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The Philadelphia chromosome-negative myeloproliferative neoplasms (MPNs) share a common pathobiology of constitutive
activation of the JAK and STAT pathway, despite having the 3 distinct phenotypes of essential thrombocythemia, polycythemia
vera, and primary myelofibrosis. Targeting the JAK-STAT pathway has led to remarkable clinical benefit, including reduction in
splenomegaly, amelioration of cytokine-driven symptoms, improvement in quality of life, and even some improvement in
survival. However, targeting this pathway has not resulted in consistent disease modification by current metrics, including a
reduction in mutant allele burden or reversal of fibrosis. Moreover, targeting JAK-STAT can lead to limiting treatment-emergent
side effects, such as anemia and thrombocytopenia. Continued discovery points to a complex system of pathogenesis beyond
JAK-STATdriving the formationandevolutionofMPNs. This article reviews thesuccessesand limitationsof JAK-STAT inhibition,
surveys the strategies behind emerging therapies, and discusses the challenges that are present in moving beyond JAK-STAT.

Learning Objectives

• Recognize the benefit of treatment with JAK-SAT inhibition
for MPNs, as well as recognize the shortcomings of this thera-
peutic approach

• Identify new therapeutic targets beyond JAK-STAT inhibition
in the treatment of MPNs

Clinical case
The patient is a 70-year-old man from New Jersey. As part of his
annual physical with his primary care physician, he describes a 3- to 6-
month history of increasing fatigue. He often travels for work and
finds himself more and more exhausted after gigs. He adds that his
appetite is down, but he does not notice any weight loss. On physical
examination, his lungs are clear, and his heart rhythm is regular. He is
found to have splenomegaly with the spleen tip being 8 cm below the
left costal margin at the midclavicular line. His medical history includes
medically controlled hypertension, and he is a former smoker. Labo-
ratory studies show the following: hemoglobin, 9.1 g/dL; hematocrit,
28%; leukocyte count, 143 109/L; neutrophils, 68%; lymphocytes,
18%; band forms, 3%; monocytes, 3%; metamyelocytes, 2%;
myelocytes, 1%; promyelocytes, 2%; eosinophils, 2%; basophils,
1%; platelet count, 115 3 109/L; and lactate dehydrogenase, 310 U/L.

He ultimately undergoes a bone marrow biopsy for unexplained
anemia and leukocytosis. The biopsy is hypercellular with moderate
reticulin fibrosis (MF-2). Concurrent cytogenetics reveal a normal
male karyotype. Additional testing reveals the presence of the JAK2
V617F mutation.

Introduction
“I get up in the evening; And I ain’t got nothing to say. I come
home in the morning; I go to bed feeling the same way.” Bruce
Springsteen, “Dancing in the Dark”1

It is pretty unlikely when The Boss penned “Dancing in the Dark,”
he was discussing the finer points of treatment of Philadelphia
chromosome-negative myeloproliferative neoplasms (MPNs). Rather,
under the upbeat tempo and synthesizer sounds, he was brooding on
how the pressures of fame and struggle for perfection were weighing
down on him. From a certain perspective, the treatment ofMPNs today
share some similarities to Bruce Springsteen in the early 1980s.
However, just as he found his place in his art with time, by moving
beyond the JAK-STAT pathway, the treatment of MPNs is ready to
take the next step.

Targeting JAK-STAT
“You can’t start a fire; You can’t start a fire without a spark.”1

It is possible that the current pressure surrounding the development
of new treatments for this family of diseases stems from the dis-
covery of the JAK2V617Fmutation. After all, the MPNs went a long
time without a hit song. William Dameshek, in his now famous
Blood editorial in 1951, hypothesized that the Philadelphia
chromosome-negative MPNs, essential thrombocythemia (ET),
polycythemia vera (PV), and primary myelofibrosis (MF), having
similar phenotypes, must have a similar pathogenesis driving them.2

