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Myeloproliferative neoplasms (MPNs) are clonal hemato-
poietic stem cell disorders characterized by activated
Janus kinase (JAK)–signal transducer and activator of
transcription signaling. As a result, JAK inhibitors have
been the standard therapy for treatment of patients
with myelofibrosis (MF). Although currently approved
JAK inhibitors successfully ameliorate MPN-related
symptoms, they are not known to substantially alter
the MF disease course. Similarly, in essential thrombo-
cythemia and polycythemia vera, treatments are pri-
marily aimed at reducing the risk of cardiovascular and
thromboembolic complications, with a watchful waiting
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approach often used in patients who are considered to
be at a lower risk for thrombosis. However, better
understanding of MPN biology has led to the devel-
opment of rationally designed therapies, with the goal
of not only addressing disease complications but also
potentially modifying disease course. We review the
most recent data elucidating mechanisms of disease
pathogenesis and highlight emerging therapies that
target MPN on several biologic levels, including JAK2-
mutant MPN stem cells, JAK and non-JAK signaling
pathways, mutant calreticulin, and the inflammatory
bone marrow microenvironment.
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Introduction
Philadelphia chromosome–negative myeloproliferative neo-
plasms (MPNs) including polycythemia vera (PV), essential
thrombocythemia (ET), and myelofibrosis (MF) are chronic blood
cancers characterized by an excessive production of mature
blood cells of the myeloid lineage. In more than 90% of the cases,
MPNs develop because of the acquisition of an MPN phenotypic
driver mutation in 1 of 3 genes: JAK2, CALR, or MPL, with the
resultant activations of Janus kinase (JAK)–signal transducer and
activator of transcription (STAT) signaling.1,2 Current treatment for
PV and ET is largely focused on reducing the risk of thrombosis,
with cytoreduction indicated for those patients deemed to be at
high risk. Older age (>60 years), prior history of thrombosis,
presence of the JAK2V617F mutation, and coexisting cardiovas-
cular risk factors are all considered to be factors associated with
increased thrombotic risk. In contrast, mutations in CALR have
been demonstrated to confer lower risk of thrombosis,3 and
patients with type 1 CALR-mutated MF also have better
leukemia-free and overall survival than those with JAK2- or MPL-
mutated MF.4 Although ruxolitinib was reported to confer an
overall survival advantage in a pooled analysis of the COMFORT
trials,5 current treatments in MF are largely palliative to reduce
symptom burden, blood counts, and spleen size, with no thera-
pies known to alter the disease course substantially, except for
allogeneic hematopoietic stem cell (HSC) transplantation.

However, greater understanding of the biological mechanisms
underlying MPN pathogenesis have led to more rationally
designed therapies, including interventions that may result in
disease modification.6 Clinical trials have primarily been
focused on MF, where prognosis and complications are often
more grave, but novel treatments are also being evaluated in
ET and PV. Here, we review the most recent data elucidating
mechanisms of disease in MPNs, with a focus on those with
therapeutic potential. This review will not cover MPN-related
thrombosis or stem cell transplantation, both of which have
been reviewed elsewhere.7,8

MPNs are HSC disorders
Understanding of the pathophysiology of MPNs was trans-
formed after the discovery in 2005 that mutations in JAK2,
specifically the JAK2V617F mutation, were found in nearly all
patients with PV and in ~50% to 60% of patients with ET and
MF.9-12 It was subsequently established that the JAK2V617F
mutation arises in the long-term HSC compartment, consistent
with the fact that it can be detected in both myeloid and
lymphoid lineage cells.13-15 Similarly, CALR and MPL mutations
have also been found to occur in multipotent HSCs.16,17

Although sequencing studies in humans1,18 and multiple MPN
mouse models19-21 have shown that an MPN phenotypic driver
mutation alone is sufficient to cause a full MPN phenotype, the
JAK2V617F mutation can be detected in asymptomatic indi-
viduals as clonal hematopoiesis, indicative of a preclinical phase
of disease.22 Consistent with this, 2 independent studies have
recently shown evidence for a long latency period between
JAK2V617F mutation acquisition and MPN presentation.23,24
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Through whole-genome sequencing of HSCs, Williams et al and
Van Egeren et al performed phylogenetic reconstruction of
clonal lineage histories in patients with JAK2-mutated
MPNs.23,24 Both groups found that the JAK2 mutation arose
decades before disease presentation, and in some cases was
acquired in utero, with a mean latency between mutation
acquisition and disease presentation of ~30 years. Similar
findings were recently reported for CALR-mutant MPN, in which
monozygotic twins presented at ages 37 and 38 with MF. Using
whole-genome sequencing and lineage tracing, the authors
identified a common in utero origin for the CALR-mutant clone,
with twin-to-twin transplacental transmission and subsequent
MPN development in adulthood.25 A recent study using
mathematical modeling to infer disease initiation in patients
with CALR and JAK2 mutation found that, in general, CALR
mutations are acquired later in life and have a stronger HSC
growth advantage than JAK2 mutations.26 This is consistent
with a younger age of MPN onset in patients with CALR
mutation than in those with JAK2 mutation27 and the finding
that the CALR-mutant variant allele fraction (VAF) measured in
granulocytes is typically 40% to 50% at the time of ET diag-
nosis,28 suggesting that heterozygous CALR-mutant HSC
quickly become clonally dominant. Following acquisition of an
MPN phenotypic driver mutation, the subsequent clonal
expansion of the HSC-mutated clone is likely influenced by
additional factors, including germ line factors,29 occurrence of
other mutations in a particular order,30,31 inflammation,32,33 and
the bone marrow (BM) microenvironment.34,35 These recent
findings reframe MPNs as a chronic disease with a long pre-
cursor state, in which the disease presentation is a late phase
and fit clones have reached a detectable level that results in
symptoms. Given the lifelong trajectories of MPNs, one won-
ders if the current treatment paradigm for ET and PV, in which
therapies are targeted at reducing vascular risk and low-risk
patients are often observed, should shift to earlier interventions.

