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Abstract
Background: Despite the intensity of hematopoietic stem cell transplantation (HCT), relapse

remains the most common cause of death in juvenile myelomonocytic leukemia (JMML). In con-

trast to other leukemias where therapy is used to reduce leukemic burden prior to transplant,

many patients with JMML proceed directly toHCTwith active disease. The objective of this study

was to elucidate whether pre-HCT therapy has an effect on the molecular burden of disease and

how this affects outcome post-HCT.

Procedure: Twenty-one patients with JMML who received pre-HCT therapy and were trans-

planted at UCSF were analyzed in this study. The mutant allele frequency of the driver muta-

tion was assessed before and after pre-HCT therapy, using custom amplicon next-generation

sequencing.

Results: Of the 21 patients, seven patients (33%) responded to therapy with a significant reduc-

tion in their mutant allele frequency and were classified as molecular responders. Six of these

patients received moderate-intensity chemotherapy, one patient received only azacitidine. The

5-year progression-free survival after HCT of molecular responders was 100% versus 61% for

nonresponders (P = .12). Survival of molecular nonresponders was not improved by use of high-

intensity conditioning, but patients were salvaged if they experienced severe graft versus host

disease. Therewere no baseline clinical characteristics thatwere associatedwith response to pre-

HCT therapy.

Conclusions: Despite the myelodysplastic nature of JMML, patients treated with pre-HCT ther-

apy can achieve molecular remissions. These patients experienced a trend toward improved out-

comes post-HCT. Importantly, molecular testing can be helpful to distinguish between responders

and nonresponders and should become an integral part of clinical care.
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1 INTRODUCTION

Hematopoietic stem cell transplantation (HCT) is frequently used to

treat both pediatric and adult high-risk myeloid malignancies.1–3 In

Abbreviations: 6-MP, 6-mercaptopurine; AML, acutemyeloid leukemia; GvHD, graft versus

host disease; HCT, hematopoietic stem cell transplantation; JMML, Juvenile myelomonocytic

leukemia; MAF, mutant allele frequency;MRD, minimal residual disease; OS, overall survival;

PFS, progression-free survival; TBI, total body irradiation; TRM, treatment-relatedmortality;

VOD, veno-occlusive disease.

general, a low disease burden going into HCT is associated with supe-

rior long-term outcomes while transplanting patients with active dis-

ease is associated with poor survival.4–6

Juvenile myelomonocytic leukemia (JMML) is a high-risk myelodys-

plastic/myeloproliferative overlap condition that affects young chil-

dren. Patients usually present with clinical features both of peripheral

myeloproliferation, includingmonocytosis and splenomegaly, aswell as

myelodysplasia.7–9 Most patients with JMML will receive HCT yield-

ing long-term survival in about 50%of patients.10,11 Themost common
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cause of death is relapse or transformation to acute myeloid leukemia

