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abstract

PURPOSE Patients with neurofibromatosis type 1 (NF1) frequently develop plexiform neurofibromas (PNs),
which can cause significant morbidity. We performed a phase II trial of the MAPK/ERK kinase inhibitor,
mirdametinib (PD-0325901), in patients with NF1 and inoperable PNs. The primary objective was response rate
based on volumetric magnetic resonance imaging analysis.

METHODS Inclusion criteria included age$ 16 years and a PN that was either progressive or causing significant
morbidity. First-dose pharmacokinetics were performed. Patients completed patient-reported outcome mea-
sures. Patients received mirdametinib by mouth twice a day at 2 mg/m2/dose (maximum dose 5 4 mg twice a
day) in a 3-week on/1-week off sequence. Each course was 4 weeks in duration. Evaluations were performed
after four courses for the first year and then after every six courses. Patients could receive a maximum of 24 total
courses.

RESULTS Nineteen patients were enrolled, and all 19 received mirdametinib. The median age was 24 years
(range, 16-39 years); the median baseline tumor volume was 363.8 mL (range, 3.9-5,161 mL). Eight of the 19
patients (42%) achieved a partial response of the target PN by course 12, and 10 (53%) had stable disease. One
patient (5%) developed progressive disease at course 8. Significant and durable decreases were observed in
pain ratings.

CONCLUSION To our knowledge, this analysis represents the first characterization of the activity and phar-
macokinetics of mirdametinib in patients with NF1 and PNs and is the first published response study for MAPK/
ERK kinase inhibitors in adults with NF1 and PNs. Mirdametinib given at 2 mg/m2/dose (maximum dose, 4 mg)
twice daily in a 3-week on/1-week off sequence resulted in a 42%partial response rate with preliminary evidence
of reduction in pain.
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INTRODUCTION

Neurofibromatosis type 1 (NF1) is a common auto-
somal dominant disorder with an incidence of 1:
2,7001 caused by a germline pathogenic variant in the
NF1 tumor suppressor gene. NF1 is characterized by
progressive cutaneous, neurological, skeletal, and
neoplastic manifestations; patients have a 40% risk of
developing plexiform neurofibromas (PNs). PNs can
cause significant disfigurement, compression of vital
structures, neurologic dysfunction, and pain, which
can negatively affect quality of life (QOL).2 Until re-
cently, the only management strategy was surgical

resection, which is often difficult because of the in-
filtrative nature of the tumor. New evidence suggests
that inhibition of theMAPK/ERK kinase (MEK) pathway
can lead to significant PN shrinkage3 and clinical
benefit4 in children with NF1.

Themitogen-activated protein kinase (MAPK) pathway
regulates multiple critical cellular functions including
growth and senescence5; dysregulation of this path-
way leads to activation of both extracellular signal–
regulated protein kinase (ERK) and MEK. The NF1
gene encodes neurofibromin, and neurofibromin loss
in tumor cells leads to dysregulated Ras signaling with
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hyperactivation of downstream Ras effectors, including
MEK.

Treatment with mirdametinib (PD-0325901), a highly
specific noncompetitive MEK inhibitor (MEKi), resulted in
shrinkage of PN in a majority of Nf1 genetically engineered
mice,6 even at low doses. Thus, we evaluated mirdametinib
in a phase II clinical trial for patients with NF1 and
symptomatic or growing, inoperable PNs.

METHODS

Study Design and Population

Patients were enrolled at NF Clinical Trials Consortium
sites. Inclusion criteria included age $ 16 years with NF1
and an unresectable PN either with significant progression
in the past year (defined as $ 20% increase in the
volume, $ 13% increase in the product of the two longest
perpendicular diameters, or $ 6% increase in the longest
diameter) or with PN-related significant morbidity (Table 1).
PNs were at least 3 mL and amenable to volumetric
magnetic resonance imaging (MRI) analysis; central review
was performed in real time. Exclusion criteria included prior
therapy with a MEKi. Other eligibility and exclusion criteria
are given in Appendix Table A1 (online only). Patients who
had received prior therapy required an adequate washout
period. The primary objective was to evaluate the response
rate to mirdametinib based on volumetric MRI analysis.

