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Abstract

Bone marrow fibrosis (BMF) is a pathological feature of myelofibrosis, with higher

grades associated with poor prognosis. Limited data exist on the association between

outcomes and BMF changes.We present BMF data from Janus kinase (JAK) inhibitor–

naive patients from SIMPLIFY-1 (NCT01969838), a double-blind, randomized, phase

3 study of momelotinib vs ruxolitinib. Baseline and week 24 bone marrow biopsies

were graded from 0 to 3 as per World Health Organization criteria. Other assess-

ments includedTotal SymptomScore, spleen volume, transfusion independence status,
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and hemoglobin levels. Paired samples were available from 144 and 160 patients ran-

domized tomomelotinib and ruxolitinib.Withmomelotinib and ruxolitinib, transfusion

independence was achieved by 87% and 44% of patients with BMF improvement of

≥1 grade and 76%and56%of thosewith stable/worseningBMF; therewas no associa-

tionbetweenBMFchanges and transfusion independence for either arm (momelotinib,

p = .350; ruxolitinib, p = .096). Regardless of BMF changes, hemoglobin levels also

generally increased on momelotinib but decreased on ruxolitinib. In addition, no

associations between BMF changes and spleen (momelotinib, p = .126; ruxolitinib,

p= .407)/symptom (momelotinib, p= .617; ruxolitinib, p= .833) outcomeswere noted,

and no improvement in overall survival was observed with ≥1-grade BMF improve-

ment (momelotinib, p= .395; ruxolitinib, p= .407). These data suggest that the anemia

benefit of momelotinib is not linked to BMF changes, and question the use of BMF

assessment as a surrogatemarker for clinical benefit with JAK inhibitors.
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1 INTRODUCTION

Myelofibrosis is a rare Philadelphia chromosome–negative myelo-

proliferative neoplasm that may present de novo or secondary to

polycythemia vera or essential thrombocythemia [1, 2]. Myelofibro-

sis is associated with poor prognosis and presents with heteroge-

nous clinical manifestations, including anemia, thrombocytopenia,

splenomegaly, bone marrow fibrosis (BMF), and debilitating constitu-

tional symptoms (e.g., fatigue, fevers, and night sweats) [3–6]. Up to

90% of patients with myelofibrosis harbor somatic mutations in the

driver genes JAK2, CALR, or MPL, resulting in constitutive activation

of the Janus kinase (JAK)-signal transducer and activator of transcrip-

tion (STAT) signaling pathway, most commonly gain-of-function JAK2

V617F mutation [3, 4, 7]. Dysregulated JAK-STAT signaling drives

the production of inflammatory cytokines and clonal proliferation,

leading to extramedullary hematopoiesis and splenomegaly [2, 8, 9].

Leukemic transformation is a potential complication of myelofibrosis

and is almost always fatal, with 20% of primary myelofibrosis cases

evolving into acutemyeloid leukemia [5, 10, 11].

JAK inhibitors have been the mainstay of myelofibrosis treatment

for over a decade. Ruxolitinib was the first JAK1/2 inhibitor to receive

US Food and Drug Administration approval in 2011 [12]. Fedratinib,

an inhibitor of JAK2 and FMS-like tyrosine kinase 3 (FLT3), and pacri-

tinib, which inhibits JAK2, FLT3, interleukin 1 receptor-associated

kinase 1 (IRAK1), and activin A receptor type 1 (ACVR1) [3, 13, 14],

were subsequently approved in 2019 and 2022, respectively [15,

16]. These JAK inhibitors have demonstrated spleen size reduction

and symptom improvement in patients with myelofibrosis, particularly

when high dose intensity can be maintained [17–20]. However, some

havealsobeenassociatedwithpotentially dose-limitingmyelosuppres-

sion, worsening anemia, and decreasing platelet counts, especially in

patients who may already have anemia and/or thrombocytopenia [12,

15, 16, 21–24]. Momelotinib, an inhibitor of JAK1, JAK2, and ACVR1,

was approved in 2023 for the treatment of patients with myelofibrosis

and anemia [25] and has shown spleen and symptom benefits in phase

3 trials in this patient population [26–28].

