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Sex determines the presentation and outcomes in MPN and is related to
sex-specific differences in the mutational burden
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m The factors underlying the variable presentation and clinical course of myeloproliferative
neoplasms (MPNs) remain unclear. The aim of this study was to evaluate the independent

* Male sex is an inde-
pendent risk factor for

presentation and out-
comes in MPNs.

effect of sex on MPN presentation and outcomes. A total of 815 patients with essential
thrombocytosis, polycythemia vera, or primary myelofibrosis were evaluated between
2005 and 2019, and the association of sex with presenting phenotype, JAK2 V617F burden,
progression, and survival was examined. Men presented more often with primary

*Men hiVe a higher myelofibrosis vs essential thrombocytosis (relative risk, 3.2; P < .001) and polycythemia vera
CD34" cell rr_lutatlo_nal (relative risk, 2.1; P < .001), had higher rates of transformation to secondary myelofibrosis
burden and higher risk (hazard ratio [HR], 1.55; P = .013) and acute myeloid leukemia (HR, 3.67; P < .001), and

of non—-MPN-specific
mutational burden
compared with women.

worse survival (HR, 1.63; P = .001) independent of age, phenotype at diagnosis, and
MPN-specific mutation. Men had higher JAK2 V617F allele burdens in their CD34" cells

(P = .001), acquired more somatic mutations (P = .012) apart from the MPN-specific
mutations, and had an increased frequency of 1 (odds ratio, 2.35; P = .017) and 2 (odds ratio,
20.20; P = .011) high-risk mutations independent of age, phenotype, and driver mutation.
Male sex is an independent predictor of poor outcomes in MPNs. This seems to be due to
an increased risk of non-MPN-specific somatic mutations, particularly high-risk mutations,
rather than MPN-specific mutation allele frequency. Conversely, disease progression in
female subjects is more dependent on JAK2 mutation allele burden than on acquisition of
other somatic mutations. Sex should be considered in prognostic models and when
evaluating therapeutic strategies in MPNs.

Introduction

Chronic myeloproliferative neoplasms (MPNs), including essential thrombocytosis (ET), polycythemia
vera (PV), and primary myelofibrosis (PMF), share driver mutations in the JAK2, MPL, and CALR genes
but vary significantly in terms of natural history and outcomes.! JAK2 V617F variant allele frequency
(VAF) and the acquisition of additional non-MPN-specific somatic mutations influence MPN phenotype
and outcomes>®; however, these do not fully explain the variability in MPN presentation and progression.

Sex influences MPN presentation, symptom burden, and natural history. Women have a higher
prevalence of MPNs, although women predominate in ET, and men predominate in PMF.41°
Paradoxically, men with an MPN have milder symptoms* but significantly worse clinical outcomes.®
Based on this, male sex was included in a recent prognostic tool based on a retrospective analysis
of >2000 individuals with MPNs.® Despite significant implications on risk stratification and
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therapeutic strategies, the independent impact of sex on MPN
phenotype, complications, and survival, as well as the biologic
mechanisms underlying sex differences, remain poorly understood.

Here, we prospectively followed up a patient cohort of 815 patients
with MPNs to test the hypothesis that sex is an independent factor
in MPN presentation and outcomes. We found that male sex
independently associated with higher rates of progression to PMF,
acute myeloid leukemia (AML), second cancer, and mortality. Poor
outcomes in men were associated with higher rates of non—-MPN-
specific somatic mutations and higher proportions of high-risk
mutations.

Design and methods

Patients, data collection, and study outcomes

We prospectively enrolled 815 individuals with MPN (ET, PV, and
myelofibrosis, including PMF and post-ET/post-PV myelofibrosis
[secondary myelofibrosis [sMF]) referred to the Johns Hopkins
Center for chronic MPNs between May 2005 and September
2019. The diagnoses of PV and ET were based on the Polycythemia
Vera Study Group criteria,®” and the diagnosis of PMF was based
initially on the ltalian Consensus criteria,®® and more recently on the
2016 World Health Organization criteria.'® Clinical and laboratory
data were recorded and blood samples were collected for
neutrophil and CD34" cell isolation. Follow-up data and samples
were collected at subsequent clinical encounters whenever
possible. Patients were followed up from enrollment until death or
last clinical contact. Outcomes of interest were overall survival,
transformation to sMF (post-ET and post-PV), thrombosis, de-
velopment of second cancer, and transformation to AML. Informed
consent was obtained from all patients, and the study was approved
by the Johns Hopkins University Institutional Review Board.