Therapy

Patients received mirdametinib orally twice a day (BID) at
2 mg/m2/dose (maximum dose of 4 mg BID; capsules
swallowed whole) in a 3-week on/1-week off sequence
because of concerns of musculoskeletal, neurologic, and
ocular toxicity seen at doses . 10 mg BID for adults with
malignancy7,8 and based on evidence of PN shrinkage even
with low doses.6 Patients could receive a maximum of 24
four-week courses. Patients were removed from therapy for
mirdametinib-related dose limiting toxicity (DLT), pro-
gressive disease (PD), or lack of partial response (PR;
defined as a $ 20% reduction in tumor volume compared

with baseline) by the end of 12 courses. Patients without at
least 15% reduction in target tumor volume by the end of
course 8 were removed from protocol therapy for safety
concerns, as it was believed that the likelihood of achieving
a response by 12 courses was minimal.

DLTs (hematologic or nonhematologic) were defined as
either $ grade 3 or clinically significant grade 2 toxicities
that did not resolve within 72 hours of maximal medical
management. Patients who experienced a DLT that was
possibly, probably, or definitely related to mirdametinib
held drug until the toxicity was completely resolved. If
toxicity resolved within 2 weeks, mirdametinib was
restarted at a lower dose (Appendix Table A2, online only).
Toxicities requiring removal from protocol therapy in-
cluded: any mirdametinib-related DLT that recurred on a
reduced dose (ie, no patient could be dose-reduced more
than once); any $ grade 3 mirdametinib–related toxicity
that did not resolve to # grade 1 within 2 weeks; devel-
opment of retinal vein occlusion; and development of
glaucoma, intraocular pressure . 21 mm Hg, or any sig-
nificant abnormality on ophthalmic examination.

Study Evaluations

Patients underwent the following study evaluations at en-
rollment and after courses 4, 8, and 12, and then after
courses 18 and 24 for those who continued therapy.

Assessment of PN volume. Patients underwent noncontrast
axial and coronal short-TI inversion recovery MRI at the
designated time points. Response was evaluated centrally
at the National Cancer Institute based on changes in tumor
volume, as previously reported.9 PD was defined as a
$ 20% increase in volume compared with baseline and
PR as $ 20% reduction in the volume of the target PN.

Safety monitoring. Safety monitoring included physical
examination and laboratory studies (including blood
counts, comprehensive metabolic panel, and creatine
phosphokinase). Patients had an ophthalmology evaluation
after courses 1 and 2, then every two courses for the first
year, and every three courses in year 2. Adverse events

CONTEXT

Key Objective
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(AEs) were graded according to National Cancer Institute
Common Terminology Criteria for Adverse Events v4.0.
Participants were considered evaluable for toxicity if they
received at least one dose of study drug and were removed
from treatment for toxicity or completed one full course of
therapy. A priori, we stated that mirdametinib was worthy of
further study in this population if $ 25% of participants
achieved PR after 12 courses without clinically significant
toxicity.

Patient-reported outcome measures. Patients completed
the following patient-reported outcome (PRO) measures at
the above time points.

The Numerical Rating Scale-1110 is a self-report measure
of pain intensity that was adapted to assess PN-related pain
for NF1 clinical trials.11 Patients were asked to choose their
most important tumor pain and rate it from 0 (no pain) to 10
(worst pain) in the past week. The same tumor pain was to
be rated at each evaluation.

The Brief Pain Inventory Pain Interference subscale12 as-
sesses the impact of pain on daily functioning in seven
areas from 0 (does not interfere) to 10 (completely inter-
fered) in the past week; it yields a mean total score.

The Pediatric Quality of Life Inventory NF1 module is a
disease-specific health-related quality-of-life (QOL) mea-
sure13 assessing 16 domains. Responses on a five-point
Likert scale are transformed to a scale of 0-100 (higher
scores 5 better QOL); it produces mean domain and total
scores.

Pharmacokinetic analysis. Whole blood samples were
collected before treatment and at 30 minutes and 1, 2, 3, 4,
6, 8, and 10 hours after the first dose. Samples were
assayed for mirdametinib and the active metabolite, PD-
0315209 (only contributes about 3% to total MEK inhibi-
tion), by liquid chromatography with tandem mass spec-
trometry detection (Advion BioSciences, Inc, Ithaca, NY). A
noncompartmental analysis was performed to estimate
area under the concentration-time curve from time 0 to 12
hours (AUC0-12h) after a single dose of mirdametinib using
Phoenix WinNonlin (Version 8.1; Certara, Princeton, NJ). A
population pharmacokinetics (PK) analysis was also per-
formed using nonlinear mixed effect modeling with NON-
MEM (version 7.2; ICON, Ellicott City, MD) with Perl speaks
NONMEM version 3.6.2 and Pirana version 2.7.1 (Certara).
Mirdametinib concentration time data were modeled to
generate individual PK estimates during steady-state
treatment. The apparent clearance and actual dose
treated at time point of response assessment were used to
estimate total mirdametinib exposure expressed as
AUC0-12h to evaluate the relationship of exposure with
tumor shrinkage.