Targeting the HSC compartment is an appealing approach,
given that it would eradicate disease at its source. This, how-
ever, has been challenging given that long-term HSCs are
generally resistant to therapeutic targeting, likely because of
their quiescent state. It is also difficult to identify therapeutic
targets unique to the MPN stem cell that spare healthy HSCs
and leave them unaffected. Among current MPN therapies,
interferons are notable for their capacity to induce durable
molecular responses. In addition, interferons have a long history
of clinical efficacy in MPNs, particularly in patients with ET and
PV.36,37 Although the mechanism of action of interferons is
multifactorial, molecular responses observed in patients with
JAK2-mutant MPN treated with pegylated interferons are likely
due to the differential effects of interferon on JAK2-mutated
HSCs over healthy HSCs.
Mechanism of action of interferons and targeting
of HSCs
There has been a resurgence of interest in interferons as
treatment for MPNs, given clinical data indicating that inter-
ferons can reduce the JAK2V617F mutant allele burden and, in
some cases, even induce complete molecular remission.38,39 In
mice, it has been shown that interferon induces HSC exit from
quiescence and differentiation into mature progenitors, result-
ing in preferential depletion of JAK2-mutated HSCs,40,41 a
BIOLOGIC TARGETS IN MPNs
finding that has also been validated in human MPNs42,43

(Figure 1A). Using JAK2V617F mouse models and patient
samples, Rao et al found that prolonged interferon stimulation
preferentially induced expansion of a megakaryocyte-biased
CD41Hi HSC subset at the expense of more primitive CD41Lo

populations.44 Because CD41Hi subsets have less self-renewing
capabilities, this biased expansion could result in the eventual
exhaustion of MPN-sustaining HSCs. Treatment with interferons
has also been shown to result in accumulation of reactive oxy-
gen species and induction of DNA damage preferentially in
JAK2-mutant HSCs in mice.45 Interestingly, molecular
responses are distinct in patients with JAK2- vs CALR-mutated
MPNs.46 Sequential next-generation sequencing of patients
treated with pegylated interferons, in the DALIAH trial, showed
that patients with a JAK2mutation had a significant reduction in
VAF at 24 months in response to interferon, whereas patients
with a CALR mutation did not,46 consistent with retrospective
data and a more recent prospective observational study
showing that CALR-mutant progenitor cells are less responsive
to interferon than JAK2-mutant progenitors.43,47 Overall,
hematologic responses with hydroxyurea and pegylated inter-
feron were similar in both the DALIAH and MPN-RC 112 ran-
domized phase 3 trials, which may be partially because of the
high discontinuation rates observed in those who experienced
pegylated interferon-related toxicity. However, greater
decreases in JAK2V617F VAF were observed with longer
treatment duration of pegylated interferon.46,48 Notably,
treatment-emergent DNA-methyltransferase-3α (DNMT3A)
mutations were identified in patients treated with interferons in
the DALIAH trial, highlighting the importance of assessing
molecular response not just in MPN phenotypic driver muta-
tions, but more broadly, using sequential genomic profiling
because divergent molecular responses may occur in inde-
pendent clones or subclones in the same patient.46

There have been ongoing efforts to improve existing interferon
treatments in MPNs. The development of ropeginterferon, a
monopegylated form of interferon with improved tolerability,
has demonstrated superior hematologic and molecular
responses than the use of hydroxyurea in patients with PV,
although superior molecular responses only became apparent
at 2 years.49 The slow rate of molecular responses is partially
because of the fact that titration of ropeginterferon to thera-
peutic dosing takes more than 6 months. However, sustained
JAK2V617F molecular responses to ropeginterferon have been
reported at 5 years.50 Ropeginterferon is now approved in the
United States and Europe for patients with PV in the frontline
setting, regardless of risk status.