Mutation analysis

JAK2 V617F VAF was measured in peripheral blood neutrophils by
using an allele-specific, quantitative real-time polymerase chain
reaction assay sensitive to 5% of the wild-type or mutant JAK2
V617F allele. As previously described,' intra-assay replicates did
not vary by more than 5%, and the measurement was performed in
all cohort patients; 226 had serial measurements. The peripheral
blood CD34" cell JAK2 V617F VAF was analyzed in 121 JAK2
V617F-positive individuals. JAK2 V617F-negative individuals
underwent genotyping for other JAK2 mutations, CALR exon 9,
and MPL 515K/L mutations using Sanger sequencing or next-
generation sequencing (NGS). Karyotyping was performed in
389 patients. NGS to identify non—MPN-specific somatic mutations
was performed in 227 patients by using an established panel of 63
genes at the Johns Hopkins Molecular Pathology Laboratory
(supplemental Table 1)."2

Statistical analysis

Data were summarized by using counts (and proportions) and
means (and standard deviations) for categorical and continuous
variables, respectively. The Fisher's exact test was used to compare
the presenting phenotype between men and women in the entire
cohort and then stratified according to age and initial driver
mutation. Because the presenting phenotype had 3 possibilities,
multinomial logistic regression was also used to evaluate associ-
ations of sex, age, and driver mutations with presenting phenotype
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(with ET as the reference category). Given that the JAK2 V617F
VAF in neutrophil and CD34 " cells was available in a subgroup of
patients, the associations including those variables were evaluated
by performing subgroup analyses. Covariates of interest were
selected a priori based on biological plausibility.

Separate Kaplan-Meier analyses were used to compare overall
survival and progression-free survival between male and female
subjects. We evaluated the independent effect of sex on these
outcomes using Cox regression models adjusted for age, initial
MPN-specific mutation, presenting phenotype, and treatment with
hydroxyurea. The specific causes of death in both sexes were
analyzed with the Nelson-Aalen cumulative hazard estimator.
Multivariable logistic regression was used to evaluate the associ-
ation of age and other clinical and genetic risk factors with venous
thromboembolism (VTE), and Cox regression analysis was used to
evaluate the association of age and other clinical and genetic risk
factors with the progression to sMF and AML. We evaluated the
association of sex with JAK2 V617F VAF in neutrophils and CD34 *
cells using linear regression models adjusted for age and disease
phenotype at the time of the measurement. The association between
sex and number of non—MPN-specific somatic mutations was evaluated
in a linear regression model adjusted for age and phenotype. All
analyses were performed by using STATA version 13.1 software.
P < .05 was considered significant. The number of patients
included in the different analyses is shown in supplemental Figure 1.

Results

Clinical, molecular, and cytogenetic features at
MPN diagnosis

We investigated a cohort comprising 815 individuals (469 women
and 346 men) with MPNs (Table 1). The median duration from initial
diagnosis until enrollment was 5 = 8 years, and median follow-up
was 8 * 8.7 years. Mean age at diagnosis was 51.28 * 16.26 years,
and men were older at presentation (53.55 = 15.58 years vs 49.6 *
16.5 years; P = .001). Women predominated in the entire cohort and
was most pronounced in African-American subjects compared with
white subjects (female/male ratio, 2.4 vs 1.27, respectively; P = .01).
Treatment exposures varied as more men than women received
hydroxyurea (41.3% vs 32%; P = .006) and ruxolitinib (19.4% vs
11.5%; P = .020) and more female subjects than male subjects
received anagrelide (11.3% vs 6.1%; P = .013) and interferon
(11.9% vs 7.5%; P = .045). Finally, more men underwent allogeneic
stem cell transplantation (7.5% vs 2.8%; P = .002).

