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ABSTRACT
Myelofibrosis (MF) is a myeloproliferative neoplasm that is accompanied by driver JAK2, CALR, or MPL mutations in more than 
90% of cases, leading to constitutive activation of the JAK–STAT pathway. MF is a multifaceted disease characterized by trilin-
eage myeloid proliferation with prominent megakaryocyte atypia and bone marrow fibrosis, as well as splenomegaly, constitu-
tional symptoms, ineffective erythropoiesis, extramedullary hematopoiesis, and a risk of leukemic progression and shortened 
survival. Therapy can range from observation alone in lower-risk and asymptomatic patients to allogeneic hematopoietic stem 
cell transplantation, which is the only potentially curative treatment capable of prolonging survival, although burdened by sig-
nificant morbidity and mortality. The discovery of the JAK2 V617F mutation prompted the development of JAK inhibitors (JAKi) 
including the first-in-class JAK1/JAK2 inhibitor ruxolitinib and subsequent approval of fedratinib, pacritinib, and momelotinib. 
The latter has shown erythropoietic benefits by suppressing hepcidin expression via activin A receptor type 1 (ACVR1) inhibi-
tion, as well as reducing splenomegaly and symptoms. However, the current JAKi behave as anti-inflammatory drugs without a 
major impact on survival or disease progression. A better understanding of the genetics, mechanisms of fibrosis, cytopenia, and 
the role of inflammatory cytokines has led to the development of numerous therapeutic agents that target epigenetic regulation, 
signaling, telomerase, cell cycle, and apoptosis, nuclear export, and pro-fibrotic cytokines. Selective JAK2 V617F inhibitors and 
targeting of mutant CALR by immunotherapy are the most intriguing and promising approaches. This review focuses on ap-
proved and experimental treatments for MF, highlighting their biological background.

1   |   Introduction

Myelofibrosis (MF) is one of the Philadelphia-negative my-
eloproliferative neoplasms (MPN) along with polycythemia 
vera (PV) and essential thrombocythemia (ET) and can arise 
as de novo disease, referred to as primary MF (PMF), or sec-
ondary (SMF) to PV and ET (post-PV/ET MF) [1]. The 2016 re-
vision to the World Health Organization (WHO) classification 

for myeloid malignancies [2] formally subcategorized PMF 
into “prefibrotic/early stage MF” and “overt fibrotic stage 
MF” This PMF sub-classification has been retained and im-
plemented by specific diagnostic criteria in the latest 2022 
WHO classification revision [3] and also in the International 
Consensus classification of myeloid neoplasms [4]. The latter 
also defines diagnostic criteria for post-PV/ET MF, adopting 
the precedent criteria published by the International Working 
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group for MPN Research and Treatment (IWG-MRT) [5]. 
Overall, MF diagnosis relies on histopathological and molec-
ular criteria. The bone marrow (BM) is hypercellular or hy-
pocellular, and megakaryocytes are numerous and arranged 
in tight clusters showing pleomorphism and dysplastic fea-
tures. Typically, varying degrees of fibrosis are reported 
(grade 0-1 in pre fibrotic MF and grade 2–3 in overt fibrotic 
MF). Driver mutations involving JAK2, CALR, or MPL in ap-
proximately 90% of patients mediate constitutive JAK-STAT 
signaling which, along with additional alterations (ASXL1, 
SRSF2, EZH2, IDH1/2, U2AF1 mutations), play a crucial role 
in disease pathogenesis and also in attributing prognosis [6]. 
Clinical manifestations in MF include hepatosplenomegaly, 
constitutional symptoms (e.g., fatigue, night sweats, fever), 
bone pain, cachexia, pruritus, thrombosis, and bleeding, re-
lated to aberrant cytokine production by clonal cells and host 
immune reaction [7, 8]. Ineffective erythropoiesis and hepa-
tosplenic extramedullary hematopoiesis are the main causes 
of anemia and organomegaly, respectively. Although the most 
frequent cause of death is disease progression that occurs in 
approximately 20% of patients, patients are at high risk for 
other competing causes of morbidity and mortality including 
cardiovascular events and consequences of cytopenias includ-
ing infection or bleeding [9]. The considerable heterogeneity of 
MF translates into a wide range of outcomes, with overall sur-
vival (OS) spanning a few years to decades. Given the clinical 
heterogeneity, risk stratification for optimal individual man-
agement is crucial [10]. In this regard, the main contemporary 
prognostic systems for PMF include the Molecular Enhanced 
International Prognostic Score Systems (three-tiered MIPSS70 
[11], four-tiered MIPSS70-plus [11], and five-tiered MIPSS70-
plus 2.0 [12]). The latter includes U2AF1 Q157 as a high mo-
lecular risk variant along with ASXL1, EZH2, IDH1, IDH2, 
and SRSF2 mutations, a new sex- and severity-adjusted he-
moglobin thresholds for anemia, and a refined three-tiered 
cytogenetic risk distribution with the introduction of a very 
high risk (VHR) group including patients with single/multiple 
abnormalities of −7, i(17q), inv (3)/3q21, 12p-/12p11.2, 11q-
/11q23, or other autosomal trisomies not including +8/+9. A 
four-tiered Myelofibrosis Secondary to PV and ET-Prognostic 
Model (MYSEC-PM) was specifically developed for secondary 
SMF, including older age, hemoglobin < 11 g/dL, circulating 
blasts ≥ 3%, platelet count < 150 ×109/L, constitutional symp-
toms, and CALR mutational status as variables [13]. Despite 
the above-mentioned advances in prognostic stratification of 
patients with both PMF and SMF, the most widely used score, 
especially in the subset of clinical trials, is the four-tiered 
Dynamic International Prognostic Scoring System (DIPSS) 
including age > 65 years, hemoglobin < 10 g/dL, leukocyte 
count > 25 × 109/L, circulating blasts ≥ 1%, and constitutional 
symptoms [14].

Treatment options for MF range from supportive care (i.e., 
transfusional support) to allogeneic hematopoietic stem cell 
transplantation (allo-HSCT), which, at the moment, is the only 
potentially curative treatment, although it is burdened by not 
negligible toxicity and mortality [15]. In recent years, as drug 
therapies, JAK inhibitors (JAKi) played a leading role, with 
the first-in-class ruxolitinib paving the way for others (e.g., 
fedratinib, pacritinib and momelotinib) with the potential to 
reduce symptoms and spleen size and improve quality of life, 

unfortunately without modifying the natural history of the dis-
ease [16].

Therefore, a number of studies with novel treatments for JAK 
inhibitor-ineligible or relapsed/refractory patients are on-
going. Starting from MF pathophysiology and highlighting 
targetable pathways beyond JAK –STAT, the current review 
provides an overview of current and experimental treatments 
both as monotherapy and combinations. Anemia-focused 
therapies will be discussed in depth in another review paper 
of the series.

2   |   Pathophysiology and Potential Targets for 
Therapies

2.1   |   Molecular Characterization

A new era on MPN started in 2005 with the discovery of the 
JAK2V617F mutation by four independent groups in nearly 
all patients with PV and in 50%–60% of patients with ET and 
MF [17–20]. Since then, it has been widely recognized that 
constitutive activation of JAK-STAT signaling plays a pivotal 
role in the pathogenesis of MPN with or without the presence 
of the JAK2 V617F mutation. Subsequent studies focused on 
characterizing genetic alterations in JAK2 wild-type patients 
led to the identification in 2006 of mutations in the throm-
bopoietin (TPO) receptor MPL, which specifically regulates 
megakaryopoiesis and platelet production through the JAK-
STAT pathway. Mutations in MPL are found in 3%–8% of ET 
and PMF and consist of gain-of-function variants at trypto-
phan 515 (W515) in exon 10 [21]. The most common point 
mutations are W515L and W515K; other rare variants include 
W515R, W515A, and W515G [22]. In 2007, JAK2 exon 12 mu-
tations, particularly in-frame insertions or deletions between 
codons 536 and 544, were discovered in JAK2 V617F-negative 
PV patients [23, 24]; JAK2 exon 12 mutations were also de-
tected in post-PV MF cases, not in ET, post-ET MF, and PMF 
cases [23]. In 2013, two independent groups described a novel 
mutation in most JAK2 and MPL wild-type patients [25, 26]. 
By applying whole exome sequencing, they identified somatic 
mutations in CALR encoding for calreticulin, a highly con-
served endoplasmic reticulum lectin chaperone that assists in 
the folding of glycoprotein substrates and maintenance of cell 
calcium homeostasis given its negatively charged C-terminus 
[27]. To date, more than 50 different mutations in CALR exon 
9 have been described in approximately 20%–30% of ET and 
PMF cases [25, 26]. The two most frequent CALR mutations, 
accounting for approximately 80% of all mutations, include 
a type-1 52-bp deletion (c.1092_1143del; p.L367fs*46) and a 
type-2 5-bp insertion (c.1154_1155insTTGTC; p.K385fs*47). 
Other atypical mutations are grouped as type 1- or type 2-like 
in relation to predicted helical secondary structure or the num-
ber of calcium-binding amino acids remaining in the novel 
C-terminus [28]. Over the past 10 years, extensive work unrav-
eled oncogenetic mechanisms by mutant CALR both in cellu-
lar and murine models. Overall, mutant CALR activates MPL 
resulting in constitutive activation of JAK/STAT signaling 
[29–33]. Of interest, the cell surface expression of the mutated 
CALR–MPL complex is a mandatory feature for MPL and JAK-
STAT signaling activation [29–33]. Recently, high-throughput 
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next-generation sequencing (NGS) approaches identified ad-
ditional somatic mutations with a diagnostic, prognostic, and 
therapeutic value. At least one additional mutation can be 
found in more than 80% of patients. These mutations are not 
disease-specific but also occur in other myeloid malignancies 
including acute myeloid leukemia (AML) [34], myelodysplas-
tic syndromes (MDS) [35], and MDS/MPN [36], as well as in 
healthy individuals in the context of age-related clonal he-
matopoiesis (ARCH/CHIP) [37]. Additional genomic abnor-
malities affect genes involved in DNA methylation (TET2, 
DNMT3A, IDH1, and IDH2), histone modification (ASXL1, 
EZH2), mRNA splicing (SFRB1, SRSF2, U2AF1, and ZRSR2), 
signaling pathways (LNK/SH2B3, CBL, NRAS, KRAS, and 
PTPN11), and transcription factors (SETBP1, RUNX1, NFE2, 
TP53, and PPM1D) [10]. Around 10% of patients with PMF are 
negative for all three driver mutations and are referred to as 
“triple-negative” Of interest, at least 10% of PMF patients har-
bor mutations outside of canonical MPL and JAK2 hotspots 
leading to a constitutive activation of the JAK-STAT signaling. 
Non-canonical MPL mutations include T119I, S204F/P, and 
E230G in the extracellular domain and Y591D/N in the intra-
cellular domain [38], whereas non-canonical JAK2 mutations 
include V625F, F556V, R683G, and E627A [39]. Overall, gene 
expression profiling studies confirmed that JAK-STAT activa-
tion occurs in all MF patients regardless of JAK2 V617F muta-
tional status [40]. Recently, SETBP1 mutations were detected 
in around 20% of triple-negative PMF cases as an early genetic 
event, characterized by a dismal outcome [41]. In addition, 
RAS pathway mutations significantly impact the progression 
and survival outcomes in MF by influencing resistance to 
JAK inhibitors and promoting clonal evolution through en-
hanced proliferation and survival of malignant hematopoietic 
cells [42].

2.2   |   Bone Marrow Fibrosis, Inflammation, 
and Microenvironment

The JAK-STAT activation partially explains the complex patho-
physiology of MF since the same genetic alterations are reported 
also in other myeloid neoplasms. The deposition of reticulin 
and collagen fibers is one of the MF hallmarks, and it is con-
sidered a reactive process mediated by mutated hematopoietic 
stem cells (HSC), contributing to an impaired microenviron-
ment favoring malignant over normal hematopoiesis. Moreover, 
increased expression of inflammatory cytokines, lysyl oxidase, 
and transforming growth factor-β (TGF-β), mainly driven by ab-
errant megakaryocytes, has been implicated in the pathogenesis 
of fibrosis [43]. The process of megakaryocytic hyperplasia and 
subsequent fibrosis was clarified by in vitro studies performed 
on CD34 + cells isolated from MF patients. In a seminal study by 
Ciurea et al., a TPO-independent increased propensity of CD34 
+ cells to generate megakaryocytes was demonstrated, along 
with impaired apoptosis due to overexpression of anti-apoptotic 
proteins (Bcl-xL) [44]. In addition, higher levels of TGF-β and 
active matrix metalloproteinase-9 (MMP9) secreted by MF 
CD61+ cells were detected [44]. TGF-β is a pleiotropic cytokine 
that stimulates fibroblasts to produce extracellular matrix and 
occurs in three isoforms: TGFβ-1, TGFβ-2 and TGFβ-3. The 
first is the most relevant of all these isoforms, secreted mainly 
by megakaryocytes [45, 46]. The pro-fibrotic effect of TGFβ-1 

is twofold: on the one hand, it increases the synthesis of types 
I, III, and IV collagen, as well as the deposition of fibronectin, 
proteoglycans, and tenascin [47]; on the other hand, it decreases 
matrix degradation [48]. TGFβ-1 seems to be crucial for marrow 
fibrosis development in mouse models by inducing mesenchy-
mal stem cell proliferation and transition to myofibroblasts and 
osteoblasts [49].

Another important determinant in the pathogenesis of MF 
is the role of pro-inflammatory and pro-fibrotic cytokines. 
Whether mutant hematopoietic cells can trigger inflammation, 
or whether the inflammatory environment can be responsible 
for genotoxic stress and thus induce malignancy, is still debated; 
possibly, these two options may fit together, involving hemato-
poietic and non-hematopoietic cells [50]. A few years ago, Tefferi 
et al. analyzed plasma levels of 30 cytokines in 127 patients with 
PMF: interleukin (IL)-8, IL-2R, IL-12, IL-15, and IL-10 levels 
were significantly elevated compared to normal controls [51]. 
In particular, IL-8 and IL-2R were associated with transfusion 
need, leukocytosis, constitutional symptoms, and inferior over-
all and leukemia-free survival [51]. Many other studies have in-
vestigated cytokine levels in MF patients, although the results 
were not reproducible across the studies, reflecting differences 
in disease staging, prior therapies, and technical aspects [52]. 
Although the full spectrum of inflammatory mediators that 
play a causal role in MF has yet to be identified, JAK/STAT and 
nuclear factor κβ (NF-κβ) inflammatory pathways cooperate to 
promote fibrosis [53, 54]. More recent studies have highlighted 
the role of other cytokines such as CXCL4 [55, 56], IL-6 [57], and 
IL 1-β [58].

In addition to megakaryocytes, other cell types play a role in the 
development and progression of MF. In this regard, a patholog-
ical interaction between megakaryocytes and neutrophils has 
been documented, leading to an anomalous release of cytokines 
due to an altered distribution of P-selectin in megakaryocytes 
[59, 60]. Consequently, neutrophil-derived enzymes, including 
elastase, contribute to the pathological process by facilitating the 
egress of myeloid progenitors into the peripheral blood [61, 62]. 
Furthermore, the role of monocytes in fibrosis development 
has been highlighted. BM from patients with PMF revealed 
an abundance of clonal, neoplastic collagen- and fibronectin-
producing monocyte-derived fibrocytes [63]. Moreover, signal-
ing lymphocytic activation molecule F7 (SLAMF7)+ monocytes 
were significantly increased compared to controls, correlating 
with JAK2 V617F allele burden and serum IL-1 receptor antago-
nist [64]. Recently, it has been suggested that regulatory T cells 
play a central role in the production and activation of TGFβ-1 
and may also limit the immune reaction of CD8 T cells against 
the neoplastic clone [65]. Mast cells might also be involved in the 
activation of TGFβ-1 through the secretion of IL-13 [66]. Recent 
studies revealed that glioma-associated oncogene homolog 1 
(Gli1)+ and leptin receptor (LepR)+ mesenchymal stromal cells 
(MSCs) are progenitors of fibrosis-causing myofibroblasts in the 
BM [67, 68], particularly through the expression of the alarmin 
complex S100A8/S100A9 [69].

Overall, as highlighted above, the pathogenesis of MF is a mul-
tifaceted process with complex molecular features and aber-
rant cellular-intrinsic and -extrinsic inflammatory pathways, 
characterized by altered cytokine production. Therefore, many 
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different potential targets have been discovered and targeted 
as the clinical phenotype is highly heterogeneous and difficult 
to treat.

3   |   Current Targeted Treatments

The discovery of driver mutations and the demonstration of the 
dependence of MPN on deregulation of the JAK-STAT pathway 
have prompted the development of small-molecule inhibitors 
of JAK tyrosine kinase (JAKi). These molecules are reversible, 
orally bioavailable ATP-competitive inhibitors targeting both 
wild-type and mutant JAK2, as well as other JAK family mem-
bers (JAK1, JAK3 and TYK2) and non-JAK kinases, resulting in 
a unique efficacy and safety profile [16].

