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Key Points

• ASXL1/EZH2,
transfusion
dependence, and a
high prognostic risk
score predict shorter
TTF in MF patients on
JAK1/2 inhibitors.

• These clinical and
genetic factors were
also associated with
decreased overall
survival.

In myelofibrosis (MF), driver mutations in JAK2, MPL, or CALR impact survival and

progression to blast phase, with the greatest risk conferred by triple-negative status.

Subclonal mutations, including mutations in high–molecular risk (HMR) genes, such as

ASXL1, EZH2, IDH1/2, and SRSF2 have also been associated with inferior prognosis.

However, data evaluating the impact of next-generation sequencing in MF patients treated

with JAK1/2 inhibitors are lacking. Using a 54-gene myeloid panel, we performed targeted

sequencing on 100 MF patients treated with ruxolitinib (n 5 77) or momelotinib (n 5 23)

and correlated mutational profiles with treatment outcomes. Ninety-nine patients had at

least 1 mutation identified, 46 (46%) had 2 mutations, and 34 (34%) patients had $3

mutations. Seventy-nine patients carried a mutation in JAK2V617F, 14 patients had

mutations in CALR, 6 patients had an MPL mutation, and 2 patients were triple negative.

No mutation was significantly associated with spleen or anemia response. A high Dynamic

International Prognostic Scoring System score and pretreatment transfusion dependence

were associated with a shorter time to treatment failure (TTF), and this association retained

significance onmultivariable analysis. Patients with ASXL1 (hazard ratio [HR], 1.86; P5 .03)

and EZH2 mutations (HR, 2.94; P 5 .009) and an HMR profile (HR, 2.06; P 5 .01) had

shorter TTF. On multivariate analysis, ASXL1 or EZH2 mutations were independently

associated with shorter TTF and overall survival. These findings help identify patients

unlikely to have a durable responsewith current JAK1/2 inhibitors and provide a framework

for future studies.

Introduction

The advent of next-generation sequencing (NGS) techniques has brought intense interest to the
complex genetic landscape of myeloproliferative neoplasms (MPNs), particularly the ability of mutational
data to confer information with respect to prognosis. Driver mutations in JAK2, MPL, or CALR, either
alone1 or in conjunction with subclonal mutations in genes, such as ASXL1,2 have been associated with
differences in overall survival (OS). Triple-negative patients who lack canonical mutations in JAK2,MPL,
or CALR, have an increased risk of leukemic transformation as well as shortened OS.1

There is a growing body of literature on the adverse impact of somatic mutations in ASXL1, EZH2,
IDH1/2, and SRSF2 on OS and leukemic transformation in patients with primary myelofibrosis (PMF)
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treated with supportive therapy.3-5 However, data regarding the
impact of this high–molecular risk (HMR) profile on clinical
outcomes in the context of novel MPN therapies, such as JAK1/2
inhibitors, are limited. A recent study of 95 patients treated with
ruxolitinib using a panel of 29 genes, excluding SRSF2, reported
that mutations in any of the HMR genes studied as well as a
total of $3 mutations were associated with decreased spleen
response and a shorter time to discontinuation of therapy.6 A
retrospective analysis of the controlled myelofibrosis study with
oral JAK inhibitor treatment (COMFORT-II) trial, which compared
ruxolitinib to the best available therapy by using a 14-gene panel
excluding CALR, found no correlation between mutational
pattern and either spleen or hemoglobin response.7 Pardanani
and colleagues8 evaluated the clinical response stratified by
using a gene panel comprised of driver mutations and ASXL1 in
100 MF patients on momelotinib and found that CALR-positive
patients had improved spleen response, whereas mutations in
ASXL1 portended an inferior response. Neither of the latter 2
studies evaluated time to treatment failure (TTF) on JAK1/2
inhibitor therapy.7

Identifying patients who may not have durable responses on
JAK1/2 inhibitor therapy is of immense clinical interest in guiding
the timing of transplant for patients potentially eligible for
allogeneic hematopoietic cell transplantation (HCT).9 Given the
limited data in this area, we evaluated the effect of mutation
profiles on the clinical outcomes of MF patients treated with
JAK1/2 inhibitors by sequencing 54 genes commonly described
in myeloid malignancies in a cohort of patients treated at our
institution.

