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Abstract

The variant allele frequency (VAF) of driver mutations (JAK2, CALR) in myeloprolifera-

tive neoplasms is associated with features of advanced disease and complications.

Ruxolitinib and interferon were reported to variably reduce the mutant VAF, but the

long-term impact of molecular responses (MR) remains debated. We prospectively

measured changes in JAK2 and CALR VAF in 77 patients with polycythemia vera

and essential thrombocythemia, treated with ruxolitinib for a median of 8 years, and

assessed correlation with complete clinical and hematological response (CCHR) and

outcomes. At last observation time, JAK2 VAF reduced overall from a median of 68%

(range, 20%–99%) to 3.5% (0%–98%). A profound and durable MR (DMR; defined as

a VAF stably ≤2%), including complete MR in 8%, was achieved in 20% of the

patients, a partial MR (PMR; VAF reduction >50% of the baseline level) in 25%, and

56% had no molecular response (NMR). A CCHR was reached by 69% overall, inde-

pendently of any degree of MR achieved; conversely, a DMR correlated with longer

duration of CCHR and, most importantly, with reduced rate of progression to myelo-

fibrosis and with longer myelofibrosis-free, event-free and progression-free survival.

Achievement of PMR also had some favorable impact on outcomes, compared to

NMR. A baseline JAK2 VAF <50%, and a VAF reduction of ≥35% after 2 years of

treatment, predicted for the achievement of DMR and reduced progression to myelo-

fibrosis. Overall, these findings support the clinical value of achieving profound, dura-

ble MR and its consideration as surrogate endpoint in future clinical trials.
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1 | INTRODUCTION

Polycythemia vera (PV), essential thrombocythemia (ET) and primary

myelofibrosis (PMF) are chronic myeloproliferative neoplasms (MPN),

characterized by prevalent involvement of erythroid lineage, thrombocy-

tosis, and bone marrow fibrosis with megakaryocytic dysplasia, respec-

tively. Patients suffer from constitutional symptoms, pruritus,

microvascular disturbances and are prone to thrombosis and hemor-

rhage; disease may progress to post-PV (PPV-) and post-ET (PET-) mye-

lofibrosis (MF) and evolve to blast phase (BP).1 Constitutively activated

JAK–STAT signaling, due to mutations in JAK2 (V617F and exon 12),

MPL and CALR, is the pathogenetic hallmark of MPN. The levels of

mutated JAK2 (variant allele frequency, VAF), that are usually higher in

PV than ET at diagnosis, were previously shown to correlate with myelo-

proliferation and clinical manifestations,2–5 arterial and/or venous throm-

bosis in PV6,7 and ET8,9 and, particularly, to progression to PPV-MF and

PET-MF.3,10,11 Similarly higher VAF of CALR mutation predict for shorter

myelofibrosis-free survival in ET.12 Additional genetic abnormalities in

MPN include cytogenetic abnormalities13,14 and mutations in myeloid

neoplasm-associated genes,15,16 that are prognostically informative.17–19

Management of PV and ET is largely driven by the associated risk of

thrombosis, predicted by age and thrombosis history in PV,20 with a con-

tribution of leukocytosis,21 and the IPSET-revised score in ET.22,23 In

patients with high-risk disease, cytoreductive therapy with hydroxyurea

or interferon is recommended.24,25 Some patients become intolerant or

resistant to hydroxyurea,26 and may have poorer prognosis.27 Clinical tri-

als with ruxolitinib (RUX),28–32 conventional pegylated interferon33 and

ropeg-interferon,34 were conducted in hydroxyurea-intolerant or resistant

patients, leading to approval of RUX and ropeg-interferon in PV; RUX

proved efficacious also in ET, but it is not approved in that indica-

tion.31,35–37 Benefits with these agents include control of hematologic

parameters and improvement of splenomegaly and symptoms,38,39 but

the long-term advantages on thrombotic events40 and hematologic pro-

gression remain debated. However, the MAJIC-PV study, a randomized

phase II trial of RUX versus best available therapy, recently demonstrated

favorable impact of RUX on event-free survival (EFS; inclusive of major

thrombosis, hemorrhage, transformation to MF, and death) in PV patients

resistant/intolerant to hydroxyurea.30

A major clinical endpoint of treatment in PV and ET is the prevention

of disease progression to MF and BP; normalization of bone marrow

(BM) histopathology41 is included among standard IWG-MRT/ELN

response criteria but has not been systematically evaluated even in con-

trolled clinical trials. Reductions of JAK2V617F VAF are listed, and graded,

among IWG-MRT/ELN response criteria,41 and changes in JAK2V617F

VAF were variably reported in patients with PV and ET treated with

RUX42,43 and interferon.34,44–47 At this regard, the MAJIC trial provided

evidence that any molecular responses in RUX-treated PV patients were

linked with improved outcomes, including EFS, progression-free survival

(PFS) and overall survival (OS).30 The results present in the current study

in a cohort of PV and ET patients who received long-term treatment with

RUX indicate that those achieving profound molecular responses derive

the most benefits in major disease outcomes, largely attributed to preven-

tion of progression to myelofibrosis.

