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TO THE EDITOR:

Myelofibrosis (MF) is an acquired clonal hematopoietic stem cell
disorder associated with debilitating constitutional symptoms,
extramedullary hematopoiesis resulting in splenomegaly, and a
propensity to transform to a blast phase/acute myeloid leukemia
(AML). The discovery of JAK inhibitors (JAKi) has been pivotal in
the treatment of symptomatic MF by reducing spleen size, and
alleviating cytokine-related symptom burden [1]. Despite this, up
to 50% of MF patients discontinue JAKi by 2-3 years and only one
quarter of patients remain on treatment at 5 years [2, 3].

Prospective trials of JAKi therapy provide little information after
patients discontinue therapy and safety specific follow up is
completed. Although survival following ruxolitinib cessation is
poor, in the range 13-16 months, the clinical course and reasons
for JAKi failure in MF patients are not well characterized [4-7].
Criteria for JAKi failure are variably defined in retrospective studies
and second-line JAKi therapy trials [8-10]. JAKi therapy may fail for
a variety of reasons including sub-optimal/loss of spleen response,
severe cytopenias, progression to an accelerated or blast phase
(AP/BP) of disease, secondary malignancies other than AML,
recurrent severe infections, or other non-hematological toxicities.
Recognition of patterns of failure is important to accurately
characterize, and plan treatment strategies in these patients.

We conducted a retrospective study analyzing a molecularly
annotated, mature dataset of MF patients treated with JAKi
followed in a prospective MPN registry (NCT02760238) at Princess
Margaret Cancer Centre. We evaluated the impact of baseline
clinical and molecular factors on clinical outcomes and therapy
failure. We characterized different patterns of JAKi failure according
to consensus criteria of the Canadian MPN Group (Supp. Table S1)
[11] and its impact on survival. In a sub-set of patients with paired
samples we evaluated the impact of clonal evolution on outcomes
following JAKi failure. Cohort selection, study definitions, mole-
cular, and statistical analysis are summarized in Appendix.

After search of our MPN database and exclusion of ineligible
patients (Supp. Fig. S1), 113 patients with a diagnosis of MF in
chronic phase treated with JAKi along with a sample for mutation
analysis were included. The baseline patient, disease, and
treatment related characteristics of the study population are
summarized in Supp. Table S2.

During the course of the study period 85 (75%) patients died
with median follow-up in survivors of 74 (range: 21-120) months.
A total of 107 (95%) patients experienced JAKi failure; and
cumulative incidence of JAKi failure at 1, 3, and 5 years was 34%,
71%, 87%, respectively (Supp. Fig. S2). Multivariable analysis is
summarized in Supp. Table S3 for both cumulative JAKi failure and
OS from JAKi initiation. ECOG performance status and CBL
mutation demonstrated significant predicative value for both JAKi
failure and OS from JAKi initiation; while the number of mutations
predicted OS but had no significant effect on probability of JAKi
failure. Platelet count did not predict either JAKi failure or OS,
while transfusion requiring anemia (RBC Tx) was predictive for OS
in model 1, and JAKi failure in both models.

The clinical features at time of JAKi failure are summarized in
Supp. Table S4. In MVA (Supp. Table S5) failure from AP/BP
disease, high DIPSS, and ECOG =2 were significantly associated
with inferior survival following JAKi failure (Fig. 1a—c).

The patterns of JAKi failure were as follows: sub-optimal (n =8,
7%) or loss (n =35, 33%) of spleen response (n =43 total, 40%);
cytopenias (n=24, 22% total; thrombocytopenia =14, 13%;
transfusion dependence = 10, 9%); AP/BP transformation (n = 15,
14%); non-hematological toxicity (n=21, 20%), and second
malignancy (n =4, 4%). For all patients (n=107), median [95%
Cl] OS following JAKi failure was 13.6 [9.0-19.6] months. Median
survival by pattern of failure was: 4.1 [1.0-5.3] months for AP/BP;
17.5 [6.5-27.0] months for cytopenias; 21.8 [11.7-44.5] months for
loss of/suboptimal spleen response; 0.3 [0.3- not reached] months
for second malignancy and 13.6 [0.2-24.6] months for non-
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of failure, c clinical pattern of JAKi failure, and d presence of emergent mutations. Survival curves compared with log rank method.

hematological toxicity (p<0.001). There was no association
between baseline mutations, number of mutations, or number
of HMR mutations and pattern of JAKi failure (Fig. 2a).