More men presented with PMF independent of age
and MPN-specific driver mutation

A presenting phenotype of PMF was more common in men (26.3%
vs 11.2%; P < .001), whereas a presenting phenotype of ET was
more common in women (53.7% vs 37.3%; P < .001) (Figure 1A),
even when stratified according to MPN-specific mutation and by
age at presentation (supplemental Figure 2A). Among patients
positive for the JAK2 V617F mutation, women were more likely to
present with ET (44.9% vs 28.1%; P < .001), whereas men were
more likely to present with PMF (8.2% vs 24%; P < .001). In the
JAK2 V617F-negative group (n = 209), men were also more likely
than women to present with PMF (33.7% vs 20.6%; P = .042). In
the CALR-mutated subgroup (n = 129), the overall proportion of
PMF at presentation was relatively similar between men and women
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Table 1. Cohort characteristics

Variable All patients (N = 815) Female patients (n = 469) Male patients (n = 346) P
Age at diagnosis, mean * SD, y 51.28 = 16.26 49.6 * 16.56 53.565 = 15.58 .001
Race
White 689 (84.5) 386 (82.3) 303 (87.6) .040
African American 85 (10.4) 60 (12.8) 25 (7.2) .010
Hispanic 5 (0.6) 3 (0.6) 2 (0.6) 1.000
Asian 36 (4.4) 20 (4.3) 16 (4.6) .864
Phenotype at diagnosis
ET 381 (46.7) 252 (53.7) 129 (37.3) <.001
PV 289 (35.5) 163 (34.8) 126 (36.4) .656
PMF 145 (17.8) 54 (11.5) 91 (26.3) <.001
MPN-specific mutation
JAK2* 606 (74.4) 343 (73.1) 263 (76) 372
JAK2™ 209 (25.6) 126 (26.9) 83 (24) 372
CALR" 129 (15.8) 68 (14.5) 61 (17.6) 442
MPL™* 21 (2.6) 15 (3.2) 6(1.7) 179
Triple-negative 45 (5.5) 35 (7.5) 10 (2.9) .005
JAK2™ others not done 14 (1.7) 8 (1.7) 6 (1.7) 957
Karyotype (n = 389)
Normal 226 (58.1) 125 (62.2) 101 (563.7) .100
1 lesion 81 (20.8) 36 (17.9) 45 (28.9) .169
=2 lesions 82 (21.1) 40 (19.9) 42 (22.3) .619
Treatments
None 388 (47.6) 230 (49) 158 (45.7) .356
Hydroxyurea 293 (36) 150 (32) 143 (41.3) .006
Anagrelide 74 (9.1) 53 (11.3) 21 (6.1) .013
Interferon 82 (10.1) 6 (11.9) 26 (7.5) .045
Ruxolitinib 122 (15) 54 (11.5) 67 (19.4) .002
Allogeneic stem cell transplantation 39 (4.8) 13 (2.8) 26 (7.5) .002
Enrolled within 1 y from diagnosis 229 (28) 116 (24.7) 113 (32.7) .015

Data are expressed as n (%) unless otherwise indicated.

(22.19% vs 27.9%). Among patients with an MPL mutation (n = 21)
or triple-negative patients (n = 28), more men presented with PMF
(50% vs 13.3% [P = .290] and 50% vs 25.7% [P = .243]), but
these differences did not reach statistical significance.

Male sex was associated with an increased risk of presenting with
PMF compared with ET or PMF compared with PV, independent of
age at presentation and MPN-specific mutation (Table 2). More-
over, male sex was associated with increased risk of presenting with
PV compared with ET independent of age at presentation. In
a subgroup analysis of 389 patients with available karyotyping data,
male sex was associated with PMF as opposed to ET (relative risk
[RR], 2.92; 95% Cl, 1.57-5.42; P = .001) independent of karyotype
abnormality and age (supplemental Table 2).

Male sex was an independent risk factor for
decreased survival and disease progression

Male sex was an independent predictor of worse survival (hazard
ratio [HR], 1.63; 95% CI, 1.22-2.17; P = .001) after adjusting for
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age and phenotype at diagnosis, MPN-specific mutation, and
hydroxyurea treatment (supplemental Table 3). Kaplan-Meier
analysis showed that male sex was associated with worse survival
in the entire cohort as well as the JAK2 V61 7F—positive and JAK2
V617F-negative subgroups (Figure 1B; supplemental Figure 2B-
C). Nelson-Aalen cumulative hazard curves revealed that men had
higher mortality related to MPN progression (P = .002), other
cancers (P = .004), and aging or death due to unknown cause (P =
.002) (supplemental Figure 3). Male sex was independently
associated with a higher risk of progression to sMF (HR, 1.55;
95% Cl, 1.1-2.18; P = .013) after adjusting for age, phenotype at
diagnosis, and MPN-specific mutation. Kaplan-Meier analysis
confirmed that men have a higher risk of sMF transformation
(Figure 1C). Similarly, male sex was associated with a higher risk of
transformation to AML (HR, 3.67; 95% CI, 1.95-6.99; P < .001)
independent of age and phenotype at diagnosis and MPN-specific
mutation. Kaplan-Meier analysis confirmed that men from the entire
cohort and the ET and PV subgroups had a higher risk of AML
transformation (supplemental Figure 4).
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Figure 1. Men have a higher prevalence of PMF and a lower prevalence of ET at presentation, worse survival, and shorter time to MF transformation. (A) Men were more