Statistical Analysis

This study used an optimal Simon 2-stage design, with a
null hypothesis response rate of 0.05 and an alternative of
0.25, a power of 80%, and a type I error of 0.05. This called
for a first-stage sample size of nine participants with ex-
pansion up to 19 participants (if at least one of the first nine
had a PR) to achieve at least 17 participants evaluable for
response.

The pain and QOL data were summarized with descriptive
statistics (means, standard deviation [SD]) via SAS version
9.4 (Cary, NC). Changes over time were evaluated using a
mixedmodel approach via Least Squares Means in the total
group (N 5 19) and in patients achieving a PR (PR group;
n 5 8) compared with patients not achieving a PR (no-PR
group; n 5 11). We fit a final linear mixed model that in-
cluded time and group as fixed effects (interaction of time

TABLE 1. Baseline Demographics
Variable Statistic

Age at enrollment, years

N 19

Mean (SD) 24.6 (6.9)

Median 24

Range 16-39

Sex

Male 11 (57.9%)

Female 8 (42.1%)

Race

Caucasian 8 (42.1%)

Black or African-American 4 (21.1%)

Native Hawaiian or Other Pacific Islander 0 (0.0%)

Asian 2 (10.5%)

American Indian or Alaska Native 0 (0.0%)

Others 4 (21.1%)

Unknown 1 (5.2%)

Ethnicity

Hispanic or Latino 3 (15.8%)

Non-Hispanic or non-Latino 13 (68.4%)

Unknown 3 (15.8%)

Tumor location

Head (face) 1 (5.3%)

Neck 4 (21.1%)

Combined head, neck, and chest 1 (5.3%)

Combined neck and chest 1 (5.3%)

Trunk 7 (36.8%)

Extremity 2 (10.5%)

Combined trunk and extremity 3 (15.8%)

Plexiform eligibility

Tumor progression 2 (10.5%)

PN-related morbidity 17 (89.5%)

Abbreviations: PN, plexiform neurofibroma; SD, standard deviation.
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and group was not significant and was removed). For
random effects, we included only an intercept and as-
sumed exchangeable correlation for the outcomes.

RESULTS

Patient Characteristics

Twenty-two patients were screened; 19 were enrolled
between July 25, 2014, and September 21, 2015. Two
patients (10.5%) enrolled with progressive PN and 17 with
a PN causing significant morbidity (Table 1). The median

age was 24 years (range, 16-39 years). The median
baseline tumor volume was 363.8 mL (range, 3.9-
5,161 mL). All 19 patients enrolled were evaluable for
toxicity and response.

Tumor Response

Eight of the 19 patients (42%) achieved a PR of the target
PN by course 12 (Figs 1A and 1B; Appendix Table A3,
online only; Appendix Fig A1, online only), and 10 (53%)
had stable disease. Thus, we rejected the null hypothesis
H0: relative risk# 0.05 in favor of the alternative hypothesis
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FIG 1. Each patient is represented by a single bar. Blue bars did not achieve a partial response
(PR). Red bars achieved a PR. (A) Waterfall plot of maximal tumor volume change by patient.
Patients are aligned left to right according to maximal tumor volume change from baseline. There
was one patient who had progressive disease, 10 with stable disease, and eight with PR. (B)
Swimmers plot of duration of exposure, time to PR, and time to maximum response. Patients are
aligned top to bottom from largest response to least response. Length of bar represents duration of
exposure. Magenta triangles represent the time a PR was first observed, and magenta circles
represent the time of maximum tumor volume change from baseline. Green stars represent time of
dose reduction. Note the green star indicating a dose reduction at the same time PR first noted in
red bar 4th from the top.
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H1: relative risk $ 0.25 with P , .0001. One patient (5%),
who enrolled with a progressive PN, developed PD (tumor
growth from 3.9 mL to 5.8 mL) with worsening cervical cord
compression at course 8 and stopped protocol therapy.
Debulking revealed PN with no evidence of malignant
degeneration. Of note, this was one of the two patients
enrolled because of PN progression rather than significant
morbidity. The median change in tumor volume compared
with baseline for all patients was217.1% (range,228.0%
to 148.7%). Only one patient achieved a PR by the end of
course 8; the remaining seven patients achieved PR at
course 12 (Fig 1B). One patient had 19% tumor shrinkage
at course 8 but elected to stop therapy because of low-
grade rash. Maximal tumor response was not achieved until
course 18 in two patients and course 24 in two patients
(Fig 1B). Of note, only one of the five patients who had a
dose reduction achieved a PR, and the dose reduction
occurred after the PR was achieved (Fig 1B).