BMF is a key histopathological feature and major diagnostic cri-

terion of myelofibrosis and is characterized by increased deposition

of reticulin and/or collagen fibers secondary to aberrant immature

megakaryocytes, which release excessive amounts of inflammatory

and fibrogenic cytokines [3, 6, 29–31]. Bone marrow biopsies are

evaluated and scored using updated World Health Organization cri-

teria consisting of 4 escalating grades of severity: grade 0–3 [32].

BMF grading, while not incorporated in conventional prognostic score

systems (International Prognostic Scoring System [IPSS] or Dynamic

International Prognostic Scoring System [DIPSS]), does form part of

the more recent Mutation-Enhanced International Prognostic Scor-

ing System 70 and 70-plus (MIPPS70 and MIPPS70+) [3, 33]. Clinical

studies have associated higher grades of BMF with poor prognosis

[29, 34, 35]. Recent studies have reported BMF improvement as evi-

dence of disease modification, and BMF change or reversal has been

pursued as an endpoint in clinical trials, including after allogeneic

transplantation [4, 36–39]. However, to date, clinical data on asso-

ciations of treatment-related BMF changes with efficacy outcomes

(e.g., survival and symptom, spleen, and anemia responses) are lim-

ited, and the role of BMF in the setting of JAK inhibitor therapy is not

clear.

This study investigates the impact of two differentiated JAK

inhibitors, momelotinib and ruxolitinib, on BMF grade and assesses if

any correlations exist between BMF grade changes and clinical out-

comes among JAK inhibitor–naive patients with myelofibrosis in the

phase 3 SIMPLIFY-1 trial (NCT01969838).
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2 MATERIALS AND METHODS

2.1 Patients

The study design of SIMPLIFY-1, a randomized, head-to-head,

double-blind, phase 3 study of momelotinib vs ruxolitinib, has

been described elsewhere [27]. In brief, 432 JAK inhibitor–naive

patients with primary myelofibrosis, post–polycythemia vera

myelofibrosis, or post–essential thrombocythemia myelofibro-

sis were randomized 1:1 to receive momelotinib or ruxolitinib

(Figure S1) [27]. This JAK inhibitor–naive setting was utilized in

the present analysis to minimize confounders from prior treat-

ments. The study was approved by the institutional review boards

and independent ethics committees at each study site, and all

participants provided written informed consent. Additional signatures

were collected for the use of biopsies in other biomarker analyses.

2.2 Bone marrow aspirate and biopsy

Bonemarrow aspirate and biopsieswere performed prior to treatment

initiation (baseline), after 24 weeks of randomized treatment (within a

windowof± 7 days) with eithermomelotinib or ruxolitinib, at week 96,

and as required to assess response per International Working Group-

Myeloproliferative Neoplasms Research and Treatment and European

LeukemiaNet criteria [40]. Patients continued treatment until the

completion of this visit. Bone marrow aspirate and biopsy samples

were assessed by a local hematopathologist for BMF grading using the

revised 2016 World Health Organization classification and diagnostic

criteria for myeloproliferative neoplasms; assessment included reti-

culin (e.g., silver stain) and collagen fibers (e.g., trichrome stain) from

grade 0 (normal bonemarrow) to grade 3 (diffuse and dense increase in

reticulin; coarse bundles of thick fibers consistent with collagen) [32].

2.3 Additional analyses

Asdescribedpreviously [27], the rateof≥35%spleenvolumereduction

(assessed by magnetic resonance imaging or computed tomography

and evaluated by a blinded central reader), the rate of ≥50% reduction

in Total Symptom Score (TSS), the rate of transfusion independence,

and hemoglobin levels were assessed. For this analysis, baseline and

week 24 data were used.

2.4 Statistical analysis

χ2 test was used to assess the association between BMF change

and both transfusion independence response and spleen/symptom

response at week 24 in each arm. To examine whether BMF change

at week 24 was predictive of overall survival (OS), OS was calculated

from week 24, analyzed using the Kaplan-Meier analyses, and com-

pared between groups by BMF change at week 24 with log-rank tests

and proportional hazard Cox regression models. All analyses were

descriptive.