Ruxolitinib (RUX) is a JAK1 and JAK2 inhibitor that was ap-
proved by the Food and Drug Administration (FDA) in 2011 and 
by the European Medicines Agency (EMA) in 2012; its efficacy 
and safety were demonstrated in two randomized phase III stud-
ies compared to placebo (COMFORT-I) [70] and best available 
therapy (BAT, in COMFORT-II) [71]. Overall, RUX was effective 
in reducing splenomegaly, symptoms, and improving quality of 
life in approximately 50% of cases. Spleen response was defined 
by a reduction ≥ 35% in spleen volume from baseline to week 24 
(in COMFORT-I) and to week 48 (in COMFORT-II), measured by 
means of magnetic resonance imaging or computed tomography 
(SVR ≥ 35%) whereas symptom response was assessed by cal-
culating the proportion of patients with a reduction in the total 
symptom score ≥ 50% from baseline to week 24, using the mod-
ified Myelofibrosis Symptom Assessment Form (TSS ≥ 50%). 
The single-arm phase IIIb JUMP trial, including 2233 patients, 
confirmed the results of the COMFORT studies [72]. The most 
frequent hematological adverse events (AE) of RUX were dose-
dependent anemia and thrombocytopenia; respective grade 
3–4 toxicities were reported in about 40% and 15% of patients. 
Approximately 10% of patients experienced non-hematologic 
AE, including asthenia, fatigue, diarrhea, headache, and in-
fections [73, 74]. Interestingly, recent data suggest the risk of 
second primary malignancies, particularly non-melanoma skin 
cancer (NMSC), possibly due to the immunosuppressive activity 
of RUX [75, 76]. Despite initial responses, approximately 40%–
50% of patients over a median follow-up of 3 years discontinued 
the drug due to failure or intolerance, and the median overall 
survival after RUX discontinuation was 14 months [77, 78]. 
Discontinuation of ruxolitinib in patients with myelofibrosis is 
often associated with the acquisition of additional mutations, 
which contribute to disease progression, resistance to therapy, 
and poorer overall survival outcomes. In particular, clonal pro-
gression and thrombocytopenia at the time of RUX discontinua-
tion were associated with a poor prognosis [77].

Fedratinib (FEDR) is a JAK2/FLT3 inhibitor approved in 2019 
by the FDA and in 2021 by the EMA both for JAKi-naïve pa-
tients, as in the JAKARTA study [79], and for RUX refractory/
intolerant patients, according to the JAKARTA-2 study [80, 81]. 
Anemia and thrombocytopenia were the most common hema-
tologic AEs; notably, grade 3-4 anemia occurred in 52% and 
38% of the JAKARTA and JAKARTA-2 studies, respectively. 
The most common non-hematological AEs were gastrointes-
tinal, including nausea (56%–57%), vomiting (41%–50%), and 

diarrhea (61%–62%) [79, 80]. According to the JAKARTA study, 
SVR ≥ 35% and TSS ≥ 50% rates with FEDR in JAKi-naïve MF 
were 47% and 40%, respectively [79]. Corresponding rates in 
RUX-exposed patients were 30% and 27% (JAKARTA 2) [81]. 
Response rates were similar in a real-world setting, including 
150 patients who received FEDR following prior RUX failure, 
with 26.8% of patients achieving ≥ 50% spleen reduction by 
month 6 [82], while in another study, including patients taking 
RUX ≥ 20 mg BID before switching to FEDR, spleen response 
rates were 0% [83]. The risk of Wernicke's encephalopathy, al-
though not clearly related to FEDR [84], is highlighted in a black 
box warning; therefore, thiamine levels should be checked prior 
to starting therapy and then periodically.

Neither RUX nor FEDR have been studied in patients with 
severe thrombocytopenia (< 50 × 109/L) who have more ad-
vanced diseases, including anemia, increased risk of bleeding, 
worse symptom burden, and shorter survival. In this regard, 
two other less myelosuppressive agents, pacritinib (PAC) and 
momelotinib (MMB) were approved by the FDA in February 
2022 and September 2023, respectively. Except for PAC, all 
other JAKi have also been approved by the European Medicines 
Agency (EMA).

Pacritinib (PAC) is a JAK2/FLT3 inhibitor and also inhib-
its IRAK1, which regulates the synthesis of numerous pro-
inflammatory cytokines, including type I IFN, and activin 
receptor-type 1 (ACVR1/ALK2). The latter transduces the bone 
morphogenic protein (BMP) signal and regulates hepatic hepci-
din synthesis [85, 86]. The efficacy of PAC was evaluated in two 
randomized phase III studies. PERSIST-1 compared PAC with 
BAT (excluding RUX) in JAKi-naïve patients [87]. PERSIST-2 
was developed to evaluate PAC at two different dose levels (200 
mg twice daily and 400 mg daily) including those who had pre-
viously been exposed to RUX (about 50% of the total). Patients 
were randomized in a 1:1:1 ratio to PAC 400 mg QD, 200 mg 
BD, or BAT, including low-dose RUX [88]. In the PERSIST-1 
study, PAC at 400 mg QD demonstrated a significant and du-
rable reduction in splenomegaly in comparison with BAT. By 
week 24, SVR ≥ 35% was achieved by 19% and 5% of patients in 
the PAC and BAT arms, respectively. The difference remained 
statistically significant across baseline platelet groups, with 23% 
(PAC) versus 0% (BAT) of patients with severe thrombocytope-
nia achieving this endpoint. However, the proportions of pa-
tients with TSS ≥ 50% at week 24 were similar between the two 
arms. Of note, among patients who were red blood cell (RBC) 
transfusion-dependent (TD) at baseline, 25% of those receiv-
ing PAC versus 0% of those on BAT became RBC transfusion 
independent [87]. At week 24, considering the PERSIST-2 trial, 
PAC (combined arms) was superior to BAT for SVR ≥ 35% (18% 
vs. 3%) but not for TSS ≥ 50%. The PAC203 dose-finding study 
in MF patients intolerant of or resistant to RUX confirmed the 
dose of 200 mg BD as the best, albeit with modest rates of SVR 
≥ 35% (9.3%) and TSS ≥ 50% (7.4%) at week 24 [89]. The phase III 
PACIFICA trial, in which PAC 200 mg twice daily is random-
ized against physician choice (including low-dose RUX), is now 
recruiting MF patients with baseline platelets < 50 × 109/L who 
are JAKi naïve or have received one JAKi.

Momelotinib (MMB) is a JAK1/2 inhibitor that also targets 
ACVR1(ALK2). Its efficacy was evaluated in 2 phase III studies; 
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SIMPLIFY-1 [90] tested the non-inferiority of MMB against 
RUX in JAKi-naïve patients, while SIMPLIFY-2 [91] tested the 
efficacy of MMB compared to BAT (RUX in 89% of patients) in 
patients previously exposed to RUX. In SIMPLIFY-1 at week 24, 
26.5% in the MMB arm and 29% in the RUX arm displayed SVR 
≥ 35%, meeting the threshold for non-inferiority, not achieved 
for TSS ≥ 50% [90]. Conversely, SIMPLIFY-2 failed to demon-
strate the superiority of MMB in SVR ≥ 35% (7% in MMB vs. 6% 
in BAT) [91]. Interestingly, both studies confirmed a remarkable 
clinical activity of MMB on anemia. In SIMPLIFY-1, at week 24 
66.5% of the MF patients on MMB achieved or maintained RBC 
transfusion independence versus 49.3% on the RUX arm [90]; 
similarly, in SIMPLIFY-2, 40% of the MMB-treated patients did 
not require RBC transfusions as compared to 27% in the BAT 
arm over the entire treatment period [91]. The recent blinded, 
placebo-controlled, phase III trial MOMENTUM recruited 
JAKi-exposed MF patients with splenomegaly who were symp-
tomatic and anemic. Patients were randomly assigned to receive 
MMB, 200 mg daily, or danazol. In addition to demonstrating 
MMB superiority over symptoms as the study primary endpoint, 
all anemia-related secondary endpoints favored MMB [92].

The main characteristics of clinical trials with JAKi and their 
results are listed in Table 1.

4   |   Investigational Treatments

Many studies have focused on developing new monotherapies 
or combination treatments that exhibit complementary activ-
ity or act synergistically with JAKi. New investigational agents 
could target biological pathways other than JAK/STAT and/or 
improve the efficacy of JAKi, mainly RUX. The main experi-
mental treatments and the available data recently published will 
be summarized below, underlining the scientific background. 
In Table 2, some selected MF therapies in clinical development 
stratified by target are summarized.

4.1   |   Inhibitors of Epigenetic Regulator

The Bromodomain and Extra-Terminal motif (BET) proteins, 
first described in 1992 and comprising BRD2, BRD3, BRD4, and 
BRDT, are distinguished by the presence of conserved BD1 and 
BD2 sequences at their N-terminals, as well as an extraterminal 
(ET) structure at the C-terminus. They interact at various lev-
els with acetylated histones and transcription factors to induce 
gene expression such as c-MYC and other downstream genes via 
NF-κB and TGF-β pathways [93]. Kleppe et al. demonstrated in 
an MPL-mutated mouse model that the association of the JQ-1 
BET inhibitor and RUX was synergistic in reducing serum levels 
of inflammatory cytokines, disease burden, and marrow fibrosis 
mainly through inhibition of NF-κB [54]. Based on preclinical 
results, pelabresib (CPI-0610), an oral selective BET inhibitor, 
was evaluated in patients with MF. The phase II MANIFEST 
study included 3 arms for MF patients: arm 1 (n = 86) pelabresib 
monotherapy in patients intolerant/refractory or ineligible for 
RUX; arm 2 (n = 86) pelabresib as add-on/second line in patients 
with an inadequate response to RUX; arm 3 (n = 84), first-line 
combination therapy of pelabresib with RUX in JAKi-naïve 
patients. In arms 1 and 2, patients were subdivided according 

to their RBC TD status, which was defined as an average of≥ 
≥ 2 units per month over 12 weeks. In arm 3 and in the non-TD 
subcohorts of arms 1 and 2, the primary endpoint was ≥ SVR 
≥ 35% at 24 weeks, whereas for TD patients, it was the conver-
sion to transfusion independence. Overall, results were modest 
in arms 1 and 2; in arm 1, 11% and 16% of patients achieved ≥ 
SVR ≥ 35% and transfusion independence, respectively [94]. 
Similarly, arm 2 showed that ≥ SVR ≥ 35% at 24 weeks was ob-
served in 20% of cases, whereas conversion to transfusion inde-
pendence was achieved in 16% of patients in the TD cohort [95]. 
The best responses come from arm 3; at week 24, 68% of the pa-
tients achieved ≥ SVR ≥ 35%. Of note, 24% of patients achieved 
a mean hemoglobin increase of≥ ≥ 1.5 g/dL from baseline over 
any 12-week period without RBC transfusions. Moreover, 28% 
and 29.5% of patients had ≥ 1 grade improvement in fibrosis and 
> 25% reduction in JAK2V617F allele burden, respectively; the 
latter was associated with SVR ≥ 35% [96]. Based on the data 
from arm 3, a double-blind, randomized phase III MANIFEST-2 
trial is ongoing to evaluate the efficacy and safety of pelabresib 
plus RUX compared with placebo plus RUX in JAKi-naïve pa-
tients. Of over 430 randomized patients, 59% of study patients 
were intermediate-1 risk by DIPSS, 37% harbored high molecu-
lar risk mutations, and only 14% were RBC TD, at baseline [97]. 
SVR ≥ 35% at week 24 was achieved in 66% of patients treated 
with pelabresib+RUX versus 35% on placebo+RUX (p <  0.001). 
Conversely, ≥ TSS ≥ 50% at week 24 did not significantly dif-
fer (52.3% pelabresib + RUX, versus 46.3% placebo + RUX; 
p = 0.22) [97, 98]. Grade 3-4 anemia and thrombocytopenia 
were documented in 23%/9% and 36%/6% of patients in the 
pelabresib+RUX and placebo+RUX arms, respectively [97, 98]. 
Gastrointestinal AEs including diarrhea, constipation, and 
nausea were comparable in the two treatment arms, except for 
dysgeusia, which was more prominent in pelabresib-treated pa-
tients (18% vs. 4%) [97, 98]. Correlative studies demonstrated the 
reduction of inflammatory cytokines and modest improvements 
in BM fibrosis (≥ 1 grade; 39% vs. 24%) with pelabresib+RUX 
compared to placebo + RUX [97, 98]. All the reported efficacy 
and safety outcomes were confirmed in the week 48 follow-up; 
in particular, SVR ≥ 35% and TSS ≥ 50% were reported in 56.5% 
versus 37.5% and 45% versus 39% of patients in the pelabresib + 
RUX versus placebo + RUX arms [99].

Other BET inhibitors such as BMS-986158 [100] and INCB057643 
[101] are showing a promising activity both as monotherapy and 
in addition to JAKi. Preliminary data of the latter, including 
37 MF patients in part 1 monotherapy and part 2 add-on ther-
apy with RUX, were reported. Overall, the most common AEs 
were thrombocytopenia, nausea, and anemia in 59%, 29.5%, 
and 27.3%, respectively. At week 24, SVR ≥ 35% was achieved 
by 3/16 and 3/12 evaluable part 1 and part 2 patients, respec-
tively. Similarly, TSS ≥ 50% was achieved by 5/14 and 6/11 part 1 
and part 2 patients, respectively. Moreover, 3/33 had an anemia 
response, whereas 2/6 patients achieved RBC transfusion inde-
pendence (both in part 1 study) [102].

Histone lysine-specific demethylase 1 (LSD1/KDM1A) was first 
identified in 2004 as an epigenetic enzyme able to demethylate 
specific lysine residues of histone H3, using FAD as a cofactor. 
LSD1 is part of a larger protein complex, containing Co-RE-1 si-
lencing transcription factor (CoREST), nucleosome remodeling 
and histone deacetylase (NuRD), or other factors that determine 
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cell- and site-specific chromatin remodeling [103]. Moreover, 
STAT3 activity is modulated by methylation on lysine (K140) 
and is one of LSD1 substrates [104]. In MPN, LSD1 is overex-
pressed in the megakaryocytes, erythroid, and myeloid precur-
sors [105]. In a JAK2 V617F mouse model, the LSD1 inhibitor 
IMG-7289 (bomedemstat) alleviated MPN features by normal-
izing blood cell counts, reducing spleen volumes, marrow fibro-
sis, and JAK2 V617F allele burden, acting in synergy with RUX 
[106]. Based on the above pre-clinical data, bomedemstat is the 
only LSD1 inhibitor evaluated in MF patients; in a phase II study 
including 89 patients, mostly RUX pre-treated (83%), spleen vol-
ume, symptoms, and marrow fibrosis were reduced to varying 
degrees. The most common non-hematologic AEs reported 
by patients were dysgeusia in 36% and diarrhea in 34% [107]. 
Another study investigating bomedemstat plus RUX comprising 
a cohort A (bomedemstat as add-on therapy) and cohort B (in 
JAKi naïve) [108] is ongoing; in 40 evaluable patients at week 
24, 11 patients (27.5%) had a ≥ TSS ≥ 50% (cohort A 25.9% and 
cohort B 30.7%) and 7 patients (17.5%) whereas ≥ SVR ≥ 35% was 
reported in 7 patients (17.5%; cohort A 7.4% and cohort B 38.5%). 
At Week 24, 20 patients (50%) had stable or improved hemoglo-
bin (cohort A 51.9% and cohort B 46.3%) [109].

Protein Arginine Methyltransferase 5 (PRMT5) methylates his-
tone and non-histone proteins. PRMT5 is phosphorylated by 
mutated JAK2, impairing its methylase activity, leading to HSC 
expansion [110]. PRMT5 inhibition was synergistic with RUX 
in reversing leukocyte and platelet counts, hepatosplenomeg-
aly, and fibrosis in an MPL W515L mouse model of MF [111]. A 
phase I study of the PRMT5 inhibitor PRT543 in patients with 
myeloid malignancies, including 12 MF (10/12 RUX exposed) 
demonstrated a reduction in inflammatory markers and an im-
provement in symptoms and anemia, particularly in those with 
spliceosome mutations [112].