(AML).10–15 While HCT is considered the standard of care for JMML,

pre-HCT therapy is not routinely administered and the choice of ther-

apy, when delivered, is largely at the discretion of the treating physi-

cians. This is in contrast to AML, where all patients who eventually

receive HCT are treated with intensive pre-HCT therapy with a goal

of achieving a minimal residual disease (MRD) state prior to trans-

plant. JMML is similar, however, to pure myelodysplastic syndromes

that are frequently treated without pre-HCT therapy.16 JMML has

traditionally been suspected as being insensitive to traditional AML-

type chemotherapy.17 In a large transplantation study, where pre-

HCT treatment was at the discretion of the providers, no difference

in outcome was observed between patients who received AML-like

chemotherapy and patients who received low-dose chemotherapy or

no treatment prior to HCT.10 The major limitations to that analysis

include a possible selection bias by only treating patients using pre-

HCT therapy for those with more aggressive disease and because a

subset of these patients had already transformed to AML. In contrast,

a benefit to pre-HCT treatmentwas observed in the largest cord-blood

analysis conducted in JMML.18

At the University of California San Francisco (UCSF) Benioff Chil-

dren’s Hospital, the institutional bias has been to treat JMML patients

with moderately intense, well-tolerated myeloid-based chemotherapy

to try and reduce disease burden prior to transplant. Data from a Chil-

dren’s Oncology Group transplantation study showed that pre-HCT

chemotherapy (performed at the discretion of the provider) did yield

molecular remissions; however, the number of patients was small and

the study not powered to address this question.19

Historically, monitoring disease burden in patients with JMML has

been challenging as many patients present without an overt blast pop-

ulation bymorphology or flow cytometry.Molecularmonitoring of dis-

ease in AML has been shown to be superior to morphology and flow

cytometry in certain subsets including acute promyelocytic leukemia,

NPM1-mutated AML, among other.20,21 With the appreciation that

90–95% of patients have recurrent mutations in the Ras pathway,

JMMLwould be ideal to studyMRD using amolecular approach.22–24

Here, we present a single-center study of 21 patients with JMML

undergoing HCT in which we assessed their response to pre-HCT

therapy using mutational monitoring. We asked the question whether

pre-HCT chemotherapy is effective in reducing disease burden in

JMML and whether this translates into improved outcome after

HCT.

2 METHODS

2.1 Patients

From 1990 to 2018, 24 consecutive patients with a confirmed diagno-

sis of non-Noonan syndrome-associated JMML were transplanted at

UCSF Benioff Children’s Hospital and 21 of these patients had com-

plete sample sets available to be retrospectively analyzed in this study.

After transplant, all patients were routinely monitored for recurrence

of disease via bone marrow analysis every 3 months for 2 years. Clin-

ically validated, next-generation sequencing was additionally used for

monitoring at those timepoints in the period since it became available.

Acute graft versus host disease (GvHD) and chronic GvHD were diag-

nosed and graded according to standard criteria.25,26 Patient speci-

mens used for this studywere all collected as part of the clinical care of

the patients. The study was designed in accordance with the Declara-

tion of Helsinki and reviewed and approved by the institutional review

board of UCSFwith a waiver of consent.

2.2 DNA extraction from patient samples

The mutational burden of the patients was retrospectively analyzed

at the time of initial diagnosis and posttherapy at the last available

timepoint before HCT (pre-HCT timepoint). If mononuclear cell DNA

samples from routine clinical genetic analysis were not available for

a patient, DNA was extracted from frozen cryopreserved mononu-

clear cells or 10 µm slides of paraffin-embedded bone marrow blocks.

DNeasy blood and tissue kits were used or sectionswere scraped from

slides, paraffin removed, and DNA extracted using the AllPrep FFPE

kit (Qiagen, Hilden, Germany). Quantity and integrity of the extracted

DNA was measured using Qubit (Thermo Fisher Scientific, Waltham,

MA).Whenever possible, bonemarrow samples were used for the pre-

HCT assessment.

2.3 Next-generation sequencing

DNA samples were sequenced using a custom amplicon-based

targeted sequencing approach. Libraries were prepared (Paragon

Genomics, Hayward, CA) with a custom amplicon panel targeting 25

genes that are recurrently mutated in JMML (Table S1). The quality

of the libraries was assessed on a Bioanalyzer (Agilent, Santa Clara,

CA). Samples were then sequenced on aMiSeq platform (Illumina, San

Diego, CA) at 760×mean coverage and a minimummutant allele frac-

tion (MAF) of 0.05 at diagnosis was required for reporting. Molecular

remission was defined by a reduction of MAF of the driver mutation

to<5% at the pre-HCT timepoint.

