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Not just for mature
audiences: myeloproliferative
neoplasms in children,
adolescents, and young adults
Linda Resar1,2,3* and Tania Jain2

1Department of Medicine (Hematology), The Johns Hopkins University School of Medicine, Baltimore,
MD, United States, 2Department of Oncology, Sidney Kimmel Comprehensive Cancer Center, The
Johns Hopkins University School of Medicine, Baltimore, MD, United States, 3Department of
Pathology, The Johns Hopkins University School of Medicine, Baltimore, MD, United States
Myeloproliferative neoplasms (MPNs) are chronic, clonal blood disorders

characterized by overproduction of mature blood cells. MPNs present with

protean clinical manifestations, including vascular complications, with both

venous and arterial thromboses, bleeding diathesis, which occur in the setting

of extreme thrombocytosis and acquired von Willebrand disease, and an

increased risk of transformation to acute myeloid leukemia (AML). While

previously diagnosed primarily in middle-aged and older adults, MPNs are

increasingly being recognized in children and young adults. Indeed, studies of

clonal evolution trace the development of MPN driver mutations to in utero in

some cases. However, prior diagnostic criteria and treatment guidelines have

evolved primarily from studies of older MPN patients. Thus, research focused on

MPN in younger patients is warranted. Here, we review prior studies of clinical

manifestations, outcomes, and therapy for younger patients with MPN.
KEYWORDS
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Introduction

The myeloproliferative neoplasms (MPNs) are clonal blood disorders characterized by

acquired mutations in hematopoietic stem cells (HSCs) that lead to hyperactive signaling

through Janus kinase-2 and signal activator of transcription (JAK/STAT), resulting in

overproduction of myeloid lineages (1–10). The classical MPN phenotypes include: 1)

essential thrombocytosis (ET), characterized by thrombocytosis, 2) polycythemia vera

(PV), defined by erythrocytosis and frequently associated with thrombocytosis and

leukocytosis, and, 3) primary myelofibrosis (PMF), marked by bone marrow scarring

(myelofibrosis) and abnormal blood counts, which can include leukocytosis and

thrombocytosis with progression to anemia and other cytopenias as bone marrow

fibrosis increases (1–10). About 20% of adult patients with chronic MPN will evolve
frontiersin.org01

https://www.frontiersin.org/articles/10.3389/frhem.2024.1483322/full
https://www.frontiersin.org/articles/10.3389/frhem.2024.1483322/full
https://www.frontiersin.org/articles/10.3389/frhem.2024.1483322/full
https://www.frontiersin.org/articles/10.3389/frhem.2024.1483322/full
https://www.frontiersin.org/journals/hematology
https://www.frontiersin.org
http://crossmark.crossref.org/dialog/?doi=10.3389/frhem.2024.1483322&domain=pdf&date_stamp=2025-05-13
mailto:lresar@jhmi.edu
https://doi.org/10.3389/frhem.2024.1483322
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/hematology#editorial-board
https://www.frontiersin.org/journals/hematology#editorial-board
https://doi.org/10.3389/frhem.2024.1483322
https://www.frontiersin.org/journals/hematology


Resar and Jain 10.3389/frhem.2024.1483322
tosecondary MF and 5% will progress to secondary AML, although

the risk of leukemic transformation varies depending on presenting

clinical phenotypes and bone marrow morphology (3, 5–16). For

example, leukemic transformation risk is greatest in PMF, estimated

to be 10-20% over 10 years in prior studies (3, 6–16). By contrast,

the risk is much lower in PV, estimated to be 2-4% over 10-15 years,

and even lower for ET, estimated to be 1-2% at 15 years in a prior

study (3, 6–16). In contrast to de novo AML, secondary AML that

arises in the setting of MPN is unresponsive to induction

chemotherapy and therefore almost universally fatal (11).