Patient-Reported Outcomes

All 19 patients completed the PRO measures at baseline,
18 at course 4, 15 at course 8, and nine at course 12.
Attrition was due mainly to patients in the no-PR group
going off-study (Fig 1B). All eight patients in the PR group
completed the measures at each required time point
through course 12.

Pain intensity. At baseline, 84% (16 of 19) of patients rated
having tumor pain (total sample mean, 4.95; SD, 3.44;
range, 0-10) with 69% (11 of 16) reporting moderate to

severe levels (ratings$ 4). Mean ratings of worst tumor pain
intensity decreased significantly in the total sample from
baseline to course 4 (P 5 .0075), with both PR and no-PR
groups showing a similar trend toward less pain (almost two
mean points lower, suggesting clinically meaningful change14).
In the PR group, decreases in tumor pain intensity remained
significantly lower at 12 months (Table 2).

Pain interference. Mean total Brief Pain Inventory Pain
Interference subscale scores were not significantly different
from baseline to course 12 at any time point for the total
sample. Only the PR group exhibited significant reduction
in pain interference from baseline to course 8 (Table 2).

Disease-specific QOL. The total sample showed no signif-
icant change in the Pediatric Quality of Life Inventory NF1
total mean score at any evaluation. However, the PR group
exhibited significant improvement in total functioning from
baseline to course 8 (Table 2).

In the domains (Appendix Table A4, online only), only the
PR group rated significant physical changes, including
improvements in Movement and Balance at courses 8 and
12 or worsening Skin Irritation at course 4. In the total
sample, cognitive functioning mean scores improved sig-
nificantly at course 8 (P 5 .042).

Clinical Safety and Tolerability

No patients discontinued treatment because of DLT. One
patient developed two treatment-related grade 3 AEs (back
and abdominal pain) simultaneously during course 1; the

TABLE 2. Mean Scores of the Patient-Reported Outcomes (PRO) From Baseline to Course 12 by Patients Achieving and Not Achieving a Partial Volumetric
Tumor Response

PRO Measure Group

Course 0 Course 4 Course 8 Course 12

n Mean SD n Mean SD n Mean SD n Mean SD

NRS-11

Worst tumor paina PR 8 5.1 3.1 8 3.3b 2.8 8 3.8 3.2 8 2.7c 3.4

No PR 11 4.8 3.8 10 2.9b 3.3 7 3.0 2.8 1 2.0 —

BPI

Pain interference PR 8 3.3 2.9 8 2.8 2.8 8 1.7d 2.4 8 2.0 2.5

No PR 11 2.4 2.7 10 2.0 2.9 7 2.1 2.6 1 4.0 —

PedsQL-NF1

Total functioning PR 8 62.9 20.8 8 67.7 19.2 8 73.7e 22.2 8 66.7 20.5

No PR 11 68.1 20.1 10 73.1 16.8 7 69.2 16.6 1 75.7 —

Abbreviations: BPI, Brief Pain Inventory; NF1, neurofibromatosis type 1; No PR, patients not achieving a partial volumetric tumor response; NRS-11,
Numerical Rating Scale-11; PedsQL, Pediatric Quality of Life Inventory; PR, patients achieving a partial volumetric tumor response; SD, standard deviation.

aTotal sample: mean ratings of worst tumor pain intensity decreased significantly from baseline (N5 19,mean5 4.95, and SD5 3.44) to course 4 (n5 18,
mean 5 3.06, and SD 5 3.0) (least squares means estimate 5 1.74, t 5 2.82, and P 5 .0075).

bPR and no-PR groups: similar trends toward less tumor pain intensity at course 4 (PR group: least squaresmeans estimate5 1.88, t5 1.96, and P5 .058;
No-PR group: least squares means estimate 5 1.64, t 5 1.93, and P 5 .062).