Methods

Patients

All patients with MF seen in the MPN program at the Princess
Margaret Cancer Centre between November 2009 and May 2016
and treated with either ruxolitinib or momelotinib were identified by
using the MPN database. Patients received JAK1/2 inhibitor therapy
via commercial supply or in the context of a clinical trial. Retrospec-
tive clinical data were obtained from chart review. All patients
consented to the collection of clinical data as well as the collection
of molecular samples through the University Health Network (UHN)
Hematologic Malignancy Tissue Bank. The study was approved by
the UHN Research and Ethics Board (study number 15-9690-CE).
Patients were eligible for inclusion in the study if they met the
following criteria: (1) diagnosis of PMF, post–essential thrombocy-
themia (PET-MF), or post–polycythemia vera (PPV-MF) myelofibrosis
as per the World Health Organization 2008 or the International
Working Group for Myelofibrosis Research and Treatment (IWG-
MRT) criteria; (2) in chronic phase (blasts ,10%) prior to the initia-
tion of JAK1/2 inhibitor therapy; (3) received $1 dose of JAK1/2
inhibitor therapy; and (4) had an available molecular sample for
analysis. Patients were excluded if they received a JAK1/2 inhibitor as
a bridge to transplant, received treatment as part of an ongoing or
blinded clinical trial, or had dual malignancies or a myelodysplastic
syndrome/MPN overlap syndrome.

DNA sequencing

DNA was extracted from peripheral blood (n5 88) or bone marrow
(n 5 12) samples. Targeted sequencing was performed using the

TruSight Myeloid Sequencing Panel (Illumina; San Diego, CA) on
the MiSeq benchtop genome sequencer (Illumina) by the UHN
Advanced Molecular Diagnostics Laboratory. Fifty-four genes were
profiled (39 genes with hotspot region coverage; 15 genes with
complete coding region coverage; supplemental Table 1A-B) by
using amplicon-based library preparation and (2 3 250 bp) paired-
end sequencing with 50 ng of input DNA. Sequence data were
analyzed by the NextGENe (version 2.3.1, SoftGenetics) and MiSeq
Reporter (version 2.4.60, Illumina) software packages. Data files
from each sample were uploaded into Cartagenia Bench NGS
version 4.2 (Agilent; Santa Clara, CA) for subsequent filtering
to prioritize for reporting those variants that passed all MiSeq
Reporter quality criteria, including depth of coverage of $1003
and a variant allele frequency threshold of .5% (.2% for well-
documented hotspots). Variants with a global population fre-
quency .1% according to population databases (1000 Genomes,
Exome Sequencing Project [ESP6500SI-V2 data set, http://evs.
gs.washington.edu/EVS/], Exome Aggregation Consortium)10-12

and/or present in the Advanced Molecular Diagnostics Laboratory
internal database of recurring variants were excluded. Variants
selected for downstream analysis included exonic frameshift and
nonsense mutations, previously reported intronic splice-site vari-
ants, missense variants, and in-frame insertions/deletions. Variants
were annotated by using established criteria13 and then classified
as drivers (ie, canonical MPN-associated JAK2, CALR, and MPL
mutations), HMR (ie, involving ASXL1, EZH2, IDH1/2, or SRSF2),
oncogenic mutations, or variants of unknown significance, which
were not used for downstream analysis. The complete list of
annotated variants is reported in supplemental Table 2.

Statistical analysis

The primary endpoint was TTF, defined as the time from the start of
JAK1/2 inhibitor therapy to one of the following: treatment
discontinuation; progression to accelerated (blast count 10% to
19%) or blast phase (blast count $20%); spleen progression; or
death. Secondary endpoints included OS and best spleen, anemia,
and IWG-MRT response achieved over 48 weeks of treatment. OS
was defined as the time from the start of JAK 1/2 inhibitor therapy
until death or last follow-up. Treatment responses were assessed as
per the 2013 revised IWG-MRT criteria.14 Dynamic International
Prognostic Scoring System (DIPSS) scores were calculated for all
patients on the first day of JAK1/2 inhibitor therapy.15 Transfusion
dependence was defined as any transfusion in the 12 weeks prior to
the start of JAK1/2 inhibitor treatment.16