Less than a decade later, chronic myelogenous leukemia (CML)
began its meteoric rise to stardom with the discovery of the Phila-
delphia chromosome, and the subsequent targeting of the BCR-
ABL1 fusion protein by imatinib, ushering in a new era of medicine.
In 2004, when 4 groups independently discovered the JAK2 V617F
mutation as a recurring mutation in MPNs, Dameshek’s hypothesis
came to life.3 This mutation, present in 70% of MPNs, leads to the
constitutive activation of the JAK-STAT pathway, resulting in
myeloproliferation and cytokine production, the ultimate phenotype
of MPNs. The discoveries of recurrent mutations inMPL and CALR,
as well as how they lead to constitutive JAK-STAT activation, filled
in the gap about how JAK2-negative MPNs can have the same
phenotype as JAK2-mutated disease.4 Like a producer in the sound
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booth with the artist, is it fair to demand another “hit song” like
imatinib by targeting the JAK-STAT pathway?

Development of JAK inhibitors
After the discovery of JAK2 V617F, targeting the aberrantly acti-
vated JAK-STAT pathway with inhibitors quickly came about. Like
a fleet of ships launching, several JAK inhibitors were evaluated in
preclinical and clinical testing. Although all of the JAK inhibitors in
clinical development target the adenosine triphosphate binding site
under the active conformation of the kinase domain,5 the main
difference between them is the specificity for each of the JAKs. For
example, ruxolitinib is primarily a JAK1 and JAK2 inhibitor,6

whereas itacitinib is a JAK1 inhibitor,7 and pacritinib is a JAK2
inhibitor.8 Like tyrosine kinase inhibitors for CML, the JAK in-
hibitors also act on non-JAK kinases, which may be of therapeutic
benefit, such a fedratinib hitting fms-like tyrosine kinase 3 (FLT3)6

and momelotinib inhibiting activin A receptor type I (ACVR1).9

Along with targeting a mix of non-JAK kinases comes various side
effects. For example, inhibition of FLT3 is often associated with the
development of diarrhea.

At the time of the most recent American Society of Hematology
Annual Meeting, ruxolitinib was the only agent approved by the US
Food and Drug Administration for the treatment of a Philadelphia
chromosome-negative MPN. By reducing phosphorylation of JAK2,
STAT5, and ERK1/2, it decreases myeloproliferation, as well as
reduces circulating cytokine levels, spleen size, and symptom

burden.3 Ruxolitinib was quick off the starting line, swiftly moved
through the development process, and was granted regulatory
approval in 7 short years after the discovery of JAK2 V617F. To
this day, it remains a central fixture in the treatment of MF
(Figure 1). The initial approval of ruxolitinib was based on the
randomized phase 3 COMFORT-I10 and COMFORT-II11 studies.
Compared with placebo in COMFORT-I, or best available therapy in
COMFORT-II, it resulted in superior spleen volume reduction, de-
crease in symptom burden, as measured by the total symptom score,
and improved quality-of-life measures. Of note, ruxolitinib has
similar efficacy in patients withMPL and CALRmutations to those
with JAK2 mutations. This is due to the fact that it inhibits wild-
type JAK1 and JAK2 and, thus, dampens JAK-STAT activation,
irrespective of driver mutation. With 5 years’ worth of follow-up,
the median duration of response was 3.2 years in both studies.12 By
pooling the 5-year data from both studies, and accounting for
cross-over with the rank-preserving structural failure time method,
the median overall survival was 5.3 years for ruxolitinib vs 2.3
years for the control arm (hazard ratio, 0.35; 95% confidence interval,
0.23-0.59).12 After its approval for MF, ruxolitinib also gained ap-
proval for PV after hydroxyurea based on the RESPONSE study.13

Several other compounds have been in development, each with a
different twist on JAK inhibition. The JAK2/FLT3 inhibitor pacri-
tinib may provide an opportunity to deliver JAK inhibition to patients
with thrombocytopenia.8 Fedratinib, a JAK2 inhibitor, has demonstrated
activity in patients previously exposed to ruxolitinib,14 even when