Analyis of paired sequencing was performed on 55 patients
(Fig. 2b) who had a later molecular sample available, either at the
time of JAKi failure (n = 49) or after at least 3-years sustained clinical
response to JAKi therapy (n=6). Of the six patients with ongoing
benefit from therapy: three patients had the same variants detected,
two patients had dropout of mutations, and one patient had two
emergent mutations (NRAS, BCORL1) and dropout of JAK2.

At time of JAKi failure 24 (49%) patients had no change in
observed variants. Dropout of 18 previously identified variants in
12 (24%) patients was observed; with dropout of JAK2 (n = 4), and
TET2 (n = 4) the most commonly observed. A total of 29 emergent
mutations were observed in 19 (39%) patients. The most common
emergent mutations were in KRAS (n =4) and ASXLT1 (n = 4); with
RAS pathway genes (KRAS, NRAS, CBL, and PTPN11) and HMR the
most common class of emergent mutations occurring in 9 (47%)
patients each. Emergent mutations were more frequently
observed in patients with JAKi failure due to AP/BP (n=7/10,
70%) than failure due to cytopenia (n=1/10, 10%, P = 0.006);
while there was no significant difference when compared to
patients with failure due to loss or lack of spleen response (n =8/
23, 35%), non-hematological toxicity (n = 3/4, 75%), or secondary
malignancy (n=0/2, 0%). The median overall survival following
JAKi failure was significantly shorter in those with emergent
mutations compared to those without (p = 0.02, Fig. 1d).

This study provides further understanding of the clinical and
molecular outcomes following JAKi failure. Our analysis differs
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from previous studies looking at outcomes after JAKi discontinua-
tion, as we used standardized JAKi failure definitions as opposed
to relying on drug discontinuation as the sole indicator of failure.
Despite this key difference, the overall survival following JAKi
failure is poor and similar to previous reports [4-7]. In MVA clinical
variables including ECOG performance status, RBC Tx, and
molecular factors including CBL and total number of mutations
predict OS independent of MIPSS risk category. A shorter time to
JAKi failure was predicted by ECOG, RBX Tx, and CBL mutation;
though not by MIPSS or total number of mutations. These results
add further evidence and validation for the consideration of CBL
mutations in future revision of the definition of high-risk MF [12].

Our study has expanded on previous research by describing
and analyzing clinical features, correlates, and outcomes accord-
ing to the pattern of JAKi failure. Patients who develop AP/BP or
non-hematological malignancy on JAKi have a dismal prognosis;
while outcomes following spleen progression or cytopenias have
comparable outcomes. It is also important to note that in clinical
practice, these failure reasons do not occur in isolation. For
example, a patient may develop cytopenias requiring a dose
reduction in JAKi and as a result the patient then loses their spleen
and/or symptom response. Adherence to standardized criteria of
JAKi failure will help in early recognition of the pattern of failure,
facilitate clinical trial enrollment, and understanding of compara-
tive effectiveness of novel agents.

The emergence of mutations in our cohort was common,
occurring in 37% of patients. This contrasts with previous
reports from Lundberg et al., which detected only two new
mutations in chronic MPN patients during 133 patient-years
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Fig. 2 Geneplots for patients treated with JAKi organized by pattern of JAKi failure (x-axis) and mutation category (y-axis). a Baseline
mutations present prior to start of JAKi therapy, with no difference in number or genes mutated between pattern of failure groups.
b Geneplot demonstrating n = 55 patients with paired mutation analysis arranged by pattern of failure (n = 49) or ongoing response to JAKi
(n = 6). Emergent mutations were more frequently observed in patients with JAKi failure due to AP/BP (n = 7/10) than failure due to cytopenia

(n=1/10, P=0.006).

follow-up [13]. The difference in observed mutation rate may be
in part due to patient population, as that study had <20% of the
cohort comprised of MF patients. The population of MF patients
requiring JAKi therapy may have more advanced disease and
molecular complexity compared to those not requiring pharma-
cologic intervention.