Group comparisons were performed by using the Kruskal-Wallis
test and Fisher’s exact test for continuous and categorical variables,
respectively. TTF endpoints were estimated by using the Kaplan-
Meier method. Group comparisons were performed by using the
log-rank test. Patients who were event free at the time of analysis
were censored at the date of the last follow-up. Both univariable and
multivariable analyses for TTF endpoints were fit by using the Cox
proportional hazards model. Assumptions for each model were
tested and not found to be in violation. The selection of the final
multivariate TTF and OS analysis was performed as follows. First, a
univariable analysis was conducted for preliminary screening using
P , .05 as a threshold. Based on these results and clinical input, 4
candidate explanatory variables were included in the preliminary
multivariable model: DIPSS, pretreatment transfusion dependence,
ASXL1/EZH2 mutations, and number of mutations. Bivariate tests
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of associations were performed based on Fisher’s exact test. The w

correlation coefficient was also calculated. This led to subsequent
model fits that did not incorporate both DIPSS and pretreatment
transfusion dependence or both ASXL1/EZH2 mutations and number
of mutations. All possible combinations were subsequently fit and led to
the final models. The fit of each model was assessed by using the
likelihood ratio test and the Akaike information criterion. All analyses
were performed in SAS software, version 9.4 (SAS Institute, Cary, NC).

Results

Patient characteristics

A total of 159 MF patients at the Princess Margaret Cancer Centre
who received JAK1/2 inhibitor therapy were identified from the MPN
database. Patients were excluded if they: had no available sample
for sequencing (n 5 22); were treated with a JAK1/2 inhibitor as a
bridge to transplant (n 5 9); were part of an ongoing or blinded
clinical trial (n 5 5); were treated in the accelerated phase (n 5 4);
or were diagnosed with dual malignancy (n 5 2; in both cases,
chronic lymphocytic leukemia) or myelodysplastic syndrome/MPN

overlap syndrome (n 5 2). Other exclusions included treatment
with a JAK inhibitor other than ruxolitinib or momelitinib (n 5 3),
inadequate clinical information (n 5 8), and miscellaneous (n 5 4).
In total, 100 patients were included in the study. There were no
differences in the baseline characteristics of included patients vs
those who had missing molecular samples or were treated as a
part of an ongoing/blinded clinical trial (data not shown). The base-
line demographic and clinical data of the study cohort are presented
in Table 1.

Sequencing results

A total of 301 variants were identified in our cohort, with 51 variants
deemed variants of unknown significance and not used in
downstream analyses (supplemental Table 2). Ninety-nine (99%)
patients had $1 mutation identified. Nineteen (19%) patients had
1 mutation, 46 (46%) patients had 2 mutations, and 34 (34%)
patients had $3 mutations. Seventy-nine patients (79%) carried a
JAK2 V617F mutation, 14 (14%) patients had mutations in CALR
(12 patients had type 1–like mutations: 2 patients had type II–like
mutations), 6 (6%) patients had an MPL mutation, and 2 patients

Table 1. Baseline clinical and demographic characteristics of patients with myelofibrosis

Characteristic All patients (n 5 100) PMF (n 5 50) PPV-MF (n 5 27) PET-MF (n 5 23)

Age, median (range), y 68 (43-86) 66 (43-86) 68 (54-80) 70 (48-82)

Male, n (%) 62 (62) 32 (64) 18 (67) 12 (52)

Hb concentration, median (range), g/L 98 (64-158) 103 (73-158) 106 (64-148) 96 (72-121)

WCC, median (range), 3109/L 14.6 (1.6-109.4) 11.7 (1.6-65) 19.8 (3.1-109.4) 14.4 (2.2-50.5)

Plt count, median (range), 3109/L 199 (17-1345) 225 (17-1072) 168 (46-647) 237 (45-1345)

PBB $1%, n (%) 56 (56) 28 (56) 13 (48) 15 (65)

Baseline palpable spleen size, median (range), cm 17 (0-38) 17 (0-38) 16 (8-32) 18 (5-31)