4.2   |   Inhibitors of Signaling Molecules

The phosphoinositide 3-kinases (PI3K) pathway via protein 
kinase B (PKB or AKT) and mammalian target of rapamycin 
(mTOR) plays an important role in cell proliferation and sur-
vival. In vitro studies and MPN mouse models have shown that 
pan-PI3K [113], mTOR [114], and AKT inhibitors [115] have 
major effects, synergistically with RUX. PI3Kδ is the most ex-
pressed PI3K isoform in leukocyte and MF CD34+ cells [116]. 
The dosing, efficacy, and safety of the add-on PI3Kδ inhibitor 
parsaclisib for MF patients with a suboptimal response to RUX 
were evaluated in a phase II study. In particular, the propor-
tion of patients achieving a ≥ 10% decrease in spleen volume at 
12 weeks was 28% for daily-to-weekly dosing and 59.5% for all-
daily dosing [117]. In light of these results, two phase III trials of 
parsaclisib in association with RUX were started. LIMBER-313 
studied the combination of parsaclisib or matching placebo and 
RUX in JAK inhibitor– naïve patients, whereas LIMBER-304 
evaluated parsaclisib as an add-on treatment in patients with a 
suboptimal response to RUX. Recently, the latter was discontin-
ued due to a lack of efficiency in the reduction of spleen volume.

The mitogen-activated protein kinase (MAPK)/ extracellular 
signal-regulated kinase (ERK) pathway plays a key role in can-
cer development. Gene mutations involving the pathway were D
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shown to impact response to RUX treatment and outcome of 
MPN patients [42, 118]. Mouse models have shown that ERK 
inhibition increases the effects of JAK2 inhibition on myelop-
roliferation, fibrosis, and inflammation by decreasing the level 
of numerous pro-inflammatory cytokines and osteopontin 
[119, 120]. The combination of ERK inhibitor rineterkib and 
RUX was tested in a phase I/II open platform ADORE study 
(NCT04097821); unfortunately, the trial was interrupted.

The proviral integration site for moloney murine leukemia virus 
(PIM) family is composed of serine-threonine kinases that are 
the direct transcriptional targets of STAT5. PIM1 is overex-
pressed in MF CD34+ cells. Inhibition of PIM together with 
RUX reduces fibrosis by decreasing TGF-β1 levels [121, 122]. A 
phase I/II study with PIM inhibitor nuvisertib is ongoing.

4.3   |   Telomerase Inhibitor

Telomerase activity is rapidly dividing tissues, comprising can-
cers, and is required to maintain telomere length and DNA 
integrity during cell division, thus providing a rationale for 
targeting telomerase in patients with MF. Imetelstat, a 13-mer 
lipid-conjugated oligonucleotide, is a first-in-class telomerase 
inhibitor that can selectively promote apoptosis and inhibit 
the proliferation of CD34+ MF, but not normal cells [123]. 
Imetelstat was first tested in patients with MF, 48% exposed 
to JAKi, with complete or partial remission occurring in 7/33 
patients (21%), particularly those with SF3B1 or U2AF1 splicing 
mutations [124]. In a phase II study including patients relapsed 
or refractory to JAK inhibitors, a modest effect on spleen volume 
and symptoms (at week 24, spleen and symptom response rates 
were 32.2% and 10.2%) was documented in the 9.4-mg/kg arm, 
apparently increasing overall survival [125]. Grade 3–4 anemia 
and thrombocytopenia were the most common AEs. An ongo-
ing phase III randomized trial (IMpactMF) is enrolling patients 
with JAK inhibitor relapsed or refractory MF, comparing ime-
telstat to BAT (excluding JAKi), with overall survival benefit as 
the primary endpoint. No data are available, and the planned 
interim analysis is expected in early 2026 [126].

4.4   |   Cell Cycle Inhibitors and Apoptosis Inducers

Cyclin-dependent kinases 4 and 6 (CDK4/6) are critical media-
tors of cellular transition from G1 into S phase, by phosphoryla-
tion of retinoblastoma (Rb) protein. CDK6 is overexpressed in 
CD34+ cells from JAK2 and MPL mutated mouse models and 
patients with MF, and regulates transcription in both kinase-
dependent and -independent manners [127]. Furthermore, 
CDK4/6 inhibitors exert a synergistic therapeutic effect with 
RUX in mouse models [128]. A phase I study of CDK4/6 inhibi-
tor abemaciclib plus RUX is ongoing.

Aurora A is a member of mitotic serine/threonine kinases, 
mainly involved in the G2 to M phase transition in the cell cycle. 
The Aurora A kinase inhibitor alisertib leads to partial differen-
tiation and subsequent apoptosis of malignant megakaryocytes 
in mouse models of MF and acute megakaryoblastic leukemia, 
as well as in cells from patients. In addition to eradicating atyp-
ical megakaryocytes, alisertib normalized blood counts and 

reversed bone marrow fibrosis [129, 130]. In a phase I study 
involving 24 MF patients ineligible for or refractory to JAK in-
hibitors, alisertib reduced splenomegaly and symptom burden 
in approximately 30% of patients, normalized megakaryocytes, 
and reduced fibrosis in 5/7 patients for whom sequential mar-
rows were available [131]. The most common AEs were grade 3 
cytopenias in 20% of patients [131].

The B-cell lymphoma (BCL)-2 family of proteins regulates the 
mitochondrial apoptotic cell death process comprising anti-
apoptotic and pro-apoptotic members. Anti-apoptotic proteins 
include BCL-2, BCL-extra-large (BCL-xL), myeloid cell leuke-
mia (MCL)-1, and BCL-w. The pro-apoptotic members can be 
categorized as those containing only a BH3 region (e.g., BIM, 
PUMA), which act as initiators, and those containing four BH 
domains (BAK, BAX), which act as effectors in carrying out 
apoptosis [132]. In MF, anti-apoptotic proteins BCL-xL and 
BCL-2 are overexpressed, giving the cancer cells a survival ad-
vantage [133]. Navitoclax is a first-in-class, orally bioavailable, 
BH3-mimetic drug that binds with high affinity to BCL-xL and 
BCL-2 and has been shown to induce cancer cell apoptosis [134]. 
In preclinical models, RUX and navitoclax induced synergistic 
cell killing [135]. Navitoclax was evaluated as an add-on ther-
apy in the phase II REFINE trial, which included MF patients 
with suboptimal response to RUX. At week 24, SVR ≥ 35% and 
TSS ≥ 50% were achieved by 26.5% and 30% of patients, respec-
tively. Of interest, marrow fibrosis improved by 1–2 grades in 
33 cases, whereas anemia response was achieved by 64% of 
evaluable patients [136]. 100% of patients experienced at least 
one adverse event; the most common grade ≥ 3 adverse events 
were thrombocytopenia (56%), anemia (32%), and pneumonia 
(12%) [136]. Consequently, the phase III trial TRANSFORM-1 
(NCT04472598) evaluated navitoclax plus RUX compared with 
placebo plus RUX in JAKi-naïve patients, whereas the phase 
III TRANSFORM-2 (NCT04468984) enrolled RUX relapsed/
refractory MF to navitoclax and RUX combination versus BAT. 
Although TRANSFORM-1 met its primary endpoint, with 63.2% 
of experimental arm patients achieving SVR ≥ 35%, TSS ≥ 50% 
was not met [137]. Moreover, the incidence of grade 3–4 throm-
bocytopenia (51% vs. 15%) and neutropenia (38% vs. 4%) was 
markedly higher with navitoclax/RUX compared to placebo/
RUX. Not surprisingly, adverse events, mainly thrombocytope-
nia, led to RUX reductions or interruptions in 90% and 63% of 
patients in the navitoclax arm [137]. Accordingly, the navitoclax 
clinical development program and all related clinical trials were 
discontinued.

Murine double minute 2 (MDM2) is an E3 ubiquitin ligase that 
targets tumor suppressor p53 for degradation. In normal cells, 
activated MDM2 plays a significant role in maintaining p53 at 
low levels. Inactivating mutations in TP53 or overexpression of 
MDM2 can overcome p53-driven cell killing, conferring a sur-
vival advantage [138, 139]. Although inactivating TP53 mutations 
are uncommon in MF, p53 activity is often suppressed by con-
stitutive JAK-STAT signaling in CD34+ cells, leading to MDM2 
overexpression [140, 141]. The oral MDM2 inhibitor navtemadlin 
(KRT-232) demonstrated a promising activity in a phase II study 
including MF patients relapsed/refractory to JAKi. In particu-
lar, at the dose of 240 mg/QD given on days 1–7/28, 16% and 
30% of patients had a SVR ≥ 35% and ≥ TSS ≥ 50%, respectively 
[142]. SVR ≥ 35% correlated with decreased peripheral CD34+ 
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cell count and TNFα levels, improved fibrosis, and reduction of 
driver mutation burden [143]. The most frequent grade 2–3 AEs 
were gastrointestinal and hematologic toxicities. The phase III 
BOREAS trial is ongoing and evaluates the efficacy and safety 
of navtemadlin versus BAT for TP53 wild-type MF patients re-
lapsed/refractory to JAKi (NCT03662126); patients are random-
ized 2:1 to receive navtemadlin monotherapy 240 mg once daily 
(day 1-7/28-day cycle) or BAT (JAKi were excluded). At week 
24, preliminary data on 183 patients documented that 15% and 
24% of patients on navtemadlin and 5% and 12% of patients on 
BAT achieved SVR ≥ 35% and TSS ≥ 50%, respectively. The most 
common grade 3–4 AEs were thrombocytopenia (37% vs. 21%), 
anemia (29% vs. 25%), and neutropenia (24% vs. 12%) followed 
by diarrhea (5% vs. 2%), nausea (3% vs. 0%), and vomiting (2% vs. 
0%) with navtemadlin versus BAT, respectively [144]. Of note, 
navtemadlin improved biomarkers of disease burden in R/R MF 
patients, suggestive of anti-clonal activity and disease modifi-
cation. In particular, reduction in CD34+ cell count, driver mu-
tation burden, and serum inflammatory cytokine levels were 
significantly correlated with ≥ SVR ≥ 35% at week 24 [145]. The 
phase III POIESIS study testing navtemadlin as add-on therapy 
to RUX is ongoing (NCT06479135).

4.5   |   Inhibitor of Nuclear Export

A short hairpin RNA library screening on a JAK2 V617F HEL 
cell line identified a particular sensitivity to the inhibition of the 
nuclear-cytoplasmic transport (NCT) machinery. These results 
were confirmed in primary MF CD34+ cells and in a JAK2-
mutated mouse model with a combination of a specific NCT 
compound (selinexor) and RUX. The effects of inhibiting NCT 
are presumably related to the accumulation of tumor suppres-
sor proteins, including tp53, p21, and p27 in the nucleus [146]. 
A phase II study of selinexor monotherapy in patients with MF 
refractory or intolerant to JAK inhibitors resulted in a robust 
rate of SVR ≥ 35%, achieved by 4 of 10 patients (40%) at week 
24; moreover, there was an improvement in anemia, symptoms, 
and a reduction in marrow fibrosis. The most common adverse 
events were grade 2–3 gastrointestinal, followed by hematolog-
ical toxicities [147]. Phase I of XPORT-MF-034 tested selinexor 
plus RUX in JAK inhibitor– naïve MF with promising results. 
SVR ≥ 35% at week 24 was achieved by 40% of the 40 mg cohort 
and 79% of the 60 mg cohort≥, and TSS ≥ 50% was achieved by 
10% and 58%, respectively [148]. To date, selinexor at the dose 
of 60 mg is under investigation as monotherapy in patients with 
JAK inhibitor–naïve MF and moderate thrombocytopenia in the 
phase II SENTRY-2 (NCT05980806) and in combination with 
RUX in the phase III randomized, placebo-controlled, SENTRY 
(NCT04562389) trial.

4.6   |   Anti-Fibrotic Therapies

In 2014, a small trial including only 3 MF patients was con-
ducted, using an anti-TGF-β1 antibody with a response on ane-
mia [149]. Another study with AVID 200, a TGF-β1/3 ligand 
trap, was conducted based on promising preclinical data on 
GATA1-low mice, which documented reduced marrow fibrosis 
and increased marrow cellularity [150]. In the first-in-human 
phase I trial, 21 patients with advanced MF (more than 90% 

RUX-pretreated) were treated with AVID200, infused on day 1 
of a 21-day cycle at 3 dose levels. AVID200 treatment resulted in 
spleen size, symptom benefit, and platelet count improvements 
with no evidence of reduction in marrow fibrosis; grade 3/4 
anemia and thrombocytopenia occurred in 28.6% and 19.0% of 
treated patients, respectively [151].

Pentraxin 2 (PTX-2), a circulating endogenous regulator of the 
inflammatory response to tissue injury and fibrosis, is reduced 
in MF patients. The recombinant form, PRM-151 (zinpentraxin 
alfa), has been shown to inhibit in vitro fibrocyte differentiation 
from MF. Moreover, the treatment of xenograft mice significantly 
prolonged survival and slowed the development of marrow fi-
brosis [63]. Accordingly, a phase II trial to explore the efficacy 
and safety of PRM-151 in patients with MF was conducted; 27 
patients received intravenous PRM-151 weekly or every 4 weeks 
as monotherapy or an additional therapy for patients on stable-
dose RUX. Overall, 33% of patients were responders. In particu-
lar, 29% and 56% of patients had a SVR ≥ 35% and TSS ≥ 50% at 
any time, respectively. At week 24, 35% of patients with evalu-
able bone marrow biopsy demonstrated improvement in fibrotic 
grade ≥ 1. Serious related adverse events (mainly infections) 
were reported in 15% of patients [152].

The lysyl oxidase family consists of five members designated 
lysyl oxidase (LOX), and lysyl oxidase like-1 to lysyl oxidase 
like-4 (LOXL1–LOXL4). LOXL2, an ECM enzyme that catalyzes 
the cross-linking of collagen and elastin, is widely expressed in 
many fibrotic diseases, including MF. Its pharmacological inhi-
bition reduces marrow fibrosis [153]. A phase II trial using an 
anti-LOXL2 monoclonal antibody simtuzumab was conducted 
in MF patients alone or in association with RUX; no clinical ben-
efit was reported at week 24 [154]. There is an ongoing phase 
II trial using an oral inhibitor of LOXL2, GB2064. In 4 evalu-
able patients, a reduction in collagen fibrosis was observed at 
6 months, while spleen volume and hematological parameters 
remained stable [155].

4.7   |   Immunotherapy and Direct Targeting 
of Disease Drivers

Suppression of host antitumor immunity is an important escape 
mechanism that allows expansion of the malignant hemato-
poietic clone; therefore, tumor-mediated immune suppression 
represents an important therapeutic target for a wide variety of 
malignancies. In this regard, immune checkpoint inhibitors of 
the programmed cell death protein 1 (PD-1) and programmed 
death-ligand 1 (PD-L1) pathway are the best known and most 
tested therapeutic agents in clinical use [156]. Preclinical studies 
indicate a rationale for the use of PD-1 inhibition in patients with 
MF. PD-1 and PD-L1 expression by MPN-derived CD34+ cells 
is increased compared with CD34+ cells from healthy donors 
[157]. However, in a phase II trial, the anti-PD1 antibody pem-
brolizumab monotherapy failed to induce clinical responses, so 
the study closed after the first stage, including 10 patients, was 
completed [158].

Among driver mutations, JAK2 and MPL generate single-amino-
acid substitutions in their respective proteins, while CALR dele-
tion or insertion mutations result in frameshift mutations that 
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generate a novel mutant C-terminus different from the wild-
type CALR C-terminus. Interestingly, peptides derived from the 
mutant C-terminus are recognized by peripheral mononuclear 
cells isolated both from patients with CALR mutant MPN and 
from healthy donors [159, 160], and T cells isolated from patients 
with CALR mutant MPN recognize and kill autologous CALR 
mutant cells. Overall, CALR mutations encode tumor-specific 
antigens (TSAs) recognized by patient T cells [160]. Therefore, 
therapeutic cancer vaccination targeting the CALR mutant 
epitope has been explored as a new treatment option. A first-
in-human phase I trial, using a 36-aminoamino-acid peptide 
vaccine spanning the novel mutant CALR C-terminus, has been 
completed, and the vaccine was found to be safe and tolerable. 
While 8/10 patients with MPN who received the peptide vaccine 
showed evidence of T-cell responses, no patient demonstrated a 
clinical response [161]. There are several reasons why a mutant 
CALR-directed peptide vaccine might not induce an immune re-
sponse, including (i) major histocompatibility complex (MHC)-1 
having a high affinity for these neo-epitopes is underrepre-
sented in MPN patients; (ii) inadequate immune stimulation by 
the adjuvant; (iii) CALR is implicated in the peptide loading on 
MHC; (iv) there are huge levels of soluble mutated CALR that 
may inhibit phagocytosis of tumor cells by dendritic cells and 
suppress the effects of PD-1 blockade [162–164]. Two phase I tri-
als of mutant CALR vaccine (NCT05444530 and NCT05025488) 
are ongoing.