2 | PATIENTS AND METHODS

2.1 | Study population and definitions of response
criteria

A total of 77 patients diagnosed with PV (n = 65) and ET (n = 12), con-

firmed according to 2022WHO48 and International Consensus Classifica-

tion49 criteria, were included in this investigator-initiated, observational,

biomarker study, conducted in the framework of the Mynerva project.

The study was approved by local IRB, #14560-2019, and patients signed

an informed consent for collection and use of clinical and mutational data.

The study was conducted according to the Declaration of Helsinki. A total

of 67 patients (87%) had initiated RUX treatment after being enrolled in

controlled prospective trials, including the phase II, open-label

INCB18424-256 study (NCT00726232; n20),35 the investigator-initiated,

phase 2 SVT-RUXO trial (EudraCT 2012–002253-30, n = 7),36 the

RESPONSE (n = 18),28 RESPONSE-2 (n = 12)29 and RELIEF (n = 10)32

study (CONSORT diagram of the study is presented in Figure S1). All had

high-risk disease, according to ELN criteria,22 modified by inclusion of his-

tory of major bleeding and/or platelet count >1500 � 109/L for ET, and

all were resistant to and/or intolerant of hydroxyurea according to ELN

criteria.26,50 Diagnosis of progression to PPV-MF and PET-MF and trans-

formation to BP was according to standard criteria.24,51 Responses to

RUX were categorized following the revised ELN/IWG-MRT criteria41

(Tables S1 and S2). However, since only few serial BM biopsies were

available, a category of “complete clinical and hematological remission”
(CCHR) was delineated, that fulfilled all ELN/IWG-MRT criteria except for

histological remission. Furthermore, we considered the complete disap-

pearance of symptoms (systemic symptoms and/or aquagenic pruritus)

equivalent to the definition of “large symptoms improvement”, since
MPN-SAF questionaries were not routinely collected after the clinical

studies terminated.52,53 We also analyzed myelofibrosis-free survival

(MFS; defined as the time from initiation of RUX to diagnosis of post-PV

and post-ET MF fulfilling the IWG-MRT/ELN criteria), PFS (transforma-

tion into myelofibrosis or myelodysplastic syndrome, or BP, or death from

any cause), EFS (composite endpoint of major thrombosis, major hemor-

rhage, transformation, death) and OS.

2.2 | Assessment of mutations and molecular
response criteria

DNA from purified granulocytes, collected at baseline and at least

annually, was used for determining JAK2V617F VAF by digital(dd)-

PCR,54 CALR VAF by capillary gel electrophoresis,55 and JAK2exon12

mutation VAF by NGS, as detailed in Supplementary Methods. The sen-

sitivity threshold was <0.01% for JAK2V617F, <1% for CALR mutation

and <1% for JAK2 exon12 mutation. The rs10974944 germline geno-

type was used for the JAK246/1 haplotype.56 Target NGS for additional

mutations is performed as detailed in Supplementary Methods.

Molecular responses were graded according to ELN/IWG-MRT

criteria.41 Complete molecular response (CMR) required undetectabil-

ity of preexisting driver abnormality, whereas partial molecular

GUGLIELMELLI ET AL. 1551

 10968652, 2024, 8, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/ajh.27400 by C

ochraneItalia, W
iley O

nline L
ibrary on [23/01/2025]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



response (PMR) required ≥50% reduction in allele burden, that applied only

to patients with >20% VAF at baseline. We also defined a working cate-

gory of “profound and durable molecular response (DMR)” for patients

with baseline VAF >20% who achieved, and maintained for at least 1 year

over the treatment course, a VAF ≤2%. Patients who did not meet PMR,

CMR and DMR criteria, were considered non responders (NMR).

2.3 | RNAseq and plasma cytokines

Genome-wide transcriptomic sequencing (RNA-seq) in granulocyte

RNA, and measurement of 49 inflammatory cytokines in plasma sam-

ples, is performed as described in Supplementary Methods.

2.4 | Statistical analysis

Differences in the distribution of continuous variables among categories

were analyzed by Mann–Whitney or Kruskal–Wallis test, as appropriate.

Changes in driver mutation VAF were analyzed by two-sample t-test.

Nominal variables were compared by chi-square test. Survival analysis

was considered from the date of RUX start to date of death or last con-

tact. OS, MFS, EFS, PFS were analyzed by Kaplan–Meier method and

compared by log-rank test. Cox proportional hazard regression model

was used for multivariable analysis. A receiver operating characteristic

curve (ROC) was used to determine the best thresholds of VAF using

area under curve (AUC) estimate. Using the coordinates of the curve, the

cutoff value with best predictive ability was identified. Variables with a

p value <.05 in univariable analysis were considered for multivariable

analysis. All 2-side p values <.05 were considered significant. Analyses

were performed with SPSS software, version 28.0.1.1 (IBM-Corp).