Transfusion dependence prior to starting JAK inhibitor, n (%) 39 (39) 18 (36) 11 (41) 10 (43)

ECOG scale score, n (%)

0 20 (20) 11 (22) 6 (22) 3 (13)

1 68 (68) 34 (68) 16 (59) 18 (78)

2 10 (10) 5 (10) 4 (15) 1 (4)

Missing 2 (2) 0 (0) 1 (4) 1 (4)

DIPSS score, n (%)

Low 1 (1) 1 (2) 0 (0) 0 (0)

Intermediate-1 27 (27) 17 (34) 7 (26) 3 (13)

Intermediate-2 43 (43) 22 (44) 9 (33) 12 (52)

High 29 (29) 10 (20) 11 (41) 8 (35)

Cytogenetics, n (%)

Normal 47 (47) 23 (46) 11 (41) 13 (57)

Abnormal, favorable 23 (23) 12 (24) 7 (26) 4 (17)

Abnormal, not favorable 5 (5) 3 (6) 0 (0) 2 (9)

Failed/not done 25 (25) 12 (24) 9 (33) 4 (17)

JAK inhibitor, n (%)

Ruxolitinib 77 (77) 35 (70) 25 (93) 17 (74)

Momelotinib 23 (23) 15 (30) 2 (7) 6 (26)

Received as part of clinical trial, n (%) 47 (47) 24 (48) 12 (44) 11 (48)

No P value was found to be statistically significant between MF subtypes.
ECOG, Eastern Cooperative Oncology Group; Hb, hemoglobin; PBB, peripheral blood blast; Plt, platelet; WCC, white blood cell count.
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were triple negative (Figure 1). One patient had a cooccurrence of
an MPLW515L and a type 1–like CALR mutation. Other genes
mutated in $5% of the cohort were ASXL1 (33%), TET2 (28%),
SF3B1 (13%), U2AF1 (10%), EZH2 (8%), SRSF2 (7%), DNMT3A
(6%), CBL (5%), and NRAS (5%) (Figure 1). No oncogenic
mutations were found in ABL1, ATRX, BCOR, BCORL1, BRAF,
CBLB, CBLC, CDKN2A, CEBPA. FBXW7, FLT3, GATA1, HRAS,

IKZF1, JAK3, KDM6A, KIT, KMT2A, KRAS, MYD88, NOTCH1,
PDGFRA, RAD21, SMC1A, SMC3, STAG2, and WT1. Cooccur-
rences of various mutations are shown in a Circos plot (supple-
mental Figure 1). Forty-three (43%) patients had mutations in HMR
genes. An HMR mutation was seen in 24% of patients with 0 to 2
mutations, whereas 79% of patients with $3 mutations had an
HMR mutation.
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Figure 1. Landscape plot of mutations. Each column represents an individual patient. The bar graph represents the number of mutations per patient.

Table 2. Toxicity, response, and outcome data

Characteristic All patients (n 5 100) PMF (n 5 50) PPV-MF (n 5 27) PET-MF (n 5 23)

Grade 3/4 hematologic toxicity

Grade 3/4 anemia 36 (36) 21 (42) 6 (22) 9 (39)

Grade 3/4 thrombocytopenia 23 (23) 11 (22) 4 (15) 8 (35)

Grade 3/4 neutropenia 2 (2) 2 (4) 0 (0) 0 (0)

Best IWG-MRT response over 48 wk

Clinical improvement 27 (27) 14 (28) 6 (22) 7 (30)

Spleen response 18 (18) 8 (16) 6 (22) 4 (17)

Anemia response 1 (1) 0 (0) 0 (0) 1 (4)

Stable disease 52 (52) 28 (56) 13 (48) 11 (48)

Progressive disease 1 (1) 0 (0) 1 (4) 0 (0)

Not available 1 (1) 0 (0) 1 (4) 0 (0)

IWG-MRT spleen response over 48 wk 41 (41) 22 (44) 9 (35) 10 (45)

IWG-MRT anemia response over 48 wk 11 (11) 3 (6) 5 (19) 3 (13)

Transformation to accelerated/blast phase 9 (9) 3 (6) 3 (11) 3 (13)