The clinical significance of clonal evolution as evidenced by the
emergence of new mutations on paired analysis is an area of
ongoing research. Consistent with previous reports, our data
demonstrate that variant emergence is associated with inferior
survival following JAKi failure [5, 14]. Baseline mutation profile did
not predict the pattern of JAKi failure; though emergent mutations
were noted to be more common amongst patients with AP/BP.
Our study had frequent emergent ASXLT mutations (21% of
patients with emergent mutations) similar to a study from MD
Anderson [5], but there were also frequent emergent mutations in

Leukemia (2022) 36:1689 - 1692

the RAS pathway (47% of patients with emergent mutations
overall; 21% KRAS). Differences between these cohort studies may
be due to use of JAKi failure rather than drug discontinuation as
our endpoint; or the larger panel of genes evaluated by NGS used
in our study in particular with the inclusion of CBL [5, 15]. Our data
suggest that detection of newly emergent mutations at the time
of JAKi failure may further inform poor prognosis, with mutations
in RAS pathway and HMR genes frequently observed at time of
failure. How activating mutations in alternative growth signaling
pathways such as RAS may influence resistance to JAKi and
subsequent outcomes with second-line therapies warrants further
investigation.

In conclusion, we demonstrate that outcomes following JAKi
failure are significantly correlated with the pattern of failure.
Patients who transform to AP/BP have dismal outcomes, where as
those with sub-optimal or loss of response or significant
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cytopenias have similar outcomes. Baseline molecular signatures
did not predict the pattern of JAKi failure; however, development
of emergent mutation at time of JAKi failure is observed more
frequently with AP/BP disease.

REFERENCES

1. Verstovsek S, Mesa RA, Gotlib J, Levy RS, Gupta V, DiPersio JF, et al. A double-
blind, placebo-controlled trial of ruxolitinib for myelofibrosis. N Engl J Med.
2012;366:799-807.

2. Harrison CN, Vannucchi AM, Kiladjian J-J, Al-Ali HK, Gisslinger H, Knoops L, et al.
Long-term findings from COMFORT-Il, a phase 3 study of ruxolitinib vs best
available therapy for myelofibrosis. Leukemia. 2016;30:1701-7.

3. Verstovsek S, Mesa RA, Gotlib J, Levy RS, Gupta V, DiPersio JF, et al. Efficacy,
safety, and survival with ruxolitinib in patients with myelofibrosis: results of a
median 3-year follow-up of COMFORT-I. Haematologica. 2015;100:479-88.

4. Kuykendall AT, Shah S, Talati C, Al Ali N, Sweet K, Padron E, et al. Between a rux
and a hard place: evaluating salvage treatment and outcomes in myelofibrosis
after ruxolitinib discontinuation. Ann Hematol. 2018;97:435-41.

5. Newberry KJ, Patel K, Masarova L, Luthra R, Manshouri T, Jabbour E, et al. Clonal
evolution and outcomes in myelofibrosis after ruxolitinib discontinuation. Blood:
J Am Soc Hematol. 2017;130:1125-31.

6. Palandri F, Breccia M, Bonifacio M, Polverelli N, Elli E, Benevolo G, et al. Outcome
of patients with myelofibrosis after ruxolitinib discontinuation: role of disease
status and treatment strategies in 218 patients: PF674. Hemasphere. 2019;3:290.

7. Schain F, Vago E, Song C, He J, Liwing J, Léfgren C, et al. Survival outcomes in
myelofibrosis patients treated with ruxolitinib: a population-based cohort study
in Sweden and Norway. Eur J Haematol. 2019;103:614-9.

8. Harrison CN, Schaap N, Vannucchi AM, Kiladjian J-J, Tiu RV, Zachee P, et al. Janus
kinase-2 inhibitor fedratinib in patients with myelofibrosis previously treated with
ruxolitinib (JAKARTA-2): a single-arm, open-label, non-randomised, phase 2,
multicentre study. Lancet Haematol. 2017;4:e317-e24.