likely to present with PMF compared with women (P < .001), and women were more likely to present with ET (P < .001) in the entire cohort; male subjects with a JAK2 mutation have

a higher prevalence of PMF (P < .001) and a lower prevalence of ET (P = .001) at presentation. Similarly, JAK2-negative men have a higher prevalence of PMF (P = .04) at presentation.

The prevalence of PMF was similar among women and men only in the CALR mutation subgroup. The frequency of PMF in men in the MPL and triple-negative subgroups was higher
compared with women (50% vs 13.3% [P = .290] and 50% vs 25.7% [P = .243], respectively), but the differences did not reach significance. (B) Kaplan-Meier curves showing that the

survival of men from the whole cohort was significantly worse compared with women (P < .001). (C) Kaplan-Meier analysis showing that men had shorter sMF-free survival (P = .002).

Male subjects had a higher CD34" cell JAK2 V617F
VAF and disease progression was less dependent on
the neutrophil JAK2 V617F VAF

MPN-specific driver mutation allele burden is known to correlate
with disease phenotype.'® We tested the hypothesis that JAK2
V617F VAF was associated with sex, potentially explaining the
poorer clinical outcomes in male subjects. Thus, we analyzed the
neutrophil JAK2 V617F VAF in 524 individuals and the peripheral
blood CD34" JAK2 V617F VAF in 121 individuals. Of note, this
121-patient subgroup included fewer patients with ET (P = .004)
and more patients with PV (P = .003) compared with the subgroup
that did not have a CD34% JAK2 V617F VAF measurement
(supplemental Table 4).

Across the entire JAK2 V617F-positive cohort, the median
neutrophil JAK2 V617F VAF was similar between men and women
(53.3% vs 57.9%; P = .528) (Figure 2A), and when adjusted for
phenotype and age in a multivariable linear regression model, there
were no significant differences (supplemental Table 5). Next, the
rate of change of the neutrophil JAK2 V617F VAF was evaluated in
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143 female subjects and 83 male subjects who had =2 measure-
ments during the study period. The VAF increased in female
subjects by 0.52% = 5.89% per year and in male subjects by
0.33% = 6.8% per year. Because hydroxyurea may constrain the

Table 2. Multinomial logistic regression analysis of association of
sex, age at diagnosis, and MPN-specific mutation with presenting
phenotype ET vs PMF

ET vs PMF

Variable RR 95% CI P
Male sex 3.2 2.12-4.93 <.001
Age at diagnosis, y 1.05 1.04-1.07 <.001
MPN-specific mutation

JAK2* Ref

CALR* 1.05 0.63-1.76 .855

MPL™" 0.79 0.26-2.43 686

Triple-negative 2.16 0.99-4.76 .051

JAK2™ others not done 1.09 0.27-4.39 .760
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Figure 2. Men have higher JAK2 V617F VAF in CD34" cells across different phenotypes but not in neutrophils, and their survival outcomes are less
dependent on JAK2 V617F VAF change per year. (A) The neutrophil JAK2 V617F VAF in men was not higher compared with women across the whole cohort (P = .528),
and among patients with ET (P = .290), whereas among patients with PV, men exhibited a trend of increased JAK2 V617F VAF, but the difference did not reach significance

(P = .07). Among patients with PMF, women had higher JAK2 V617F VAF compared with men (P = .037), whereas differences did not reach significance among patients
with sMF (P = .160). (B) The CD34™" cell JAK2 V617F VAF in men was higher compared with women across the whole cohort (P < .001), among patients with ET (P = .004),
and among patients with PV (P = .005); there was no difference among PMF (P = .618) and sMF (P = .720) patients. (C) Kaplan-Meier analysis showed that women with

JAK2 V617F VAF change per year >0.5% have worse survival compared with women with =0.5% change per year (P = .013). (D) Kaplan-Meier analysis of men showed no
difference in the survival of those with JAK2 V617F VAF change >0.5% per year (P = .4). Al MPN = cohort including all the MPN phenotypes.