Identification of the downstream pathways that potentiate or
bypass interferon response signaling may also lay the ground-
work for combination therapies that improve interferon’s effi-
cacy. For instance, promyelocytic protein (PML) is a tumor
suppressor that is important in the induction of senescence and
programmed cell death. PML is a target of arsenic trioxide
(ATO) and is transcriptionally activated by interferons.51 In
experimental studies, ex vivo treatment with ATO potentiated
interferon-induced growth suppression in JAK2V617F progen-
itor cells and the combination of ATO with interferon enhanced
hematologic and molecular responses in MPN mouse models
compared with ATO or interferon alone.52 Unc-51–like kinase 1
(ULK1) has been identified as a mediator of interferon’s effects
20 APRIL 2023 | VOLUME 141, NUMBER 16 1923
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Figure 1. Schematic of novel therapies in development for the treatment of MPNs. (A) Targeting the HSC and microenvironment. JAK2V617F–mutated HSCs show clonal
dominance over wild-type HSCs. Interferon preferentially targets JAK2-mutated HSCs to induce exit from quiescence and promote terminal myeloid differentiation, resulting
in preferential depletion of JAK2-mutated HSCs. The expanded myeloid clone also disrupts the BM microenvironment through secretion of inflammatory mediators. Novel
therapies targeting inflammation and profibrotic cytokines may delay or prevent the progression of early MPNs to MF. (B) Targeting cell signaling, epigenetics, and apoptosis.
MPNs are characterized by activated JAK/STAT signaling. Multiple signaling pathways are activated downstream of mutant JAK2 and represent targets for therapeutic
intervention. (C) Novel therapies targeting CALR-mutated MPNs. Novel therapies in preclinical development against CALR-mutated MPNs include antibodies to block mutant
CALR on the cell surface and peptides to disrupt intracellular MPL/mutant CALR binding. (D) Immune therapies targeting CALR-mutated MPNs. Vaccination strategies to
induce T-cell–directed immune activation against CALR-mutated clones take advantage of the mutant CALR C-terminus neoepitopes generated by CALR mutations. APC,
antigen-presenting cell; DT, diphtheria toxin; ER, endoplasmic reticulum; IFN, interferon; MUT, mutated; P, phosphorylated; TCR, T-cell receptor; WT, wild-type. Professional
illustration by Patrick Lane, ScEYEnce Studios.
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against clonal progenitor cells in MPNs. Interferon treatment
activates ULK1-interacting Rho-associated kinases (ROCK1/2)
resulting in a negative feedback loop suppressing interferon
responses,53 suggesting that combining ROCK inhibition with
interferon may enhance treatment response in MPNs. Interferon
activity has also been studied in combination with ruxolitinib, a
JAK1/2 inhibitor. Although ruxolitinib antagonizes interferon-
induced JAK1 signaling, the favorable activity of both treat-
ments in MPNs can be retained with combination therapy. It has
1924 20 APRIL 2023 | VOLUME 141, NUMBER 16
been shown that JAK/STAT pathway activation is enhanced
with chronic interferon stimulation in JAK2V617F mouse
models, and ruxolitinib therapy does not inhibit interferon-
induced reactive oxygen species and DNA damage to
JAK2V617F HSCs.45 A phase 2 trial of ruxolitinib and pegylated
interferon showed improvements in cell counts in 32 patients
with PV and 18 with MF, although it was met with significant
toxicity, particularly in patients with MF (32% discontinuation
rate).54
HOW et al



JAK2 inhibition in MPNs
The JAK2V617F mutation lies within the pseudokinase domain
of JAK2, which sits adjacent to its C-terminal tyrosine kinase
domain. A crystal structure of the JAK2 pseudokinase domain
harboring the JAK2V617F mutation was solved in 2012, and in
2022 the full-length structure of a homologous JAK mutant
(JAK1V657F), complexed with a cytokine receptor intracellular
domain, was revealed using cryo-electron microscopy.55,56 This
recent study advances the understanding of the basis for JAK
dimeric activation, in the context of a V617F homologous
mutant. Efforts to develop JAK2V617F-selective inhibitors are
ongoing, but none have yet advanced to clinical testing.
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Current JAK2 inhibitors
Currently approved JAK2 inhibitors are not strongly clonally
selective for the JAK2-mutant clone and act as competitive
inhibitors on the adenosine triphosphate–binding site. Rux-
olitinib, a JAK1/2 inhibitor, was first approved in patients with
MF and later in those with PV who were refractory or intolerant
to hydroxyurea.57-59 Since ruxolitinib, there have been 2 addi-
tional Food and Drug Administration–approved JAK2 inhibitors
for the treatment of MF. Fedratinib is a JAK2 and fms-like
tyrosine kinase (FLT3) inhibitor that can be used as an alterna-
tive first- or second-line agent for MF.60 Both ruxolitinib and
fedratinib are limited by treatment-related adverse effects
including cytopenias and are not recommended for use in
patients with platelet counts <50 × 109/L. Pacritinib, a JAK2,
FLT3, and interleukin 1 receptor associated kinase 1 (IRAK1)
inhibitor, was the third JAK2 inhibitor approved in MF and
its label allows use in patients with baseline platelet counts
<50 × 109/L, based on the results of the PAC203 dose-finding
and phase 3 PERSIST-1 and 2 trials.61-64 Finally, since IRAK1 is
also involved in inflammatory signaling pathways that may
promote fibrotic progression,35 inhibiting IRAK1 in MF may
provide additional benefit.