Figure 1. Treatment algorithm for MF. *High-risk features include cytogenetic markers: complex karyotype, 27, i(17q), inv(3)/3q21, 12p-/12p11.2,
11q-/11q23, other autosomal trisomies not including 18 or 19, mutations in ASXL1, EZH2, SRSF2, IDH1/2, U2AF1, TP53, as well as aggressive
clinical features (rapidly increasing circulating blasts or leukocytosis, severe symptoms, or splenomegaly). Allo-HCT, allogeneic hematopoietic cell
transplantation; DIPSS, Dynamic International Prognostic Scoring System54; DIPSS-Plus55; EPO, erythropoietin level; MIPSS70, Mutation-Enhanced
International Prognostic Score System56; MIPSS70-Plus v257; MYSEC-PM, MF secondary to PV and ET-prognostic Model.58
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applying more stringent criteria in defining relapse or refractoriness
to prior JAK inhibition.15 In addition to inhibiting JAK1 and JAK2,
momelotinib inhibits ACVR1/ALK2, decreases hepcidin pro-
duction, and can improve anemia in transfusion-dependent pa-
tients.9 Even inhibitors with selectivity for JAK2 V167F have been
developed with the intention that a more selective JAK inhibitor
may lead to better responses and fewer side effects.16

Clinical case: part 2
Shortly after his diagnosis, the patient was started on ruxolitinib.
Within a few days he began to feel better. At his next follow-up visit, he
said that his appetite was improved, and on examination, his spleen size
had decreased to 4 cm below the left costal margin at the midclavicular
line. In the first 4 weeks of treatment his anemia worsened, with his
hemoglobin dropping down to 8.2 g/dL, but then increasing back up to
9.1 g/dL 2 months later.

Approximately 4 years after starting ruxolitinib, he began to feel a
return in his symptoms (ie, abdominal fullness and early satiety). He
reported some night sweats and occasional bone pain. His spleen was
now 10 cm below the left costal margin on examination, and in
reviewing his laboratory results, his anemia (hemoglobin of 7.9 g/dL)
and thrombocytopenia (platelet count of 84 3 109/L) worsened.

Where JAK inhibitors fall short
“Message keeps getting clearer; radio’s on and I’m moving ’round
the place. I check my look in the mirror; I want to change my clothes,
my hair, my face. Man, I ain’t getting nowhere.” 1

Despite successes, there are many limitations in the application of
JAK inhibitors in the clinic. Although some may not be as myelo-
suppressive, or even promise to increase low blood counts, anemia and
thrombocytopenia are common adverse events across the class. In a
population of patients already burdened with cytopenias, this can be a
big challenge. Also, the development of some JAK inhibitors have been
slowed, or stopped altogether, by emergence of nonhematologic tox-
icity. Regulatory holds from clinical development have been issued, and
then lifted, over concerns of bleeding and cardiac toxicity with pacritinib
and Wernicke’s encephalopathy with fedratinib.

However, the main limitation with JAK inhibition is the lack of
disease modification and eventual formation of resistance, although
the definition of disease modification is prone to debate itself. The
median survival of patients with MF treated with ruxolitinib is longer
than that of patients treated with best available therapy or placebo;
thus, the drugs are disease modifying by a broad definition. However,
this is likely due, in large part, to patients living better as a result of
lower cytokine levels, fewer symptoms and cachexia, as well as
improved functional status. In clinical studies, treatment with JAK
inhibitors seems to have little effect on the malignant clone. They
have not led to consistent reductions in mutant allele burden and
only rare molecular remissions.13,17 With the caveat that fibrosis
can be difficult to measure consistently, they seem to stabilize
marrow fibrosis at best, rather than displaying significant antifibrotic
activity.10,11 At some point, patients on a JAK inhibitor will have a
return of their symptoms and splenomegaly, worsening marrow
failure, or progression to accelerated or blast phase. For example,
patients whose disease responded to ruxolitinib in the COMFORT-II
study had a ,50% chance (hazard ratio, 0.48; 95% confidence
interval, 0.35-0.60) of maintaining that response at 5 years.18 Also, in
PV, the median duration of treatment with ruxolitinib in controlled
trials is not indefinite. Of the patients randomized to ruxolitinib in the