Another strategy focused on immunotherapeutic approaches 
with the goal of targeting the mutant CALR neo-epitope. In 
2020, Kihara et al. reported the generation of the mouse chimeric 
monoclonal antibody B3, specifically targeting mutant CALR. 
In a CALR del52 ET mouse model, treatment with B3 reduced 
platelets in the peripheral blood and numbers of megakaryo-
cytes in the bone marrow of the mice [165]. Later on, Achyutuni 
and colleagues generated a murine IgG2 raised against the 
human CALR neoantigen and treated homozygous CALR del52 
transgenic mice with a transient reduction in platelet count 
[166]. In 2022, Tvorogov et al. reported the development of the 
monoclonal antibody IgG2α 4D7 directed against the common 
sequence encoded by CALR mutations. The antibody inhibited 
proliferation of patient samples with CALR but not JAK2 V617F 
mutations, and prolonged survival in xenografted bone marrow 
models of mutant CALR-dependent myeloproliferation [167]. 
Another milestone was the generation of the human IgG1 mAb 
INCA033989, introduced by Reis et al. in a plenary abstract at 
the 2022 American Society of Hematology (ASH) meeting and 
recently published [168]. INCA033989 inhibited mutant CALR-
induced MPL signaling in murine Ba/F3 cells but showed no ef-
fects on JAK2 or MPL mutated cells. In a mouse model of mutant 
CALR MPN, treatment with an INCA033989 mouse surrogate 
antibody effectively prevented the development of thrombocy-
tosis and accumulation of megakaryocytes in the bone marrow. 
INCA033989 reduced the pathogenic self-renewal of mutant 
CALR-positive disease-initiating cells in both primary and sec-
ondary transplantations, illustrating its disease-modifying po-
tential [168]. A phase I study of INCA033989 (NCT05936359) 
administered as a monotherapy or in combination with RUX in 
participants with CALR mutated MPN, is ongoing.

Overall, the specific inhibition of JAK2 V617F is proving more 
difficult than that of mutated CALR. Due to the frequently 

acquired resistance to all type I JAKi, CHZ868 [169] and 
AJ1-10502 [170] type II JAK inhibitors that bind to the inac-
tive conformation of the kinase domain and occupy the ATP-
binding site and the adjoining hydrophobic pocket were tested 
in preclinical models. Of interest, AJ1-10502 showed improved 
efficacy in comparison to RUX, with a selective effect on 
JAK2 V617F cells and an enhanced safety profile compared to 
CHZ868 [170]. Specific JAK2 V617F allosteric inhibitors the-
oretically seem to have the more straightforward approach to 
directly impact the clone. Although progress has been obtained 
in the structure of JAK2 V617F by mutational approaches and 
ultrastructural analysis [171, 172], there are many limitations 
to this approach: (i) the majority of JAK2 inhibitors developed 
over the past two decades target the tyrosine kinase (TK) do-
main; yet, structural studies show no difference in the structure 
of the TK domain in wild-type versus mutated JAK2; (ii) type 
I inhibitors induce JAK2 protein accumulation and activation 
loop phosphorylation, preventing ubiquitination and dephos-
phorylation, which appears exacerbated in the setting of mu-
tated JAK2; (iii) other kinases such as TYK2 or JAK1 and other 
adaptor proteins activated by V617F-mediated cytokine recep-
tor dimerization may not be inhibited by JAK2 TK domain in-
hibitors. Consequently, there is a major interest in developing 
inhibitors targeting the pseudokinase (PK) domain instead of 
the catalytic site [173, 174]. More recently, the potential of chi-
meric antigen receptor T-cell (CAR-T) therapy, a treatment that 
reprograms immune cells to target and destroy cancer cells, 
has been explored as a novel approach for MF caused by CALR 
alterations. Building on its success in leukemia and lymphoma, 
they aim to develop CAR-T cells specifically designed to recog-
nize and eliminate CALR-mutated cells, with a focus on their 
suitability as a treatment option for younger MF patients [175]. 
Preclinical data on the efficacy of a first-in-class CAR-T ther-
apy targeting mutant CALR using human organoids have been 
reported [176].

5   |   Future Perspectives and Conclusion

As highlighted in the current review, many new molecules have 
been evaluated (or are under investigation) as an initial targeted 
therapy or added salvage therapy in MF, alone or in combina-
tion with other drugs, especially RUX. Unfortunately, most of 
these clinical trials have failed, and to date, we only have the 
possibility of prescribing JAKi with the goal of reducing spleno-
megaly and alleviating symptoms. Among the latest approved 
JAKi, MMB seems to satisfy more unmet clinical needs given its 
ability to also improve anemia in light of its limited myelosup-
pressive potential.

The ultimate goal of therapy for MF is to cure or prolong life, 
which can be achieved through allo-HSCT while no JAKi has 
demonstrated any disease-modifying activity. This is not sur-
prising since they are not specific to the oncogenic driver muta-
tions (in fact they are effective also in CALR and MPL mutated 
cases) and that their value is a consequence of non-specific in-
hibition of JAK–STAT, resulting in suppression of inflammatory 
cytokines and myeloproliferation.

There is also a need for a consensus definition of “disease mod-
ification” to facilitate updated trial designs that can evaluate 



44 American Journal of Hematology, 2025

such an endpoint. Quietly, all past and ongoing phase II and III 
trials have as primary and main secondary endpoints spleen 
(SVR ≥ 35%) and symptom reductions, as was in the pivotal 
COMFORT trials. In some studies, SVR ≥ 35% has been cor-
related with a survival benefit and/or improved marrow fi-
brosis; however, neither these data nor those related to driver 
gene variant allele frequency reduction are sufficiently robust 
to be included in the FDA or EMA recommendations. Overall 
survival is likely to be the best clinical evidence of disease 
modification, but this impact may take many years to become 
apparent, creating a considerable barrier to the development 
of new drugs. For this reason, some surrogate endpoints, such 
as progression-free survival and cytopenias, could be suit-
able short-term solutions for the design of new clinical trials 
[177, 178]. Moreover, patient-reported outcomes and economic 
considerations should always be considered in the evaluation 
process of new drugs.

Finally, the recent development of specific therapies for mutant 
CALR will force new endpoint discussions with the potential to 
change the treatment landscape.

Acknowledgements

Open access publishing facilitated by Universita degli Studi di Firenze, 
as part of the Wiley - CRUI-CARE agreement.

Ethics Statement

The authors have nothing to report.

Consent

The authors have nothing to report.

Conflicts of Interest

G.G.L. declares speaker's bureau fees from Novartis and GSK. P.G. 
declares speaker's bureau fees from AbbVie, GSK, AOP Health, and 
Novartis and advisory board fees from GSK, Incyte, and Novartis.

Data Availability Statement

The authors have nothing to report.

References

1. G. Coltro, G. G. Loscocco, and A. M. Vannucchi, “Classical 
Philadelphia-Negative Myeloproliferative Neoplasms (MPNs): A 
Continuum of Different Disease Entities,” International Review of Cell 
and Molecular Biology 365 (2021): 1–69, https://​doi.​org/​10.​1016/​bs.​
ircmb.​2021.​09.​001.

2. D. A. Arber, A. Orazi, R. Hasserjian, et al., “The 2016 Revision to the 
World Health Organization Classification of Myeloid Neoplasms and 
Acute Leukemia,” Blood 127, no. 20 (2016): 2391–2405, https://​doi.​org/​
10.​1182/​blood​-​2016-​03-​643544.

3. J. D. Khoury, E. Solary, O. Abla, et al., “The 5th Edition of the World 
Health Organization Classification of Haematolymphoid Tumours: 
Myeloid and Histiocytic/Dendritic Neoplasms,” Leukemia 36, no. 7 
(2022): 1703–1719, https://​doi.​org/​10.​1038/​s4137​5-​022-​01613​-​1.

4. D. A. Arber, A. Orazi, R. P. Hasserjian, et  al., “International 
Consensus Classification of Myeloid Neoplasms and Acute Leukemias: 
Integrating Morphologic, Clinical, and Genomic Data,” Blood 140, no. 
11 (2022): 1200–1228, https://​doi.​org/​10.​1182/​blood.​20220​15850​.

5. G. Barosi, R. A. Mesa, J. Thiele, et  al., “Proposed Criteria for 
the Diagnosis of Post-Polycythemia Vera and Post-Essential 
Thrombocythemia Myelofibrosis: A Consensus Statement From 
the International Working Group for Myelofibrosis Research and 
Treatment,” Leukemia 22, no. 2 (2008): 437–438, https://​doi.​org/​10.​
1038/​sj.​leu.​2404914.

6. A. M. Vannucchi and P. Guglielmelli, “Molecular Prognostication in 
Ph-Negative MPNs in 2022,” Hematology 2022, no. 1 (2022): 225–234, 
https://​doi.​org/​10.​1182/​hemat​ology.​20220​00339​.

7. A. Tefferi, “Primary Myelofibrosis: 2023 Update on Diagnosis, Risk-
Stratification, and Management,” American Journal of Hematology 98, 
no. 5 (2023): 801–821, https://​doi.​org/​10.​1002/​ajh.​26857​.

8. N. Gangat and A. Tefferi, “Myelofibrosis Biology and Contemporary 
Management,” British Journal of Haematology 191, no. 2 (2020): 152–
170, https://​doi.​org/​10.​1111/​bjh.​16576​.

9. A. Tefferi, T. L. Lasho, T. Jimma, et al., “One Thousand Patients With 
Primary Myelofibrosis: The Mayo Clinic Experience,” Mayo Clinic 
Proceedings 87, no. 1 (2012): 25–33, https://​doi.​org/​10.​1016/j.​mayocp.​
2011.​11.​001.

10. G. G. Loscocco, G. Coltro, P. Guglielmelli, and A. M. Vannucchi, 
“Integration of Molecular Information in Risk Assessment of Patients 
With Myeloproliferative Neoplasms,” Cells 10, no. 8 (2021): 1962, https://​
doi.​org/​10.​3390/​cells​10081962.

11. P. Guglielmelli, T. L. Lasho, G. Rotunno, et al., “MIPSS70: Mutation-
Enhanced International Prognostic Score System for Transplantation-
Age Patients With Primary Myelofibrosis,” Journal of Clinical Oncology 
36, no. 4 (2018): 310–318, https://​doi.​org/​10.​1200/​JCO.​2017.​76.​4886.

12. A. Tefferi, P. Guglielmelli, T. L. Lasho, et al., “MIPSS70+ Version 
2.0: Mutation and Karyotype-Enhanced International Prognostic 
Scoring System for Primary Myelofibrosis,” Journal of Clinical Oncology 
36, no. 17 (2018): 1769–1770, https://​doi.​org/​10.​1200/​JCO.​2018.​78.​9867.

13. F. Passamonti, T. Giorgino, B. Mora, et  al., “A Clinical-Molecular 
Prognostic Model to Predict Survival in Patients With Post Polycythemia 
Vera and Post Essential Thrombocythemia Myelofibrosis,” Leukemia 
31, no. 12 (2017): 2726–2731, https://​doi.​org/​10.​1038/​leu.​2017.​169.

14. F. Passamonti, F. Cervantes, A. M. Vannucchi, et  al., “Dynamic 
International Prognostic Scoring System (DIPSS) Predicts Progression 
to Acute Myeloid Leukemia in Primary Myelofibrosis,” Blood 116, no. 15 
(2010): 2857–2858, https://​doi.​org/​10.​1182/​blood​-​2010-​06-​293415.

15. N. Kröger, A. Bacigalupo, T. Barbui, et  al., “Indication and 
Management of Allogeneic Haematopoietic Stem-Cell Transplantation 
in Myelofibrosis: Updated Recommendations by the EBMT/ELN 
International Working Group,” Lancet Haematology 11, no. 1 (2024): 
e62–e74, https://​doi.​org/​10.​1016/​S2352​-​3026(23)​00305​-​8.

16. G. G. Loscocco and A. M. Vannucchi, “Role of JAK Inhibitors in 
Myeloproliferative Neoplasms: Current Point of View and Perspectives,” 
International Journal of Hematology 115, no. 5 (2022): 626–644, https://​
doi.​org/​10.​1007/​s1218​5-​022-​03335​-​7.

17. E. J. Baxter, L. M. Scott, P. J. Campbell, et al., “Acquired Mutation 
of the Tyrosine Kinase JAK2 in Human Myeloproliferative Disorders,” 
Lancet 365, no. 9464 (2005): 1054–1061, https://​doi.​org/​10.​1016/​S0140​
-​6736(05)​71142​-​9.

18. C. James, V. Ugo, J.-P. Le Couédic, et al., “A Unique Clonal JAK2 
Mutation Leading to Constitutive Signalling Causes Polycythaemia 
Vera,” Nature 434, no. 7037 (2005): 1144–1148, https://​doi.​org/​10.​1038/​
natur​e03546.

19. R. Kralovics, F. Passamonti, A. S. Buser, et al., “A Gain-of-Function 
Mutation of JAK2 in Myeloproliferative Disorders,” New England 
Journal of Medicine 352, no. 17 (2005): 1779–1790, https://​doi.​org/​10.​
1056/​NEJMo​a051113.

20. R. L. Levine, M. Wadleigh, J. Cools, et  al., “Activating Mutation 
in the Tyrosine Kinase JAK2 in Polycythemia Vera, Essential 

https://doi.org/10.1016/bs.ircmb.2021.09.001
https://doi.org/10.1016/bs.ircmb.2021.09.001
https://doi.org/10.1182/blood-2016-03-643544
https://doi.org/10.1182/blood-2016-03-643544
https://doi.org/10.1038/s41375-022-01613-1
https://doi.org/10.1182/blood.2022015850
https://doi.org/10.1038/sj.leu.2404914
https://doi.org/10.1038/sj.leu.2404914
https://doi.org/10.1182/hematology.2022000339
https://doi.org/10.1002/ajh.26857
https://doi.org/10.1111/bjh.16576
https://doi.org/10.1016/j.mayocp.2011.11.001
https://doi.org/10.1016/j.mayocp.2011.11.001
https://doi.org/10.3390/cells10081962
https://doi.org/10.3390/cells10081962
https://doi.org/10.1200/JCO.2017.76.4886
https://doi.org/10.1200/JCO.2018.78.9867
https://doi.org/10.1038/leu.2017.169
https://doi.org/10.1182/blood-2010-06-293415
https://doi.org/10.1016/S2352-3026(23)00305-8
https://doi.org/10.1007/s12185-022-03335-7
https://doi.org/10.1007/s12185-022-03335-7
https://doi.org/10.1016/S0140-6736(05)71142-9
https://doi.org/10.1016/S0140-6736(05)71142-9
https://doi.org/10.1038/nature03546
https://doi.org/10.1038/nature03546
https://doi.org/10.1056/NEJMoa051113
https://doi.org/10.1056/NEJMoa051113


45

Thrombocythemia, and Myeloid Metaplasia With Myelofibrosis,” 
Cancer Cell 7, no. 4 (2005): 387–397, https://​doi.​org/​10.​1016/j.​ccr.​2005.​
03.​023.

21. Y. Pikman, B. H. Lee, T. Mercher, et  al., “MPLW515L Is a 
Novel Somatic Activating Mutation in Myelofibrosis With Myeloid 
Metaplasia,” PLoS Medicine 3, no. 7 (2006): e270, https://​doi.​org/​10.​
1371/​journ​al.​pmed.​0030270.

22. J.-P. Defour, I. Chachoua, C. Pecquet, and S. N. Constantinescu, 
“Oncogenic Activation of MPL/Thrombopoietin Receptor by 17 
Mutations at W515: Implications for Myeloproliferative Neoplasms,” 
Leukemia 30, no. 5 (2016): 1214–1216, https://​doi.​org/​10.​1038/​leu.​
2015.​271.

23. L. M. Scott, W. Tong, R. L. Levine, et al., “JAK2 Exon 12 Mutations 
in Polycythemia Vera and Idiopathic Erythrocytosis,” New England 
Journal of Medicine 356, no. 5 (2007): 459–468, https://​doi.​org/​10.​1056/​
NEJMo​a065202.

24. L. M. Scott, “The JAK2 Exon 12 Mutations: A Comprehensive 
Review,” American Journal of Hematology 86, no. 8 (2011): 668–676, 
https://​doi.​org/​10.​1002/​ajh.​22063​.

25. J. Nangalia, C. E. Massie, E. J. Baxter, et  al., “Somatic CALR 
Mutations in Myeloproliferative Neoplasms With Nonmutated JAK2,” 
New England Journal of Medicine 369, no. 25 (2013): 2391–2405, https://​
doi.​org/​10.​1056/​NEJMo​a1312542.

26. T. Klampfl, H. Gisslinger, A. S. Harutyunyan, et  al., “Somatic 
Mutations of Calreticulin in Myeloproliferative Neoplasms,” New 
England Journal of Medicine 369, no. 25 (2013): 2379–2390, https://​doi.​
org/​10.​1056/​NEJMo​a1311347.