3 | RESULTS

3.1 | Patients' characteristics

Baseline (at RUX start) hematologic and clinical characteristics of

study patients (n = 77) are shown in Table S3. Forty-two patients

(54.5%) were hydroxyurea-resistant (PV 35; ET 7), 35 (45.5%) were

hydroxyurea-intolerant (PV 30; ET 5). Thrombosis history was noted

in 29.2% of PV and 41.7% of ET patients. A JAK2V617F mutation was

harbored by 98.5% of PV and 91.7% of ET patients; 1 PV patient had

a JAK2ex12 mutation (N542_E543del; VAF 13%) and 1 ET patient

had a CALR type 1 mutation (49% VAF). The overall mean JAK2V617F

VAF was 68.0 (+26%), 70.1 ± 25.1% and 44.8 ± 24.5% in PV and ET

patients, respectively (p = .01). A JAK2 46/1 haplotype was found in

40 of 50 informative patients (80.0%), 46.0% were homozygous (allele

CC). Additional mutations were found in 36/73 (49.3%) informative

patients, 52.5% and 33.3% of PV and ET (p = .23), with 10 patients

(16.4%, all PV) having ≥2 mutated genes. Overall, 16 genes were

mutated, the most frequent were TET2 in 20 patients (27.0%), ASXL1

in 9 (12.0%), DNMT3A in 7 (10.0%) (Figure S2).

3.2 | Treatment with ruxolitinib

The median time from diagnosis to RUX treatment was 6.0 years for

PV and 5.8 for ET (Table S3). The median time on RUX was 7.8 years

(range, 0.8–14.6), longer for ET than PV (13.6 vs. 7.6 years; p = .003).

The median daily dose of RUX was 20 mg (5–50 mg), similar in PV

and ET. In total, 24 patients (31.2%) discontinued RUX after a median

time of 5.2 (0.8–13.1) years. Causes of discontinuation included MF

progression in 45.8%, malignancy in 25.0%, loss of response 12.5%,

BP 8.3%, hematologic toxicity or patient decision 4.2% each

(Figure S1). Progression to myelofibrosis was diagnosed in 27 (35.1%)

patients (25 PV, 38.4%; 2 ET, 16.6%) after a median time of 6.1 (2.0–

13.1) years. BP occurred in 3 (3.9%) patients, after a median time of

9.2 years (range, 1.3–13.0). Major thrombosis and hemorrhage

occurred in 5 (6.5%) and 4 (5.2%) patients respectively (5.2%). Anemia

developed in 22 patients (28.6%), thrombocytopenia in 8 (10.4%).

Overall, 5 (6.5%) patients died, after a median time of 4.3 years (3.2–

10.9); the estimated median OS was not reached. Cause of death was

BP in 1, malignancy 2, heart failure 2 (Table S3).

3.3 | Clinical, hematological and molecular
response to ruxolitinib

A “complete clinical and hematologic remission” (CCHR), occurring at

any time point during treatment and lasting ≥12 weeks, was declared in

53 (68.8%) patients, 69.2% and 66.7% of PV and ET (Table 1). Consider-

ing the individual components of response, 63.3% of the patients had

normalization of platelet count, 80.7% of leukocyte count, and 96.9% of

PV patients achieved and maintained a steady hematocrit ≤45% with-

out phlebotomy. Resolution of splenomegaly and normalization of

symptoms occurred in 48.7% and 82.7% of the patients, respectively.

Any reduction of driver mutation VAF from baseline occurred in

66 (85.7%) patients (Figure S3). The median JAK2V617F VAF was 68%

(range, 20.3%–99%) at baseline, and decreased progressively up to 3.5%

(±1.9%) at latest observation time (≥10 years, n = 18). In the CALR-

mutated patient, VAF decreased from 49% at baseline to 4% at the latest

time point (14 years; PMR), whereas in the JAK2exon12-mutated patient

the mutation became undetectable, and remained steadily undetectable,

since the 7th year. A waterfall plot illustrating individual best changes in

mutation VAF over study period is shown in Figure 1A. A total of

55 patients (71.4%) obtained a ≥20% reduction and 34 (44.1%) a ≥50%

reduction from baseline. In 11 patients, VAF increased by a median of

22.7% (4.0%–37%). Strictly according to revised IWG-MRT/ELN molecu-

lar response criteria, a PMR was adjudicated in 19 (24.7%; 16 PV, 3 ET)

and CMR in 6 (7.8%; 3 PV, 3 ET) patients, whereas a DMR was achieved

by 9 (11.7%; 8 PV, 1 ET); and 43 patients (55.8%; 38 PV, 5 ET) were con-

sidered NMR. The median time to obtain a CMR and DMR was 4.6 and

5.0 years, respectively. Of note, all DMR, CMR and PMR responses were

maintained after a median follow-up of 4.9 (1.0–8.8), 6.8 (2.2–9.4) and

5.5 (0.6–10.9) years, respectively.