Because one of the on-target toxicities of JAK2 inhibition is
anemia, several JAK2 inhibitors worsen anemia, which is a
common feature in MF. Anemia in MF is multifactorial and
partially due to the inflammatory milieu in MF, and upregulation
of hepcidin is associated with worsened anemia of inflamma-
tion.65 Momelotinib is a selective inhibitor of JAK1, JAK2, and
activin receptor type 1 (ACVR1), the latter of which is a trans-
forming growth factor β (TGF-β) family member that controls
iron storage and upregulates hepcidin. Inhibition of ACVR1
leads to decreased hepcidin production, allowing mobilization
of sequestered iron and improved markers of erythropoiesis.66

In patients with upfront intermediate-2/high-risk MF, momeliti-
nib was associated with reduced transfusion requirements
compared with ruxolitinib in the phase 3 SIMPLIFY-1 trial and
was noninferior to ruxolitinib for spleen response but not for
symptom response.67 Recently presented data from the phase 3
MOMENTUM study among patients with MF previously treated
with ruxolitinib demonstrated the superiority of momelitinib to
danazol in symptom improvement and spleen reduction and
noninferiority in transfusion independence. Though danazol is a
supportive agent recommended by expert consensus guide-
lines,68 it might have been a weak comparator arm because
danazol is not expected to induce significant spleen or symp-
tom responses in patients with MF.69
BIOLOGIC TARGETS IN MPNs
Novel approaches to targeting JAK2V617F
Although JAK2 inhibitors represent a major step forward in the
treatment of MPNs, they do not significantly decrease the
JAK2- or CALR-mutant clonal burden, and with prolonged
treatment, clinical resistance inevitably develops.70,71 Concor-
dant with this, JAK2 inhibitor resistance appears to be mediated
by nonmutational mechanisms, suggesting that a strong
selective pressure is not exerted on the JAK2-mutant clone in
patients treated with JAK2 inhibitors (ie, mutations in JAK2
kinase domain are not observed).72 Advancement in the
knowledge of JAK2V617F dimeric activation, as outlined here,
continues to drive an interest in developing JAK2V617F-mutant–
specific inhibitors.56 Conditionally inducible JAK2V617F mouse
models in which JAK2V617F expression can be switched off and
the MPN phenotype is reversed support this approach.73,74 Type
II JAK2 inhibitors that bind JAK2 in an inactive conformation
have been developed and reported to show enhanced selectivity
for mutant JAK2 in preclinical models.75,76 Targeting ubiquiti-
nation and degradation of mutated JAK2 is another novel
approach to JAK2 inhibition currently under investigation,
including design of proteolysis-targeting chimeras that degrade
oncogenic JAKs and inhibition of deubiquitinases that stabilize
the JAK2V617F protein.77,78
Non-JAK2 targets in MPNs
Given the limitations of JAK2 inhibition, particularly in MF, there
is an ongoing effort to develop several non-JAK2 inhibitors and
regimens in combination with JAK2 inhibitors to increase
pathway inhibition or to address MPN clones that are not JAK2
dependent. An in-depth overview of all novel inhibitors being
investigated in the treatment of MPNs is outside the scope of
this review, however, we highlight some promising therapies
here. Table 1 also summarizes drugs with clinical data and
known plans for future development.

Targeting signaling pathways
Multiple signaling pathways are activated in MPNs and
contribute to disease progression and failure of JAK2 inhibition.
These pathways include phosphatidylinositol 3-kinase (PI3K)/
Akt/mammalian target of rapamycin93 and extracellular signal-
regulated kinases/mitogen-activated protein kinase 94,95

(Figure 1B), providing rationale for combination therapies with
ruxolitinib. Positive phase 2 data for the PI3Kδ inhibitor parsa-
clisib in combination with ruxolitinib in patients with MF with
suboptimal responses to ruxolitinib have been reported in
abstract form (Table 1)85 and are the basis for ongoing phase
3 studies in the first-line (#NCT04551066) and second-line
(#NCT04551053) settings.

Targeting antiapoptosis pathways
JAK/STAT signaling pathway activation and resistance to JAK
inhibitors also provide opportunities for targeting antiapoptotic
pathways.96,97 Antiapoptotic proteins including BCL-2, BCL-xL,
and MCL-1 sequester proapoptotic BCL-2 homology 3 (BH3)–
only proteins by binding to their BH3 motifs, thereby prevent-
ing the initiation of apoptosis.96 Small molecules targeting
these antiapoptotic proteins have been developed to trigger
apoptosis by binding these proteins, freeing proapoptotic
proteins, and promoting apoptosis.96 Functional dissection of
the critical survival pathways in human and mouse models
20 APRIL 2023 | VOLUME 141, NUMBER 16 1925