Median TTF, wk 116 100 149 119

Median OS, wk 182 172 226 143

All values expressed as n (%), unless otherwise indicated. No P value was found to be statistically significant between MF subtypes.
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Primary endpoint: TTF

Fifty-two (52%) patients experienced treatment failure, with a
median TTF of 116 weeks (Table 2). Eight patients died while on
therapy. Twenty-two patients discontinued therapy due to toxicity:
11 patients stopped therapy due to hematologic adverse events
(7 patients experienced severe thrombocytopenia; 4 patients
experienced transfusion-dependent anemia), whereas 11 patients
experienced nonhematologic toxicities. One patient required an
emergent splenectomy after splenic rupture and discontinued
therapy at that point, whereas 3 (6%) patients discontinued therapy
due to a lack of spleen response. The remaining patients (n 5 18)
failed therapy due to advancement of their disease. Transformation
to accelerated or blast phase occurred in 2 and 6 patients,
respectively. Five patients met the IWG-MRT criteria for spleen
progression, whereas another 5 patients developed progressive MF
without meeting IWG-MRT criteria for progression.

The baseline clinical variables associated with shorter TTF included
anemia (P 5 .001), peripheral blood blasts .1% (P 5 .01), elevated
white blood cell count (P5 .03), highDIPSSscore (P5 .001, Figure 2A),
and pretreatment transfusion dependence (P 5 .002, Figure 2B)

(Table 3). Of the individual mutations identified in $5% of the cohort,
ASXL1 (P5 .03), EZH2 (P5 .009), andCBL (P5 .04) mutations were
associated with a shorter TTF. ASXL1/EZH2 mutations (P 5 .002,
Figure 2C) as well as HMR mutations (P 5 .01) were also significantly
associated with shorter TTF, whereas there was a trend toward shorter
TTF in patients with $3 mutations (P 5 .07). When the number of
mutations was stratified by HMR, only$3 mutations with HMR reached
significance (P5 .006), whereas therewas a trend toward shorter TTF for
0 to 2 mutations in the presence of HMR (P 5 .08) (Figure 2D).

Secondary endpoints

OS. Over a median follow-up of 109weeks, 36% of patients died,
with a median OS of 182 weeks (Table 2). The primary causes of death
included transformation to blast phase (n5 9), progressive MF without
AML transformation (n5 19), infectious complications (n5 5), second
malignancy (n 5 1), and cardiac events (n 5 2). The clinical variables
associated with a shorter OS included anemia (P 5 .01), peripheral
blood blasts.1% (P5 .006), highDIPSS score (P5 .004; Figure 3A),
and pretreatment transfusion dependence (P 5 .007; Figure 3B)
(Table 3). ASXL1 (P5 .02) and EZH2 (P5 .002) mutations were the
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Figure 2. Kaplan-Meier curves for TTF. (A) DIPSS score. (B) Pretreatment transfusion dependence. (C) ASXL1/EZH2 mutations. (D) Number of mutations, stratified by HMR.
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Table 3. Univariate analysis of variables associated with TTF and OS