As regarded additional mutations, 8 patients (10.9%), of which

4 were NMR, 1 CMR, 1 DMR and 2 PMR, showed disappearance of a

1552 GUGLIELMELLI ET AL.
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preexisting mutation over observation; 23 patients (31.5%) acquired

a novel mutation, 15 were NMR, 2 CMR, 2 DMR, 4 PMR (p = .16)

(Table S4). The most frequent novel appearing mutations were in

TET2 (n = 8), ASXL1 (n = 7), DNMT3A (n = 4), PRPF8 (n = 3). Patients

with one or more additional mutations at baseline were at greater risk

of any PFS-qualifying event, compared to wild-type patients (62.9%

vs. 35.1%, p = .03), although Kaplan–Meier curves did not differ sig-

nificantly (data not shown in detail).

3.4 | Correlation of patients' characteristics with
molecular responses

Analysis of correlation of any patients' baseline characteristics with

attainment of molecular responses disclosed that, a part from

significantly higher leukocyte counts in NMR and PMR compared to

DMR and CMR patients (p = .007), no other clinical and hemato-

logic variable reached significance level (Table 2). However, we

noticed that baseline JAK2V617F VAF was significantly lower in

patients who obtained DMR (33.6 ± 13.6%) and CMR (37.8

± 17.1%) compared to NMR (73.8 ± 24.4%) and PMR (78.8 ± 20.9%)

(p < .001) (Table 2).

We then performed univariable and multivariable analyses of fac-

tors potentially impacting on the achievement of DMR and CMR;

owing that, as shown in Tables 2 and 3, no single hematologic and

clinical variable introduced into the model differed between the

2 molecular response categories, the latter were merged together for

further analysis. In case of VAF as the tested variable, we calculated

the area under the curve by ROC analysis to identify the best predic-

tor values (Figure S4A). Univariable analysis disclosed female gender

TABLE 1 Clinical-hematological response to RUX, and main events, considering all patients together and categorized according to molecular
response.

All patients

NMR

(n = 43)

PMR

(n = 19)

DMR

(n = 9)

CMR

(n = 6) p

Achievement of CCHR; n (%)a 53 (68.8) 28 (65.1) 13 (68.4) 9 (100) 3 (50.0) .15

PV; n (%) (n = 65) 45 (69.2) 24 (63.2) 12 (75.0) 8 (100) 1 (33.3) .10

ET; n (%) (n = 12) 8 (66.7) 4 (80.0) 1 (33.3) 1 (100) 2 (66.7) .50

Platelet Response; n (%) (n = 49)b 31 (63.3) 17 (65.4) 6 (50.0) 5 (100) 3 (50.0) .23

Leukocyte Response; n (%) (n = 52)b 42 (80.7) 25 (71.4) 12 (100) 3 (100) 2 (100) .11

Hematocrit Response; n (%)b 63 (96.9) 34 (94.4) 16 (100) 7 (100) 3 (100) .68

Spleen response; n (%) (n = 39)b 19 (48.7) 10 (47.6) 6 (75.0) 2 (66.7) 1 (100) .44

Symptoms Response; n (%) (n = 58)b 48 (82.7) 26 (78.8) 14 (87.5) 4 (50) 4 (100) .69

Loss of CCHR; n (%)c 24 (45.3) 19 (67.9) 4 (30.7) 1 (11.1) 0 .004

Loss of hematocrit response; n (%) 2 (3.2) 2 (8.0) 0 0 0 .63

Loss of platelet response; n (%) 4 (7.5) 3 (12.0) 0 1 (11.1) 0 .65

Loss of leukocyte response; n (%) 7 (13.2) 6 (24.0) 1 (7.6) 0 0 .31

Progression/appearance of splenomegaly; n (%)b 27 (35.1) 24 (55.8) 3 (15.8) 0 0 <.0001

Progression/appearance of symptoms; n (%) (n = 67)b 8 (15.1) 6 (24.0) 2 (15.3) 0 0 .45

Duration of RUX treatment (y); median (range) 7.8 (0.8–14.6) 7.04 (0.8–14.5) 8.4 (1.3–14.5) 9.3 (4.5–14.3) 13.3 (7.7–14.6) .01

Dose of RUX (mg daily); median (range) 20 (5–50) 20 (5–50) 20 (5–40) 20 (10–30) 30 (20–50) .1

RUX discontinuation; n (%) 24 (31.2) 21 (48.8) 3 (15.8) 0 0 .002

Time to RUX discontinuation (y); median (range) 5.2 (0.8–13.1) 4.7 (0.8–13.1) 6.8 (5.1–7.7) 0 0 .36

