-β and was studied in 28
patients with MF. None of the patients had improvement
in BMF or osteosclerosis. Additionally, there were no significant clinical benefits seen in terms of improvement in
anemia or reduction in splenomegaly.79
Targeting fibrogenic cytokine expression either alone or
in combination with a JAK2 inhibitor is an active area of
research in MF. As previously mentioned, the TGF-β signaling pathway plays a central role in the pathogenesis of
BMF in MF. Monoclonal antibodies antagonizing TGF-β
are being evaluated in various fibrotic conditions including
pulmonary fibrosis, glomerulosclerosis, and MF. GC1008
(fresolimumab, Genzyme) is a human IgG4 monoclonal
antibody capable of neutralizing TGF-β isoforms 1, 2, and
3. The relative tolerability of GC1008 was demonstrated
in a phase I trial in advanced melanoma and renal cell cancer.80 In an aborted phase I trial, three MF patients were
treated with GC1008 and changes in bone marrow pathology were assessed after 6 and 12 months.14 There were no
observed changes in bone marrow reticulin or collagen
fibrosis after six or 12 cycles of treatment and no appreciable decrease in spleen size after six cycles of treatment.
Interestingly, two treated patients obtained responses in
anemia that were durable, including transfusion independence for over 16 months in one patient (unpublished observation, JM). Of interest, plasma levels of TGF-β were significantly higher in the three patients than in normal controls and after treatment with GC1008 were undetectable
in two evaluable patients. Further clinical evaluation of

Figure 3. Four images from unstained bone marrow biopsies obtained from patients with myeloproliferative neoplasms with a spectrum of marrow fibrosis ranging from 0-3 according to the
revised European consensus system for grading
bone marrow fibrosis. The red is a pseudo color
that highlights all tissue elements in the bone marrow according to two-photon excitation. The technology utilizes the second harmonic generation
phenomenon to highlight fibrillar collagen with high
specificity as highlighted by the green fluorescent
colored structures.
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TGF-β inhibition alone or in combination with other
agents will be necessary for a complete assessment of this
targeted therapeutic approach.14 The Myeloproliferative
Disorder Research Consortium (MPD-RC) will be evaluating the oral selective TGF-β receptor 1 kinase inhibitor,
galunisertib (LY2157299, Lilly), in patients with MF and at
least MF grade 2 BMF.
Pentraxin (PTX) family proteins include C-reactive protein (CRP; PTX1), serum amyloid P (SAP; PTX2), and pentraxin-3 (PTX3).81 PTX2 is a circulating plasma acute phase
response protein made by the liver which localizes to the
site of injury and affects monocyte differentiation and
function in the removal of damaged tissue.
Physiologically, PTX2 may act as a powerful antifibrotic
agent because of its ability to inhibit human derived fibrocyte differentiation.82 Injections of PTX2 reduce fibrosis
significantly in several animal models (pulmonary fibrosis,
ischemic cardiac fibrosis, renal fibrosis).83-88 On the other
hand, PTX3 promotes human and murine fibrocyte differentiation.81 PRM-151 is a recombinant PTX2 being actively investigated in the treatment of various fibrotic diseases
including MF (NCT01981850).89 In a phase II study that
included 26 patients with MF, PRM-151 (alone or in combination with ruxolitinib) was associated with symptom
improvement and/or BMF reduction in 43% of the treated
patients. Specifically, a ≥1 grade reduction of BMF was
seen in 35% of patients at 24 weeks of treatment. The
therapy was well tolerated without significant infusion
reactions or grade 3/4 treatment-associated adverse
events.90,91 Longer term follow-up of 13 patients treated for
at least 72 weeks with PRM-151 continued to demonstrate
reductions of ≥1 grade of BMF in nearly 70% of patients,
and improvements in spleen size, anemia and thrombocytopenia, as well as symptom burden.92 The second stage of
this trial is now evaluating PRM-151 monotherapy in
patients who are intolerant of, refractory to or ineligible
for ruxolitinib therapy. The relative pre-treatment levels of
PTX2 and PTX3 in the bone marrow may serve as a predictor of response to PRM-151.
As mentioned above, LOX levels are increased in
GATA-1low mice and LOX inhibition led to a decrease in
BMF in these animal models. Bone marrow samples from
patients with PMF overexpress all LOX genes.
Furthermore, serum LOX levels were significantly higher
in PMF patients than in a control group.93 Simtuzumab is a
humanized monoclonal antibody that binds to and
inhibits LOXL2. A phase II trial of simtuzumab monotherapy (stage 1) and combination therapy with ruxolitinib
(stage 2) in patients with intermediate-1 or higher risk MF
has completed recruitment and the results were recently
presented (NCT01369498).94 A total of 24 patients were
treated in the stage 1 part of the study and 30 in the stage
2 part, for a minimum median duration of 22 weeks, without a clear signal of response in terms of reduction of BMF.
Larger studies are required to determine whether serum
levels of LOX can be used to refine diagnosis and prognosis, and to determine the predictive potential of response
to LOX-directed therapy in patients with MF.
In the Gata1low mouse model of MF, the animals have
increased expression of the hedgehog pathway in both
bone marrow and spleen.17 An increase in the expression of
hedgehog target genes has also been observed in granulocytes isolated from MPN patients.95 The exact role of the
hedgehog pathway in MF and its contribution to BMF are
not fully understood. However, preclinical and clinical data
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suggest that hedgehog pathway inhibitors have therapeutic
activity in MF. Combining sonidegib (LDE225, Novartis), a
hedgehog inhibitor, with ruxolitinib in a murine transplant
model of essential thrombocythemia/MF resulted in a
reduction of mutant allele burden in the bone marrow and
a significant reduction in BMF compared to that achieved
by ruxolitinib alone.
Sonidegib, saridegib, and PF-04449913 are currently
under clinical investigation, alone or in combination with
other agents, in MF. Seven patients with MF were included
in a phase I study investigating PF-04449913 in myeloid
malignancies. Two of these patients achieved durable clinical responses (>50% reduction in spleen size) and one
patient had a significant reduction in BMF. The therapy
was relatively well tolerated and is currently being investigated as a second-line agent in MF (NCT02226172).96,97
Sonidegib in combination with ruxolitinib was tested in a
multicenter, phase Ib/II study: the maximum tolerated
dose was not reached during the dose escalation phase,
but myelosuppression and elevation of creatinine kinase
levels were reported.98 A total of 27 MF patients were
treated at the recommended phase II dose of 400 mg once
daily with ruxolitinib 20 mg twice daily. Although the
combination was relatively well tolerated and resulted in
approximately 50% of patients achieving a ≥35%
decrease in spleen volume, only two treated patients had
at least a one grade reduction in BMF.99