TTF OS

Median, y HR 95% CI P Median, y HR 95% CI P

Median age, y

.68 2.00 1.48 0.85-2.59 .17 2.90 1.94 0.96-3.90 .06

#68 2.81 4.32

Hb concentration, g/L

$100 3.26 0.38 .001 4.32 0.41 0.21-0.83 .01

,100 1.55 0.21-0.69 2.75

Median WCC, 3109/L

.14.6 2.85 0.55 0.32-0.96 .03 4.26 0.74 0.38-1.43 .37

#14.6 1.78 3.17

Median platelet count, 310
9
/L

.199 2.23 0.86 0.49-1.50 .59 4.32 0.54 0.28-1.05 .07

#199 2.00 2.90

Median PBB, %

.1 1.55 2.10 1.20-3.67 .01 2.91 2.53 1.30-4.94 .006

#1 2.76 4.32

Transfusion dependence

Yes 1.46 2.37 1.36-4.12 .002 2.47 2.52 1.28-4.95 .007

No 3.26 5.51

Baseline spleen size, cm

$10 2.28 0.72 0.33-1.55 .40 4.26 0.67 0.28-1.65 .39

,10 1.71 2.37

JAK inhibitor

Ruxolitinib 2.27 0.71 0.39-1.31 .27 4.26 1.23 0.60-2.55 .57

Momelotinib 1.71 4.32

Diagnosis

PMF 1.92 0.72 0.41-1.25 .24 3.30 1.07 0.56-2.06 .84

PPV-/PET-MF 2.53 4.32

DIPSS

Low/Intermediate-1 4.69 1.81 0.83-3.96 .14 NA 1.66 0.63-4.32 .30

Intermediate-2 2.53 3.55 1.63-7.73 .001 4.26 4.09 1.59-10.50 .004

High 1.46 2.37

JAK2/MPL (n 5 85)

Yes 2.23 0.75 0.40-1.40 .36 4.26 0.80 0.38-1.71 .57

No 1.78 2.90

CALR (n 5 14)

Yes 1.78 0.94 0.43-2.10 .89 NA 0.75 0.27-2.13 .59

No 2.23 3.30

ASXL1 (n 5 33)

Yes 1.71 1.86 1.06-3.24 .03 2.37 2.27 1.17-4.40 .02

No 2.76 5.51

SRSF2 (n 5 7)

Yes 2.52 1.00 0.40-2.54 .99 2.64 1.30 0.46-3.70 .62

No 2.09 4.26

EZH2 (n 5 8)

Yes 1.10 2.94 1.31-6.60 .009 1.83 4.17 1.69-10.28 .002

No 2.28 4.32

NA, event-free rate did not reach 50%.
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only individual mutations associated with an inferior OS. ASXL1/EZH2
mutations (P5 .001; Figure 3C), HMR mutations (P5 .005), and$3
mutations (P5 .04) were also associated with a shorter OS.When the
number of mutations was stratified by HMR, having$3 mutations was
significantly associated with TTF only in the setting of HMR (P5 .0005;
Figure 3D).

IWG-MRT response. The best IWG-MRT 2013 response
achieved over 48 weeks of treatment was clinical improvement in

27 patients (Table 2). No patients achieved a complete or partial
response. Nineteen patients had a response with respect to either
the spleen (n 5 18) or anemia (n5 1), but they did not meet criteria
for clinical improvement. Fifty-two patients had stable disease, and
1 patient met the criteria for progressive disease. Of 100 patients,
94 were evaluable for spleen response, with 46 (49%) achieving a
spleen response at any time point on JAK1/2 inhibitor therapy. The
lack of spleen response was correlated with anemia and a high
DIPSS score, whereas a trend was noted toward inferior spleen

Table 3. (continued)

TTF OS

Median, y HR 95% CI P Median, y HR 95% CI P

IDH1/IDH2 (n 5 4)

Yes 2.76 0.73 0.18-3.01 .67 2.90 1.34 0.32-5.61 .69

No 2.09 4.26

TET2 (n 5 28)

Yes 1.95 0.98 0.52-1.85 .95 2.45 1.57 0.77-3.21 .21

No 2.28 4.32

U2AF1 (n 5 10)

Yes 1.95 1.60 0.68-3.77 .28 2.37 1.14 0.35-3.76 .82

No 2.23 4.26

SF3B1 (n 5 13)

Yes 1.99 1.36 0.64-2.91 .42 NA 0.91 0.32-2.58 .86

No 2.23 3.30

CBL (n 5 5)

Yes 1.03 3.66 1.09-12.24 .04 1.20 2.92 0.69-12.44 .15

No 2.28 4.26

DNMT3A (n 5 6)

Yes 1.13 2.06 0.74-5.74 .17 2.00 2.34 0.71-7.72 .16

No 2.28 4.26

NRAS (n 5 5)

Yes 1.38 1.57 0.57-4.38 .39 4.26 1.63 0.50-5.35 .42

No 2.23 4.32

ASXL1/EZH2 (n 5 37)

Yes 1.49 2.36 1.36-4.11 .002 2.37 2.90 1.48-5.99 .002

No 3.26 5.51

HMR profile (n 5 43)

Yes 1.67 2.06 1.19-3.58 .01 2.40 2.61 1.33-5.14 .005

No 3.46 5.51

Number of mutations (including driver)