27. L. I. Gold, P. Eggleton, M. T. Sweetwyne, et al., “Calreticulin: Non-
Endoplasmic Reticulum Functions in Physiology and Disease,” FASEB 
Journal 24, no. 3 (2009): 665–683, https://​doi.​org/​10.​1096/​fj.​09-​145482.

28. D. Pietra, E. Rumi, V. V. Ferretti, et al., “Differential Clinical Effects 
of Different Mutation Subtypes in CALR-Mutant Myeloproliferative 
Neoplasms,” Leukemia 30, no. 2 (2016): 431–438, https://​doi.​org/​10.​
1038/​leu.​2015.​277.

29. M. Araki, Y. Yang, N. Masubuchi, et  al., “Activation of the 
Thrombopoietin Receptor by Mutant Calreticulin in CALR-Mutant 
Myeloproliferative Neoplasms,” Blood 127, no. 10 (2016): 1307–1316, 
https://​doi.​org/​10.​1182/​blood​-​2015-​09-​671172.

30. I. Chachoua, C. Pecquet, M. El-Khoury, et  al., “Thrombopoietin 
Receptor Activation by Myeloproliferative Neoplasm Associated 
Calreticulin Mutants,” Blood 127, no. 10 (2016): 1325–1335, https://​doi.​
org/​10.​1182/​blood​-​2015-​11-​681932.

31. S. Elf, N. S. Abdelfattah, E. Chen, et  al., “Mutant Calreticulin 
Requires Both Its Mutant C-Terminus and the Thrombopoietin Receptor 
for Oncogenic Transformation,” Cancer Discovery 6, no. 4 (2016): 368–
381, https://​doi.​org/​10.​1158/​2159-​8290.​CD-​15-​1434.

32. C. Marty, C. Pecquet, H. Nivarthi, et  al., “Calreticulin Mutants 
in Mice Induce an MPL-Dependent Thrombocytosis With Frequent 
Progression to Myelofibrosis,” Blood 127, no. 10 (2016): 1317–1324, 
https://​doi.​org/​10.​1182/​blood​-​2015-​11-​679571.

33. C. Pecquet, I. Chachoua, A. Roy, et  al., “Calreticulin Mutants 
as Oncogenic Rogue Chaperones for TpoR and Traffic-Defective 
Pathogenic TpoR Mutants,” Blood 133, no. 25 (2019): 2669–2681, https://​
doi.​org/​10.​1182/​blood​-​2018-​09-​874578.

34. E. Papaemmanuil, M. Gerstung, L. Bullinger, et  al., “Genomic 
Classification and Prognosis in Acute Myeloid Leukemia,” New England 
Journal of Medicine 374, no. 23 (2016): 2209–2221, https://​doi.​org/​10.​
1056/​NEJMo​a1516192.

35. S. Ogawa, “Genetics of MDS,” Blood 133, no. 10 (2019): 1049–1059, 
https://​doi.​org/​10.​1182/​blood​-​2018-​10-​844621.

36. M. M. Patnaik and T. L. Lasho, “Genomics of Myelodysplastic 
Syndrome/Myeloproliferative Neoplasm Overlap Syndromes,” 

Hematology. American Society of Hematology. Education Program 2020, 
no. 1 (2020): 450–459, https://​doi.​org/​10.​1182/​hemat​ology.​20200​00130​.

37. L. I. Shlush, “Age-Related Clonal Hematopoiesis,” Blood 131, no. 5 
(2018): 496–504, https://​doi.​org/​10.​1182/​blood​-​2017-​07-​746453.

38. X. Cabagnols, F. Favale, F. Pasquier, et  al., “Presence of Atypical 
Thrombopoietin Receptor (MPL) Mutations in Triple-Negative Essential 
Thrombocythemia Patients,” Blood 127, no. 3 (2016): 333–342, https://​
doi.​org/​10.​1182/​blood​-​2015-​07-​661983.

39. J. D. Milosevic Feenstra, H. Nivarthi, H. Gisslinger, et al., “Whole-
Exome Sequencing Identifies Novel MPL and JAK2 Mutations in 
Triple-Negative Myeloproliferative Neoplasms,” Blood 127, no. 3 (2016): 
325–332, https://​doi.​org/​10.​1182/​blood​-​2015-​07-​661835.

40. R. Rampal, F. Al-Shahrour, O. Abdel-Wahab, et  al., “Integrated 
Genomic Analysis Illustrates the Central Role of JAK-STAT Pathway 
Activation in Myeloproliferative Neoplasm Pathogenesis,” Blood 123, 
no. 22 (2014): e123–e133, https://​doi.​org/​10.​1182/​blood​-​2014-​02-​554634.

41. I. Crespiatico, M. Zaghi, C. Mastini, et al., “First-Hit SETBP1 Mutations 
Cause a Myeloproliferative Disorder With Bone Marrow Fibrosis,” Blood 
143, no. 14 (2024): 1399–1413, https://​doi.​org/​10.​1182/​blood.​20230​21349​.

42. G. Coltro, G. Rotunno, L. Mannelli, et  al., “RAS/CBL Mutations 
Predict Resistance to JAK Inhibitors in Myelofibrosis and Are 
Associated With Poor Prognostic Features,” Blood Advances 4, no. 15 
(2020): 3677–3687, https://​doi.​org/​10.​1182/​blood​advan​ces.​20200​02175​.

43. A. Tefferi, “Pathogenesis of Myelofibrosis With Myeloid Metaplasia,” 
Journal of Clinical Oncology 23, no. 33 (2005): 8520–8530, https://​doi.​
org/​10.​1200/​JCO.​2004.​00.​9316.

44. S. O. Ciurea, D. Merchant, N. Mahmud, et al., “Pivotal Contributions 
of Megakaryocytes to the Biology of Idiopathic Myelofibrosis,” Blood 110, 
no. 3 (2007): 986–993, https://​doi.​org/​10.​1182/​blood​-​2006-​12-​064626.

45. R. K. Assoian, A. Komoriya, C. A. Meyers, D. M. Miller, and M. 
B. Sporn, “Transforming Growth Factor-Beta in Human Platelets. 
Identification of a Major Storage Site, Purification, and Characterization,” 
Journal of Biological Chemistry 258, no. 11 (1983): 7155–7160.

46. M. Dong and G. C. Blobe, “Role of Transforming Growth Factor-
Beta in Hematologic Malignancies,” Blood 107, no. 12 (2006): 4589–
4596, https://​doi.​org/​10.​1182/​blood​-​2005-​10-​4169.

47. M. C. Le Bousse-Kerdilès and M. C. Martyré, “Dual Implication 
of Fibrogenic Cytokines in the Pathogenesis of Fibrosis and 
Myeloproliferation in Myeloid Metaplasia With Myelofibrosis,” Annals 
of Hematology 78, no. 10 (1999): 437–444, https://​doi.​org/​10.​1007/​s0027​
70050595.

48. J. C. Wang, “Importance of Plasma Matrix Metalloproteinases 
(MMP) and Tissue Inhibitors of Metalloproteinase (TIMP) in 
Development of Fibrosis in Agnogenic Myeloid Metaplasia,” Leukemia 
& Lymphoma 46, no. 9 (2005): 1261–1268, https://​doi.​org/​10.​1080/​10428​
19050​0126463.

49. E. H. Budi, J. R. Schaub, M. Decaris, S. Turner, and R. Derynck, 
“TGF-β as a Driver of Fibrosis: Physiological Roles and Therapeutic 
Opportunities,” Journal of Pathology 254, no. 4 (2021): 358–373, https://​
doi.​org/​10.​1002/​path.​5680.

50. H. F. E. Gleitz, A. Benabid, and R. K. Schneider, “Still a Burning 
Question: The Interplay Between Inflammation and Fibrosis in 
Myeloproliferative Neoplasms,” Current Opinion in Hematology 28, no. 
5 (2021): 364–371, https://​doi.​org/​10.​1097/​MOH.​00000​00000​000669.

51. A. Tefferi, R. Vaidya, D. Caramazza, C. Finke, T. Lasho, and A. 
Pardanani, “Circulating Interleukin (IL)-8, IL-2R, IL-12, and IL-15 
Levels Are Independently Prognostic in Primary Myelofibrosis: A 
Comprehensive Cytokine Profiling Study,” Journal of Clinical Oncology 
29, no. 10 (2011): 1356–1363, https://​doi.​org/​10.​1200/​JCO.​2010.​32.​9490.

52. H. C. Hasselbalch, “The Role of Cytokines in the Initiation and 
Progression of Myelofibrosis,” Cytokine & Growth Factor Reviews 24, no. 
2 (2013): 133–145, https://​doi.​org/​10.​1016/j.​cytog​fr.​2013.​01.​004.

https://doi.org/10.1016/j.ccr.2005.03.023
https://doi.org/10.1016/j.ccr.2005.03.023
https://doi.org/10.1371/journal.pmed.0030270
https://doi.org/10.1371/journal.pmed.0030270
https://doi.org/10.1038/leu.2015.271
https://doi.org/10.1038/leu.2015.271
https://doi.org/10.1056/NEJMoa065202
https://doi.org/10.1056/NEJMoa065202
https://doi.org/10.1002/ajh.22063
https://doi.org/10.1056/NEJMoa1312542
https://doi.org/10.1056/NEJMoa1312542
https://doi.org/10.1056/NEJMoa1311347
https://doi.org/10.1056/NEJMoa1311347
https://doi.org/10.1096/fj.09-145482
https://doi.org/10.1038/leu.2015.277
https://doi.org/10.1038/leu.2015.277
https://doi.org/10.1182/blood-2015-09-671172
https://doi.org/10.1182/blood-2015-11-681932
https://doi.org/10.1182/blood-2015-11-681932
https://doi.org/10.1158/2159-8290.CD-15-1434
https://doi.org/10.1182/blood-2015-11-679571
https://doi.org/10.1182/blood-2018-09-874578
https://doi.org/10.1182/blood-2018-09-874578
https://doi.org/10.1056/NEJMoa1516192
https://doi.org/10.1056/NEJMoa1516192
https://doi.org/10.1182/blood-2018-10-844621
https://doi.org/10.1182/hematology.2020000130
https://doi.org/10.1182/blood-2017-07-746453
https://doi.org/10.1182/blood-2015-07-661983
https://doi.org/10.1182/blood-2015-07-661983
https://doi.org/10.1182/blood-2015-07-661835
https://doi.org/10.1182/blood-2014-02-554634
https://doi.org/10.1182/blood.2023021349
https://doi.org/10.1182/bloodadvances.2020002175
https://doi.org/10.1200/JCO.2004.00.9316
https://doi.org/10.1200/JCO.2004.00.9316
https://doi.org/10.1182/blood-2006-12-064626
https://doi.org/10.1182/blood-2005-10-4169
https://doi.org/10.1007/s002770050595
https://doi.org/10.1007/s002770050595
https://doi.org/10.1080/10428190500126463
https://doi.org/10.1080/10428190500126463
https://doi.org/10.1002/path.5680
https://doi.org/10.1002/path.5680
https://doi.org/10.1097/MOH.0000000000000669
https://doi.org/10.1200/JCO.2010.32.9490
https://doi.org/10.1016/j.cytogfr.2013.01.004


46 American Journal of Hematology, 2025

53. D. A. C. Fisher, O. Malkova, E. K. Engle, et al., “Mass Cytometry 
Analysis Reveals Hyperactive NF Kappa B Signaling in Myelofibrosis 
and Secondary Acute Myeloid Leukemia,” Leukemia 31, no. 9 (2017): 
1962–1974, https://​doi.​org/​10.​1038/​leu.​2016.​377.

54. M. Kleppe, R. Koche, L. Zou, et al., “Dual Targeting of Oncogenic 
Activation and Inflammatory Signaling Increases Therapeutic Efficacy 
in Myeloproliferative Neoplasms,” Cancer Cell 33, no. 1 (2018): 29–43, 
https://​doi.​org/​10.​1016/j.​ccell.​2017.​11.​009.

55. H. F. E. Gleitz, A. J. F. Dugourd, N. B. Leimkühler, et al., “Increased 
CXCL4 Expression in Hematopoietic Cells Links Inflammation and 
Progression of Bone Marrow Fibrosis in MPN,” Blood 136, no. 18 (2020): 
2051–2064, https://​doi.​org/​10.​1182/​blood.​20190​04095​.

56. D. Capitanio, F. R. Calledda, V. Abbonante, et  al., “Proteomic 
Screening Identifies PF4/Cxcl4 as a Critical Driver of Myelofibrosis,” 
Leukemia 38, no. 9 (2024): 1971–1984, https://​doi.​org/​10.​1038/​s4137​5-​
024-​02354​-​z.

57. M. Balliu, L. Calabresi, N. Bartalucci, et al., “Activated IL-6 Signaling 
Contributes to the Pathogenesis of, and Is a Novel Therapeutic Target 
for, CALR-Mutated MPNs,” Blood Advances 5, no. 8 (2021): 2184–2195, 
https://​doi.​org/​10.​1182/​blood​advan​ces.​20200​03291​.

58. S. Rai, E. Grockowiak, N. Hansen, et al., “Inhibition of Interleukin-1β 
Reduces Myelofibrosis and Osteosclerosis in Mice With JAK2-V617F 
Driven Myeloproliferative Neoplasm,” Nature Communications 13, no. 
1 (2022): 5346, https://​doi.​org/​10.​1038/​s4146​7-​022-​32927​-​4.

59. A. Schmitt, H. Jouault, J. Guichard, F. Wendling, A. Drouin, and 
E. M. Cramer, “Pathologic Interaction Between Megakaryocytes and 
Polymorphonuclear Leukocytes in Myelofibrosis,” Blood 96, no. 4 
(2000): 1342–1347.

60. L. Centurione, A. Di Baldassarre, M. Zingariello, et al., “Increased 
and Pathologic Emperipolesis of Neutrophils Within Megakaryocytes 
Associated With Marrow Fibrosis in GATA-1(Low) Mice,” Blood 104, 
no. 12 (2004): 3573–3580, https://​doi.​org/​10.​1182/​blood​-​2004-​01-​0193.

61. G. Barosi, G. Viarengo, A. Pecci, et  al., “Diagnostic and Clinical 
Relevance of the Number of Circulating CD34(+) Cells in Myelofibrosis 
With Myeloid Metaplasia,” Blood 98, no. 12 (2001): 3249–3255, https://​
doi.​org/​10.​1182/​blood.​v98.​12.​3249.

62. M. Xu, E. Bruno, J. Chao, et  al., “Constitutive Mobilization of 
CD34+ Cells Into the Peripheral Blood in Idiopathic Myelofibrosis May 
Be due to the Action of a Number of Proteases,” Blood 105, no. 11 (2005): 
4508–4515, https://​doi.​org/​10.​1182/​blood​-​2004-​08-​3238.

63. S. Verstovsek, T. Manshouri, D. Pilling, et  al., “Role of Neoplastic 
Monocyte-Derived Fibrocytes in Primary Myelofibrosis,” Journal of 
Experimental Medicine 213, no. 9 (2016): 1723–1740, https://​doi.​org/​10.​
1084/​jem.​20160283.

64. T. Maekawa, S. Kato, T. Kawamura, et al., “Increased SLAMF7high 
Monocytes in Myelofibrosis Patients Harboring JAK2V617F Provide a 
Therapeutic Target of Elotuzumab,” Blood 134, no. 10 (2019): 814–825, 
https://​doi.​org/​10.​1182/​blood.​20190​00051​.

65. S. Lecomte, J. Devreux, G. de Streel, et al., “Therapeutic Activity of 
GARP:TGF-β1 Blockade in Murine Primary Myelofibrosis,” Blood 141, 
no. 5 (2023): 490–502, https://​doi.​org/​10.​1182/​blood.​20220​17097​.

66. J. Melo-Cardenas, L. Bezavada, J. C. Crawford, et  al., “IL-13/IL-4 
Signaling Contributes to Fibrotic Progression of the Myeloproliferative 
Neoplasms,” Blood 140, no. 26 (2022): 2805–2817, https://​doi.​org/​10.​
1182/​blood.​20220​17326​.

67. R. K. Schneider, A. Mullally, A. Dugourd, et al., “Gli1+ Mesenchymal 
Stromal Cells Are a Key Driver of Bone Marrow Fibrosis and an 
Important Cellular Therapeutic Target,” Cell Stem Cell 20, no. 6 (2017): 
785–800, https://​doi.​org/​10.​1016/j.​stem.​2017.​03.​008.

68. M. Decker, L. Martinez-Morentin, G. Wang, et al., “Leptin-Receptor-
Expressing Bone Marrow Stromal Cells Are Myofibroblasts in Primary 

Myelofibrosis,” Nature Cell Biology 19, no. 6 (2017): 677–688, https://​doi.​
org/​10.​1038/​ncb3530.

69. N. B. Leimkühler, H. F. E. Gleitz, L. Ronghui, et al., “Heterogeneous 
Bone-Marrow Stromal Progenitors Drive Myelofibrosis via a Druggable 
Alarmin Axis,” Cell Stem Cell 28, no. 4 (2021): 637–652.e8, https://​doi.​
org/​10.​1016/j.​stem.​2020.​11.​004.