3 RESULTS

3.1 BMF grades at baseline

Of the 432 JAK inhibitor–naive patients in SIMPLIFY-1 randomized to

momelotinib (N= 215) or ruxolitinib (N= 217), 98% had baseline BMF

assessments (momelotinib, n = 211; ruxolitinib, n = 213) (Figure 1). In

each arm, 58% of randomized patients had grade 3 BMF (momelotinib,

n = 124; ruxolitinib, n = 126). Only 1 patient in each arm had grade 0

BMF. The median time since diagnosis of myelofibrosis was 1.5 years

(interquartile range, 0.4–3.9 years).

Hemoglobin level, transfusion status, platelet count, IPSS score,

spleen volume, and TSS at baseline by BMF grade at baseline for both

arms are shown in Figure 2. Higher baseline BMF grading trended

toward lower hemoglobin levels (Figure 2A), rates of transfusion inde-

pendence (Figure 2B), and platelet counts (Figure 2C) at baseline.

IPSS score and BMF grade trended similarly with regard to severity

(Figure 2D); a greater proportion of patients with grade 1 BMF had

intermediate-1–risk myelofibrosis, whereas a greater proportion of

patients with grade 3 BMF had high-risk myelofibrosis. Higher BMF

grading trended toward greater spleen volume (Figure 2E) but not

higher TSS (Figure 2F).

3.2 BMF grade changes from baseline to week 24

In SIMPLIFY-1, 144 of 215 (67%) and 160 of 217 (74%) patients

randomized to momelotinib and ruxolitinib, respectively, had a

paired biopsy at week 24 for analysis. Of the 144 patients in the

momelotinib arm, 31 (22%) had a ≥1-grade improvement in BMF

(Figure 3A); of the 160 patients in the ruxolitinib arm, 36 (23%)

had a ≥1-grade improvement in BMF (Figure 3B). Momelotinib

and ruxolitinib had similar effects in maintaining/improving BMF,

with 85% (123/144) and 81% (130/160) of patients, respectively,

having stable or improved BMF in each arm. BMF grading was also

available for 43 additional paired samples from the momelotinib-

randomized arm at open-label week 96. There was limited change

to the overall BMF grades at week 24 (11 improving and nine

worsening).

3.3 BMF grade changes and symptom and spleen
response at week 24

No clear associations between BMF grade changes from baseline to

week 24 and symptom response, defined as a ≥50% reduction in TSS

at week 24, were observed in either treatment arm (Figure 4A,B). In

the momelotinib arm (n = 141; Figure 4A), of the 31 patients (22%)

with a ≥1-grade improvement in BMF, 13 (42%) achieved a symptom
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F IGURE 1 BMF grades at baseline in JAK inhibitor–naive patients (N= 432) in SIMPLIFY-1. (A) Randomized tomomelotinib. (B) Randomized
to ruxolitinib. *A total of 211/215momelotinib-randomized patients had baseline BMF assessment; 1 patient had grade 0 BMF. †A total of
213/217 ruxolitinib-randomized patients had baseline BMF assessment; 1 patient had grade 0 BMF. BMF, bonemarrow fibrosis; JAK, Janus kinase.

response; of the 89 patients (63%) with stable BMF, 21 (30%) achieved

a symptom response; and of the 27 patients (15%) with worsening

BMF, 11 (52%) had a symptom response (p = .1257). In the ruxolitinib

arm (n = 154; Figure 4B), of the 35 patients (23%) with a ≥1-grade

improvement in BMF, 16 (46%) achieved a symptom response; of the

91 patients (59%) with stable BMF, 36 (40%) achieved a symptom

response; and of the 28 patients (18%) with worsening BMF, 15 (54%)

had a symptom response (p= .4066).

Similarly, no clear associations between BMF grade changes from

baseline to week 24 and spleen response, defined as a reduction of

≥35% in spleen volume at week 24, were observed in either treatment

arm (Figure 4C,D). In the momelotinib arm (n = 144; Figure 4C), of

the 31 patients (22%) with a ≥1-grade improvement in BMF, 12 (39%)

achieved a spleen response; of the 92 (64%) with stable BMF, 28 (30%)

achieved a spleen response; and of the 21 (15%) with worsening BMF,

eight (38%) achieved a spleen response (p = .6171). In the ruxolitinib

arm (n = 160; Figure 4D), of the 36 patients (23%) with a ≥1-grade

improvement in BMF, 12 (33%) achieved a spleen response; of the

94 (59%) with stable BMF, 29 (31%) achieved a spleen response; and

of the 30 (19%) with worsening BMF, 11 (37%) achieved a spleen

response (p= .8331).