1 NA 4.32

2 2.53 1.23 0.54-2.81 .63 NA 0.99 0.37-2.66 .99

$3 1.49 2.19 0.95-5.05 .07 2.37 2.65 1.04-6.75 .04

0-2 mutations

No HMR 3.45 NA

HMR 1.78 1.94 0.92-4.08 .08 3.30 1.75 0.68-4.54 .25

‡3 mutations

No HMR 2.21 1.87 0.63-5.52 .26 4.26 1.65 0.46-5.93 .45

HMR 1.49 2.50 1.30-4.80 .006 2.28 4.16 1.87-9.27 .0005

NA, event-free rate did not reach 50%.
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response in patients with HMR (P 5 .06) (supplemental Table 3).
Seventeen (32%) of the 54 patients evaluated met criteria for anemia
response at any time point. There was no correlation between anemia
response and any clinical or mutational variable (supplemental
Table 4). When comparing ruxolitinib with momelotinib, there was
no significant difference in any measured outcomes (data not shown).

Grade 3 or 4 hematological toxicity included anemia in 36 (36%)
patients, thrombocytopenia in 23 (23%), and neutropenia in 2 (2%)
patients (Table 2). Thirty (30%) patients experienced infectious
complications of all grades associated with JAK1/2 inhibitor therapy,
with the most common infection being herpes zoster. One patient
had reactivation of peritoneal tuberculosis. Nonhematological toxic-
ities were primarily grade 1 or 2, seen in 20% of patients (all grades),
and included cardiac arrhythmia, acute kidney injury, and Wernicke’s
encephalopathy in 1 patient on momelotinib. Two of 23 patients
treated with momelotinib developed peripheral neuropathy.

To further evaluate important clinical and genetic variables found to
be significant on univariate analysis, we selected DIPSS score,
pretreatment transfusion dependence, ASXL1/EZH2 mutations,
and number of mutations for an exploratory multivariable analysis of
TTF and OS. Our initial 4-variable model demonstrated significant

associations between transfusion dependence and DIPSS (F 5
0.62) and between ASXL1/EZH2 and number of mutations (F 5
0.53) (supplemental Table 5). We therefore generated models
where ASXL1/EZH2 mutations and number of mutations were
independently assessed against each of the 2 clinical variables in
isolation. A high DIPSS score (HR, 2.79; 95% confidence interval
[CI], 1.24-6.31; P 5 .01) and transfusion dependence (HR, 2.07;
95% CI, 1.18-3.64; P 5 .01) were independently associated with
shorter TTF when combined with ASXL1/EZH2 mutations
(Table 4). ASXL1/EZH2 mutations remained independently signif-
icant when assessed against both DIPSS score (HR, 1.87; 95% CI,
1.05-3.33; P 5 .04) and transfusion dependence (HR, 2.05; 95%
CI, 1.16-3.61; P 5 .01). Both clinical variables and ASXL1/EZH2
mutations remained independently significant for OS (Table 4).
Models including the number of mutations did not demonstrate
significance for either TTF or OS.

Discussion

There is now substantial literature on the long-term follow-up of
patients treated with ruxolitinib, with discontinuation rates of ;50%
at 3 years of treatment.17-20 To date, no clinical factors have
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Figure 3. Kaplan-Meier curves for OS. (A) DIPSS score. (B) Pretreatment transfusion dependency. (C) ASXL1/EZH2 mutations. (D) Number of mutations, stratified by HMR.
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consistently been shown to be predictive of spleen response,21,22

and few studies have investigated the factors that determine
durability of response to JAK1/2 inhibitors. In our study, we
demonstrate that patients with anemia and high DIPSS scores had
lower spleen response rates. No individual mutation was associated
with spleen response. However, mutations in HMR genes exhibited a
trend toward inferior spleen response. Previous post-hoc analysis of
the COMFORT-II trial did not suggest a negative impact of mutations
regarding the efficacy of ruxolitinib,7 however, other studies have
shown inferior spleen response in patients withASXL1,6,8 EZH2, and
IDH1/2 mutations.6