MPNs are most frequently caused by mutations in JAK2 (namely

JAK2V617F) (2–9). In older adults with MPN, JAK2V617F is

detected in ~95% of all PV cases, whereas alternative JAK2

mutations occur in <5% of PV patients (2–9). JAK2V617F is also

detected in ~50% of ET and MF in adults (2–9). Unexpectedly,

rigorous population studies also found JAK2V617Fmutations in the

general population at rates far above those previously detected (17,

18) and a subset of these individuals do not develop MPN. Similar to

MPN incidence, however, JAK2V617F mutations in the general

population are more common in older individuals and occur with

greater allele frequencies with increasing age. Why only a subset of

patients with JAK2V617F mutations develop MPN remains unclear.

In addition to JAK2V617F, mutations in CALR orMPL also cause

ET and PMF. A subset of adult MPN patients harbors no demonstrable

mutations in JAK2, CALR, or MPL, and are therefore considered

“triple-negative” (TN). In older patients, TN disease occurs with PMF

and is associated with poor outcomes. By contrast, in adolescents and

young adults (AYAs), TN disease is common in ET, where it is

associated with favorable outcomes. Additional features related to the
Frontiers in Hematology 02
mutational status in children and young adults with MPN are distinct

from those of adults and will be discussed here (3, 12–25).

Despite their young age, children and AYAs with MPN often

present with symptomatic disease and serious complications

(16, 19–32). As physicians and providers caring for patients with

MPN, our treatment goals focus on minimizing complications and

prolonging healthy lifespans. Thus, appropriate diagnosis and

optimal management are particularly important in our youngest

patients who may have more than eight decades of life ahead of

them. Paradoxically, MPN in younger patients is complicated by

both thromboses and hemorrhage. Bleeding diatheses occur when

patients develop acquired von Willebrand disease with extreme

thrombocytosis. Because school-aged children and adolescents are

often expected to participate in physical education classes and may

also be active in organized sports, bleeding complications are

particularly relevant to those engaging in sports at risk for trauma.

In both younger and older MPN patients, clinical features are

protean, and highly malleable over time, ranging from a complete

absence of symptoms to those that significantly impact quality of life,

including headaches, fatigue, pruritis, and abdominal pain (1–16, 19–

32). Similar to older adult patients, MPN in younger patients exists on a

continuum.While studies in younger patients are limited, it is clear that

transformation occurs, albeit predominantly after pediatric and young

adult patients reach middle age or later adulthood. Accordingly,

treatment strategies that mitigate the risk of transformation are of

paramount importance for our youngest patients. Here, we outline

clinical and molecular features of MPN in younger patients, long-term

outcomes, and treatment options based on available research from our

group and many others (Figure 1).
FIGURE 1

MPN in children, adolescents and young adults: diagnosis, management & treatment goals.
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Special considerations for MPN in
younger patients

While historically considered diseases of older adults, we now

know that young patients develop MPN. Indeed, with the advent of

more widely available genetic testing, MPN is being diagnosed more

frequently in pediatric and young adults (16–37). Intriguingly, recent

studies using mathematical modeling of clonal dynamics in adult-

onset MPN suggest that driver mutations occur much earlier in life,

and even in utero in some cases (33, 34). For example, clonal

evolution studies traced the development of CALR driver mutations

to fetal development in monozygotic twins with MPN, both of whom

were diagnosed with MF in their third decade of life (34). In addition,

newborn blood spots confirmed the presence of a JAK2V617F in

neonatal blood in a PV patient who presented at age 34 years (34).

Why some patients present in childhood or early adulthood

versus later in life remains a fundamental unanswered question in

the field. Given the increasing numbers of children and young

adults being diagnosed with MPN (16–34), recent studies have

reviewed clinical and molecular features in younger patients,

including a European consortium describing a large cohort of

MPN patients diagnosed before 25 years and multiple studies

from the United States (16–32). In these cohorts, children and

AYA patients comprise anywhere from 8 to 27% of the total MPN

population (18–23). Unfortunately, transformation to blast phase,

MF, or frank AML occurs, albeit rarely, in MPN patients diagnosed

as children or young adults (19–23). Thus, a critical goal in the field

is to prevent evolution of more benign, chronic MPN to advanced

diseases that will impact quality of life and shorten lifespans.
MPN phenotypes in younger patients

In prior studies focused on pediatric and young adult patients, ET

is the most common MPN type, followed by PV, with the lowest

proportion of younger patients presenting with PMF (21, 23, 26–29).