Major thrombosis; n (%) 5 (6.5) 4 (9.3) 0 0 1 (16.7) .32

Major hemorrhage; n (%) 4 (5.2) 2 (4.7) 1 (5.3) 1 (11.1) 0 .80

Progression to myelofibrosis; n (%) 27 (35.1) 23 (53.5) 4 (21.1) 0 0 <.001

Time to myelofibrosis (y); median (range) 6.1 (2.0–13.1) 5.9 (2.0–13.1) 7.5 (4.4–9.0) - - .32

Evolution to BP; n (%)b 3 (3.9) 3 (7.0) 0 0 0 .48

Time to BP (y); median (range) 9.2 (1.3–13.0) 9.2 (1.3–13.0) - - - -

Death; n (%)b 5 (0.6) 5 (11.6) 0 0 0 .27

Note: Responses were defined as per the revised IWG-MRT and ELN criteria. Bold values are statistically significant.

Abbreviations: CMR, complete molecular response; DMR, deep molecular response; NMR, no molecular response; PMR, partial molecular response; RUX,

Ruxolitinib; SVR, spleen volume response.
aCCHR, complete clinical and hematologic response; CCHR did not include bone marrow histological response (see Patients and Methods).
bAccording to the definition of the IWG-MRT and ELN response criteria for each individual item.
cCalculated over the 53 patients who achieved CCHR; more than 1 cause of loss of CCHR in the same patient was considered, if the case.
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(HR 3.8; 95% CI 1.1–13.7; p = .04), time to RUX treatment <5 years

(HR 6.5; 95% CI 1.8–23.1; p = .004), absence of splenomegaly (HR

3.6; 95% CI 1.1–11.3; p = .03) and a baseline VAF <50% (HR 13.4;

95% CI 3.0–59.8; p < .0001), as significantly associated with

CMR/DMR; time to RUX <5 years (HR 6.0; 95% CI 1.2–28.8; p = .03)

and baseline VAF <50% (HR 7.55; 95% CI 1.6–35.5; p = .01)

remained significant after multivariable analysis (Figure 1B). Multivari-

able analysis also disclosed a VAF reduction from baseline of ≥35%

after 2 years of RUX to results significantly associated with CMR and

DMR (HR 7.8; 95% CI 2.0–30.4; p = .003). As regarded additional

mutations, we found that presence at baseline of 1 or more additional

mutation(s) had no impact on the achievement of any molecular

response (p = .37). However, acquisition of novel pathogenic

variant(s) during treatment correlated with a lower probability of

achieving molecular response (26.0% vs. 52.2%; p = .04) and greater

risk of MF progression (52.2% vs. 26.0%; p = .03). In particular, all

7 patients who acquired novel ASXL1 mutations over treatment were

included among the NMR. Attempts to analyze the impact of different

categories of mutations (spliceasome versus epigenetics versus

others) were undermined by the low number of mutated patients in

each category.

3.5 | Impact of molecular responses on clinical-
hematologic response and outcomes

Multivariable analysis disclosed no significant correlation between

attainment of any molecular response (Figure 1B) and adjudication of

CCHR (Table 1). In the entire cohort, median duration of CCHR was

9.5 years (6.6–12.4) (Figure S5); reason(s) for loss of CCHR was phle-

botomy requirement in 3.2% of the patients, loss of leukocyte or

platelet response (lasting ≥12 weeks) in 13.2% and 7.5%, respectively,

progression/appearance of splenomegaly in 50.9%, recurrence/

appearance of symptoms in 15.1%. However, loss of CCHR occurred

less frequently in DMR (11.1%) and CMR (0%) patients versus PMR

(30.8%) and NMR (67.9%) patients (p = .004). In particular, NMR

patients experienced more frequently progression or appearance of

splenomegaly (55.8%) compared to PMR (15.8%) and DMR and CMR

(0%); (p < .0001). We also noticed that patients attaining DMR and

CMR had received significantly longer RUX treatment (9.3

and 13.3 years, respectively) than NMR (7.0 years) and PMR

(8.4 years) (p = .01); rate of RUX discontinuation (for any reason) was

higher among NMR (48.8%) and PMR (15.8%) patients compared to

no patient in the DMR and CMR category (p = .002) (Table 1).