phase 3 RESPONSE trial, 60% were under hematocrit control by
32 weeks, and the probability of maintaining that control for another
48 weeks was 89%.19 Several mechanisms by which MPNs move
past JAK inhibition have been identified. These include upregulation
of parallel pathways that lead to myeloproliferation despite down-
regulation of JAK-STAT, heterodimerization of activated JAK2 with
other JAK kinases, point mutations in the kinase domain of JAK2
akin to resistance mechanisms in CML, and clonal evolution and the
acquisition of secondary mutations in other genes, such as ASXL1,
relevant to the pathogenesis of myeloid malignancies.20-23

Nonetheless, JAK inhibitors have been a huge success and topped the
charts, even though they have not been the next imatinib. Their
arrival has improved the lives of many patients and radically changed
the treatment landscape of MPNs. There is no doubt that they are the
spark that started the fire.

Other pathways and targets in MPNs
“There’s something happening somewhere. Baby, I just know that
there is.”1

The MPNs are not a 1-hit wonder, and looking to other pathways is
the next step in building on the success of JAK inhibitors. Several
agents, both alone and as a dance partner for ruxolitinib in the setting
of combination therapy, have been explored (Table 1). The following
is by no means an exhaustive list, but rather a taste of things to come.

Anemia is common in patients with MF; in fact, it is one of the minor
diagnostic criteria. It contributes significant morbidity and is asso-
ciated with increased mortality.24 Therapies that are available to
ameliorate anemia have modest benefit, and improved treatments for
MF-associated anemia represent a practical and achievable short-
term goal. Sotatercept is an activin receptor IIA ligand trap that
improves anemia by sequestering transforming growth factor-b
(TGF-b) superfamily ligands. In a phase 2 study of MF patients with
anemia, 6 of 17 patients (35%) treated with sotatercept alone and 1 of
8 patients (12.5%) treated with sotatercept in combination with
ruxolitinib had an erythroid response.25 Hypertension and limb pain
were the most common side effects observed. A phase 2 study of
luspatercept alone or in combination with ruxolitinib in anemic MF
patients is nearing completion (NCT03194542).

There is more to the TGF-b story though, because it plays a major
role in the formation of fibrosis. This cytokine is expressed at high
levels in the bone marrow in animal models and patient samples,
produced largely by the megakaryocytes in MPN patients.26

AVID200 is a TGF-b ligand trap that inhibits the TGF-b1 and
TGF-b3 isoforms, the putative drivers of fibrosis formation. It
spares the TGF-b2 isoform, which promotes hematopoiesis. A
multicenter phase 1/1b study is underway through the Myelo-
proliferative Neoplasm Research Consortium (NCT03895112).sd

As with many biologic systems, the formation of fibrosis is more
complex than just simply an increase in TGF-b leading to scar tissue
production. This opens up the opportunity for other ways to target
fibrosis formation to modify disease in MPNs. Although originally
developed to treat pulmonary fibrosis, PRM-151 has been studied in
MF. It is a recombinant form of pentraxin 2, an endogenous protein
that regulates the differentiation of monocytes into fibrocytes that has
been shown to reverse fibrosis formation in preclinical models.
Twenty-seven patients were enrolled in a phase 2 study of PRM-151
given alone or in combination with ruxolitinib. Of the 26 evaluable
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patients, 6 had a bone marrow fibrosis response (reduction of
$1 grade).27 The long-term follow-up of the 18 patients in the extension
study showed sustained improvement in bone marrow fibrosis grade,
as well as spleen and symptom responses.