cPR group: decreases in tumor pain intensity remained significantly lower than baseline at 12 months (least squares means estimate5 2.38, t5 2.48, and
P 5 .018).

dPR group: significant reduction in pain interference from baseline to course 8 (least squares means estimate 5 1.61, t 5 2.08, and P 5 .045), which
remained lower than baseline at course 12.

ePR group: significant improvement in total functioning from baseline to course 8 (least squares means estimate 5 2 10.77, t 5 - 2.72, and P 5 .01).
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TABLE 3. Treatment-Related Adverse Events (Highest Grade Incidence per Patient; N 5 19)
Event Any Grade (%) Grade 3a (%)

Blood and lymphatic system disorders

Anemia 3 (15.8) 0 (0.0)

Ear and labyrinth disorders

Vertigo 1 (5.3) 0 (0.0)

GI disorders

Abdominal pain 2 (10.5) 1 (5.3)

Bloating 1 (5.3) 0 (0.0)

Constipation 4 (21.1) 0 (0.0)

Diarrhea 5 (26.3) 0 (0.0)

Dry mouth 2 (10.5) 0 (0.0)

Dyspepsia 1 (5.3) 0 (0.0)

Gastroesophageal reflux disease 1 (5.3) 0 (0.0)

Mucositis oral 1 (5.3) 0 (0.0)

Nausea 10 (52.6) 0 (0.0)

Rectal hemorrhage 1 (5.3) 0 (0.0)

Vomiting 5 (26.3) 0 (0.0)

General disorders and administration site conditions

Edema limbs 2 (10.5) 0 (0.0)

Fatigue 11 (57.9) 0 (0.0)

Localized edema 1 (5.3) 0 (0.0)

Infections and infestations

Paronychia 2 (10.5) 0 (0.0)

Investigations

Alkaline phosphatase increased 1 (5.3) 0 (0.0)

AST increased 1 (5.3) 0 (0.0)

Blood bilirubin increased 1 (5.3) 0 (0.0)

CPK increased 4 (21.1) 0 (0.0)

Creatinine increased 1 (5.3) 0 (0.0)

Lymphocyte count decreased 1 (5.3) 0 (0.0)

Lymphocyte count increased 1 (5.3) 0 (0.0)

Neutrophil count decreased 1 (5.3) 0 (0.0)

Platelet count decreased 2 (10.5) 0 (0.0)

Weight gain 1 (5.3) 0 (0.0)

White blood cells decreased 1 (5.3) 0 (0.0)

Metabolism and nutrition disorders

Hyperglycemia 1 (5.3) 0 (0.0)

Hypernatremia 1 (5.3) 0 (0.0)

Hypoalbuminemia 3 (15.8) 0 (0.0)

Hypocalcemia 2 (10.5) 0 (0.0)

Hypokalemia 2 (10.5) 0 (0.0)

Hypomagnesemia 2 (10.5) 0 (0.0)

Hyponatremia 1 (5.3) 0 (0.0)

Hypophosphatemia 2 (10.5) 0 (0.0)

(continued on following page)
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pain resolved upon holding the drug and did not recur at
the protocol-mandated reduced dose. There were no grade
4 or 5 AEs. Five patients (26.3%) required dose reductions
while on study: for grade 3 abdominal and/or back pain (as
described above), grade 1 rash (n 5 2), grade 2 nausea
(n 5 1), and grade 2 fatigue (n 5 1). The most common
AEs (any grade) were acneiform rash (94.7%), fatigue
(57.9%), and nausea (52.6%) (Table 3).

Of the 19 participants, six completed all planned therapy, one
was removed from study at course 12 because of lack of re-
sponse, and seven were removed from study at course 8
because of , 15% tumor volume reduction. Five patients
withdrew from protocol therapy (two of whom had achieved a
PR): four because of low-grade rash perceived to be intolerable
and one who felt the study commitments were too challenging.

PK for Exposure-Response Analysis

The concentration-time profile (PK) data were available for
18 patients around the first dose of course 1. Mean AUC0-

12h values (6 SD) of mirdametinib and PD-0315209
(metabolite) on day 1 were 443 (6 103) and 184 (6 101)
(ng * h/mL), respectively. The mean apparent mirdametinib
clearance was 7.6 L/h (6 2.6) and showed a good corre-
lation with both body weight and body surface area (R2 of
0.80 and 0.77, respectively).