2.4 Statistical analysis

Median follow-up of this study was 4.07 years (range 0.75-23.76

years). Progression-free survival (PFS) was defined as time from trans-

plantation to disease progression after HCT by a clinical or genetic

diagnosis of JMML recurrence per the international working group

definitions.27 Overall survival (OS) was defined as time from initial

diagnosis to death from any cause. Both were estimated using the

Kaplan-Meier method. The significance level was set to P = .05. Sur-

vival estimates were compared using the log-rank test. Statistically

significant differences betweenmolecular responders and nonrespon-

ders to therapy were tested using Fisher’s exact test for categorical

variables and the Mann-Whitney U test for continuous variables. All

calculations were performed using GraphPad Prism software (v8.0)

and R (v3.4.1).
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TABLE 1 Clinical patient characteristics

Characteristics
Whole cohort
(n= 21) Data n/a

Gender, male, n (%) 17 (81%)

Median patient age at diagnosis, years
(range)

1.0 (0.4-7.6)

Median patient age at HCT, years (range) 1.9 (0.9-8.2)

Median interval between diagnosis and
HCT, months (range)

4.4 (2.0-12.7)

MedianWBC count at diagnosis,×109/L
(range)

28 (4-181)

Medianmonocyte count at diagnosis,
×109/L (range)

3.5 (0-47) n= 2

Median platelet count at diagnosis,×109/L
(range)

49 (5-223)

HbF elevated for age, n (%) 11 (52%) n= 2

Karyotype

Normal karyotype, n (%) 11 (52%)

Monosomy 7, n (%) 5 (24%)

Other abnormalities, n (%) 7 (33%)

Clinical evidence of NF1, n (%) 2 (10%) n= 4

Pretransplant therapy

Moderately intense chemotherapy, n (%) 16 (76%)

6-MP only, n (%) 4 (19%)

Azacitidine only (four cycles), n (%) 1 (5%)

Abbreviations: HbF, fetal hemoglobin; 6-MP, 6-mercaptopurine; NF1, neu-
rofibromatosis type 1;WBC, white blood cell.

3 RESULTS

3.1 Patient characteristics

Clinical features of the 21 patientswith full molecular datasets at diag-

nosis are summarized in Table 1. Of the 21 patients, 17 were male;

the median age at diagnosis was 1 year, with a range from 4.6 months

to 7.6 years. Of these, the majority (16/21 patients, 76%) received at

least one course of a moderately intense myeloid-based chemother-

apy (i.e., 2 g/m2 of cytarabine alone or in combination with fludara-

bine, 30 mg/m2, or equivalent regimens). The other five patients were

treatedwith either 6-mercaptopurine (6-MP) or azacitidine aloneprior

to HCT.28 Splenectomy was performed in five of 21 (24%) patients

prior to HCT.

Nineteen patients had mutations in canonical Ras-pathway genes.

For the two remaining patients (UP2964 and UPN3065), no driver

mutation was initially detected at the time of their clinical diagnosis

using routine testing for JMML. However, both patients met the inter-

national criteria for JMML including hypersensitivity to the cytokine

granulocyte macrophage—colony stimulating factor. Comprehensive

molecular analyses at the time of this study including DNA and RNA-

sequencing revealed that both these patients harbored FLT3 alter-

ations (UPN2964 had a FLT3 fusion and UPN3065 had a FLT3 D835H

mutation).

All patients receivedanallogeneicHCT (Table S2).Conditioning reg-

imens varied in intensity and included between one and three alky-

lating agents. Total body irradiation (TBI) with 12 Gy was used as

part of conditioning in four of 21 (19%) patients. An HLA-identical

family donor was available in seven of 21 (33%) cases, while 12 of

21 (57%) patients received a transplant from a matched unrelated

donor and two of 21 (10%) were transplanted from a haploidentical

donor. Five-year OS and PFS of the whole cohort were 77% (95%

CI, 49-91%) and 72% (95% CI, 44-88%), respectively. Relapse after

HCT occurred in five of 21 (28%; 95%CI, 4-60%) patients at 1.9-31.8

(median 2.6) months post-HCT. Four of 21 (19%) patients received

a second HCT, two from the same donor used during first HCT. Of

these four patients, two died of progression, one died of treatment-

related mortality (TRM). Only one patient remains alive in second

remission.