JAK2 V617F VAF,'* analysis was also performed after controlling
for hydroxyurea therapy. Despite a higher percentage of male
subjects having received hydroxyurea (Table 1), there was no sex
difference in the rate of change in JAK2 V617F VAF after controlling
for hydroxyurea therapy (P = .11).

We hypothesized that MPN-specific driver mutation VAF in CD34*
cells might explain the finding that male subjects have more
aggressive disease. Men had higher JAK2 V61 7F allele burden in
their CD34 ™ cells across the entire cohort (P < .001) and among
patients with ET (P = .004) and PV (P = .005) (Figure 2B). In
a linear regression model, the JAK2 V617F VAF in CD34 ™ cells was
significantly higher in male subjects than in female subjects (P =
.001), independent of age and phenotype (supplemental Table 5).
However, male sex remained significantly associated with both
presentation with PMF vs ET and overall worse survival, even when
we controlled for the CD34* cell JAK2 V617F VAF (supplemental
Table 6).

€ blood advances 23 June 2020 - voLume 4, NUMBER 12

We then queried if the difference in survival was associated with
differences in the dependence of disease progression on the MPN-
specific mutation VAF. Neutrophil JAK2 V617F VAF and its change
per year were not significantly associated with survival in the entire
cohort (HR of 1 [95% CI, 0.99-1.01; P = .120] and HR of 1.05
[95% CI, 0.97-1.12; P = .220], respectively). Similarly, these 2
variables were not associated with survival in men (HR of 1 [95% CI,
0.99-1; P = .320] and HR of 0.97 [95% ClI, 0.85-1.06; P = .530]).
On the contrary, both JAK2 V617F VAF (HR, 1.01; 95% CI, 1-1.02;
P = .024) and its change per year (HR, 1.12; 95% CI, 1.01-1.25;
P = .040) were associated with overall survival in women. To
explore this finding, a Kaplan-Meier analysis was performed to
compare the survival of patients based on the median rate of
change of the neutrophil JAK2 V617F VAF (0.53% per year and
0.50% per year in women and men). In the entire cohort, patients
with a JAK2 V617F VAF increase >0.5% per year had worse
overall survival (supplemental Figure 5). This scenario remained
significant for women but not for men (Figure 2C-D).
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Men had an increased number of additional
non-MPN-specific somatic mutations independent of
age and phenotype

Although men presented with more aggressive disease and had
a worse overall survival, this finding was not dependent on the MPN-
specific mutation VAF. To examine whether increased acquisition of
non—-MPN-specific somatic mutations in men was associated with
inferior outcomes, we analyzed the mutational burden in a subset of
patients (n = 227) who underwent clinical evaluation using NGS for
myeloid malignancy—associated genes (Table 3). Overall, men were
more likely to have additional non—-MPN-specific (non-JAK2, CALR,
or MPL) mutations compared with women, even when controlled for
age at the time of sequencing (Figure 3A). Multivariable linear
regression analysis supported the observation that men acquire
more non—-MPN-specific somatic mutations (P = .012) indepen-
dently of age, phenotype, and MPN-specific mutation (supplemental
Figure 6; supplemental Table 7).

Mutations in genes associated with myelodysplastic syndrome
(MDS)/MPN phenotype (KRAS, NRAS, EZH2, and CBL) were
more common among men (15.4% vs 6.4%; P = .035)
(supplemental Figure 6). Interestingly, 7 men (5.9%) but only 2
women (1.8%) had coexisting JAK2 V617F and CALR or MPL
mutations. Mutation of ASXL1, EZH2, SRSF2, U2AF1, or IDH1/2
has been associated with particularly poor prognosis in MF, and
they are therefore defined as high-risk mutations (HRMs)'®'®; the
presence of at least 2 HRMs is associated with even worse
outcomes.'” Men had a higher prevalence of 1 HRM (53.8% vs
20.9%; P < .001) and 2 HRMs (17.1% vs 0.9%; P < .001) (Figure
3B-C). In a regression model, the presence of 1 and 2 HRMs was
associated with male sex (P = .017 and P = .011, respectively)
independent of the age and phenotype at the time of NGS and
MPN-specific mutation (supplemental Table 8). Apart from IDH1, all
the other high-risk genes were more frequently mutated in men
compared with women with PMF and sMF. Finally, women had
a slightly higher incidence of SF3B71 mutations (6.4% vs 5.1%).
Interestingly, across the entire cohort, the majority of women (5 of 7)
had substitutions in the K700 residue, whereas the majority of men
(4 of 6) had substitutions in the K666 residue. Focusing on the
patients with MF, all the women (4 of 4) had K700 substitutions and
all the men (4 of 4) had K666 substitutions.