In addition to its role in normal hematopoiesis, the hedgehog-
smoothened signaling pathway has been linked to the pathobiology of
MPNs, in particular the formation of fibrosis. In preclinical models of
MF, combined inhibition of the hedgehog pathway and JAK inhibition
reduced JAK2 mutant allele burden, bone marrow fibrosis, and white
blood cell and platelet counts.28 Although approved for the treatment of
acute myeloid leukemia, a phase 1/2 study of glasdegib in patients with
MF showed modest activity as a single agent.28 When ruxolitinib was
combined with sonidegib in 27 JAK inhibitor–naive MF patents,
15 patients (56%) achieved a$35% reduction in spleen volume at any

time on treatment.29 Of note, 17 patients (63%) required dose adjustment
or interruption because of adverse events.

Along with constitutive activation of the JAK-STAT pathway,
mutations in JAK2, CALR, or MPL also lead to activation of the
mTOR pathway, providing another mechanism of resistance and
a therapeutic target. Inhibitors of phosphatidylinositol 3-kinase
(PI3K), AKT, and mTOR have been evaluated in the preclinical
and clinical trial settings. The phase 1 HARMONY study evaluated
the combination of ruxolitinib and the pan-PI3K inhibitor buparlisib
in patients with MF.30 The spleen response rate was similar to that of
ruxolitinib alone, with ~40% of the patients having a spleen response.
An ongoing study is looking at the addition of the selective PI3Kd
inhibitor parsaclisib to ruxolitinib as an add-back strategy to regain
responses lost in the setting of ruxolitinib failure. Interim results have

Table 1. Current and new targets in the treatment of MPNs

Aim of therapy Target—therapeutic mechanism of action Agent

Where we are now Reduce myeloproliferation Ribonucleoside diphosphate reductase inhibition Hydroxyurea
Reduce symptom burden,

splenomegaly, and
myeloproliferation.

JAK1/JAK2 inhibition Ruxolitinib

Reduce symptom burden,
splenomegaly, and
myeloproliferation; reduce allele
burden and fibrosis (in early disease).

Apoptosis and immune modulation Interferons

Alleviating anemia EPO receptor - early erythroid maturation Darbepoetin, EPO
Suppression of inflammatory cytokines and angiogenesis;
enhancement of erythropoietin signaling.

Lenalidomide, thalidomide

Androgen, mechanism unknown. Danazol
Reduce malignant clone DNA methylation Azacitidine, decitabine
Maintenance-free remission (cure) Alloreactive T cells eliminating the malignant clone Allo-HCT

Just ahead Alleviating anemia Activin receptor IIA ligand trap—late erythroid maturation Luspatercept, sotatercept
Reduce symptom burden and

splenomegaly and alleviate anemia
JAK2/ACVR1—reduction in hepcidin levels Momelotinib

Reduce symptom burden and
splenomegaly in the setting of
thrombocytopenia

JAK2/FLT3 inhibition Pacritinib

Reduce symptom burden and
splenomegaly after ruxolitinib

JAK2/FLT3 inhibition Fedratinib

Down the road Reverse fibrosis Differentiation of monocytes into fibrocytes PRM-151
TGF-b ligand trap AVID200

Reverse fibrosis and clonal
hematopoiesis

Hedgehog-smoothened inhibitor Glasdegib, sonidegib

Reduce symptom burden,
splenomegaly, and
myeloproliferation.

PI3K—suppress neoplastic clonal hematopoiesis via cell
cycle arrest and apoptosis

Buparlisib, parsaclisib

Reduce clonal hematopoiesis and
potentially fibrosis

SMAC (activation)—increase apoptosis LCL161
MDM2—increase apoptosis Idasanutlin, KRT-232
Aurora kinase A—increase apoptosis Alisertib
Telomerase Imetelstat
Bromodomain and extraterminal proteins—reduction in
inflammatory cytokine production

CPI-0610

LSD1—epigenetic reprogramming Bomedemstat (IMG-7289)

On the horizon Reduction in mutant allele burden JAK2—type II inhibitor CHZ868
Reduction in myeloproliferation Mutant CALR trap ?
Clonal eradication CAR T cells ?
Delay of progression in early disease ? ?
Cure without allo-HCT ? ?

allo-HCT, allogeneic hematopoietic cell transplantation; CAR, chimeric antigen receptor; EPO, erythropoietin; MDM2, mouse double minute 2 homolog; SMAC, second
mitochondria-derived activator of caspases; ?, unknown.
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been presented,31 and efforts are underway to identify the optimal
dosing strategy for the combination.