3.4 BMF grade changes and transfusion
independence at week 24

Transfusion independence, defined as the absence of transfusions and

no hemoglobin levels < 8 g/dL in the 12 weeks before week 24, was

achieved by 78% of patients (113/144) in the momelotinib arm vs 53%

(85/160) in the ruxolitinib arm in the analysis population with paired

BMF grade at baseline and week 24. Of the 31 patients in themomelo-

tinib arm with a ≥1-grade improvement in BMF, 27 (87%) achieved

transfusion independence at week 24 (Figure 5A); of the 92 patients

with stable BMF, 69 (75%) achieved transfusion independence at week

24; of the 21 patients with worsening BMF, 17 (81%) achieved transfu-

sion independence atweek 24. In the ruxolitinib arm, of the 36 patients

with a ≥1-grade improvement in BMF, 16 (44%) achieved transfusion

independence at week 24 (Figure 5B); of the 94 patients with stable

BMF, 48 (51%) achieved transfusion independence at week 24; and of

the 30 patients with worsening BMF, 21 (70%) achieved transfusion

independence at week 24. Nearly twice as many patients on momelo-

tinib vs ruxolitinib with a ≥1-grade BMF improvement achieved

transfusion independence at week 24 (87% [27/31] vs 44% [16/36]).

For those with worsening BMF, the transfusion independence rate was

higher in themomelotinib arm comparedwith the ruxolitinib arm (81%

[17/21] vs 70% [21/30]). In patients treatedwithmomelotinib, transfu-

sion independence was achieved regardless of the extent of changes in

BMF.

3.5 BMF grade changes and hemoglobin at week
24

Hemoglobin levels at baseline and week 24 by changes in BMF

grade are shown in Figure 6 and Figure S2. In the momelotinib arm,

hemoglobin levels increased regardless of the extent of changes in

BMF; changes from baseline to week 24 were 10.7 to 11.7, 11.0 to

11.7, 11.3 to 12.4, and 9.5 to 10.5 (mean level in g/dL) with a ≥1-grade

worsening, 1-grade improvement, 2-grade improvement, and 3-grade

improvement, respectively. In the ruxolitinib arm, hemoglobin levels

generally decreasedwith both improving andworsening BMF; changes

frombaseline toweek 24were 11.3 to 10.3, 10.6 to 9.6, and 11.5 to 9.9

(mean level in g/dL) with ≥1-grade worsening, 1-grade improvement,

and 2-grade improvement, respectively; there were no patients with a

3-grade improvement in the ruxolitinib arm.

3.6 BMF and OS

A landmark analysis of OS beginning at week 24, after patients in the

ruxolitinib arm crossed over to receive open-label momelotinib and

patients in the momelotinib arm continued to open-label momelotinib,

is shown in Figure 7. The median follow-up for OS was approxi-

mately 3 years. OS was analyzed by subgroups of change in BMF
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F IGURE 2 Overall SIMPLIFY-1 population by BMF grade at baseline. (A) Hemoglobin. (B) Transfusion status. (C) Platelet counts. (D) IPSS. (E)
Spleen volume. (F) TSS. BMF, bonemarrow fibrosis; Int1, intermediate 1; Int2, intermediate 2; IPSS, International Prognostic Scoring System; TSS,
Total Symptom Score.