70. S. Verstovsek, R. A. Mesa, J. Gotlib, et al., “A Double-Blind, Placebo-
Controlled Trial of Ruxolitinib for Myelofibrosis,” New England Journal 
of Medicine 366, no. 9 (2012): 799–807, https://​doi.​org/​10.​1056/​NEJMo​
a1110557.

71. C. Harrison, J.-J. Kiladjian, H. K. Al-Ali, et  al., “JAK Inhibition 
With Ruxolitinib Versus Best Available Therapy for Myelofibrosis,” New 
England Journal of Medicine 366, no. 9 (2012): 787–798, https://​doi.​org/​
10.​1056/​NEJMo​a1110556.

72. H. K. Al-Ali, M. Griesshammer, L. Foltz, et al., “Primary Analysis 
of JUMP, a Phase 3b, Expanded-Access Study Evaluating the Safety and 
Efficacy of Ruxolitinib in Patients With Myelofibrosis, Including Those 
With Low Platelet Counts,” British Journal of Haematology 189, no. 5 
(2020): 888–903, https://​doi.​org/​10.​1111/​bjh.​16462​.

73. F. Lussana, M. Cattaneo, A. Rambaldi, and A. Squizzato, 
“Ruxolitinib-Associated Infections: A Systematic Review and Meta-
Analysis,” American Journal of Hematology 93, no. 3 (2018): 339–347, 
https://​doi.​org/​10.​1002/​ajh.​24976​.

74. N. Polverelli, M. Breccia, G. Benevolo, et  al., “Risk Factors for 
Infections in Myelofibrosis: Role of Disease Status and Treatment. A 
Multicenter Study of 507 Patients,” American Journal of Hematology 92, 
no. 1 (2017): 37–41, https://​doi.​org/​10.​1002/​ajh.​24572​.

75. C. Jalles, M. Lepelley, S. Mouret, J. Charles, M.-T. Leccia, and S. 
Trabelsi, “Skin Cancers Under Janus Kinase Inhibitors: A World Health 
Organization Drug Safety Database Analysis,” Thérapie 77, no. 6 (2022): 
649–656, https://​doi.​org/​10.​1016/j.​therap.​2022.​04.​005.

76. A. Rampotas, L. Carter-Brzezinski, T. C. P. Somervaille, et  al., 
“Outcomes and Characteristics of Nonmelanoma Skin Cancers in 
Patients With Myeloproliferative Neoplasms on Ruxolitinib,” Blood 143, 
no. 2 (2024): 178–182, https://​doi.​org/​10.​1182/​blood.​20230​22345​.

77. K. J. Newberry, K. Patel, L. Masarova, et al., “Clonal Evolution and 
Outcomes in Myelofibrosis After Ruxolitinib Discontinuation,” Blood 130, 
no. 9 (2017): 1125–1131, https://​doi.​org/​10.​1182/​blood​-​2017-​05-​783225.

78. F. Palandri, M. Breccia, M. Bonifacio, et al., “Life After Ruxolitinib: 
Reasons for Discontinuation, Impact of Disease Phase, and Outcomes in 
218 Patients With Myelofibrosis,” Cancer 126, no. 6 (2020): 1243–1252, 
https://​doi.​org/​10.​1002/​cncr.​32664​.

79. A. Pardanani, C. Harrison, J. E. Cortes, et al., “Safety and Efficacy 
of Fedratinib in Patients With Primary or Secondary Myelofibrosis,” 
JAMA Oncology 1, no. 5 (2015): 643, https://​doi.​org/​10.​1001/​jamao​ncol.​
2015.​1590.

80. C. N. Harrison, N. Schaap, A. M. Vannucchi, 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 Haematology 4, no. 7 
(2017): e317–e324, https://​doi.​org/​10.​1016/​S2352​-​3026(17)​30088​-​1.

81. C. N. Harrison, N. Schaap, A. M. Vannucchi, et al., “Fedratinib in 
Patients With Myelofibrosis Previously Treated With Ruxolitinib: An 
Updated Analysis of the JAKARTA2 Study Using Stringent Criteria for 
Ruxolitinib Failure,” American Journal of Hematology 95, no. 6 (2020): 
594–603, https://​doi.​org/​10.​1002/​ajh.​25777​.

82. J. Mascarenhas, C. Harrison, T. A. Schuler, et al., “Real-World Use 
of Fedratinib for Myelofibrosis Following Prior Ruxolitinib Failure: 
Patient Characteristics, Treatment Patterns, and Clinical Outcomes,” 
Clinical Lymphoma, Myeloma & Leukemia 24, no. 2 (2024): 122–132, 
https://​doi.​org/​10.​1016/j.​clml.​2023.​09.​008.

https://doi.org/10.1038/leu.2016.377
https://doi.org/10.1016/j.ccell.2017.11.009
https://doi.org/10.1182/blood.2019004095
https://doi.org/10.1038/s41375-024-02354-z
https://doi.org/10.1038/s41375-024-02354-z
https://doi.org/10.1182/bloodadvances.2020003291
https://doi.org/10.1038/s41467-022-32927-4
https://doi.org/10.1182/blood-2004-01-0193
https://doi.org/10.1182/blood.v98.12.3249
https://doi.org/10.1182/blood.v98.12.3249
https://doi.org/10.1182/blood-2004-08-3238
https://doi.org/10.1084/jem.20160283
https://doi.org/10.1084/jem.20160283
https://doi.org/10.1182/blood.2019000051
https://doi.org/10.1182/blood.2022017097
https://doi.org/10.1182/blood.2022017326
https://doi.org/10.1182/blood.2022017326
https://doi.org/10.1016/j.stem.2017.03.008
https://doi.org/10.1038/ncb3530
https://doi.org/10.1038/ncb3530
https://doi.org/10.1016/j.stem.2020.11.004
https://doi.org/10.1016/j.stem.2020.11.004
https://doi.org/10.1056/NEJMoa1110557
https://doi.org/10.1056/NEJMoa1110557
https://doi.org/10.1056/NEJMoa1110556
https://doi.org/10.1056/NEJMoa1110556
https://doi.org/10.1111/bjh.16462
https://doi.org/10.1002/ajh.24976
https://doi.org/10.1002/ajh.24572
https://doi.org/10.1016/j.therap.2022.04.005
https://doi.org/10.1182/blood.2023022345
https://doi.org/10.1182/blood-2017-05-783225
https://doi.org/10.1002/cncr.32664
https://doi.org/10.1001/jamaoncol.2015.1590
https://doi.org/10.1001/jamaoncol.2015.1590
https://doi.org/10.1016/S2352-3026(17)30088-1
https://doi.org/10.1002/ajh.25777
https://doi.org/10.1016/j.clml.2023.09.008


47

83. N. Gangat, K. McCullough, A. Al-Kali, et al., “Limited Activity of 
Fedratinib in Myelofibrosis Patients Relapsed/Refractory to Ruxolitinib 
20 Mg Twice Daily or Higher: A Real-World Experience,” British Journal 
of Haematology 198, no. 4 (2022): e54–e58, https://​doi.​org/​10.​1111/​bjh.​
18284​.

84. C. Harrison, R. Mesa, C. Jamieson, et al., “Case Series of Potential 
Wernicke's Encephalopathy in Patients Treated With Fedratinib,” Blood 
130, no. Supplement 1 (2017): 4197.

85. J. Singer, S. Al-Fayoumi, H. Ma, R. Komrokji, R. Mesa, and 
S. Verstovsek, “Comprehensive Kinase Profile of Pacritinib, a 
Nonmyelosuppressive Janus Kinase 2 Inhibitor,” Journal of Experimental 
Pharmacology 8 (2016): 11–19, https://​doi.​org/​10.​2147/​JEP.​S110702.

86. S. T. Oh, R. A. Mesa, C. N. Harrison, et al., “Pacritinib Is a Potent 
ACVR1 Inhibitor With Significant Anemia Benefit in Patients With 
Myelofibrosis,” Blood Advances 7, no. 19 (2023): 5835–5842, https://​doi.​
org/​10.​1182/​blood​advan​ces.​20230​10151​.

87. R. A. Mesa, A. M. Vannucchi, A. Mead, et  al., “Pacritinib Versus 
Best Available Therapy for the Treatment of Myelofibrosis Irrespective 
of Baseline Cytopenias (PERSIST-1): An International, Randomised, 
Phase 3 Trial,” Lancet Haematology 4, no. 5 (2017): e225–e236, https://​
doi.​org/​10.​1016/​S2352​-​3026(17)​30027​-​3.

88. J. Mascarenhas, R. Hoffman, M. Talpaz, et  al., “Pacritinib vs. 
Best Available Therapy, Including Ruxolitinib, in Patients With 
Myelofibrosis,” JAMA Oncology 4, no. 5 (2018): 652, https://​doi.​org/​10.​
1001/​jamao​ncol.​2017.​5818.

89. A. T. Gerds, M. R. Savona, B. L. Scott, et  al., “Determining the 
Recommended Dose of Pacritinib: Results From the PAC203 Dose-
Finding Trial in Advanced Myelofibrosis,” Blood Advances 4, no. 22 
(2020): 5825–5835, https://​doi.​org/​10.​1182/​blood​advan​ces.​20200​03314​.

90. R. A. Mesa, J.-J. Kiladjian, J. V. Catalano, et  al., “SIMPLIFY-1: A 
Phase III Randomized Trial of Momelotinib Versus Ruxolitinib in 
Janus Kinase Inhibitor–Naïve Patients With Myelofibrosis,” Journal of 
Clinical Oncology 35, no. 34 (2017): 3844–3850, https://​doi.​org/​10.​1200/​
JCO.​2017.​73.​4418.

91. C. N. Harrison, A. M. Vannucchi, U. Platzbecker, et al., “Momelotinib 
Versus Best Available Therapy in Patients With Myelofibrosis Previously 
Treated With Ruxolitinib (SIMPLIFY 2): A Randomised, Open-Label, 
Phase 3 Trial,” Lancet Haematology 5, no. 2 (2018): e73–e81, https://​doi.​
org/​10.​1016/​S2352​-​3026(17)​30237​-​5.

92. S. Verstovsek, A. T. Gerds, A. M. Vannucchi, et al., “Momelotinib 
Versus Danazol in Symptomatic Patients With Anaemia and 
Myelofibrosis (MOMENTUM): Results From an International, Double-
Blind, Randomised, Controlled, Phase 3 Study,” Lancet 401, no. 10373 
(2023): 269–280, https://​doi.​org/​10.​1016/​S0140​-​6736(22)​02036​-​0.

93. Z.-Q. Wang, Z.-C. Zhang, Y.-Y. Wu, et  al., “Bromodomain and 
Extraterminal (BET) Proteins: Biological Functions, Diseases and 
Targeted Therapy,” Signal Transduction and Targeted Therapy 8, no. 1 
(2023): 420, https://​doi.​org/​10.​1038/​s4139​2-​023-​01647​-​6.

94. M. Kremyanskaya, J. Mascarenhas, F. Palandri, et al., “Pelabresib 
(CPI-0610) Monotherapy in Patients With Myelofibrosis - Update of 
Clinical and Translational Data From the Ongoing Manifest Trial,” 
Blood 138, no. Supplement 1 (2021): 141, https://​doi.​org/​10.​1182/​blood​
-​2021-​150172.

95. J. Mascarenhas, M. Kremyanskaya, A. Patriarca, et al., “MPN-375 
BET Inhibitor Pelabresib (CPI-0610) Combined With Ruxolitinib in 
Patients With Myelofibrosis – JAK Inhibitor-Naïe or With Suboptimal 
Response to Ruxolitinib – Preliminary Data From the MANIFEST 
Study,” Clinical Lymphoma, Myeloma & Leukemia 22 (2022): S335–S336, 
https://​doi.​org/​10.​1016/​S2152​-​2650(22)​01456​-​2.

96. J. Mascarenhas, M. Kremyanskaya, A. Patriarca, et al., “MANIFEST: 
Pelabresib in Combination With Ruxolitinib for Janus Kinase Inhibitor 
Treatment-Naïve Myelofibrosis,” Journal of Clinical Oncology 41, no. 32 
(2023): 4993–5004, https://​doi.​org/​10.​1200/​JCO.​22.​01972​.

97. R. K. Rampal, S. Grosicki, D. Chraniuk, et  al., “Pelabresib in 
Combination With Ruxolitinib for Janus Kinase Inhibitor Treatment-
Naïve Patients With Myelofibrosis: Results of the MANIFEST-2 
Randomized, Double-Blind, Phase 3 Study,” Blood 142, no. Supplement 
1 (2023): 628, https://​doi.​org/​10.​1182/​blood​-​2023-​179141.

98. R. Rampal, S. Grosicki, D. Chraniuk, et  al., “Updated Safety and 
Efficacy Data From the Phase 3 MANIFEST-2 Study of Pelabresib in 
Combination With Ruxolitinib for JAK Inhibitor Treatment-Naïve 
Patients With Myelofibrosis,” Journal of Clinical Oncology 42, no. 16 
(2024): 6502, https://​doi.​org/​10.​1200/​JCO.​2024.​42.​16_​suppl.​6502.

99. J. Mascarenhas, S. Grosicki, D. Chraniuk, et al., “Updated Results 
From the Phase 3 Manifest-2 Study of Pelabresib in Combination 
With Ruxolitinib for Janus Kinase Inhibitor–Naïve Patients With 
Myelofibrosis,” Blood 144 (2024): 3178.

100. D. Lavie, V. Ribrag, M. Loschi, et al., “BMS-986158, a Potent BET 
Inhibitor, in Combination With Ruxolitinib or Fedratinib in Patients 
(Pts) With Intermediate- or High-Risk Myelofibrosis (MF): Updated 
Results From a Phase 1/2 Study,” Blood 142, no. Supplement 1 (2023): 
623, https://​doi.​org/​10.​1182/​blood​-​2023-​179160.

101. J. M. Watts, A. M. Vannucchi, A. M. Hunter, et al., “Bromodomain 
and Extra-Terminal Inhibitor INCB057643 (LIMBER-103) in Patients 
With Relapsed or Refractory Myelofibrosis and Other Advanced 
Myeloid Neoplasms: A Phase 1 Study,” Blood 142, no. Supplement 1 
(2023): 750, https://​doi.​org/​10.​1182/​blood​-​2023-​179428.

102. J. M. Watts, A. M. Hunter, A. M. Vannucchi, et  al., “Safety and 
Efficacy of Bromodomain and Extra-Terminal Inhibitor INCB057643 
in Patients With Relapsed or Refractory Myelofibrosis and Other 
Advanced Myeloid Neoplasms: A Phase 1 Study,” Blood 144 (2024): 658.

103. B. Noce, E. Di Bello, R. Fioravanti, and A. Mai, “LSD1 Inhibitors 
for Cancer Treatment: Focus on Multi-Target Agents and Compounds in 
Clinical Trials,” Frontiers in Pharmacology 14 (2023): 1120911, https://​
doi.​org/​10.​3389/​fphar.​2023.​1120911.

104. J. Yang, J. Huang, M. Dasgupta, et al., “Reversible Methylation of 
Promoter-Bound STAT3 by Histone-Modifying Enzymes,” Proceedings 
of the National Academy of Sciences 107, no. 50 (2010): 21499–21504, 
https://​doi.​org/​10.​1073/​pnas.​10161​47107​.

105. D. Niebel, J. Kirfel, V. Janzen, T. Höller, M. Majores, and I. 
Gütgemann, “Lysine-Specific Demethylase 1 (LSD1) in Hematopoietic 
and Lymphoid Neoplasms,” Blood 124, no. 1 (2014): 151–152, https://​doi.​
org/​10.​1182/​blood​-​2014-​04-​569525.

106. J. S. Jutzi, M. Kleppe, J. Dias, et  al., “LSD1 Inhibition Prolongs 
Survival in Mouse Models of MPN by Selectively Targeting the Disease 
Clone,” HemaSphere 2, no. 3 (2018): e54, https://​doi.​org/​10.​1097/​HS9.​
00000​00000​000054.

107. H. Gill, A. Yacoub, K. Pettit, et al., “P1051: A Phase 2 Study of IMG-
7289 (BOMEDEMSTAT) in Patients With Advanced Myelofibrosis,” 
HemaSphere 6 (2022): 941–942, https://​doi.​org/​10.​1097/​01.​HS9.​00008​
47072.​29067.​d6.

108. H. Gill, L. Au, G. M. K. Leung, et al., “Phase 2 Study to Assess the 
Safety and Efficacy of Bomedemstat (MK3543) in Combination With 
Ruxolitinib in Patients With Myelofibrosis,” Blood 142, no. Supplement 
1 (2023): 621, https://​doi.​org/​10.​1182/​blood​-​2023-​181971.