Several approaches are looking at reversing dysregulated apoptosis
signaling, yet another key factor in the pathobiology of MPNs. Second
mitochondria-derived activator of caspases (SMAC) is a mitochondrial-
derived proapoptotic protein that ultimately leads to apoptosis via
degradation of cellular inhibitor of apoptosis protein 1 (cIAP1), which is
overexpressed in MF cell.32 Thus, second mitochondria-derived acti-
vator of caspases mimetics work by activating the inhibitor of the
inhibitor of apoptosis. LCL161 is being evaluated in the setting of a
single-agent phase 2 study in MF patients previously treated with a
JAK inhibitor. Interim results from the first 43 patients demonstrated
a response rate of 30%, including 5 patients with improved anemia.32

In addition to increased expression of cIAP1, increased expression
of mouse double minute 2 homolog (MDM2) has been observed in
MPN mononuclear cells harboring wild-type TP53.33 MDM2 is a
negative regulator of p53; therefore, inhibiting MDM2 would be
inhibiting the inhibitor of apoptosis. A single-center phase 1 study
evaluated the MDM2 inhibitor idasanutlin in previously treated
patients: 11 patients with PV and 1 patient with ET. The overall re-
sponse rate was 75% by cycle 6, with minimal toxicity and on-target
P53 pathway activation.34 A multicenter phase 2 study of idasanutlin
for hydroxyurea-resistant or intolerant PV is underway (NCT03287245).
Another MDM2 inhibitor, KRT-232 (AMG 232), is being evaluated
in patients with MF after prior treatment with a JAK inhibitor
(NCT03662126) and in phlebotomy-dependent PV after treatment with
hydroxyurea or interferon (NCT03669965), with additional combination-
therapy studies being planned for accelerated and blast-phase MPN.

A high level of aurora kinase A (AURKA) is a common feature of
hematopoietic cells in MF and is mediated by increased c-MYC
expression as a downstream consequence of JAK-STAT activa-
tion.35 When AURKA is inhibited in preclinical models, it leads to
megakaryocyte differentiation and subsequent apoptosis, resulting in
reduction ofmarrow fibrosis. In a phase 1 study of higher-riskMF patients,
treatment with the AURKA inhibitor alisertib led to a spleen response in
29% (4 of 14), transfusion independence in 8% (1 of 13), and $50%
symptom improvement in 23% (5 of 22) of patients.36 In addition to
restoring GATA1 expression in megakaryocytes, a 1-grade reduction if
fibrosis score was observed in 4 of 6 patients with paired samples.

The oligonucleotide imetelstat is a potent telomerase inhibitor; it was
evaluated in a phase 2 study of 107 MF patients previously treated
with a JAK inhibitor.37 With a median treatment duration of
6.2 months, (range, 0.0-27.2), 10% of evaluable patients had a spleen
response, and 38% had a symptom response (reduction in total
symptom score$ 50%) at week 24. Of note, survival of this high-risk
population was longer than expected based on historical controls,
and the spleen response rate was higher in patients with a high-risk
mutation (ASXL1, EZH2, SRSF2, or IDH1/2), suggesting disease
modification in this adverse-risk group.