By contrast, in adult MPN patients, PV is the most common

presenting diagnosis (21, 23, 26–29). In our Hopkins cohort of 630

patients enrolled between 2012-2022, older adults (≥ 40 years;

n=459), presented most frequently with PV (45.5%), followed

by ET (38.5%), and MF (15.9%) (21). In the younger patient

cohort (<40 years old; n=171), ET was the most common diagnosis

(67.6%), with PV next in frequency (26%), and MF in only 7% of

cases (21). In the youngest subset of patients in the Hopkins study (<

20 years; n=21), 57% had ET and 43% had PV at diagnosis, while

none presented with MF (21). In this Hopkins cohort, palpable

splenomegaly was more common in older adults (≥ 40 years;

12.6%) compared to younger patients (< 40 years; 6.4%), although

palpable splenomegaly was noted in almost half of the 21 patients

who were < 20 years (47.6%; 10/21) (21). Platelet counts were not

reported in this study. In a multi-institutional cohort of pediatric

patients (< 20 years; n=58) in the United States (24), 64% had ET and

26% had PV, although 10% were diagnosed with either MF (7%) or

pre-fibrotic MF (3%). Platelet counts were > 450,000/µL in 5 of 7

patients who developed thrombosis, although none with thromboses
Frontiers in Hematology 03
had platelet counts > 1 million/µL. Spleen sizes were not reported in

this study (24). Other studies in the United States and Europe showed

similar findings with ET being most prevalent among younger

patients (19–32). A systematic review of European and American

MPN cohorts (< 40 years) published in 2019 reported variable rates of

splenomegaly in MPN patients < 20 years, ranging from 15.3% in PV

to 54.7% in ET (27). Platelet counts in this review ranged from

476,000-799,000/µL for PV and 708,00 to 1,192,000/µL for ET (27).

Thus, most young patients are diagnosed with ET, followed by PV,

and rarely MF (21, 23, 26–29).

While PMF is rare in younger patients, a series from the Mayo

Clinic reported clinical and molecular features of 63 young PMF

patients (age range of 19-40 years) compared to older patients, who

were divided into 2 cohorts (ages 41-60 or > 60 years) (29). In the

young PMF cohort, the median age was 37 years and most were

male (59%) (29). Compared to the older MPN patients, hemoglobin

values were higher (12.1 versus 10.7 versus 10.0 g/dL) and

transfusion requirements were lower in younger PMF patients

(29). Constitutional symptoms were less frequent in younger

patients and platelet counts, leukocytosis, circulating blasts, and

lactate dehydrogenase concentrations were also lower (29). There

were fewer arterial thrombotic events at diagnosis in the younger

PMF patients (29). Most younger PMF patients (>68%) had

enlarged spleens, although splenomegaly was slightly more

common in older PMF patients (29). Unfortunately, 10% of the

younger patients with PMF transformed to AML during the 7.1 year

follow-up period, which is similar to the older patients in this cohort

(10% and 9%). In the Hopkins cohort of 171 patients < 40 years,

males were also more likely to present with PMF (23).
Distinct molecular features associated
with MPN in young patients

While JAK2-V617F mutations comprise the most common

mutations associated with MPN in young and older MPN patients,

there are differences in mutational status based on age. ET in younger

patients is associated with higher rates of “triple negative” (TN) status

compared to older cohorts. In fact, younger children and teens have the

highest rates of TN disease in most studies (16, 19–21, 23–31). In the

Hopkins cohort, the presence of JAK2 somatic mutations was higher in

older adults (67% in patients >40 years versus 39% in patients <40

years), although JAK2 mutations constitute the most frequent driver

mutations in both young and older patients with MPN in most studies

(21). In addition to TN, CALR mutations are more common in

younger patients in studies comparing MPN in younger to older

individuals based on available research (16, 19–21, 23–31). Similar to

adults, over 90% of pediatric, adolescent, and young adults with PV

harbor JAK2mutations (16, 19–21, 23–31). Most younger cohorts have

a slight female predominance, akin to older adult MPN cohorts. In the

Mayo Clinic study which included young PMF patients (n=63, < 40

years), CALR mutations were also more common in the young PMF

cohort (48%), with a lower frequency of JAK2 mutations (39%),

whereas JAK2 was more prevalent in older patients with PMF (29).