Table 1. Summary of selected drugs approved or in clinical development for MPNs

MF Mechanism Trial Clinical response

Rux57,58 (approved) JAK2 inhibitor 3 SVR35 = 42%
TSS50 = 50%

Fedratinib79 (approved) JAK2 inhibitor 3
Rux naïve

SVR35 = 37%
TSS50 = 40%

2
Prior rux

SVR35 = 55%
TSS50 = 26%

Pacritinib61 (approved) JAK2 inhibitor 3
Prior rux

allowed
Platelets

<100 × 109/L

SVR35 = 29%
TSS50 = 32%

Momelitinib67 JAK2 inhibitor 3
Rux naïve

SVR35 = 27%
TSS50 = 38%
Transfusion independence at wk 24 in 67%

AVID20080 TGF-β trap 1B (N = 21)
Prior rux

SVR35 = 19%
TSS50 = 43%
3/4 patients treated to cycle 12 with clinical

improvement

Bomedemstat81 LSD1 inhibitor 1/2 (N = 89)
Prior rux

SVR35 = 37%
TSS50 = 39%
BM fibrosis improvement in 17%

Imetelstat82 Telomerase inhibitor 2 (N = 59)
Prior rux

SVR35 = 10%
TSS50 = 32%
BM fibrosis improvement in 40.5%

Navtemadlin83 MDM2 inhibitor 2 (N = 32*)
Prior rux

SVR35 = 16%
TSS50 = 30%
BM fibrosis improvement in 27%

Navitoclax + rux84 BCL2 inhibitor 2 (N = 34) SVR35 = 27%
TSS50 = 30%
Anemia response in 64%
BM fibrosis improvement in 33%

Parsaclisib + rux85 PI3K inhibitor 2 (N = 51) SVR35 = 27%
TSS50 = 50%

Pelabresib86 BET inhibitor 2 (N = 86) SVR35 = 11%
TSS50 = 28%
TD to TI conversion rate in 16%
BM fibrosis improvement in 23.4%

Pelabresib + rux87 BET inhibitor 2 (N = 78)
Rux naïve

SVR35 = 67%
TSS50 = 57%
BM fibrosis improvement in 33%

2 (N = 70)
Prior rux

SVR35 = 21%
TSS50 = 53%
TD to TI conversion rate 36%

Selinexor88 Selective inhibitor of nuclear export 2 (N = 10) SVR35 = 30%
Reduction in TSS in 8 evaluable patients

Tagraxofusp89 CD123 (IL-3Rα) targeted therapy
(recombinant human IL-3 fused to diphtheria
toxin)

1/2 (N = 39) SVR10 = 47%; SVR50 = 29%
TSS50 = 36%

PV/ET

Pegylated interferon46,48 Interferon 3 CHR: 35% at 1 y; 21% at 2 y
MR: 16% at 18 mo

CHR, complete hematologic response; IL-3, interleukin 3; IL-3Rα, interleukin 3 receptor α; MR, molecular response; rux, ruxolitinib; SVR10/35/50, spleen volume reduction by 10%/35%/50%
(shown are observations at week 24); TD, transfusion dependence; TI, transfusion independence; TSS50, total symptom score improvement by 50%.

*Sample size of cohort receiving dosing selected for phase 3 testing; response rates are reported for this cohort.
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Table 1 (continued)

MF Mechanism Trial Clinical response

Ropeginterferon49 Interferon 3 CHR: 43% at 1 y; 48% at 2 y; 54% at 3 and 4 y
MR: 34% at 1 and 2 y; 50% at 3 and 4 y

Rusfertide90,91 Hepcidin mimetic 2 (N = 63)
PV

Mean phlebotomy after enrollment:
0.43 (vs 4.63 prior)

Bomedemstat92 LSD1 inhibitor 2 (N = 29)
ET

TSS50 = 53%
100% with normalization of platelet counts

CHR, complete hematologic response; IL-3, interleukin 3; IL-3Rα, interleukin 3 receptor α; MR, molecular response; rux, ruxolitinib; SVR10/35/50, spleen volume reduction by 10%/35%/50%
(shown are observations at week 24); TD, transfusion dependence; TI, transfusion independence; TSS50, total symptom score improvement by 50%.

*Sample size of cohort receiving dosing selected for phase 3 testing; response rates are reported for this cohort.
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bearing JAK2-mutated leukemias revealed upregulation of
prosurvival (antiapoptotic) Bcl-2 family genes, dependence on
BCL-2/BCL-xL, and the ability to overcome JAK2 inhibitor-
acquired resistance with combined targeting of JAK2 and
BCL-2/BCL-xL98 (Figure 1B). Gain-of-function studies in
JAK2V617F-mutated MPNs identified resistance to JAK inhibi-
tion upon activation of RAS and its effector pathways, which
results in dependence on BCL-xL for survival.97 Navitoclax
(ABT-263) is an orally bioavailable BH3 mimetic that binds with
high affinity to prosurvival BCL-xL, BCL-2, and BCL-W. Preclin-
ical data indicate synergistic activity of combination JAK2
inhibition and navitoclax.99 The REFINE phase 2 trial (n = 34)
demonstrated safety and clinical activity with the addition of
navitoclax to ongoing ruxolitinib in patients with persistent or
progressive MF (Table 1).84 An exploratory study provided
preliminary evidence for BM fibrosis grade reduction in
approximately one-third of patients with MF that received
combination navitoclax and ruxolitinib, regardless of high-
molecular risk mutation status, and reduction of ≥20% in
driver VAF, suggesting disease modifying benefits as these
treatment-induced biological changes were associated with
increased survival.100 Results from the ongoing phase 3 trials in
the upfront (TRANSFORM-1) and relapsed/refractory (TRANS-
FORM-2) settings are awaited.
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Targeting epigenetic regulators: BET and LSD1
Epigenetic dysregulation is a feature of MPNs, and mutations in
genes involved in DNA methylation (eg, TET2, DNMT3A, and
IDH1/2) and chromatin modification (eg, ASXL1 and EZH2) are
frequently found.1 In the context of MF, IDH1/2, ASXL1, and
EZH2 mutations are defined as high-molecular risk mutations
and associated with adverse prognosis.101 Although ASXL1 and
EZH2 mutations are associated with decreased response to JAK
inhibitor therapy,102,103 there are currently no rationally
designed approaches to directly target mutant ASXL1 or EZH2.
Except for small molecule inhibitors of mutant IDH1/2, current
therapies targeting epigenetic regulators in MPN exert their
effects indirectly.