F IGURE 1 The best changes of VAF (%) from baseline, either downward or upward, are presented in Panel A. A forest plot illustrating
correlation of either baseline or on-treatment variables with the attainment of DMR and/or CMR is shown in Panel B. The results of univariable
and multivariable analyses, with Hazard Ratio (HR) and 95% Confidence Interval (CI) value, and respective p values, are also shown (Panel B). In
panel C, Kaplan–Meier analysis of the probability of sustained CCHR in patients stratified according to molecular is shown. Values are presented
with Hazard Ratio (HR) and 95% Confidence Interval (CI) value using combined CMR DMR as the reference category. The same analysis in Panel
D considers any molecular response (MR; inclusive of CMR + DMR + PMR) as the reference versus non molecular responders (NMR). BSL,
Baseline; CCHR, complete clinical and hematologic remission; CMR, complete molecular response; DMR, deep molecular response; ET, Essential
thrombocythemia; HU, hydroxyurea; NMR, non molecular responders; PV, polycythemia Vera; Res vs Int, resistant versus intolerant; RUX,
ruxolitinib; VAF, variant allele frequency. [Color figure can be viewed at wileyonlinelibrary.com]

1554 GUGLIELMELLI ET AL.

 10968652, 2024, 8, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/ajh.27400 by C

ochraneItalia, W
iley O

nline L
ibrary on [23/01/2025]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

http://wileyonlinelibrary.com


Kaplan–Meier curves documented significantly longer CCHR duration

in patients achieving any molecular response (median duration not

reached in CMR and DMR, as well as PMR patients) compared to 4.3

(0.6–8.0) years in NMR; using CMR + DMR as reference category,

the HR for NMR patients was 5.8 (95% CI 2.1–15.9; p < .001) and 4.2

(95% CI, 0.5–37.9) for PMR (Figure 1C,D).

Main clinical outcomes occurring during RUX treatment were

analyzed in relation to the molecular response achieved (Table 1). We

found a statistically significant difference in the rate of progression to

myelofibrosis in DMR and CMR patients (no event/15 patients) com-

pared to PMR (4 events/19 patients; 21%) and NMR (23 events/43

patients; 53%) patients (p < .001). Median myelofibrosis-free survival

(MFS) was not reached in the DMR + CMR as well as PMR category

as compared to 8.1 years (95%CI, 6.9–9.4) in NMR patients

(p < .0001) (Figure 2A). The respective hazard ratio, using DMR

+ CMR as reference category, was 3.6 (95% CI, 0.4–34.6) for PMR

and 19.9 (95% CI, 2.4–166.7) for NMR. Considering all molecular

responses together versus NMR, the HR for the latter was 7.3 (95%

CI, 2.5–21.4; p < .001) (Figure S6A). Multivariable analysis of factors

associated with MFS identified worsening splenomegaly under RUX

(p < .001), a baseline VAF >50% (p = .04; Figure S4B) and the failure

to achieve a CMR or DMR (p = .02) as independent predictive factors

for progression to myelofibrosis (Figure 2B).

No event qualifying for PFS was recorded in CMR + DMR

patients compared to 21.0% of PMR and 60.5% of NMR patients

(Figure 2C). Accordingly, the median PFS was significantly longer in

patients achieving any molecular response (median not reached) com-

pared to 7.9 (5.9–10) years in NMR. The HR versus CMR + DMR as

the reference, was 4.4 (95%CI 0.5–39.6) and 19.0 (95%CI 2.6–141.6)

for PMR and NMR, respectively (p < .0001) (Figures 2C and S6B).

Events defining EFS occurred in 37 patients, 48.0% of the cohort,

including 13.3% of CMR + DMR, 26.3% of PMR and 69.7% of NMR

(p < .001). According to Kaplan–Meier analysis, the median EFS was

not reached in DMR + CMR as well as PMR patients compared to 5.9

(4.1–7.7) years in NMR patients. The respective HR, using CMR

+ DMR as reference category, was 2.7 (95% CI, 0.5–13.7) and 11.0

TABLE 2 Baseline clinical, hematologic and molecular characteristics of patients in relation to molecular response.

NMR (n = 43) PMR (n = 19) DMR (n = 9) CMR (n = 6) p

Polycythemia Vera n (%) 38 (88.4) 16 (84.2) 8 (88.9) 3 (50.0) .11

Essential Thrombocythemia n (%) 5 (11.6) 3 (15.8) 1 (11.1) 3 (50.0)

Disease duration (y); median (range) 6.7 (0.7–24.2) 6.8 (1.5–16.8) 2.6 (0.6–15.7)) 3.2 (0.9–9.0) .06

Age (y); median (range) 61.0 (25.2–87.1) 59.2 (40.6–72.6) 53.2 (36.2–67.7) 45.0 (34.6–64.7) .08

Males; n (%) 25 (58.1) 11 (57.9) 2 (22.2) 1 (16.7) .07

HU resistant. n (%) 22 (51.2) 12 (63.2) 4 (44.4) 4 (66.7) .68

HU intolerant. n (%) 21 (48.8) 7 (36.8) 5 (55.6) 2 (33.3)

Leukocytes, � 109/L; median (range) 11.9 (5.3–25.7) 10.4 (4.8–21.4) 7.3 (4.1–19.4) 7.9 (4.3–21.6) .007

Hemoglobin, g/dL; median (range) 14.3 (11.8–17.7) 14.6 (11.6–16.5) 15.3 (12.7–183.7) 14.7 (12.6–15.6) .34