Disrupting the myelofibrosis bone marrow
microenvironment
As discussed above, modulation of the bone marrow
microenvironment by the neoplastic hematopoietic clone
plays an integral role in the pathogenesis of myeloid
malignancies. Disrupting the tumor-microenvironment
interaction is a potential therapeutic strategy in MPN.28
The effects of disrupting the tumor microenvironment by
targeting Eph receptor tyrosine kinases are currently being
studied in both solid and hematologic malignancies.100,101
EphA3 is important in cell positioning during fetal development and is not expressed in normal adult tissues.
However, EphA3 expression has been demonstrated in
various hematologic and solid tumors.88,89 In solid malignancies, EphA3 is preferentially expressed in tumor stroma, vasculature, and bone marrow-derived mesenchymal
stem cells.101 Data from Vail et al. suggest that Eph is not
ligated in stromal cells derived from the solid tumor so it
is kinase-dormant. In solid tumors, kinase-dormant Eph
lead to cell-cell adhesion, invasion and tumor maintenance. Targeting Epha3 by ChIIIA4 led to EphA3 kinase
activation, cell contraction and apoptosis of solid tumorresident multipotent stromal cells. In turn, this led to disruption of the integrity of tumor stromal architecture,
microvasculature, and ultimately to inhibition of tumor
growth. Epha3 is expressed in blood and mone marrow
leukemic HSC as well as the stromal compartment.102
Humaneered® IIIA4 (KB004, Kalobios) is currently being
evaluated in the treatment of hematologic malignancies
including MF (NCT01211691). Early data from a phase I/II
trial of 58 patients (the majority with acute myeloid
leukemia) suggest a well-tolerable side effect profile with
infections (41.4%), febrile neutropenia (20.7%), and infusion-related reactions (13.8%) being the most frequent side
effects.103 Efficacy data are also encouraging. The potential
impact of KB004 on BMF in responding patients is of interest. In a single patient with acute myeloid leukemia, a sushaematologica | 2016; 101(6)
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tained complete remission was observed for over 1 year
and this clinical response was also accompanied by a
decrease in reticulin and collagen BMF. In another patient
with MF, clinical improvement (decrease in spleen size,
transfusion independence) was achieved and accompanied
by a significant improvement in BMF.100 The anti-fibrotic
mechanism of action of KB004 is unknown.

Conclusion
BMF is seen in many hematologic and non-hematologic
conditions and is a prominent pathologic feature of MF.
The extent to which BMF contributes to a disorganized
bone marrow microenvironment and promotes disease
progression rather than serving as a biomarker reflecting
disease activity remains incompletely understood. BMF is
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