There are limited data on the understanding of factors associated
with TTF in MF patients treated with JAK1/2 inhibitors. In the current
study, we demonstrated that a high DIPSS score, pretreatment
transfusion dependence, and mutations in ASXL1 and EZH2 were
associated with shorter TTF. A previous study from the MD Anderson
group reported shorter time to treatment discontinuation in patients
with ASXL1 and EZH2 mutations.6 This study also showed that
patients with $3 mutations had shorter time to treatment discontin-
uation.6 Our data raise the possibility that shorter TTF as well as OS
in patients with$3mutations may primarily be driven by the presence
of an HMR mutation. However, larger studies are needed to confirm
this finding. Our study did not find any impact of SRSF2 and IDH1/2
mutations on treatment outcomes. The data on the impact of SRSF2
and IDH1/2 mutations in patients treated with JAK1/2 inhibitor
therapy are limited because these mutations are seen in a small
proportion of patients. Moreover, none of the previously reported
studies evaluated SRSF2 in the setting of JAK1/2 inhibitor therapy.
Taken together, accumulating evidence suggests a shorter duration
of treatment response as well as inferior survival in ASXL1- and
EZH2-mutated patients treated with JAK1/2 inhibitor therapy.

We were unable to validate the negative impact of mutation number
on treatment failure, as previously published, in patients treated with
JAK1/2 inhibitor therapy6 or supportive care.3,23 We demonstrated
that as the number of mutations increased, the frequency of a HMR
mutation increased as well. However, the number of mutations is
highly dependent on the number of genes interrogated (which
varies between centers due to differing NGS panels) and differing
variant annotation criteria. The standardization of an algorithm for
identifying pathogenic variants is necessary prior to considering
widespread implementation of NGS in routine clinical practice.

Although JAK1/2 inhibitors are important agents in MF patients for
alleviating burdensome symptoms and improving quality of life, they

are not curative and are associated with significant rates of
treatment failure. At present, the only curative therapeutic option for
MF is HCT. The expert guidelines recommend the option of HCT
in intermediate-2/high-risk disease and selected patients with
intermediate-1 disease.24,25 However, physicians as well as
patients face a dilemma on the optimal timing of transplant,9,26

especially for patients who are responding well to JAK1/2 inhibitor
therapy. There is equipoise among physicians as to whether to
proceed to HCT in such patients or consider HCT at the failure of
JAK1/2 inhibitor therapy. Our study provides evidence for higher
rates of treatment failure in patients with high DIPSS scores,
transfusion dependence prior to JAK1/2 inhibitor therapy, and
mutations in ASXL1/EZH2. These data suggest that transplant
should be considered upfront in MF patients with any of these high-
risk features. These findings provide a framework for future
prospective studies evaluating the optimal timing of transplant in
MF patients. In addition, our study identifies a subgroup of patients
for whom the benefit of current JAK1/2 inhibitors is limited, and who
therefore potentially could be candidates for future clinical trials
using novel agents.

In conclusion, we demonstrate that clinical and molecular variables,
including high DIPSS score, pretreatment transfusion dependence,
and ASXL1/EZH2 mutations, are associated with a shorter TTF in
MF patients treated with JAK1/2 inhibitors. The findings of this study
are particularly useful in the identification of patients who are
unlikely to have a durable response with current JAK1/2 inhibitors
and provide a framework for the design of future studies.
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Table 4. Multivariable analysis for TTF and OS.

Variable

TTF OS

HR 95% CI P HR 95% CI P

Model 1

Transfusion dependence: Y vs N 2.07 1.18-3.64 .01 2.04 1.02-4.11 .05

ASXL1/EZH2: Y vs N 2.05 1.16-3.61 .01 2.46 1.23-4.92 .01

Model 2

DIPSS score: int-2 vs int-1 1.57 0.71-3.49 .27 1.40 0.53-3.69 .50

DIPSS score: high vs int-1 2.79 1.24-6.31 .01 3.00 1.12-8.03 .03

ASXL1/EZH2 mutation: Y vs N 1.87 1.05-3.33 .04 2.28 1.13-4.61 .02

ASXL1/EZH2 was tested in 2 models against transfusion dependence and DIPSS.
int-1, intermediate-1; int-2, intermediate-2; N, no; Y, yes.
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