grades at week 24 within each treatment arm. During the momelo-

tinib open-label extended treatment period, changes in BMF grades

at week 24 were not associated with OS benefit in either treatment

arm. In the momelotinib-randomized arm, OS rates at 2, 4, and 6

years were approximately 95%, 75%, and 65%, respectively, among

patientswithworseningBMF; 80%, 60%, and55%, respectively, among

patientswith stable BMF; and 85%, 70%, and 70%, respectively, among

patients with a ≥1-grade improvement (Figure 7A). The Cox regres-

sion model showed no differences in OS in momelotinib-randomized

patients between those with a ≥1-grade improvement vs worsening

BMF (hazard ratio [HR], 1.22; 95% confidence interval [CI], 0.40–3.74;

p = .725). In the ruxolitinib-randomized arm, OS rates at 2, 4, and 6
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F IGURE 3 Change in BMF grade from baseline to week 24 in JAK inhibitor–naive patients in SIMPLIFY-1. (A) Patients treated with
momelotinib. (B) Patients treated with ruxolitinib. BMF, bonemarrow fibrosis; JAK, Janus kinase.

years were approximately 85%, 75%, and 75%, respectively, among

patientswithworseningBMF; 80%, 65%, and50%, respectively, among

patients with stable BMF; and 80%, 60%, and 60%, respectively, among

patients with a≥1-grade improvement (Figure 7B). The Cox regression

model showed no differences in OS in ruxolitinib-randomized patients

between those with a ≥1-grade improvement vs worsening BMF (HR,

1.91; 95%CI, 0.72–5.10; p= .196).

BMF grade improvements were also not associated with OS bene-

fits in patients randomized to momelotinib who achieved transfusion

independence atweek24 (HR [improvement vs no improvement], 1.03;

p= .950) (Figure 7C).

4 DISCUSSION

Improvement in BMF has been pursued as an endpoint in clinical trials

formyelofibrosis, especially in combination therapies, with a presumed

link to disease modification [4, 36, 38]. Although studies have shown

that the grade of BMF itself may directly influence OS [34, 37, 41],

limited data, especially in the phase 3 setting, are available on how

changeor improvement in the gradeofBMFpotentially correlateswith

survival or other efficacy outcomes.

The current analysis included bone marrow biopsy samples from

SIMPLIFY-1, a large, completed phase 3 clinical trial of momelotinib

vs ruxolitinib in JAK inhibitor–naive patients with myelofibrosis. The

availability of such samples offered a unique opportunity to better

understand the impactof twodifferentiated JAK inhibitorsonBMFand

the clinical consequences of changes in BMF. The proportions of each

baseline BMF grade were similar between treatment arms, likely due

to randomization stratification.

The data presented here showed modest improvement in BMF

grade after 24 weeks of momelotinib or ruxolitinib treatment, with

approximately 20% of patients having a ≥1-grade improvement. In

contrast, BMF was stable in > 60% of patients. In both arms, BMF

grade change was not associated with symptom or spleen response.

Although such similarities were observed, outcomes related to anemia

were different between the two arms. For patients treated with

momelotinib, hemoglobin levels increased, and transfusion inde-

pendence was achieved regardless of BMF changes (improvement

or worsening). In contrast, for patients treated with ruxolitinib,

those with BMF improvement—even those achieving a 2-grade BMF

improvement—did not have improved hemoglobin levels, and worsen-

ing BMF grade was generally correlated with decreased hemoglobin

levels. Changes in BMF grade also did not impact the achievement of

transfusion independence in the ruxolitinib arm. These findings are

suggestive of the previously described anemia benefit of momelotinib,

a feature of its JAK1/JAK2/ACVR1-mediated mechanism of action,

which is not seenwith ruxolitinib [42, 43]. Of note, not achieving trans-

fusion independence was also not associated with changes in BMF

grade.

Although SIMPLIFY-1was completed in 2019, the long-term follow-

up of patients in the study and after rollover to the extended access

protocol (NCT03441113) allowed OS assessment. The current analy-

sis showed that patients achieving a ≥1-grade BMF improvement did

not demonstrate OS advantage in either of the treatment arms even

with a longer follow-up. Significant differences in OS were not evi-

dent among those with worsened, improved, or stable BMF for either

arm.