Correlation Between Tumor Response and Exposure

of Mirdametinib

A time-dependent trend in tumor shrinkage throughout the
study was observed. Maximum tumor shrinkage from
baseline suggests a positive relationship with mirdametinib

TABLE 3. Treatment-Related Adverse Events (Highest Grade Incidence per Patient; N 5 19) (continued)
Event Any Grade (%) Grade 3a (%)

Musculoskeletal and connective tissue disorders

Arthralgia 1 (5.3) 0 (0.0)

Back pain 1 (5.3) 1 (5.3)

Myalgia 1 (5.3) 0 (0.0)

Pain in extremity 1 (5.3) 0 (0.0)

Nervous system disorders

Dizziness 4 (21.1) 0 (0.0)

Headache 3 (15.8) 0 (0.0)

Paresthesia 1 (5.3) 0 (0.0)

Spasticity 1 (5.3) 0 (0.0)

Psychiatric disorders

Agitation 1 (5.3) 0 (0.0)

Reproductive system and breast disorders

Irregular menstruation 1 (5.3) 0 (0.0)

Respiratory, thoracic, and mediastinal disorders

Epistaxis 2 (10.5) 0 (0.0)

Skin and subcutaneous tissue disorders

Alopecia 2 (10.5) 0 (0.0)

Hirsutism 1 (5.3) 0 (0.0)

Hyperhidrosis 1 (5.3) 0 (0.0)

Maculopapular rash 2 (10.5) 0 (0.0)

Pruritus 3 (15.8) 0 (0.0)

Rash acneiform 18 (94.7) 0 (0.0)

Rash pustular 1 (5.3) 0 (0.0)

Skin and subcutaneous tissue disorders—others, specify: erythema big toe 1 (5.3) 0 (0.0)

Skin and subcutaneous tissue disorders—others: bleeding or oozing from ear 1 (5.3) 0 (0.0)

Vascular disorders

Hypertension 2 (10.5) 0 (0.0)

Abbreviation: CPK, creatine phosphokinase.
aNo grade 4 or 5 adverse events occurred on study.
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exposure (AUC0-12h) (R2 5 0.22; P 5 .052) (Fig 2). Most
responses were seen in patients whose AUC was$ 600 (ng
* h/mL). PK was available for all five patients who had dose
reductions (around their original dose); only one had an
AUC $ 600 (ng * h/mL), and that patient achieved a PR
before the dose reduction.

DISCUSSION

This analysis represents the first characterization of the
activity and PK of mirdametinib and its metabolite in pa-
tients with NF1 and PNs. Furthermore, to our knowledge
this is the first published response study for MEKi in adults
with NF1 and PNs.

We showed that mirdametinib given at 2 mg/m2/dose
(maximum dose, 4 mg) twice daily in a 3-week on/1-week
off sequence results in a 42% PR rate. Although this is a
promising response rate, it is lower than the 71%-74% PR
rate in the phase I and II trials of the MEKi selumetinib in
children with NF1 and inoperable PNs.3,4 However, these
trials, which had differing eligibility criteria, were not
designed to compare the two agents. Our trial was con-
ducted in adults rather than children. PNs grow most
rapidly in children,9 and growth rate tends to decline by
adulthood. In fact, only 10.5% of patients in our trial en-
rolled because of tumor progression. Since the PNs in
younger patients may be more susceptible to tumor

shrinkage from a targeted agent, the lower response rate in
our trial may be secondary to patient selection. Unlike the
selumetinib trial, which followed a formal phase I study to
determine the maximal tolerated dose for children with NF1
and PN, no such formal determination of maximal tolerated
dose for adults with NF1 and PN was performed before
launching this trial. Thus, the dose chosenmight have been
the minimum effective dose, which is borne out by the lack
of responders among those with dose reductions. In ad-
dition, our trial was designed to give a rapid readout of
efficacy; therefore, patients who did not have 15% tumor
shrinkage after eight courses, or 20% shrinkage by 12
courses, were removed from the study. The selumetinib PN
trial did not contain these requirements, and patients on the
recommended phase II dose had a median time to best
response of 22 courses. A different trial design that allowed
for patients to stay on study for up to 24 courses as long as
they did not progress might have allowed for a higher re-
sponse rate to mirdametinib.