Bromodomain and extraterminal protein inhibitors, such as CPI-
0610, are another class of compounds being developed in MPNs
(NCT02158858).38 JAK-STAT signaling in MPNs also leads to
aberrant NF-kB signaling and cytokine-independent myeloprolif-
eration through epigenetic modification.39 In diseases other than
MPNs, the histone lysine reader BRD4 is a key mediator of
NF-kB–driven chronic inflammation.40 In preclinical models of
MPN, bromodomain and extraterminal inhibition reduced inflammatory
cytokine production and marrow fibrosis.39,41 Moreover, the

combination of JAK and BET inhibition resulted in added efficacy,
both reversing fibrosis and reducing allele burden.39

Epigenetic modification with hypomethylating agents (eg, azaciti-
dine) or histone deacetylase inhibitors (eg, panobinostat), as well
as treatment with immunomodulatory drugs (IMiDs; thalidomide,
lenalidomide, pomalidomide), has been extensively explored and
expertly reviewed in the American Society of Hematology Education
Program and other publications.42-45 Allogeneic hematopoietic cell
transplantation remains the only proven immunotherapy leading to
sustained maintenance-free remissions; however, other immuno-
therapies, such as checkpoint inhibitors and chimeric antigen receptor
T cells, are still on the distant horizon (Table 1).

Discovery is driving innovation in the field. New concepts of how
mutant CALR (mCALR) leads to the MPN phenotype have emerged.
These mechanisms are unique to this driver mutation and open the
door for new therapeutics. One explanation is that secreted mCALR
can act as a rogue cytokine, activating any cell carrying thrombo-
poietin receptor46 and making mCALR trap a possible therapeutic
strategy. Also, mCALR still acts as a chaperone and can transport
thrombopoietin receptor that would otherwise not make it to the
surface, such as in the setting of incomplete glycosylation, making it
available for activation.47 Because the mCALR protein is still present
with the receptor on the surface of the cell, this could be a new target
for immune or cellular therapy.

Moving beyond JAK-STAT inhibition
“I’ll shake this world off my shoulders.”1

A whirlwind of scientific discovery is unlocking the mysteries of
what makes MPNs tick, with the aim of identifying new treatment.
Despite arriving with great interest, many candidates have fallen to
the sidelines; even the future of imetelstat and PRM-151 is unclear,
and only 1 therapeutic strategy outside of allogeneic hematopoietic
cell transplantation has hit the big time: JAK-STAT inhibition. There
are likely a number of reasons for this. One reason is that the
pathobiology of MPNs is complicated. As surveyed above, there are
numerous biologic pathways that are deranged inMPN cells, and it is
not completely clear which ones represent the Achilles’ heel. This is
in stark contrast to CML. In addition to the extensive diversity in the
types and numbers of molecular lesions that drive disease, patients
with similar genotypic lesions can have divergent phenotypes. MPNs
are a myeloid malignancy of blasts and cytopenias, as well as a
disease of cytokines and splenomegaly; more aggressive therapies
are not always well tolerated in a population set up for frailty. Long-
term events, such as thrombosis, bleed, and disease progression to
MF or blast phase, occur less frequently in PV and ET. Therefore, to
design studies to evaluate these end points, large numbers of patients
may need to be followed for a long period of time. Even lower-risk
patients with MF have a median survival of more than a decade, as
predicted by current prognostic models.

Perhaps a bigger question is as follows: “Should we should be
moving away from JAK-STAT inhibition?” JAK-STAT activation
has proven to be fundamental and universal to the pathogenesis of the
MPNs. Should we be focusing on building better JAK inhibitors?
Inhibitors with activity against the mutant JAK2 V617F have been
tested.16 Ruxolitinib, as well as all of the JAK inhibitors tested in
clinical trials to date, are type I inhibitors that bind to the active
conformation of the kinase.5 Type II inhibitors that bind to the inactive
conformation of JAK2 have shown significant activity in preclinical
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models, including reductions in allele burden not seen with type I
inhibitors.48 Also, if JAK-STAT activation is so essential, should we
be combining JAK inhibition with new therapies as they are being
developed? If so, which JAK inhibitor should be used? These are
difficult questions to answer, and the development of many new
compounds based on targets beyond JAK-STAT do include JAK
inhibition in combination with the new agent. Even combinations with
older agents, such as interferons, have been explored.49 Although this
can make for a more complicated assessment of clinical benefit, it may
be difficult for patients whose disease has a suboptimal response to JAK
inhibition to fully stop that treatment. Therefore an “add-back” strategy
is desired. Because the pathogenesis of the MPNs involves numerous
pathways, for the time being, rational combinations with JAK inhibitors
will be a strategy often reached for in drug development.