A limitation of this analysis is that bone marrow biopsies were not

centrally reviewed, which may have led to biases or inconsistencies in

grading. Additionally, variation in bone marrow biopsies may lead to

inadequate assessment of a patient’s disease state; this is evident by

the number of patients with grade 0 or 1 BMF with concurrent high

clinical-stage disease. Additionally, the analysiswas performed atweek

24, which may not have allowed for sufficient time to observe clini-

cally relevant changes in BMF. Paired bone marrow biopsies were not

available from all patients in the study; fewer biopsies were collected

at week 24, indicating a potential skew in the sample pool. It is also

notable thatwhile the current analysis suggests that BMFmaynot nec-

essarily be the appropriate surrogate of clinical response in the setting
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F IGURE 4 Proportion of JAK inhibitor–naive patients in SIMPLIFY-1 who achieved symptom and spleen response by change in BMF grade
from baseline to week 24. (A, C) Patients treated withmomelotinib. (B, D) Patients treated with ruxolitinib. *Symptom response is defined as
achieving a≥50% reduction in TSS over the 28 days immediately before the end of week 24 comparedwith baseline. The percentage is calculated
using the BMF change category as the denominator (i.e.,≥1-grade improvement, no change, or worsening). †Spleen response is defined as
achieving a≥35% reduction in spleen volume from baseline. The percentage is calculated using the BMF change category as the denominator (i.e.,
≥1-grade improvement, no change, or worsening). The p-value was calculated using a χ2-test. BMF, bonemarrow fibrosis; JAK, Janus kinase; TSS,
Total Symptom Score.

of first-line JAK inhibitor monotherapy, the results cannot be gener-

alized to myelofibrosis treatments with other mechanisms of action

[39]. Furthermore, although the patient populationwas large, the num-

ber of patients having BMF improvement of ≥1 grade was low. Finally,

although baseline genomic profilingmay provide insights into potential

biomarkers associated with BMF changes or other clinical endpoints,

samples were not available at the time of this analysis. Nonetheless,

this represents the most extensive analysis to date of the correlation

of BMF changes with other outcome measures, with over 300 paired

biopsies and mature clinical data, in JAK inhibitor–naive patients with

myelofibrosis.

While the data continue to support the key role of ACVR1 inhi-

bition together with JAK1 and JAK2 inhibition in the differentiated

anemia benefit derived with momelotinib, they bring into question the

use of BMF assessment at week 24 as a surrogate for clinical ben-

efit and disease modification, given the lack of association between

changes in BMF grade and OS and other efficacy outcomes. Emerg-

ing data from ruxolitinib and ruxolitinib combination therapies have

shown approximately 30% of patients having a≥1-grade improvement

in BMF; however, the improvement has not been significantly corre-

lated with survival or other clinical outcomes [36, 37], except perhaps

in individual cases [44, 45]. Future analyses of BMF grading incorpo-
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F IGURE 5 Proportion of JAK inhibitor–naive patients in SIMPLIFY-1 who achieved transfusion independence response by change in BMF
grade from baseline to week 24. (A) Patients treated withmomelotinib. (B) Patients treated with ruxolitinib. Transfusion independence response
was defined as the absence of red blood cell transfusions and no hemoglobin levels< 8 g/dL in the 12weeks before week 24. The p-value was
calculated using a χ2-test. BMF, bonemarrow fibrosis; JAK, Janus kinase.

F IGURE 6 Hemoglobin levels at baseline andweek 24 in JAK inhibitor–naive patients in SIMPLIFY-1withworsening BMF grade from baseline
to week 24. (A) Patients treatedwithmomelotinib. (B) Patients treatedwith ruxolitinib. *A total of 3/21 patients weremissing week 24 hemoglobin
measurement. †A total of 2/30 patients weremissing week 24 hemoglobinmeasurement. BMF, bonemarrow fibrosis; JAK, Janus kinase.

rating additional bone marrow histopathology assessments such as

megakaryocyte cell size and clustering, along with improved quanti-

tative approaches for evaluating cytological and topographical bone

marrow features, may be informative [46, 47].

5 CONCLUSION

In conclusion, the current analysis showed that both momelotinib and

ruxolitinib can improveBMFgrade, but the improvementwas not asso-

ciated with OS advantage or better efficacy outcomes; benefits of

anemia with momelotinib were observed regardless of BMF changes.

The clinical significance of BMF changes with nontransplant therapies

for myelofibrosis should be carefully evaluated to better understand

its role in disease modification, the pathogenesis of myelofibrosis, and

clinically important outcomes.
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