109. H. Gill, L. Au, D. Tsai, et  al., “Bomedemstat (MK3543) 
in Combination With Ruxolitinib in Patients With Advanced 
Myelofibrosis,” Blood 144 (2024): 1796.

110. F. Liu, X. Zhao, F. Perna, et  al., “JAK2V617F-Mediated 
Phosphorylation of PRMT5 Downregulates Its Methyltransferase 
Activity and Promotes Myeloproliferation,” Cancer Cell 19, no. 2 (2011): 
283–294, https://​doi.​org/​10.​1016/j.​ccr.​2010.​12.​020.

111. F. Pastore, N. Bhagwat, A. Pastore, et  al., “PRMT5 Inhibition 
Modulates E2F1 Methylation and Gene-Regulatory Networks Leading to 
Therapeutic Efficacy in JAK2V617F-Mutant MPN,” Cancer Discovery 10, 
no. 11 (2020): 1742–1757, https://​doi.​org/​10.​1158/​2159-​8290.​CD-​20-​0026.

https://doi.org/10.1111/bjh.18284
https://doi.org/10.1111/bjh.18284
https://doi.org/10.2147/JEP.S110702
https://doi.org/10.1182/bloodadvances.2023010151
https://doi.org/10.1182/bloodadvances.2023010151
https://doi.org/10.1016/S2352-3026(17)30027-3
https://doi.org/10.1016/S2352-3026(17)30027-3
https://doi.org/10.1001/jamaoncol.2017.5818
https://doi.org/10.1001/jamaoncol.2017.5818
https://doi.org/10.1182/bloodadvances.2020003314
https://doi.org/10.1200/JCO.2017.73.4418
https://doi.org/10.1200/JCO.2017.73.4418
https://doi.org/10.1016/S2352-3026(17)30237-5
https://doi.org/10.1016/S2352-3026(17)30237-5
https://doi.org/10.1016/S0140-6736(22)02036-0
https://doi.org/10.1038/s41392-023-01647-6
https://doi.org/10.1182/blood-2021-150172
https://doi.org/10.1182/blood-2021-150172
https://doi.org/10.1016/S2152-2650(22)01456-2
https://doi.org/10.1200/JCO.22.01972
https://doi.org/10.1182/blood-2023-179141
https://doi.org/10.1200/JCO.2024.42.16_suppl.6502
https://doi.org/10.1182/blood-2023-179160
https://doi.org/10.1182/blood-2023-179428
https://doi.org/10.3389/fphar.2023.1120911
https://doi.org/10.3389/fphar.2023.1120911
https://doi.org/10.1073/pnas.1016147107
https://doi.org/10.1182/blood-2014-04-569525
https://doi.org/10.1182/blood-2014-04-569525
https://doi.org/10.1097/HS9.0000000000000054
https://doi.org/10.1097/HS9.0000000000000054
https://doi.org/10.1097/01.HS9.0000847072.29067.d6
https://doi.org/10.1097/01.HS9.0000847072.29067.d6
https://doi.org/10.1182/blood-2023-181971
https://doi.org/10.1016/j.ccr.2010.12.020
https://doi.org/10.1158/2159-8290.CD-20-0026


48 American Journal of Hematology, 2025

112. M. R. Patel, V. Monga, S. Jauhari, et al., “A Phase 1 Dose Escalation 
Study of Protein Arginine Methyltransferase 5 (PRMT5) Inhibitor 
PRT543 in Patients With Myeloid Malignancies,” Blood 138, no. 
Supplement 1 (2021): 2609, https://​doi.​org/​10.​1182/​blood​-​2021-​150938.

113. M. L. Choong, C. Pecquet, V. Pendharkar, et  al., “Combination 
Treatment for Myeloproliferative Neoplasms Using JAK and Pan-Class 
I PI 3K Inhibitors,” Journal of Cellular and Molecular Medicine 17, no. 11 
(2013): 1397–1409, https://​doi.​org/​10.​1111/​jcmm.​12156​.

114. C. Bogani, N. Bartalucci, S. Martinelli, et  al., “mTOR Inhibitors 
Alone and in Combination With JAK2 Inhibitors Effectively Inhibit 
Cells of Myeloproliferative Neoplasms,” PLoS One 8, no. 1 (2013): 
e54826, https://​doi.​org/​10.​1371/​journ​al.​pone.​0054826.

115. I. Khan, Z. Huang, Q. Wen, et al., “AKT Is a Therapeutic Target in 
Myeloproliferative Neoplasms,” Leukemia 27, no. 9 (2013): 1882–1890, 
https://​doi.​org/​10.​1038/​leu.​2013.​167.

116. X. Wang, J. Ding, and L. Meng, “PI3K Isoform-Selective Inhibitors: 
Next-Generation Targeted Cancer Therapies,” Acta Pharmacologica 
Sinica 36, no. 10 (2015): 1170–1176, https://​doi.​org/​10.​1038/​aps.​2015.​71.

117. A. Yacoub, U. Borate, R. K. Rampal, et al., “Phase 2 Study of Add-On 
Parsaclisib for Patients With Myelofibrosis and Suboptimal Response to 
Ruxolitinib: Final Results,” Blood Advances 8, no. 6 (2024): 1515–1528, 
https://​doi.​org/​10.​1182/​blood​advan​ces.​20230​11620​.

118. N. Maslah, B. Roux, N. Kaci, et al., “JAK Inhibition Mediates Clonal 
Selection of RAS Pathway Mutations in Myeloproliferative Neoplasms,” 
Blood 140, no. Supplement 1 (2022): 795–796, https://​doi.​org/​10.​1182/​
blood​-​2022-​167719.

119. S. Brkic, S. Stivala, A. Santopolo, et al., “Dual Targeting of JAK2 
and ERK Interferes With the Myeloproliferative Neoplasm Clone and 
Enhances Therapeutic Efficacy,” Leukemia 35, no. 10 (2021): 2875–
2884, https://​doi.​org/​10.​1038/​s4137​5-​021-​01391​-​2.

120. E. Bianchi, S. Rontauroli, L. Tavernari, et al., “Inhibition of ERK1/2 
Signaling Prevents Bone Marrow Fibrosis by Reducing Osteopontin 
Plasma Levels in a Myelofibrosis Mouse Model,” Leukemia 37, no. 5 
(2023): 1068–1079, https://​doi.​org/​10.​1038/​s4137​5-​023-​01867​-​3.

121. L. Mazzacurati, R. J. Collins, G. Pandey, et  al., “The Pan-PIM 
Inhibitor INCB053914 Displays Potent Synergy in Combination With 
Ruxolitinib in Models of MPN,” Blood Advances 3, no. 22 (2019): 3503–
3514, https://​doi.​org/​10.​1182/​blood​advan​ces.​20190​00260​.

122. A. Dutta, D. Nath, Y. Yang, et  al., “Genetic Ablation of Pim1 or 
Pharmacologic Inhibition With TP-3654 Ameliorates Myelofibrosis in 
Murine Models,” Leukemia 36, no. 3 (2022): 746–759, https://​doi.​org/​10.​
1038/​s4137​5-​021-​01464​-​2.

123. X. Wang, C. S. Hu, B. Petersen, et  al., “Imetelstat, a Telomerase 
Inhibitor, Is Capable of Depleting Myelofibrosis Stem and Progenitor 
Cells,” Blood Advances 2, no. 18 (2018): 2378–2388, https://​doi.​org/​10.​
1182/​blood​advan​ces.​20180​22012​.

124. A. Tefferi, T. L. Lasho, K. H. Begna, et  al., “A Pilot Study of the 
Telomerase Inhibitor Imetelstat for Myelofibrosis,” New England 
Journal of Medicine 373, no. 10 (2015): 908–919, https://​doi.​org/​10.​1056/​
NEJMo​a1310523.

125. J. Mascarenhas, R. S. Komrokji, F. Palandri, et al., “Randomized, 
Single-Blind, Multicenter Phase II Study of Two Doses of Imetelstat in 
Relapsed or Refractory Myelofibrosis,” Journal of Clinical Oncology 39, 
no. 26 (2021): 2881–2892, https://​doi.​org/​10.​1200/​JCO.​20.​02864​.

126. J. O. Mascarenhas, C. Harrison, P. Bose, et  al., “Imetelstat Versus 
Best Available Therapy in Patients With Intermediate-2 or High-Risk 
Myelofibrosis Relapsed or Refractory to Janus Kinase Inhibitor in 
IMpactMF, a Randomized, Open-Label, Phase 3 Trial,” Blood 144, no. 
Supplement 1 (2024): 1808.1, https://​doi.​org/​10.​1182/​blood​-​2024-​199235.

127. A. Dutta, D. Nath, Y. Yang, B. T. Le, and G. Mohi, “CDK6 Is a 
Therapeutic Target in Myelofibrosis,” Cancer Research 81, no. 16 (2021): 
4332–4345, https://​doi.​org/​10.​1158/​0008-​5472.​CAN-​21-​0590.

128. R. K. Rampal, M. Pinzon-Ortiz, A. V. H. Somasundara, et  al., 
“Therapeutic Efficacy of Combined JAK1/2, Pan-PIM, and CDK4/6 
Inhibition in Myeloproliferative Neoplasms,” Clinical Cancer Research 
27, no. 12 (2021): 3456–3468, https://​doi.​org/​10.​1158/​1078-​0432.​
CCR-​20-​4898.

129. Q. Wen, B. Goldenson, S. J. Silver, et al., “Identification of Regulators 
of Polyploidization Presents Therapeutic Targets for Treatment of 
AMKL,” Cell 150, no. 3 (2012): 575–589, https://​doi.​org/​10.​1016/j.​cell.​
2012.​06.​032.

130. Q. Jeremy Wen, Q. Yang, B. Goldenson, et  al., “Targeting 
Megakaryocytic-Induced Fibrosis in Myeloproliferative Neoplasms 
by AURKA Inhibition,” Nature Medicine 21, no. 12 (2015): 1473–1480, 
https://​doi.​org/​10.​1038/​nm.​3995.

131. N. Gangat, C. Marinaccio, R. Swords, et  al., “Aurora Kinase A 
Inhibition Provides Clinical Benefit, Normalizes Megakaryocytes, and 
Reduces Bone Marrow Fibrosis in Patients With Myelofibrosis: A Phase 
I Trial,” Clinical Cancer Research 25, no. 16 (2019): 4898–4906, https://​
doi.​org/​10.​1158/​1078-​0432.​CCR-​19-​1005.

132. R. J. Youle and A. Strasser, “The BCL-2 Protein Family: Opposing 
Activities That Mediate Cell Death,” Nature Reviews. Molecular Cell 
Biology 9, no. 1 (2008): 47–59, https://​doi.​org/​10.​1038/​nrm2308.

133. N. Pemmaraju, J. S. Garcia, A. Perkins, et  al., “New Era for 
Myelofibrosis Treatment With Novel Agents Beyond Janus Kinase-
Inhibitor Monotherapy: Focus on Clinical Development of BCL-X L /
BCL-2 Inhibition With Navitoclax,” Cancer 129, no. 22 (2023): 3535–
3545, https://​doi.​org/​10.​1002/​cncr.​34986​.

134. C. Tse, A. R. Shoemaker, J. Adickes, et al., “ABT-263: A Potent and 
Orally Bioavailable Bcl-2 Family Inhibitor,” Cancer Research 68, no. 9 
(2008): 3421–3428, https://​doi.​org/​10.​1158/​0008-​5472.​CAN-​07-​5836.

135. M. Waibel, V. S. Solomon, D. A. Knight, et  al., “Combined 
Targeting of JAK2 and Bcl-2/Bcl-xL to Cure Mutant JAK2-Driven 
Malignancies and Overcome Acquired Resistance to JAK2 Inhibitors,” 
Cell Reports 5, no. 4 (2013): 1047–1059, https://​doi.​org/​10.​1016/j.​cel-
rep.​2013.​10.​038.

136. C. N. Harrison, J. S. Garcia, T. C. P. Somervaille, et al., “Addition 
of Navitoclax to Ongoing Ruxolitinib Therapy for Patients With 
Myelofibrosis With Progression or Suboptimal Response: Phase II 
Safety and Efficacy,” Journal of Clinical Oncology 40, no. 15 (2022): 
1671–1680, https://​doi.​org/​10.​1200/​JCO.​21.​02188​.

137. N. Pemmaraju, A. J. Mead, T. C. Somervaille, et al., “Transform-1: 
A Randomized, Double-Blind, Placebo-Controlled, Multicenter, 
International Phase 3 Study of Navitoclax in Combination With 
Ruxolitinib Versus Ruxolitinib Plus Placebo in Patients With Untreated 
Myelofibrosis,” Blood 142, no. Supplement 1 (2023): 620, https://​doi.​org/​
10.​1182/​blood​-​2023-​173509.

138. A. Hafner, M. L. Bulyk, A. Jambhekar, and G. Lahav, “The Multiple 
Mechanisms That Regulate p53 Activity and Cell Fate,” Nature Reviews. 
Molecular Cell Biology 20, no. 4 (2019): 199–210, https://​doi.​org/​10.​1038/​
s4158​0-​019-​0110-​x.

139. E. R. Kastenhuber and S. W. Lowe, “Putting p53 in Context,” Cell 
170, no. 6 (2017): 1062–1078, https://​doi.​org/​10.​1016/j.​cell.​2017.​08.​028.

140. S. Raza, D. Viswanatha, L. Frederick, et  al., “TP53 Mutations 
and Polymorphisms in Primary Myelofibrosis,” American Journal of 
Hematology 87, no. 2 (2012): 204–206, https://​doi.​org/​10.​1002/​ajh.​22216​.

141. B. K. Marcellino, R. Hoffman, J. Tripodi, et al., “Advanced Forms 
of MPNs Are Accompanied by Chromosomal Abnormalities That Lead 
to Dysregulation of TP53,” Blood Advances 2, no. 24 (2018): 3581–3589, 
https://​doi.​org/​10.​1182/​blood​advan​ces.​20180​24018​.

142. H. Al-Ali, R. Delgado, A. Lange, A. Pluta, D. McLornan, and 
P. Vachhani, “KRT-232, a First-In-Class, Murine Double Minute 2 
Inhibitor (MDM2I), for Myelofibrosis (MF) Relapsed or Refractory 
(R/R) to Janus-Associated Kinase Inhibitor (JAKI) Treatment (TX),” 
EHA Library (2020): S215.

https://doi.org/10.1182/blood-2021-150938
https://doi.org/10.1111/jcmm.12156
https://doi.org/10.1371/journal.pone.0054826
https://doi.org/10.1038/leu.2013.167
https://doi.org/10.1038/aps.2015.71
https://doi.org/10.1182/bloodadvances.2023011620
https://doi.org/10.1182/blood-2022-167719
https://doi.org/10.1182/blood-2022-167719
https://doi.org/10.1038/s41375-021-01391-2
https://doi.org/10.1038/s41375-023-01867-3
https://doi.org/10.1182/bloodadvances.2019000260
https://doi.org/10.1038/s41375-021-01464-2
https://doi.org/10.1038/s41375-021-01464-2
https://doi.org/10.1182/bloodadvances.2018022012
https://doi.org/10.1182/bloodadvances.2018022012
https://doi.org/10.1056/NEJMoa1310523
https://doi.org/10.1056/NEJMoa1310523
https://doi.org/10.1200/JCO.20.02864
https://doi.org/10.1182/blood-2024-199235
https://doi.org/10.1158/0008-5472.CAN-21-0590
https://doi.org/10.1158/1078-0432.CCR-20-4898
https://doi.org/10.1158/1078-0432.CCR-20-4898
https://doi.org/10.1016/j.cell.2012.06.032
https://doi.org/10.1016/j.cell.2012.06.032
https://doi.org/10.1038/nm.3995
https://doi.org/10.1158/1078-0432.CCR-19-1005
https://doi.org/10.1158/1078-0432.CCR-19-1005
https://doi.org/10.1038/nrm2308
https://doi.org/10.1002/cncr.34986
https://doi.org/10.1158/0008-5472.CAN-07-5836
https://doi.org/10.1016/j.celrep.2013.10.038
https://doi.org/10.1016/j.celrep.2013.10.038
https://doi.org/10.1200/JCO.21.02188
https://doi.org/10.1182/blood-2023-173509
https://doi.org/10.1182/blood-2023-173509
https://doi.org/10.1038/s41580-019-0110-x
https://doi.org/10.1038/s41580-019-0110-x
https://doi.org/10.1016/j.cell.2017.08.028
https://doi.org/10.1002/ajh.22216
https://doi.org/10.1182/bloodadvances.2018024018


49

143. P. Vachani, A. Lange, R. G. Delgado, et  al., “Potential Disease-
Modifying Activity of Navtemadlin (KRT-232), a First-in-Class MDM2 
Inhibitor, Correlates With Clinical Benefits in Relapsed/Refractory 
Myelofibrosis (MF),” Blood 138, no. Supplement 1 (2021): 3581, https://​
doi.​org/​10.​1182/​blood​-​2021-​147543.