NF-kB signaling is activated in MF and contributes to the
proinflammatory state that characterizes MPNs and may drive
the development of fibrosis. The bromodomain and extra-
terminal domain (BET) family of proteins bind to acetylated
histones, facilitating transcription of genes regulated by NF-
kB.104 Preclinical work by Kleppe et al has demonstrated that
BIOLOGIC TARGETS IN MPNs
dual JAK/BET inhibition results in the reduction of inflammatory
cytokines and BM fibrosis in MPN mouse models.104 Data from
studies on mice suggest that EZH2 and ASXL1 mutations can
sensitize MF-initiating cells to BET inhibition.105,106 Pelabrisib, a
first-in-class oral BET inhibitor, is currently being evaluated in
the phase 2 MANIFEST study as a single agent and in combi-
nation with ruxolitinib, both in the upfront and refractory setting
(#NCT04603495) (Table 1 and Figure 1B).87

LSD1 is a histone demethylase important for regulating HSC
self-renewal and proliferation through the epigenetic regulation
of gene transcription. LSD1 activity is essential for enhancer
silencing during cell differentiation and in myelopoiesis.107

LSD1 allows myeloid progenitors to differentiate into mature
myeloid lineage cells.108 In a conditional in vivo knockdown
mouse model of LSD1, loss of LSD1 resulted in an extensive
expansion of myeloid progenitor cells with a concomitant
severe inhibition of terminal granulopoiesis, erythropoiesis, and
platelet production, with reversal of the cytopenias upon
knockdown termination.109 Increased LSD1 expression has
been reported in MPNs, mainly in megakaryocytes.110 LSD1
inhibition in MPN mouse models resulted in reduced blood
counts and spleen volume, improved BM fibrosis, and increased
survival.111 In human MPNs, results of monotherapy with
bomedemstat, an oral LSD1 inhibitor, have been reported in
abstract form for both patients with MF and ET in phase 1/2
clinical trials (Table 1), with reduced splenomegaly and symp-
toms observed in MF and reduction in platelet counts observed
in ET (Figure 1B).81,112 The impact of LSD1 inhibition on
myeloid differentiation in human MPN BM has not yet been
reported from these clinical trials; this will be an important
parameter to follow given that loss of LSD1 in normal murine
hematopoiesis results in an expansion of myeloid progenitor
cells by blocking myeloid differentiation.109 Interestingly, LSD1
inhibitors have been reported to induce myeloid differentiation
in MLL-translocated acute myeloid leukemia, a mechanism
initially thought to result from blocking LSD1 demethylase
activity but more recently reported to be a consequence of
disrupting the LSD1-GFI1B interaction on chromatin.113-115

Other targets: MDM2 pathway, telomerase
inhibition, and cell cycle
Other non-JAK inhibitor therapies currently in development for
MPNs include the mouse double-minute homolog 2 (MDM2)
inhibitor, which exerts its mechanism of action by restoring the
20 APRIL 2023 | VOLUME 141, NUMBER 16 1927
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TP53 pathway (Figure 1B).116 Gastrointestinal toxicities seen
with this drug limit its future clinical development for PV and ET,
although it is being evaluated in the relapsed or refractory
setting in patients with MF with TP53 wild-type disease after
JAK inhibitor failure (#NCT03662126) (Table 1). Increased
telomerase activity and shortened telomeres are seen in MPNs,
and telomerase inhibition results in the selective reduction of
clonal megakaryocyte colony-forming units in MF and ET.117 A
randomized, phase 2 trial of imetelstat, a telomerase inhibitor
(Figure 1B), was completed in patients with intermediate-2/
high-risk MF who were relapsed or refractory to ruxolitinib
and demonstrated clinical improvements, including spleen and
symptom responses at the higher dose and reduction of BM
fibrosis in 40.5% and driver VAF in 42.1% of the patients
(Table 1).82 At the recommended phase 2 dose, a median
overall survival of 29.9 months was observed. A phase 3 trial
(#NCT04576156) is currently underway. There are also data
indicating that cell cycle genes regulated by activated JAK/
STAT signaling promote MPN disease.118 Preclinical studies
evaluating combination CDK4/6 inhibitors with ruxolitinib in
mice show improvements in disease phenotypes.119 The addi-
tion of inhibitors of proto-oncogene serine/threonine-protein
kinase (PIM1), also a cell cycle regulator, to ruxolitinib and
CDK4/6 inhibitors similarly reduces disease features in MPN
mouse models.120