Hematocrit, %; median (range) 46.0 (36.2–53.3) 46.3 (38.0–51.0) 47.0 (41.8–57.7) 46.3 (39.2–57.3) .85

Platelets, � 109/L; median (range) 393 (150–1148) 485 (104–1245) 365 (156–758) 620 (286–757) .32

Splenomegaly; n % (n = 39) 26 (61.9) 9 (49.8) 3 (33.3) 1 (16.7) .12

Constitutional symptoms; n (%) 23 (56.1) 10 (55.6) 3 (33.3) 2 (33.3) .48

Previous thrombosis; n (%) 16 (37.2) 4 (21.1) 3 (33.3) 1 (16.7) .52

Driver Mutations; % VAF; Mean (±SD)

JAK2 V617F 73.8 ± 24.4% 78.8 ± 20.8% 33.6 ± 13.6% 37.8 ± 17.1% <.001

JAK2 Exon12 - - - 13% -

CALR Exon 9 - 49% - - -

Haplotype 46/1 genotypea; n (%) (n = 50)

T/T 5 (17.9) 2 (18.2) 1 (16.7) 2 (40.0) .02

C/T 5 (17.9) 4 (36.4) 5 (83.3) 3 (60.0)

C/C 18 (64.3) 5 (45.5) 0 0

Patients with additional mutations; n (%) (n = 73) 19 (46.3) 10 (58.8) 3 (33.3) 4 (66.7) .50

Patients with ≥2 additional mutations; n (%) 5 (12.2) 4 (23.5) 1 (11.1) 0

Time to RUX treatment (y); median (range) 6.7 (0.7–24.2) 6.8 (1.5–16.8) 2.6 (0.6–15.7) 3.2 (0.9–9.0) .06

Note: Bold values are statistically significant.

Abbreviations: CMR, complete molecular response; DMR, deep molecular response; HU, Hydroxyurea; NMR, no molecular response; PMR, partial

molecular response; RUX, Ruxolitinib.
aThe C (C/C + C/T) allele denotes the 46/1 haplotype.
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(95% CI 2.6–46.8) for PMR and NMR, respectively (p < .001)

(Figures 2D and S6C). Five deaths occurred overall, all among NMR

patients; however, due to small numbers, no difference in Kaplan–

Meier analysis emerged depending on molecular response (p = .62;

Figure S7).

3.6 | Analysis of baseline RNA expression and
cytokines profile according to molecular responses

With the aim to identify additional potential predictors of molecular

response to RUX, we compared baseline gene expression profile

(GEP) in purified granulocytes, and the plasma levels of 49 cytokines,

in 8 patients with molecular responses (CMR, n = 5; DMR, n = 3)

and 10 NMR. Although 273 genes were overall differentially

expressed in molecular responders versus NMR patients, Principal

Component Analysis (PCA) failed to identify a unique GEP profile

reliably associated with molecular response (Figure S8). Similar neg-

ative findings were obtained after analysis of plasma cytokine profile

(Figure S9).

4 | DISCUSSION

To the best of our knowledge, this analysis presents the longest

observation period of treatment with RUX in a population of

hydroxyurea-resistant or refractory, high-risk patients with PV and

ET, in whom longitudinally collected blood samples permitted pro-

spective molecular characterization and correlation with hematologi-

cal and clinical responses, and outcomes. Results of the study offered

novel information, beyond adding to the long-term efficacy and safety

of RUX in PV patients. After a median follow-up of 11.7 years, 69% of

patients were still on-drug, and the rate of maintained CCHR at last

follow-up was 55%. These figures confirmed the by far higher and

F IGURE 2 Kaplan–Meier analysis of myelofibrosis-free survival (MFS) in patients stratified according to molecular response (Panel A). Median
MFS values are presented with Hazard Ratio (HR) and 95% Confidence Interval (CI) value using CMR and DMR as the reference category. In
Panel B, forest plot illustrating correlation of both baseline and on-treatment variables with MFS is shown. The results of univariable and
multivariable analyses, with Hazard Ratio (HR) and 95% Confidence Interval (CI) value, and respective p values, are also presented in the table on
the right. Kaplan–Meier analysis of progression-free survival (PFS) and event-free survival (EFS) in patients stratified according to molecular
response are presented in Panel C and Panel D, respectively. Patients in the CMR and DMR category served as the reference; values are
presented as Hazard Ratio (HR) and 95% Confidence Interval (CI). BSL, Baseline; CCHR, complete clinical and hematologic remission; VAF, variant
allele frequency. [Color figure can be viewed at wileyonlinelibrary.com]
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durable responses in PV compared to patients with myelofibrosis,