For many of the new treatments being applied in MPNs, the ultimate
goal is disease modification; however, it is unclear how to define this.
In some instances, it is simply defined as a treatment that leads to
a longer survival than the natural history of the disease. In the
COMFORT studies, MF patients who received ruxolitinib lived
longer than those who received placebo or best available therapy12;
however, many do not consider JAK inhibitors to be disease
modifying.45 A stricter definition would include delaying or re-
versing the underlying pathological disease processes along with
improving the clinical symptoms. Common approaches to measure
disease modification with this definition in mind include reversal of
marrow fibrosis or reduction in mutant allele burden of the driver
mutation (JAK2, CALR, or MPL). Bone marrow fibrosis grade can be
prognostic50; however, it can also be patchy in the marrow and difficult
to measure consistently.51 Although it may seem intuitive, the associ-
ation between a reduction in driver mutation allele burden with therapy
and long-term clinical outcomes has not been fully linked. In the future,
better ways of measuring disease modification may allow us to identify
more successful treatments earlier with smaller studies.

Some of the challenge lies in the way in which we are trying to study
the clinical effects of new therapies. Many new therapies are being
evaluated in the second-line setting. Although there are consensus
criteria for hydroxyurea failure in PV and MF,52 there are no such
criteria for ruxolitinib failure, resulting in varying populations en-
rolled into post-JAK inhibitor studies.

Although consensus criteria for response to treatment have been
established for MPNs,52 they can be complex, opening up the door
for missing the signal of a benefit. These response criteria were
developed mainly for use in clinical trials, and clinical benefit may
not reach the level of consensus response criteria. For acute leu-
kemia, a complete remission is having a normal percentage of bone
marrow blasts along with the restoration of normal blood counts, and
many commercially available and experimental agents reach that
threshold. The International Working Group-Myeloproliferative
Neoplasms Research and Treatment and European LeukemiaNet
response criteria for complete remission include normalization of
bone marrow blasts and blood counts, as well as regression of
marrow fibrosis. However, many current therapies, including rux-
olitinib, fall short of this lofty goal, even though patients are deriving
measurable benefit. Recognizing this, the MPN community is
coming together to better measure benefit of current and emerging
therapies. For example, new criteria to balance the long- and short-
term goals of treatment of ET have been proposed.53 These criteria
are a composite of blood count normalization, spleen and symptom
control, thrombotic events, and mutant allele burden reduction.

The same goalposts are often set for treatment in dissimilar settings.
For example, in MF the COMFORT studies set the goal of a spleen
volume reduction $ 35% and a reduction in total symptom score $
50% as measures of success. Subsequent studies with new treatments
for patients before, after, and sometimes long after initial JAK in-
hibitor therapy have set the same lofty goals, but many have fallen
short. Perhaps a closer goalpost of $15% spleen volume reduction
or $30% symptom reduction is still a meaningful outcome for
patients who have already been exposed to 1 or 2 lines of therapy.
Additional studies linking these responses with quality of life and
other patient-centered outcomes will help to fill this knowledge
gap.

Conclusions
The discovery of JAK-STAT activation and targeting the pathway
have transformed the care of patients with MPNs. Likewise, the
continuous discovery of other pathogenic insights is opening up the
door on new and exciting treatments. These new treatments, along
with established treatments and rational combinations, are posi-
tioning the field for another quantum leap forward. While “sitting
’round here trying to write this book,”1 the anticipation of something
big around the corner is palpable. “This gun’s for hire, even if we’re
just dancing in the dark.”1
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