Targeting hepcidin and altered iron metabolism
in PV
A novel approach, rationally designed based on preclinical
studies, is the development of hepcidin mimetics in PV, with the
goal of constraining mutant JAK2-driven erythrocytosis, and
thus reducing/eliminating the need for therapeutic phlebot-
omy. Unlike in MF, in which increased hepcidin levels
contribute to an inflammatory anemia, in PV, there is relative
suppression of hepcidin without mobilization of hepatic iron
stores or increased iron absorption.121 As a result, patients with
PV often show evidence of iron deficiency even before thera-
peutic phlebotomy is initiated, including lower serum iron,
ferritin, and transferrin saturation.121 Hepcidin mimetics provide
a chemical therapeutic phlebotomy, with the goal of restricting
iron for accelerated erythropoiesis while reducing systemic iron
deficiency. Mini-hepcidin mimetics normalized splenomegaly
and hematocrit levels in JAK2V617F–mutated mouse models of
PV,122 and in phase 2 trials, the hepcidin mimetic rusfertide
(PTG-300) similarly reduced hematocrit levels and therapeutic
phlebotomy needs in patients with PV.90 A phase 3 trial eval-
uating rusfertide vs placebo in patients with PV requiring
frequent phlebotomy is currently underway (#NCT04057040
and #NCT04767802).
CALR-mutated MPNs provide novel
therapeutic targets
Approximately 80% of patients with ET and MF without JAK2
mutations will have mutations in CALR.16,123 CALR encodes for
calreticulin, an endoplasmic reticulum chaperone protein.
MPN-associated CALR mutations are insertions and/or dele-
tions in exon 9 that induce a frameshift, resulting in the gen-
eration of a novel positively charged C-terminus to the mutant
CALR protein. This mutant-specific C-terminus of mutant CALR
enables pathogenic binding with MPL, ultimately resulting in
1928 20 APRIL 2023 | VOLUME 141, NUMBER 16
ligand-independent MPL/JAK/STAT signaling pathway activa-
tion124-127 (Figure 1C). The specific requirements for the inter-
action of mutant CALR with MPL have revealed potential
opportunities for therapeutic targeting. For instance, mutant
CALR forms homomultimers to bind and activate MPL.128 Zinc is
a cofactor necessary for mutant CALR homomultimerization,
and ex vivo treatment with zinc chelators disrupted CALRdel52-
MPL signaling complexes in CALR-mutated cells, identifying the
reduction in intracellular zinc levels as a potential treatment
approach in CALR-mutated MPNs.129 N-glycosylation of the
extracellular domain of MPL and the lectin-binding sites of
mutant CALR are also required for the mutant CALR-MPL
interaction.127,130,131 Whole-genome CRISPR screening recently
identified N-glycosylation as a therapeutic vulnerability in mutant
CALR-transformed hematopoietic cells, and chemical inhibition of
N-glycosylation resulted in an improvement of disease features in
CALR-mutant mouse models and reduced growth of CALR-
mutant patient-derived BM in vitro.132Other approaches tested in
the preclinical setting include (1) delivering a wild-type CALR
C-terminal synthetic peptide that is taken up by the cell with the
goal of abolishing the intracellular mutant CALR binding interac-
tion with MPL (Figure 1C) and (2) targeting the inositol requiring
enzyme 1a (IRE1a)/X-box binding protein 1 (XBP1) axis of the
unfolded protein response, since CALR is an endoplasmic reticu-
lum chaperone.133-135

CALR-mutated MPNs also provide unique opportunities for
immunologic treatment strategies given that the novel mutated
C-terminus is tumor specific. Because the mutant CALR-MPL
complex traffics to the cell surface, interest in therapeutically
targeting mutant CALR using a mutant CALR blocking antibody
(Figure 1C) has grown. Three recent studies reported the
development and testing of therapeutic monoclonal antibodies
targeting the C-terminal mutant CALR sequence in preclinical
models,136-138 with 1 of the studies also testing the antibody
(4D7) against primary MPN cells in vitro and demonstrating
reduced megakaryocyte proliferation, specifically in CALR-
mutant (but not JAK2-mutant) cells.136 Similar findings in pri-
mary MPN cells were recently reported for a fully human
immunoglobulin G1–mutant CALR antibody (INCA033989) as a
plenary abstract at the 2022 American Society of Hematology
meeting.139 In addition, using a chimeric mutant CALR BM
transplant model, the authors reported that treatment with
INCA033989 selectively targeted CALR-mutant platelets,
megakaryocytes, and long-term HSCs. In aggregate, these
preclinical studies indicate that therapeutic mutant CALR anti-
bodies have specificity and efficacy, and further clinical devel-
opment is awaited.