High risk mutations (ASXL1, SRSF2, U2AF1) were more common in
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the older cohorts (29). In the Hopkins cohort of 171 patients < 40 years,

CALR mutations were more frequent than JAK2 in PMF among

younger patients in our cohort (21). Across all published cohorts,

younger patients have higher proportions of TN status and CALR

mutations compared to older MPN patients. Nonetheless, JAK2-V617F

mutations are the most common driver mutations in younger and

older MPN patients. Intriguingly, a prior study also showed an

increased incidence of family members with MPN among younger

patients diagnosed with MPN (21).
MPN complications in
younger patients

Thrombosis

Many pediatric and AYA patients are asymptomatic at diagnosis.

However, in contrast to adults, prior studies report more frequent

thrombotic events in younger patients (21, 23, 27, 35). In the Hopkins

cohort (n=171, age < 40 years), 20% of young MPN patients developed

VTE compared to 11% in older adults (n=459, age ≥ 40 years) (21). A

retrospective analysis of predominantly European patients under 20

years (n= 471) found that 12% of all patients reported prior thrombosis

while an additional 13% developed a newVTE afterMPN diagnosis (27).

A European retrospective review of young MPN patients (< 25 years)

reported similar results with 11% of patients presenting with a history of

VTE at MPN diagnosis and an additional 11% developing VTE after

MPN diagnosis (23). A multi-institutional cohort across the United

States of pediatric patients (< 21 years) reported similar rates of

thrombosis (12%) (24). By contrast, a study of patients evaluated at

Mayo Clinic (n=361, age ≤ 40 years) reported higher frequencies of VTE

with 19% of PV and 16% of ET patients with VTE at MPN presentation

and an additional 18% of PV and 21% of ET patients developing a VTE

after diagnosis (29). Of note, this study included patients diagnosed as

early as 1967. In more contemporary cohorts, approximately ¼ of all

pediatric and young adult patients will develop venous thrombosis. In

contrast to older adult patients, arterial thromboses are uncommon in

pediatric and young adults (21, 23–24, 26–31, 35). However, as detailed

next, splanchnic vein thrombosis (SVT), which refers to thrombosis in

any of the vessels that drain the abdominal organs, including portal,

splenic, mesenteric, or hepatic veins, is a particularly vexing thrombotic

complication in younger patients, and unfortunately, often associated

with significant sequelae (21, 23, 24–31). Similar to results with older

MPN patients, prior studies of young MPN patients show no clear

relationship between the higher platelet counts and thrombotic

complications (21, 24, 27, 29, 35).
Splanchnic vein thrombosis and Budd
Chiari syndrome

In addition to an increased incidence of thrombosis overall,

adolescent and young adult patients with MPN develop SVT at

significantly higher rates than older patients (19, 21–31). In the

Hopkins cohort, SVT accounted for the higher rates of thrombosis

observed in younger patients (21). JAK2 mutation was significantly
Frontiers in Hematology 04
associated with thrombosis in the younger patients (< 40 years) but not

in the older adults (≥ 40 years) in this cohort (21). Another group

reported that 77% of all thromboses in younger MPN patients ranging

from 18-45 years old were due to splanchnic events (28). A study

examining clinical outcomes of 120 patients ≤ 45 years of age found

higher SVT in younger patients compared to older individuals (13%

versus 2%) (31). A multi-institutional cohort (n=58) of pediatric MPN

patients (< 21 years old) across the United States also reported that 12%

(n=7) developed VTE, primarily in patients who are JAK2V617F positive

with a median age of 16 years (24). Strikingly, 5 of these 7 patients (71%)

had SVT. Among the PV patients, 1/3 had thrombosis (24). Intriguingly,

in 5 of 7 patients, VTE was their initial presenting manifestation ofMPN

highlighting VTE as a hallmark of MPN in younger patients (24).