3.2 Treatment-relatedmortality, occurrence

of GvHD, and veno-occlusive disease

Overall, therapy was well tolerated in our cohort. No fatal compli-

cations occurred from therapy prior to HCT. Veno-occlusive disease

(VOD) occurred in seven of 21 (33%) patients posttransplant, six of

themhadgrade3-4.29 Therewas nodifference in the incidenceofVOD

depending on the type of pre-HCT therapy. Acute GvHD grade ≥ 2

occurred in 10 in 21 (48%) patients; five of 21 (24%) patients suffered

fromextensive chronicGvHDwith only one patient developing cGvHD

without prior aGvHD. However, one patient with chronic GvHD died

after more than 5 years due to pneumococcal sepsis leading to a TRM

of 5% of patients.

3.3 Response to therapy

Full sequencing datasets of the mutational burden both at diagnosis

and at the last posttherapy/pre-HCT timepoint are shown in Table 2

(and Table S3). Of the 21 patients, one-third (7/21) reached a reduc-

tion of MAF to below 5% at the pre-HCT timepoint (“molecular

responders”) (Supporting information Figure S1). Moderately intense

chemotherapy yielded a molecular remission in six of 16 (38%) versus

zero of 4 (0%) for 6-MP alone versus one of one (100%) for azaciti-

dine alone. Patient UPN2964, who was found to have a novel fusion

involving FLT3 (manuscript describing this case in press30), showed

a response to therapy only after the addition of the FLT3-inhibitor

sorafenib to chemotherapy.

Five-year PFS of molecular responders to pre-HCT therapy was

100% (95% CI, 100%). In contrast, molecular nonresponders showed

a 5-year PFS of 61% (95% CI, 30-82%) with five of 14 (36%) patients

having a relapse (P = .12; Figure 1). OS of molecular responders was

also superior to the OS of nonresponders (Supporting Information

Figure S2).

Of note, the type of pre-HCT therapy itself (moderately intense

chemotherapy versus low-dose chemotherapy including azacitidine)

had no effect on survival (P= .42; Supporting Information Figure S3).
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TABLE 2 Sequencing data of the driver mutations at diagnosis and pretransplant time point

Diagnosis Pre-HCT

UPN
Number of
mutationsa Type of therapy Drivermutation

Allele
frequency Drivermutation

Allele
frequency

Disease
burden
reduction
pre-HCT?