where reported rate of discontinuation were 50%–60% at 5 years due

to loss of response and hematological toxicity, the latter being the

cause of discontinuation in only 2% in this series.57

With a median exposure time to RUX of almost 8 years, we were

able to document profound and durable molecular responses

(VAF ≤2%) in 20% of the patients (n = 77), including 8% with unde-

tectable JAK2V617F (and one single case of JAK2exon 12) mutation,

assigned as complete response (CMR); such responses were steadily

maintained over time, since no single case lost molecular response

after a median follow-up of 6.5 years. In comparison, among 70 infor-

mative patients followed in the MAJIC-PV trial for a median of

4 years, a PMR was observed in 56%, with occasional patients show-

ing >90% reduction, but no strictly-defined CMR and DMR was copn-

sidered.30 Overall, these data suggest that very long exposures to

RUX are required for the JAK2V617F mutant clone to decrease

to very low levels and eventually become undetectable, since the

median time to reach profound molecular responses was about

5 years in our study. For comparison, in the PROUD/

CONTINUATION trial with ropeg-IFN, 66.0% of the patients had

PMR after 6 years, but correlation of profound molecular responses

with outcomes was not assessed.58 All patients reaching DMR in our

study continued to receive RUX indefinitely, as per label; whether

continued JAK inhibition is indeed necessary to maintain these pro-

found molecular responses, and accompanying clinical and hemato-

logic responses, might be addressed in the setting of controlled

discontinuation studies.

Our data indicate that attainment of profound molecular

responses is associated with improved myelofibrosis-free survival,

EFS and PFS, extending findings of the MAJIC trial. Interpretation of a

favorable trend on OS was limited by the low number of deaths that,

however, notably all occurred among NMR patients. We emphasize,

in particular, that no progression event to MF and no event-free sur-

vival qualifying event was noted among patients who achieved pro-

found molecular response, and the only 2 adverse events impacting

on EFS were vascular (one hemorrhage and one thrombosis). There-

fore, although also achieving PMR was overall associated with signifi-

cantly better outcomes compared to no molecular responders, we

specifically underline the importance to obtain profound molecular

responses rather than any molecular response, including PMR, for the

remarkable impact on outcome and, as mentioned before, in the light

of possible discontinuation studies.

Besides, these findings strengthen the value of profound molecu-

lar response as surrogate endpoint of major clinical advantages in

patients with PV (and ET, though the drug is not approved) receiving

RUX, and altogether, make the case for adopting molecular responses

as endpoint in clinical trials where, a part for palliation of abnormal cell

counts and symptoms, the value of new drugs should be challenged

against evidence of disease modification and improved outcomes.59 In

such a scenario, it would be also important to identify baseline and/or

on-treatment biomarkers of response, that allow the early identifica-

tion of non-responders and possibly their prompt referral to alterna-

tive approaches. At this regard, we found that a JAK2V617F VAF

<50% at baseline, and a VAF decrease of at least 35% after 2 years of

treatment, significantly predicted for achievement of profound molec-

ular responses. On the other hand, although we could not attribute a

statistically significant negative predictive role of additional mutations

at baseline on the achievement of DMR, the appearance of novel

ASXL1 mutation in particular, and any other pathogenetic variants,

during treatment, was enriched among non-molecular responders,

similar to findings in MAJIC.30

An intriguing question that might arise from this study concerns

extrapolation to patients with myelofibrosis receiving RUX. However,

profound molecular responses are outmost rare in MF, that at least in

part might be ascribed to the shorter exposure time to RUX, owing

that almost 50% of the patients stop treatment by 3 years because of

refractoriness. However, this does not undermine that, should pro-

pound molecular responses be obtained in MF patients with novel

drugs/combinations, their impact on outcome might be expected

valuable.

Finally, it should be underlined that normalization of blood cells

counts, symptoms and splenomegaly, that is obtainment of a CCHR,

had poor correlation with achievement of molecular responses and

main clinical outcomes, reinforcing that those parameters, though clin-

ically valuable especially for improved quality of life,60 do not reflect

anti-clonal activity of RUX (an argument that might likely be extended

to other agents as well) and therefore represent questionable end-

points of clinical trials, if considered alone.

Limitations of our study include the relatively low number of

patients, and the lack of longitudinal histology evaluation for assess-

ment of complete disease response, that however was very infre-

quently used even in clinical trials46 due to poor acceptance by

patients. The strengths are, in spite of not being a randomized study,

the homogeneous population of patients carefully diagnosed and

managed in 2 Italian excellence centers, with most of the patients

being enrolled and long followed in the setting of controlled clinical

trials, the long follow-up, and the statistically informative number of

endpoint events that occurred.

In conclusion, we show that long-term treatment with RUX pro-

duces profound molecular responses in about 20% of PV and ET

patients, that are associated with important clinical benefits. These

findings urge a revision of current primary endpoints of clinical trials

in favor of more objective and clinically meaningful endpoints, such as

MFS, EFS and/or PFS, that might be surrogated by demonstration of

profound and durable molecular responses.
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