Budd-Chiari Syndrome (BCS) is a special case of SVT caused by

obstruction of the hepatic vein, most commonly by a hepatic vein

thrombosis (36). BCS is rare, with estimates of about 1/1,000,000

people per year (36). Importantly, MPN is the most common cause

for BCS (36). When hepatic vein thrombosis leads to increased

intrahepatic pressure, venous congestion may ensue and cause

hepatic cell injury, transaminitis, and direct hyperbilirubinemia. In

severe cases, liver failure develops and patients require liver

transplantation. The multi-institutional pediatric series from the

United States (n=58) (24) reported that all patients with SVT had

BCS, and one required liver transplantation for progressive hepatic

failure associated with hyperammonemia, encephalopathy, and

coagulopathy. The European cohort study also reported a high

incidence of BCS (23). Most patients with BCS are managed with

hepatic portosystemic shunts to relieve venous congestion in the liver,

although hepatic failure may develop despite this intervention. Based

on these findings, it is critical to consider the diagnosis of MPN in

young patients presenting with hepatic vein thrombosis and BCS.
Hemorrhage

Paradoxically, MPN patients are also at increased risk for

hemorrhage, which typically occurs in the setting of extreme

thrombocytosis (> 1 million/µL) and acquired von Willebrand

disease. Acquired von Willebrand disease occurs when excessive

numbers of platelets consume and degrade von Willebrand factor,

which interferes with platelet aggregation and normal clotting.

Although hemorrhagic complications are reported in studies of

younger MPN patients, the incidence is generally lower than that of

thrombotic complications (21, 23–30). For example, a systemic

review of published literature of patients < 20 years found that 3%

and 4% of patients with ET or PV, respectively, had hemorrhage

prior to MPN diagnosis, whereas 19% and 3% of patients with ET or

PV, respectively, developed hemorrhage after MPN diagnosis (27).
Transformation to MF and AML in
younger patients

In older adults with chronic, indolent MPN (ET, PV),

transformation to MF is frequently associated with increasing

symptom burden, worsening splenomegaly, anemia, and other
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blood count abnormalities, along with decreased survival (7–11).

Progression to AML in adults with MPN is almost universally lethal.

Unfortunately, children and young adults diagnosed with MPN also

progress to more advanced disease, although this happens decades

later and well into adulthood (21, 29). For example, in the Hopkins

cohort, transformation from ET to MF in younger patients (< 40

years) occurred in 8.8% (10 of 114 patients) with a mean age of 52

years at MF diagnosis (21). The time to transformation ranged from

4-41 years, with a mean of 22 years. Transformation of PV to MF in

younger patients occurred in 24.4% (11 of 45 patients) with a mean

age of 54 atMF diagnosis and time to progression ranging from 10-53

years (mean 24 years) (21). When focusing on the youngest patients

< 20 years, only 1 ET patient and 2 PV patients progressed to MF

with a mean age of 62 at MF diagnosis (21). By contrast, in the older

adults in this cohort (≥ 40 years), 25.4% of ET patients (177/459) and

21.5% of PV patients (209/459) progressed to MF at mean ages of

68 and 65 years, respectively (21). Years to transformation ranged

from 1-32 years with a mean of 12 years for ET and 10 years for PV,

which was about half the time to progression for the younger patients

(21). Notably, the number of young patients who transformed to MF

is relatively small (n=10) and therefore may not be generalizable to all

younger MPN patients.

In the younger cohort (< 40 years), 1.8% (3 of 171 patients)

progressed to AML, including 1 patient with ET who was diagnosed

with AML at age 58, which was 25 years after the initial MPN

diagnosis (21). Two patients developed AML at 27-28 years after their

PV diagnosis, with AML diagnosed at age 58 or 65 years, respectively.