Responders UPN0647 1 Moderately
intense chemo

NRAS p.Q61H 35% NRAS p.Q61H 0% Yes

UPN0830 2 Moderately
intense chemo

PTPN11 p.E76K 47% PTPN11 p.E76K 0% Yes

UPN2610 1 Moderately
intense chemo

PTPN11 p.E76K 47% PTPN11 p.E76K 2% Yes

UPN2964 1 Moderately
intense chemo

FLT3-CCDC88C
Fusion

133.5
(conc.)b

FLT3-CCDC88C
Fusion

0.14 (conc.)b Yes

UPN2892 1 Moderately
intense chemo

NRAS p.Q61R 23% NRAS p.Q61R 0% Yes

UPN2860 1 Azacitidine only KRAS p.G13D 8% KRAS p.G13D 0% Yes

UPN3020 3 Moderately
intense chemo

RRAS2 p.Q72L 46% RRAS2 p.Q72L 0% Yes

Nonresponders UPN0868 1 6-MP only PTPN11 p.E76K 39% PTPN11 p.E76K 35% No

UPN0906 2 Moderately
intense chemo

PTPN11 p.E76K 57% PTPN11 p.E76K 50% No

UPN0969 2 Moderately
intense chemo

NF1 p.T1972fs 89% NF1 p.T1972fs 57% No

UPN1447 2 6-MP only PTPN11 p.E76K 69% PTPN11 p.E76K 14% No

UPN1711 4 6-MP only NF1 p.N339fs 99% NF1 p.N339fs 100% No

UPN1740 1 Moderately
intense chemo

NRAS p.Q61K 43% NRAS p.Q61K 11% No

UPN2629 1 6-MP only KRAS p.G12V 17% KRAS p.G12V 40% No

UPN2857 1 Moderately
intense chemo

NRAS p.Q61K 37% NRAS p.Q61K 46% No

UPN3064 2 Moderately
intense chemo

PTPN11
p.D61Y

42% PTPN11
p.D61Y

n/a Noc

UPN3065 2 Moderately
intense chemo

FLT3 p.D835H 38% FLT3 p.D835H 42% No

UPN3066 1 Moderately
intense chemo

NRAS p.G13D n/a NRAS p.G13D 42% No

UPN3067 1 Moderately
intense chemo

PTPN11 p.E76K 46% PTPN11 p.E76K 45% No

UPN2937 2 Moderately
intense chemo

NRAS p.G13D 84% NRAS p.G13D 89% No

UPN2983 1 Moderately
intense chemo

KRAS p.G13D 41% KRAS p.G13D 25% No

Abbreviation: UPN, universal patient number.
aTotal number of mutations detected at initial diagnosis.
bAllele frequencyof theFLT3-CCDC88C-fusionwas reportedas concentrationof detected fusion alleles compared towild-typeFLT3alleles (detected through
a custom droplet digital PCR assay).
cResponse for patient UPN3064wasmeasured by persistence of monosomy 7 in cytogenetic analysis of a bonemarrow aspirate at the pre-HCT timepoint.

3.4 Comparison betweenmolecular responders

and nonresponders to therapy

We next compared molecular responders and nonresponders to eval-

uate potential factors influencing response. As previously described,23

the number of mutations at diagnosis impacted PFS and OS in our

cohort (Supporting Information Figure S4). However, there was no

difference in the number of mutations between molecular respon-

ders and nonresponders. Furthermore, there were no statistically

significant differences between the groups regarding baseline clinical

characteristics including age, white blood cell count, platelet count,

and age-appropriate fetal hemoglobin levels at diagnosis (Table 3).

3.5 Prognostic impact of graft-versus-host disease

in JMML

Equal percentages of molecular responders and nonresponders devel-

oped significant GvHD (57% in both groups). While there was no

impact on survival depending on the intensity of the conditioning reg-

imen used for HCT or whether or not TBI was added, the presence of
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F IGURE 1 Kaplan-Meier estimate of 5-year progression-free
survival (PFS) bymolecular response to therapy

acute GvHD grade ≥2 and/or extensive chronic GvHD had an impact

on PFS of the whole cohort. None of the patients who had aGvHD

grade 2 or higher suffered a relapse, and only one patient who devel-

oped extensive cGvHD without prior aGvHD relapsed. Consequently,

5-year PFS for this group was 88% (95% CI, 39-98%), compared to

53% (95% CI, 18-78%) for patients with no GvHD, aGvHD grade 1

or limited cGvHD (P = .07; Figure 2A). Five-year OS was also sig-

nificantly improved for patients developing aGvHD grade ≥ 2 and/or

extensive cGvHD (P = .02; Supporting Information Figure S5A). Even

after 10 years, OS remained superior for patients with severe GvHD

despite the fact that one patient died as a result of chronic immuno-

suppression (P = .06; Supporting Information Figure S5B). Among

molecular nonresponders to pre-HCT therapy, 5-year PFS was 83%

(7/8; 95% CI, 27-97%) for those who developed GvHD versus 33%

(2/6; 95% CI, 5-68%) for those who did not develop GvHD (P = .046,

Figure 2B).

4 DISCUSSION

In our cohort, we identified that approximately 40% of JMML patients

who received moderate-intensity pretransplant therapy achieved a

molecular remission prior to HCT. The pre-HCT therapy was well tol-

erated and responding patients had an excellent outcome with 100%

PFS after HCT. In contrast, patients who did not achieve a molecu-

lar response to pre-HCT therapy had poorer outcomes. Outcomes for

the molecular nonresponders were, however, significantly improved

if patients experienced acute (grade 2 or higher) and/or extensive

chronic GvHD.

To better understand the factors that influence the likelihood of

responding to pre-HCT therapy, we compared molecular responders

and nonresponders. Neither group differed in their baseline clinical

characteristics. There were no differences in the number of secondary

mutations, the type of driver mutation or cytogenetic abnormalities.