9. Harrison CN, Vannucchi AM, Platzbecker U, Cervantes F, Gupta V, Lavie D, et al.
Momelotinib versus best available therapy in patients with myelofibrosis pre-
viously treated with ruxolitinib (SIMPLIFY 2): a randomised, open-label, phase 3
trial. Lancet Haematol. 2018;5:e73-e81.

10. Mascarenhas J, Hoffman R, Talpaz M, Gerds AT, Stein B, Gupta V, et al. Pacritinib
vs best available therapy, including ruxolitinib, in patients with myelofibrosis: a
randomized clinical trial. JAMA Oncol. 2018;4:652-9.

11. Gupta V, Cerquozzi S, Foltz L, Hillis C, Devlin R, Elsawy M, et al. Patterns of
ruxolitinib therapy failure and its management in myelofibrosis: perspectives of
the Canadian Myeloproliferative Neoplasm Group. JCO Oncol Pract. 2020:JOP.
19.00506.

12. Coltro G, Rotunno G, Mannelli L, Mannarelli C, Fiaccabrino S, Romagnoli S, et al.
RAS/CBL mutations predict resistance to JAK inhibitors in myelofibrosis and are
associated with poor prognostic features. Blood Adv. 2020;4:3677-87.

13. Lundberg P, Karow A, Nienhold R, Looser R, Hao-Shen H, Nissen |, et al. Clonal
evolution and clinical correlates of somatic mutations in myeloproliferative
neoplasms. Blood 2014;123:2220-8.

14. Pacilli A, Rotunno G, Mannarelli C, Fanelli T, Pancrazzi A, Contini E, et al. Mutation
landscape in patients with myelofibrosis receiving ruxolitinib or hydroxyurea.
Blood Cancer J. 2018;8:1-10.

15. Patel KP, Newberry KJ, Luthra R, Jabbour E, Pierce S, Cortes J, et al. Correlation of
mutation profile and response in patients with myelofibrosis treated with rux-
olitinib. Blood 2015;126:790-7.

SPRINGER NATURE

ACKNOWLEDGEMENTS

This work was supported by grants from the Princess Margaret Cancer Centre
Foundation and the Elizabeth and Tony Comper Foundation to the MPN Program at
the Princess Margaret Cancer Centre (VG).

AUTHOR CONTRIBUTIONS

JE, CM, JK, DM, HS, AT, and VG contributed to clinical patient management; AA and JC
collected the samples; JE, CM, VC, and SM collected the clinical data; JC and TS
performed molecular investigations; JH, WX performed statistical analyses; JE, CM and
VG compiled the clinical and mutational data, analyzed the data and wrote the
manuscript; CM, JK, JC, and TS analyzed and annotated the mutational data; VG
designed and supervised the study and was overall responsible for the conduct of
the study. All authors reviewed the manuscript and affirmed for publication.

COMPETING INTERESTS

CM has received honoraria from Novartis. DM has received research support from
Novartis, Celgene/Bristol-Myers Squibb, PharmaEssentia, Takeda; honoraria from
Novartis, Celgene/Bristol-Myers Squibb; served on the advisory board of Novartis, and
provided consultancy for Pfizer. VG received research funding through his institution and
honoraria from Novartis and Incyte and has served on the advisory board of Novartis,
Incyte, BMS-Celgene, Abb Vie, Sierra Oncology, Pfizer, Takeda, and Constellation
Biopharma; The remaining authors stated that they have no conflicts of interest.

ADDITIONAL INFORMATION

Supplementary information The online version contains supplementary material
available at https://doi.org/10.1038/541375-022-01544-x.

Correspondence and requests for materials should be addressed to Vikas Gupta.

Reprints and permission information is available at http://www.nature.com/
reprints

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims
in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons

BY Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons license, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons license and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly
from the copyright holder. To view a copy of this license, visit http://creativecommons.
org/licenses/by/4.0/.

© The Author(s) 2022

Leukemia (2022) 36:1689 - 1692


https://doi.org/10.1038/s41375-022-01544-x
http://www.nature.com/reprints
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	Clinical and molecular correlates of JAK-inhibitor therapy failure in myelofibrosis: long-term data from a molecularly annotated cohort
	To the Editor:
	Acknowledgements
	Author contributions
	Competing interests
	ADDITIONAL INFORMATION