Using in silico approaches, it has been shown that the mutant-
specific C-terminus of mutant CALR is predicted to generate
multiple neoepitopes that bind to major histocompatibility class
I (MHC-I) with high affinity.140 This has led to interest in
developing T-cell receptor–mediated immune therapy,
including vaccination approaches (Figure 1D). However,
peptide-stimulated T-cell responses against mutant CALR epi-
topes are decreased in patients with MPN compared with those
in healthy control subjects, suggesting defects in immune
response and/or antigen presentation in MPN.141 Consistent
with this, T cells from patients with MPN exhibit an exhausted
phenotype with increased expression of immune checkpoint
receptors,142 and programmed cell death protein 1 (PD-1)
HOW et al
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inhibitor monotherapy failed to show clinical responses in a
phase 2 single-arm study.143 Although it has not been directly
demonstrated that mutant CALR–derived neoepitopes are
presented by MHC-I,144 indirect evidence suggests that they
are. MHC-I alleles predicted to bind to CALR-mutated neo-
epitopes with high affinity are underrepresented in patients
with CALR-mutant MPN (as compared with patients with JAK2-
mutant MPN and population-matched healthy control subjects).
This suggests that immune-mediated clearance by individuals
expressing a mutant CALR neo-epitope high-affinity binding
MHC-I allele occurs such that CALR-mutant MPN may not
manifest clinically in these individuals.140 In the first vaccine trial
with a mutant CALR peptide, none of the 10 patients had any
clinical response and only 2 had a CD8+ T-cell response,
consistent with impaired MHC processing and/or presentation
of neoepitope antigens.145 Alternative approaches to enhance
the mutant CALR-directed T-cell immune response include the
use of a modified vaccine approach, such as heteroclitic pep-
tides, which optimize MHC-I binding affinity,140 or combination
approaches with an MPN-directed neoantigen vaccine plus an
immune checkpoint inhibitor, which is the focus of a recently
opened phase 1 clinical trial (#NCT05444530).

The inflammatory microenvironment
promotes MPN progression
The BM microenvironment and, in particular, the development
of fibrosis are key aspects of disease pathophysiology in MF.
The cell nonautonomous effects of the MPN clone on the BM
niche via the release of inflammatory mediators are central to
the pathogenesis of myelofibrotic transformation.146 Notably,
the physical properties of a fibrotic BM may also propagate a
proinflammatory environment, which further establishes a self-
reinforcing fibrotic niche.147 Nonclonal mesenchymal stromal
cells (MSCs) are thought to be a key MF-promoting cellular
population within the BM niche, with recent studies implicating
Gli1+ and Lepr+ MSCs as fibrosis-driving cells in the BM.35,148

Activation of the stroma by clonal MPN cells is likely driven
by multiple inflammatory mediators; for example, an increased
expression of CXCL4, a chemokine secreted by megakaryo-
cytes, has been linked to progression of BM fibrosis and may be
a potential drug target.33 TGF-β is also critical to MSC differ-
entiation, with the loss of TGF-β signaling abrogating the
development of MF in MPL and JAK2 MPN mouse models.149

Drugs targeting TGF-β, including TGF-β1–trap AVID-200, have
therefore come under clinical investigation for the treatment of
MF. Recently presented data demonstrated that, in patients
with MF previously treated with ruxolitinib, AVID200 reduced
TGF-β1 plasma levels and circulating inflammatory cytokines,
although no reduction in BM fibrosis grade or cellularity was
observed.80

Future directions
Although MPN encompasses a heterogenous and biologically
complex set of chronic blood cancers, advances in under-
standing its molecular pathogenesis provide a framework
toward developing improved treatments with the potential to
BIOLOGIC TARGETS IN MPNs
target MPN disease–propagating stem cells. MPNs arise in the
HSC compartment and have a long preclinical phase. MPN
phenotypic driver mutations alone are sufficient to induce overt
MPN. Increasing genomic complexity is observed with
increased age and longevity of disease. The development of
rationally designed therapies focused on targeting the clonal
advantage conferred by MPN phenotypic driver mutations is
likely to be clinically impactful, particularly if instituted in earlier
stages of overt MPN or even in individuals with JAK2-mutant
clonal hematopoiesis. An increased understanding of which
individuals with JAK2-mutant clonal hematopoiesis are at the
highest risk of developing overt MPN will help in designing
clinical trials focused on MPN prevention. Continued efforts to
uncover therapeutic vulnerabilities for high-molecular risk
mutations associated with adverse prognosis and therapeutic
resistance (eg, ASXL1, EZH2, SRSF2, U2AF1, and TP53) remain
a high priority. The development of mutational-agnostic
immunological therapies (eg, antibodies) offers the potential
to overcome the therapeutic resistance of these mutations to
currently available MPN therapies. Research advances enabling
increasingly sophisticated studies of primary MPN tissues will
continue to reveal new insights into MPN biology and uncover
novel targets for therapeutic intervention.
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