Molecular responders tended to be younger than nonresponders, with

age being an acknowledged risk factor for JMML. In summary, wewere

unable to identify a factor that could predict molecular response to

pre-HCT therapy.

TABLE 3 Comparison of responders and nonresponders

Responders Nonresponders

Variable n= 7 n= 14 P-value

Age (years)

Median 0.97 2.6 .17

Range 0.39-3.7 0.44-7.2

Gender, male n (%) 6 (86%) 11 (79%) 1.0

Splenectomy, n (%) 1 (14%) 4 (29%) .62

WBC (×109/L)

Median 27 31 .6

Range 4.9-92 4.0-181

Monocytes (×109/L)

Median 2 3.7 .38

Range 0-47 1.3-30

Platelets (×109/L)

Median 69 27 .2

Range 6-124 5-223

HbF elevated for age, n (%) 4 (57%) 7 (50%) 1.0

Driver mutation, n (%)

PTPN11 2 (29%) 5 (36%) 1.0

NRAS 2 (29%) 4 (29%) 1.0

KRAS 1 (14%) 2 (14%) 1.0

NF1 – 2 (14%) –

FLT3 1 (14%) 1 (7%) –

RRAS 1 (14%) – –

Number of secondarymutations

Median 1 1 1.0

Range 1-3 1-4

Abnormal cytogenetics, n (%) 3 (43%) 7 (50%) 1.0

Monosomy 7, n (%) 2 (29%) 3 (21%) 1.0

Abbreviations: HbF, fetal hemoglobin;WBC, white blood cell.

Similar to previous studies, we show that pre-HCT therapy does

not yield improvements for every JMML patient.10,31–35 However, by

assessing for molecular responses, wewere able to identify a subset of

patientswhoexperiencedmolecular remissions andwenton tohavean

excellent PFS after HCT. We have thus demonstrated that the general

dogma usually reserved for othermalignancies36,37 can also be applied

to JMML: entering HCT in a state of molecular remission is associ-

ated with improved outcomes. Our hypothesis is that there is more

time for the development of a graft-versus-leukemia effect for patients

who enter HCT with a molecular response and low disease burden.

Attempts to reduce the intensity of HCT conditioning for patients who

have achieved a molecular remission may be warranted, as very inten-

sive regimensmay not be required to debulk disease in this setting.

Furthermore, our data indicate that GvHD can salvage patients

with JMML who enter HCT with overt disease. This is in accordance

with other studies demonstrating that chronic GvHD can protect

JMML patients from relapse, and that donor lymphocyte infusions

for patients with JMML were mostly effective when they led to the
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F IGURE 2 Kaplan-Meier estimate of 5-year progression-free survival (PFS) by occurrence of graft versus host disease (GvHD). (A) For the
whole patient cohort (n= 21) and (B) for molecular nonresponders (n= 14)

developmentofGvHD.14,38 Even thoughnodirect correlationbetween

the occurrence of GvHD and improved survival was identified in other

large studies,10,11 it has been suggested that reduced GvHD prophy-

laxis could be beneficial, especially in the setting of a second allogeneic

transplantation.10 According to our data, patients with active disease

at the time of transplant may also benefit from strategies to augment

the graft-versus-leukemia effect during first transplantation.

In general, this study is limited by the small number of patients and

thus many of these findings include trends toward, but do not reach,

statistical significance. It is possible that molecular response to pre-

HCT therapy is simply a biomarker of patients who would have done

well after HCT regardless of disease remission. Larger, prospective tri-

als of pre-HCT therapy are therefore warranted.

In summary, attempting to reduce the disease burden to a state

of molecular remission before HCT is a reasonable strategy for

newly diagnosed JMML patients while evaluating patients for HCT.

Moderately intense myeloid-based chemotherapy was well tolerated,

induced molecular remissions in about one-third of patients in our

study, and was associated with excellent outcomes. In addition, novel

approaches to pre-HCT therapy likeMEK-inhibitors and/or azacitidine

should be further investigated in clinical trials to increase the number

of patients going into HCTwithout active disease.
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