None of the patients aged < 20 years old developed AML during the

study interval in our Hopkins cohort. By contrast, in the older adult

cohort (> 40 years), 3% (6 of 177) of patients with ET progressed to

AML at a mean age of 76 with amean time for progression of 20 years

and 6% (13 of 209 patients) of patients with PV developed AML at a

mean age of 74 with a mean time of progression of 10 years. While

progression was relatively rare, particularly in our younger cohorts,

these data suggest that the time to progression may be longer for

younger patients, although the age at diagnosis for MF was slightly

lower (52-54 for younger patients versus 65-68 for older patients)

(21). For AML, the younger patients ages ranged from 58-62 at AML

diagnosis, while ages for the older patients with AML ranged from

63-87 (21). As noted previously, the Mayo Clinic study reported that

10% of young PMF patients (n=63) transformed to AML over 7.1

years, although this included patients diagnosed between 1967-2017

(29). Importantly, the numbers of patients progressing to AML orMF

in published cohorts are small and the time to progression and ages at

progression may not be relevant to other cohorts or more

contemporarily-treated patients (21, 29). In addition, our hope is

that current therapeutic approaches will delay or prevent progression,

particularly in our younger patients.
Therapeutic considerations for
younger MPN patients

Although most young patients with MPN are diagnosed with

more indolent disease, such as ET or PV, younger patients

experience symptoms and vascular complications which can
Frontiers in Hematology 05
impact quality of life and lead to shortened lifespans (16, 19–32).

However, given the rarity of pediatric MPN, there are no studies

defining optimal cytoreductive therapy for the younger patients.

The foremost objective in caring for younger MPN patients is to

limit disease-associated complications while minimizing toxicity

from therapy. Another important goal particularly relevant to

pediatric patients is to identify strategies to prevent disease

progression, avoid the acquisition of high-risk mutations

associated with transformation, and ideally, to eliminate the

mutant clone, if this can be done without untoward toxicity.

Cytoreductive medications used in published cohorts of pediatric

MPN patients include hydroxyurea, interferon (IFN), anagrelide,

and ruxolitnib (16, 19–32, 37). Given increasing evidence that

hydroxyurea is associated with the acquisition of deleterious

mutations in older patients, such as TP53, most MPN physicians

prefer to avoid its use in younger patients (38). Experience with

anagrelide is limited in younger patients. However, ruxolitinib, has

been used at our institution and others in the United States,

particularly in young adults who require liver transplantation for

BCS since ruxolitinib controls counts effectively in most young

patients. MAJIC-PV, a recent large multi-institutional trial of

ruxolitinib in adults with MPN in England showed promising

results marked by a lower incidence of progression in addition to

decreases in mutant allele burdens in most patients compared to

best available therapies (37).

Interferons are immunomodulating agents that have been

shown to improve MPN-associated bone marrow abnormalities in

some patients, lower blood counts, and induce hematologic

remissions (22, 38–45). Perhaps the most exciting attribute of

interferons for our youngest patients is their capacity to decrease

the mutant JAK2 allele burden and induce molecular remissions

(38–40). Significant decreases in allele burdens have been reported

with IFN (38–45). While the underlying mechanisms continue to be

explored, prior studies suggest that IFN may preferentially induce

cell cycle progression in JAK2 mutant stem cells, leading to

proliferation and ultimately exhaustion of mutant clones (46–49).

Decreasing mutant allele burdens, and potentially eliminating them,

is a particularly desirable goal for younger patients (22, 26). In one

cohort, IFN treated patients with PV had the same overall survival

as an age-matched US population (44). Discontinuation of IFN after

achieving hematologic remission was also shown to be safe in

several patients without negatively impacting survival (45).