144. J. O. Mascarenhas, V. M. Popov, S. Mohan, et al., “Results From the 
Randomized, Multicenter, Global Phase 3 BOREAS Study: Navtemadlin 
Versus Best Available Therapy in JAK Inhibitor Relapsed/Refractory 
Myelofibrosis,” Blood 144, no. Supplement 1 (2024): 1000, https://​doi.​
org/​10.​1182/​blood​-​2024-​201642.

145. J. O. Mascarenhas, P. Bose, H.-A. Hou, et al., “Disease-Modifying 
Activity of Navtemadlin Correlates With Clinical Responses in 
a Randomized, Multicenter, Global Phase 3 Study (BOREAS) in 
JAK-Inhibitor Relapsed/Refractory Myelofibrosis,” Blood 144, no. 
Supplement 1 (2024): 483, https://​doi.​org/​10.​1182/​blood​-​2024-​205937.

146. D. Yan, A. D. Pomicter, S. Tantravahi, et al., “Nuclear–Cytoplasmic 
Transport Is a Therapeutic Target in Myelofibrosis,” Clinical Cancer 
Research 25, no. 7 (2019): 2323–2335, https://​doi.​org/​10.​1158/​1078-​0432.​
CCR-​18-​0959.

147. S. K. Tantravahi, S. J. Kim, D. Sundar, et  al., “A Phase 2 Study 
to Evaluate the Efficacy and Safety of Selinexor in Patients With 
Myelofibrosis Refractory or Intolerant to JAK Inhibitors,” Blood 138, no. 
Supplement 1 (2021): 143, https://​doi.​org/​10.​1182/​blood​-​2021-​153940.

148. S. K. Tantravahi, A. Kishtagari, K. Maher, et al., “Selinexor Plus 
Ruxolitinib in JAK Inhibitor (JAKi)-Naïve Patients With Myelofibrosis: 
Long Term Follow Up From XPORT-MF-034 Suggestive of Disease 
Modification,” Blood 142, no. Supplement 1 (2023): 622, https://​doi.​org/​
10.​1182/​blood​-​2023-​180844.

149. J. Mascarenhas, T. Li, L. Sandy, et al., “Anti-Transforming Growth 
Factor-β Therapy in Patients With Myelofibrosis,” Leukemia & Lymphoma 
55, no. 2 (2014): 450–452, https://​doi.​org/​10.​3109/​10428​194.​2013.​805329.

150. L. Varricchio, C. Iancu-Rubin, B. Upadhyaya, et  al., “TGF-β1 
Protein Trap AVID200 Beneficially Affects Hematopoiesis and Bone 
Marrow Fibrosis in Myelofibrosis,” JCI Insight 6, no. 18 (2021): e145651, 
https://​doi.​org/​10.​1172/​jci.​insig​ht.​145651.

151. J. Mascarenhas, A. R. Migliaccio, H. Kosiorek, et al., “A Phase Ib 
Trial of AVID200, a TGFβ 1/3 Trap, in Patients With Myelofibrosis,” 
Clinical Cancer Research 29, no. 18 (2023): 3622–3632, https://​doi.​org/​
10.​1158/​1078-​0432.​CCR-​23-​0276.

152. S. Verstovsek, L. Foltz, V. Gupta, et  al., “Safety and Efficacy of 
Zinpentraxin Alfa as Monotherapy or in Combination With Ruxolitinib 
in Myelofibrosis: Stage I of a Phase II Trial,” Haematologica 108, no. 10 
(2023): 2730–2742, https://​doi.​org/​10.​3324/​haema​tol.​2022.​282411.

153. O. Leiva, S. K. Ng, S. Matsuura, et  al., “Novel Lysyl Oxidase 
Inhibitors Attenuate Hallmarks of Primary Myelofibrosis in Mice,” 
International Journal of Hematology 110, no. 6 (2019): 699–708, https://​
doi.​org/​10.​1007/​s1218​5-​019-​02751​-​6.

154. S. Verstovsek, M. R. Savona, R. A. Mesa, et al., “A Phase 2 Study 
of Simtuzumab in Patients With Primary, Post-Polycythaemia Vera or 
Post-Essential Thrombocythaemia Myelofibrosis,” British Journal of 
Haematology 176, no. 6 (2017): 939–949, https://​doi.​org/​10.​1111/​bjh.​
14501​.

155. C. Harrison, J. Mascarenhas, D. Cilloni, et al., “P1024: MYLOX-1: 
A Phase Ii Study Evaluating the Safety, Tolerability, Pharmacokinetics 
and Pharmacodynamics of Oral LOXL2 Inhibitor GB2064 (With Focus 
on Bone Marrow Collagen) in Patients With MYELOFIBROSIS,” 
HemaSphere 7, no. S3 (2023): e87048d4, https://​doi.​org/​10.​1097/​01.​HS9.​
00009​70996.​87048.​d4.

156. N. Patsoukis, Q. Wang, L. Strauss, and V. A. Boussiotis, “Revisiting 
the PD-1 Pathway,” Science Advances 6, no. 38 (2020): eabd2712, https://​
doi.​org/​10.​1126/​sciadv.​abd2712.

157. J.-C. Wang, C. Chen, A. Kundra, et  al., “Programmed Cell 
Death Receptor (PD-1) Ligand (PD-L1) Expression in Philadelphia 

Chromosome-Negative Myeloproliferative Neoplasms,” Leukemia 
Research 79 (2019): 52–59, https://​doi.​org/​10.​1016/j.​leukr​es.​2019.​02.​010.

158. G. Hobbs, C. Cimen Bozkus, E. Moshier, et al., “PD-1 Inhibition 
in Advanced Myeloproliferative Neoplasms,” Blood Advances 5, no. 
23 (2021): 5086–5097, https://​doi.​org/​10.​1182/​blood​advan​ces.​20210​
05491​.

159. M. O. Holmström, C. H. Riley, I. M. Svane, H. C. Hasselbalch, and 
M. H. Andersen, “The CALR Exon 9 Mutations Are Shared Neoantigens 
in Patients With CALR Mutant Chronic Myeloproliferative Neoplasms,” 
Leukemia 30, no. 12 (2016): 2413–2416, https://​doi.​org/​10.​1038/​leu.​
2016.​233.

160. M. O. Holmström, E. Martinenaite, S. M. Ahmad, et  al., “The 
Calreticulin (CALR) Exon 9 Mutations Are Promising Targets for 
Cancer Immune Therapy,” Leukemia 32, no. 2 (2018): 429–437, https://​
doi.​org/​10.​1038/​leu.​2017.​214.

161. J. Handlos Grauslund, M. O. Holmström, N. G. Jørgensen, et  al., 
“Therapeutic Cancer Vaccination With a Peptide Derived From the 
Calreticulin Exon 9 Mutations Induces Strong Cellular Immune 
Responses in Patients With CALR-Mutant Chronic Myeloproliferative 
Neoplasms,” Frontiers in Oncology 11 (2021): 637420, https://​doi.​org/​10.​
3389/​fonc.​2021.​637420.

162. J. Fucikova, R. Spisek, G. Kroemer, and L. Galluzzi, “Calreticulin 
and Cancer,” Cell Research 31, no. 1 (2021): 5–16, https://​doi.​org/​10.​
1038/​s4142​2-​020-​0383-​9.

163. M. Gigoux, M. O. Holmström, R. Zappasodi, et  al., “Calreticulin 
Mutant Myeloproliferative Neoplasms Induce MHC-I Skewing, Which 
Can Be Overcome by an Optimized Peptide Cancer Vaccine,” Science 
Translational Medicine 14, no. 649 (2022): eaba4380, https://​doi.​org/​10.​
1126/​scitr​anslm​ed.​aba4380.

164. P. Liu, L. Zhao, F. Loos, et  al., “Immunosuppression by Mutated 
Calreticulin Released From Malignant Cells,” Molecular Cell 77, no. 4 
(2020): 748–760, https://​doi.​org/​10.​1016/j.​molcel.​2019.​11.​004.

165. Y. Kihara, M. Araki, M. Imai, et  al., “Therapeutic Potential of 
an Antibody Targeting the Cleaved Form of Mutant Calreticulin in 
Myeloproliferative Neoplasms,” Blood 136, no. Supplement 1 (2020): 
9–10, https://​doi.​org/​10.​1182/​blood​-​2020-​141159.

166. S. Achyutuni, H. Nivarthi, A. Majoros, et  al., “Hematopoietic 
Expression of a Chimeric Murine-Human CALR Oncoprotein Allows 
the Assessment of Anti-CALR Antibody Immunotherapies In  Vivo,” 
American Journal of Hematology 96, no. 6 (2021): 698–707, https://​doi.​
org/​10.​1002/​ajh.​26171​.

167. D. Tvorogov, C. A. L. Thompson-Peach, J. Foßelteder, et  al., 
“Targeting Human CALR-Mutated MPN Progenitors With a 
Neoepitope-Directed Monoclonal Antibody,” EMBO Reports 23, no. 4 
(2022): e52904, https://​doi.​org/​10.​15252/​​embr.​20215​2904.

168. E. Reis, R. Buonpane, H. Celik, et  al., “Selective Targeting of 
Mutated Calreticulin by the Monoclonal Antibody INCA033989 
Inhibits Oncogenic Function of MPN,” Blood 144, no. 22 (2024): 2336–
2348, https://​doi.​org/​10.​1182/​blood.​20240​24373​.

169. S. C. Meyer, M. D. Keller, S. Chiu, et al., “CHZ868, a Type II JAK2 
Inhibitor, Reverses Type I JAK Inhibitor Persistence and Demonstrates 
Efficacy in Myeloproliferative Neoplasms,” Cancer Cell 28, no. 1 (2015): 
15–28, https://​doi.​org/​10.​1016/j.​ccell.​2015.​06.​006.

170. S. Rai, J. Stetka, M. Usart, et  al., “The Second Generation Type 
II JAK2 Inhibitor, AJ1-10502, Demonstrates Enhanced Selectivity, 
Improved Therapeutic Efficacy and Reduced Mutant Cell Fraction 
Compared to Type I JAK2 Inhibitors in Models of Myeloproliferative 
Neoplasms (MPNs),” Blood 140, no. Supplement 1 (2022): 6722–6723, 
https://​doi.​org/​10.​1182/​blood​-​2022-​162621.

171. E. Leroy and S. N. Constantinescu, “Rethinking JAK2 Inhibition: 
Towards Novel Strategies of More Specific and Versatile Janus Kinase 
Inhibition,” Leukemia 31, no. 5 (2017): 1023–1038, https://​doi.​org/​10.​
1038/​leu.​2017.​43.

https://doi.org/10.1182/blood-2021-147543
https://doi.org/10.1182/blood-2021-147543
https://doi.org/10.1182/blood-2024-201642
https://doi.org/10.1182/blood-2024-201642
https://doi.org/10.1182/blood-2024-205937
https://doi.org/10.1158/1078-0432.CCR-18-0959
https://doi.org/10.1158/1078-0432.CCR-18-0959
https://doi.org/10.1182/blood-2021-153940
https://doi.org/10.1182/blood-2023-180844
https://doi.org/10.1182/blood-2023-180844
https://doi.org/10.3109/10428194.2013.805329
https://doi.org/10.1172/jci.insight.145651
https://doi.org/10.1158/1078-0432.CCR-23-0276
https://doi.org/10.1158/1078-0432.CCR-23-0276
https://doi.org/10.3324/haematol.2022.282411
https://doi.org/10.1007/s12185-019-02751-6
https://doi.org/10.1007/s12185-019-02751-6
https://doi.org/10.1111/bjh.14501
https://doi.org/10.1111/bjh.14501
https://doi.org/10.1097/01.HS9.0000970996.87048.d4
https://doi.org/10.1097/01.HS9.0000970996.87048.d4
https://doi.org/10.1126/sciadv.abd2712
https://doi.org/10.1126/sciadv.abd2712
https://doi.org/10.1016/j.leukres.2019.02.010
https://doi.org/10.1182/bloodadvances.2021005491
https://doi.org/10.1182/bloodadvances.2021005491
https://doi.org/10.1038/leu.2016.233
https://doi.org/10.1038/leu.2016.233
https://doi.org/10.1038/leu.2017.214
https://doi.org/10.1038/leu.2017.214
https://doi.org/10.3389/fonc.2021.637420
https://doi.org/10.3389/fonc.2021.637420
https://doi.org/10.1038/s41422-020-0383-9
https://doi.org/10.1038/s41422-020-0383-9
https://doi.org/10.1126/scitranslmed.aba4380
https://doi.org/10.1126/scitranslmed.aba4380
https://doi.org/10.1016/j.molcel.2019.11.004
https://doi.org/10.1182/blood-2020-141159
https://doi.org/10.1002/ajh.26171
https://doi.org/10.1002/ajh.26171
https://doi.org/10.15252/embr.202152904
https://doi.org/10.1182/blood.2024024373
https://doi.org/10.1016/j.ccell.2015.06.006
https://doi.org/10.1182/blood-2022-162621
https://doi.org/10.1038/leu.2017.43
https://doi.org/10.1038/leu.2017.43


50 American Journal of Hematology, 2025

172. S. Wilmes, M. Hafer, J. Vuorio, et al., “Mechanism of Homodimeric 
Cytokine Receptor Activation and Dysregulation by Oncogenic 
Mutations,” Science 367, no. 6478 (2020): 643–652, https://​doi.​org/​10.​
1126/​scien​ce.​aaw3242.

173. M.-E. Liosi, J. A. Ippolito, S. P. Henry, et  al., “Insights on JAK2 
Modulation by Potent, Selective, and Cell-Permeable Pseudokinase-
Domain Ligands,” Journal of Medicinal Chemistry 65, no. 12 (2022): 
8380–8400, https://​doi.​org/​10.​1021/​acs.​jmedc​hem.​2c00283.

174. A. T. Virtanen, T. Haikarainen, P. Sampathkumar, et  al., 
“Identification of Novel Small Molecule Ligands for JAK2 Pseudokinase 
Domain,” Pharmaceuticals 16, no. 1 (2023): 75, https://​doi.​org/​10.​3390/​
ph160​10075​.

175. A. Rampotas, I. Gannon, Z. Wong, A. Khan, Y. Shen, and S. Khan, 
“Development and Evaluation of a Novel CAR-T Cell Therapy Against 
Calreticulin Mutant Neoplasms,” EHA Library (2024): S216.

176. A. Rampotas, Z. Wong, I. Gannon, et al., “Development of a First-
in-Class CAR-T Therapy Against Calreticulin-Mutant Neoplasms and 
Evaluation in the Relevant Human Tissue Environment,” Blood 144 
(2024): 871.

177. N. Pemmaraju, S. Verstovsek, R. Mesa, et  al., “Defining Disease 
Modification in Myelofibrosis in the Era of Targeted Therapy,” Cancer 
128, no. 13 (2022): 2420–2432, https://​doi.​org/​10.​1002/​cncr.​34205​.

178. G. Barosi, A. Tefferi, N. Gangat, et al., “Methodological Challenges 
in the Development of Endpoints for Myelofibrosis Clinical Trials,” 
Lancet Haematology 11, no. 5 (2024): e383–e389, https://​doi.​org/​10.​
1016/​S2352​-​3026(24)​00067​-​X.

https://doi.org/10.1126/science.aaw3242
https://doi.org/10.1126/science.aaw3242
https://doi.org/10.1021/acs.jmedchem.2c00283
https://doi.org/10.3390/ph16010075
https://doi.org/10.3390/ph16010075
https://doi.org/10.1002/cncr.34205
https://doi.org/10.1016/S2352-3026(24)00067-X
https://doi.org/10.1016/S2352-3026(24)00067-X

	Targeted Therapies in Myelofibrosis: Present Landscape, Ongoing Studies, and Future Perspectives
	ABSTRACT
	1   |   Introduction
	2   |   Pathophysiology and Potential Targets for Therapies
	2.1   |   Molecular Characterization
	2.2   |   Bone Marrow Fibrosis, Inflammation, and Microenvironment

	3   |   Current Targeted Treatments
	4   |   Investigational Treatments
	4.1   |   Inhibitors of Epigenetic Regulator
	4.2   |   Inhibitors of Signaling Molecules
	4.3   |   Telomerase Inhibitor
	4.4   |   Cell Cycle Inhibitors and Apoptosis Inducers
	4.5   |   Inhibitor of Nuclear Export
	4.6   |   Anti-Fibrotic Therapies
	4.7   |   Immunotherapy and Direct Targeting of Disease Drivers

	5   |   Future Perspectives and Conclusion
	Acknowledgements
	Ethics Statement
	Consent
	Conflicts of Interest
	Data Availability Statement
	References