Venous thrombosis but not arterial thrombosis was
less common in male subjects

VTE was less common in men (7.2% vs 14.7%; P < .001). Male sex
was associated with a lower risk of VTE (odds ratio, 0.45; 95% Cl,
0.27-0.74; P = .002) independent of age and phenotype at
diagnosis and MPN-specific mutation (supplemental Table 9). There
was no significant difference in the incidence of arterial ischemic
events between men and women (11.3% vs 10.5%; P = .732).

Discussion

We found that men with an MPN present at an older age and
with a striking difference in the frequency of PMF at diagnosis,
consistent with findings from other large cohorts.?>?" In addition,
male sex was associated with worse outcomes, regardless of age,
presenting phenotype, or MPN-specific driver mutation. The MPN-
specific mutation (JAK2, CALR, and MPL) VAF at diagnosis was
not associated with worse outcomes; however, MPN-specific

18,19
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Table 3. Clinical and molecular characteristics of MPN cohorts with
and without NGS

Cohort with NGS Cohort without NGS

Variable (n =227) (n = 588) P
Age at diagnosis, mean = SD, y 53.45 + 15.8 50.56 = 16.32 .020
Male sex 117 (51.5) 229 (38.8) .001
Phenotype at diagnosis
ET 106 (46.7) 275 (46.8) 1.000
PV 57 (25.1) 232 (39.4) <.001
PMF 64 (28.2) 81 (13.8) <.001
MPN-specific mutation
JAK2* 147 (64.8) 459 (78.1) <.001
CALR" 56 (24.7) 73 (12.4) <.001
MPL™* 11 (4.8) 10 (1.7) 023
Triple negative 13 (5.7) 32 (5.4) .865
JAK2™ others not done 0 (0) 14 (2.4) .014
Karyotype
No lesion 41 (34.7) 184 (68.1) <.001
1 lesion 42 (35.6) 39 (14.4) <.001
=2 lesions 35 (29.7) 47 (17.4) .010
Treatment with hydroxyurea 129 (56.8) 164 (27.9) <.001

Data are expressed as n (%) unless otherwise indicated.

mutation allele burden change over time did predict overall survival
in women. In contrast, men had a higher prevalence of non—MPN-
specific somatic mutations, including high-risk mutations. Men had
worse overall survival and higher risk of transformation to sMF and
AML, and higher mortality related to second cancers. The more
rapid progression to sMF in men confirmed similar findings from
other groups.?? The only disease complication in which men fared
better than women was venous thrombosis; venous thrombotic
complications were more common in women, yet these did not
account for increased mortality in women.232°

Our group has previously shown that women with PV had a lower
neutrophil JAK2 V617F allele burden compared with male
subjects.?® The current study confirmed that in PV, men have
a higher neutrophil JAK2 V617F allele burden compared with
women; in PMF, men have a lower neutrophil JAK2 V617F allele
burden compared with women. However, there was no significant
difference in the neutrophil JAK2 V617F allele burden between
sexes when adjusted for age and phenotype, suggesting that the
neutrophil JAK2 V617F allele burden per se is not the cause of the
more advanced disease presentation and progression in men. On
the contrary, we showed for the first time that the CD34* cell JAK2
V617F allele burden is significantly higher in men, even after
controlling for age and phenotype. We questioned whether the
higher progenitor compartment allele burden was the sole cause of
the differences between men and women but found that male sex
was associated with PMF at diagnosis and worse survival,
independent of the progenitor cell VAF. Thus, it is likely that other
biologic mechanisms in addition to progenitor JAK2 V617F allele
burden are implicated in these differences.