Compelling data from large studies using ropeginterferon alfa-2b

(ROPEG), a more recent formulation of monopegylated IFN that

can be given every 2−4 weeks, led to its approval as a first-line

therapy for PV (43). In adults, ROPEG is administered every 2

weeks until hematologic remission, after which many patients do

well with every 4-week dosing once sustained hematologic

responses are achieved. The relatively infrequent dosing is

advantageous for young adult patients who may be attending

universities away from home and younger patients in general who

may be resistant to taking medications.

Interferons are an appealing class of drug for younger women

who become pregnant. IFNs have not been linked to mutagenicity

or teratogenicity, which are the primary concerns for using

hydroxyurea in younger patients (38). While prior studies are
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limited by small cohorts, results also suggest that the use of IFN in

pregnant MPN patients led to increased odds of live births (50). IFN

has a track record of use in children and teenagers (22, 25). Our

group reported favorable outcomes with IFN in a small series of

pediatric patients (n=13) with MPN, including six with ET and

seven with PV (25). While generally well-tolerated, side effects

reported in this cohort included psychiatric (depression) and

elevations in transaminitis, which can limit its use particularly in

patients who underwent liver transplantation for BCS (25).

Autoimmune effects may also limit IFN use in younger patients

(22, 25). In our prior study, five of 13 children discontinued IFN for

mood-related effects, one for transaminitis post-liver transplant,

and two because VTE events occurred while on IFN (25), although

one of those patients subsequently restarted IFN without additional

VTE events or side effects. Less significant side effects that did not

result in stopping IFN in our study of younger MPN patients

included dizziness and injection site reaction (25). Since this

publication, we have treated additional young patients with IFN

who have shown effective cytoreduction, elimination of

phlebotomy, and resolution of iron deficiency. The effects on iron

deficiency are particularly important in younger patients since iron

is critical for neurocognitive function and brain development,

which extends into the third decade of life (51). In the Low-PV

study, phlebotomy and low dose aspirin (when not contraindicated)

were compared to Ropeginterferon (ROPEG; 100 microgram

subcutaneously every 2 weeks) plus phlebotomy and low dose

aspirin in a multicenter, randomized trial across Italy. One-

quarter of the ROPEG treatment arm were patients < 45.5 years,

and ROPEG was superior to phlebotomy alone in maintaining the

hematocrit <45%. There were no dose-limiting side effects or

toxicities in all patients (52). A recent European study reported

that IFN treatment yields significantly better myelosis-free survival

compared to other cytoreductive therapies in young MPN patients

(53). As recommended by a recently published consensus statement

(22), future long-term studies in younger patients on IFN are

warranted given the potential advantages of standard IFN and

ROPEG for our youngest MPN patients.
Stem cell transplantation in
younger patients

Despite improvements in available therapies, allogeneic

hematopoietic stem cell transplantation (HSCT) remains the only

cure for MPN (54, 55). Studies from primarily older adult patients

with MF that incorporate poor prognostic disease-related factors

with both clinical and molecular features recommend HSCT for

patients with expected progression within 5 years (56–60). In the

pediatric population, however, there are no established prognostic

criteria, and consequently, evidence-based recommendations for

HSCT are lacking. Since young patients with chronic MPN, such as

ET and PV, have excellent long-term overall survivals, HSCT is

currently reserved for those with advanced-stage disease.
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Fortunately, PMF is rare in younger patients, although when it

does occur (12, 27, 29), optimal timing of HSCT is perhaps the most

important consideration for younger patients with advanced-stage

MPN. For example, high-risk disease features that warrant

considering HSCT in older adults include somatic mutations

associated with higher risk of progression (ASXL1, IDH1, IDH2,

SETBP1, EZH2, U2AF1 Q157, TP53, KRAS, NRAS), cytopenias,

especially those requiring transfusions which are often associated

with triple-negative PMF in older patients, and accelerated or blast

phase disease (57–60). While mostly anecdotal evidence is available

on outcomes after HSCT in younger patients, one retrospective

study from the European Society for Blood and Marrow

Transplantation (EBMT) summarized outcomes of 35 children or

adolescents of age ≤ 18 years who underwent HSCT for primary or

post-ET/PV myelofibrosis between 2000-2022 in Europe (60). Most

patients (n=32) underwent myeloablative conditioning, although

the regimen varied across institutions and over time (61). At 6 years,

non-relapse mortality was 18%, relapse incidence was 15.9%,

progression-free survival was 66.1% and overall survival was

71.1% (61). Non-relapse mortality was <10% in patients

transplanted between 2008-2022, although this was not

statistically significant with the small patient numbers (n=19 from

2008-2022 and n=16 from 2000-2007) (61). However, overall

survival was better when the stem cell source was bone marrow

compared to peripheral blood or cord blood (61).

In younger patients with MPN, specific issues related to HSCT are

particularly relevant, such as fertility preservation. Planning for

potential gonadal failure is important for younger patients, which

can result from myeloablative conditioning (62, 63) In addition, late

effects of HSCT, including chronic graft versus host disease and related

manifestations, such as endocrine disorders, or secondary malignancies

require monitoring. Since our younger patients are expected to have

longer post-HSCT survival, survivorship care must be tailored to

include monitoring for long-term effects (62–65). Thus, while there

is no consensus in the field on when to consider HSCT in pediatric and

young adult patients, the following clinical parameters are reasonable

considerations based on available data: 1) Imminent or current

transfusion dependence, 2) Increasing blast count, and 3) Acquisition

of high-risk mutations. Intervening earlier may be advantageous,

although precisely what parameters are needed for optimal outcomes

in HSCT in younger patients will require further study.
Transitioning from a pediatrician to an
adult MPN clinic

Another topic relevant to younger patients with MPN is how best

to prepare adolescents for care in adult clinics where they will have

more autonomy and responsibility with less parental involvement in

most cases. Our group advocates use of a check list of topics to discuss

with younger patients prior to transition. Importantly, we

recommend that this process occur gradually, to allow the young

person with MPN to learn more about the disease and management
frontiersin.org

https://doi.org/10.3389/frhem.2024.1483322
https://www.frontiersin.org/journals/hematology
https://www.frontiersin.org


Resar and Jain 10.3389/frhem.2024.1483322
as well as to ask questions. Providers should ensure that young

patients have the maturity and resources to pursueMPN follow-up in

addition to an appropriate clinic with expertise in MPN prior to

transitioning young MPN patients to adult care.
Summary and future directions

Despite being rare, MPN can lead to significant short- and long-

term burdens in young patients and their families. Thus, there is an

unmet need for further studies to focus on our youngest patients.

Further work is warranted to fully characterize the scope ofMPN in this

population and to identify the best therapies for their diseases.

Outcomes in young adults with acute lymphoblastic leukemia

improved significantly when they were treated with therapies

designed for younger, pediatric patients. Thus, it is possible that

therapies and outcomes in younger patients will inform interventions

for older MPN patients. Given the relatively low numbers of children

withMPN,multi-institutional studies are needed. Clinical trials through

cooperative groups such as the Children’s Oncology Group in the

United States, or similar groups on other continents, will ensure that our

youngest MPN patients have access to such opportunities. Although

enrollment in trials will be limited by the low prevalence of MPN in

pediatric and young adult patients, the Children’s Oncology Group has

successfully enrolled children with rare cancers which ultimately led to

better therapies. Endpoints for chronic diseases with low risk of

progression in young patients represent an additional challenge,

although studies such as the Low-PV trial used maintenance of

hematocrit below 45% as a useful endpoint (52). While this endpoint

may be relevant in older adolescents, age-specific hematocrits would be

helpful for younger patients. In addition, further research to elucidate

themechanisms underlyingMPN complications that occur primarily in

children, adolescents, and young adults, such as thromboses and BCS,

are needed to develop optimal therapies to prevent or mitigate these

deleterious consequences of MPN. Importantly, identifying appropriate

management and therapies for young patients with MPNs have the

potential to modify their diseases and improve outcomes long-term

which will optimally include many decades. While prior studies have

begun to illuminate the scope of MPN in younger patients and identify

promising therapies, further work will help to ensure that our youngest

MPN patients can live long and healthy lives.
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