We examined the association between the dynamic disease burden
and outcomes. The neutrophil JAK2 V617F VAF and the rate of
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Figure 3. Men have a higher prevalence of non-MPN-specific somatic mutations and particularly 1 or 2 HRMs independent of age and phenotype at the time

of NGS. (A) Higher percentage of women have no non-MPN-specific somatic mutations, whereas a higher percentage of men have =1 non-MPN-specific somatic mutations
if stratified per age (=60 years and >60 years). (B) Men have a higher prevalence of mutations in the high-risk genes ASXL1, SRSF2, U2AF1, EZH2, IDH1, and IDH2. (C)
Men have a higher incidence of at least 1 HRM (P = .017) and 2 HRMs (P = .011) compared with women, independent of age and phenotype at the NGS and MPN-specific

mutation.

increase per year were associated with survival only in women. This
outcome suggests that disease progression is more dependent on
JAK2 mutation VAF in women, likely due to the fact that women with
the JAK2 mutation commonly present with ET and PV, phenotypes
in which increases in allele burden are associated with phenotype
evolution. Large population studies examining the prevalence and
outcomes associated with JAK2 V617F in the general population
report sex differences in presentation and outcomes. The presence
of JAK2 V617F mutation in the general population is associated
with higher hemoglobin levels, a difference that was more prominent
in women than in men.?” On the contrary and consistent with our results
that disease progression and survival seem to be less dependent on the
JAK2 mutation in men, men in the general population with a JAK2
V617F mutation have a higher risk of hematologic malignancies, cancer,
and worse survival compared with women.?®

Men also had a significantly higher burden of non—MPN-specific
somatic mutations and higher burdens of mutations in high-risk
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genes, including ASXL1, EZH2, SRSF2, U2AF1, and IDH1/2. The
presence of a mutation in one of those genes is reportedly
associated with poor prognosis in patients with PMF.'®®
Moreover, the presence of mutations in at least 2 of these genes
that is independently associated with particularly poor survival'”
was more common among male subjects in our cohort. Similarly,
mutations in genes such as KRAS, NRAS, EZH2, and CBL, which
are associated with MDS/MPN phenotype, and coexistence of
CALR and JAK2 mutations,?® were more common in men, further
indicating that they have a distinct and higher risk molecular profile.
In the context of SF3B7 mutation among patients with MF, higher
risk SF3B1 lesions were associated with male sex: all the men with
MF had K666 substitutions, lesions more frequently associated with
AML,30 whereas all the women had K700 substitutions, with the
most common SF3B1 substitutions in low-grade MDS.®" Finally,
the increased number of non—-MPN-specific somatic mutations in
men provides a rationale for the decreased dependence of their
disease progression on MPN-specific mutation.
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Figure 4. Hypothetical model of the different biology of MPN development and progression between women and men. Men may have higher genomic instability

in their primitive cell compartment and a potentially more inflammatory microenvironment, causing the increased allele burden of their MPN-specific mutation. These character-

istics can also induce the acquisition of additional non—-MPN-specific somatic mutations, rendering the disease less dependent on the MPN-specific mutation and promoting

the development of clonal hematopoiesis, MDS/MPN, or MF phenotype, accelerated disease progression, and worse survival.

Our data provide an explanation for the different biology of MPNs in
men and women. First, men had a higher MPN-specific mutation
VAF in their CD34 " stem and progenitor cell compartment, which
could reflect increased genomic instability of these cells and
a potentially different cytokine profile in the hematopoietic niche in
male subjects,®>3® leading to a more advanced disease at
presentation. Second, men had increased acquisition of additional
high-risk somatic mutations and decreased dependency on the
MPN-specific mutation for disease progression. Importantly, in the
population at large, higher clonal hematopoiesis rates not only
associate with higher hematologic malignancy rates but also with
higher cancer rates overalll whether MPN or non-MPN
populations?®343% were ascertained, and higher all-cause mortal-
ity.3® These forces combine in men with MPN to increase both
MPN-specific mortality due to disease progression and trans-
formation but also all-cause mortality, including cancer mortality
(Figure 4).

Overall, these results suggest that risk stratification according to
sex could be considered in everyday practice. Moreover, clinical
trials should factor sex into their analysis given the radically different
context that sex introduces in these diseases. However, deeper
understanding of the underlying mechanisms, and particularly
further study of the hypothesis that these differences are mediated
by higher-risk mutational burden, is warranted. Finally, our findings
introduce a novel biologic model that implicates progenitor
compartment, MPN-specific, non—MPN-specific mutations, and
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high-risk mutation burden as the basis of sex differences in
presentation and outcomes in MPNs.
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