The PK data suggest that the dose chosen seems to be at the
minimum effective dose. Dosing above 2 mg/m2/dose might
result inmore responses, as we found a potential relationship
between mirdametinib exposure and tumor response. Pa-
tients who received near the higher end of dosing seemed
more likely to respond. One of the challenges in this study
was the availability of only 1 mg capsules, which necessi-
tated a range of dosing of 1.8-2.2mg/m2/dose, depending on
the size of the patient. The availability of different formula-
tions (capsule sizes or liquid) would allow for more precise
dosing. Finally, the PK data imply that although tumor re-
sponse is associated with drug exposure, drug toxicity
resulting in dose reductions is not; thus, a higher dose might
be tolerable, perhaps allowing a higher drug exposure.

Mirdametinib was safe and tolerable at the doses used in
this clinical trial. Dose reductions occurred in 26.3% of
patients, but these were mostly due to nonsevere side
effects like grade 1 rash. In addition, four patients withdrew
from the study for intolerable low-grade rash. No patients
experienced a DLT.

The PRO results should be considered exploratory since
this study was not powered to draw conclusions about
changes in these measures. However, significant and
clinically meaningful decreases in tumor pain intensity
occurred in the total group, which persisted through course
12 in the patients who experienced a PR similar to other
MEKi trials.3,4 The PR group also exhibited significant and
durable decreases in the interference of pain in daily life. In
preclinical studies, mechanisms of neuropathic pain in-
volve activation of the MEK/ERK pathway in neurons,
microglia, and astrocytes,15,16 and MEK inhibition may
decrease pain in part by reducing inflammatory pain hy-
persensitivity17 and microgliosis.15 Furthermore, the PR
group reported some improvements in physical functions,
but a worsening in skin problems, likely related to the
acneiform rash. The improvements in the cognitive domain
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FIG 2. Relationship between the maximum tumor volume change
from baseline and the AUC0-12h estimate in steady state (R2 5

0.22; P5 .052). The predicted exposure of mirdametinib at tumor
size readout (as measured by AUC0-12h) was compared with
maximum tumor volume change from baseline in individual pa-
tients using linear regression analysis. Blue triangles represent
patients who did not achieve a partial response (PR). Red circles
are those patients who did achieve a PR; one patient who achieved
a PR did not have pharmacokinetics performed. Filled in shapes
represent patients who had a dose reduction, only one of whom
achieved a PR (although the dose reduction was after the PR was
achieved). The patient near the very top of the graph had a small
plexiform neurofibroma that significantly progressed in the first
eight courses. AUC0-12h, area under the concentration-time curve
from time 0 to 12 hours.
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are intriguing as drugs targeting the Ras/MAPK pathway
may positively affect cognitive function in NF1,18 and
PD-0325901 crosses the blood brain barrier better than other
MEKi drugs.19 Animal models suggest that the ERK/MAPK
pathway plays a role in neuronal plasticity by modulating
GABA release, long-term potentiation, and hippocampal-
dependent learning and memory.18,20 The use of pro-
spectively administered PRO measures was feasible in this
multicenter trial and should be included in future studies.

Limitations of this trial include the small sample size, the
single capsule dose available, lack of dose optimization
before start of study, and the lack of functional testing
performed. In addition, our trial design, whichminimized the
patients who remained on protocol therapy without a clear
response, might have inadvertently missed late responders
to mirdametinib, as evidenced by several responders who
did not reach maximal response by course 12. As the study
did not require off-treatment MRI scans, we were unable to

assess the durability of response once mirdametinib was
stopped. Future trials of mirdametinib should eliminate the
requirement of early removal for not achieving 15% volume
reduction by course 8, should consider allowing patients to
remain on therapy beyond course 12 even if they have not
yet achieved a PR, and should mandate tumor volume
assessments following discontinuation of medication to as-
sess for durability of response.

In conclusion, this trial demonstrated that mirdametinib
is safe and effective in adolescent and adult patients
with NF1-associated PNs. A larger trial further examining
this agent in both children and adults with NF1 and
PNs is currently underway (ClinicalTrials.gov identifier:
NCT03962543). Future trials might consider optimizing the
dosing of mirdametinib for tumor efficacy, testing MEK
inhibition in combination with other agents to find therapies
that will increase the response rate, and examining this
agent’s effect on cognitive functioning.
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APPENDIX

A B

FIG A1. Exemplary response to mirdametinib in a single patient. Axial short-TI inversion recovery magnetic res-
onance imaging (MRI) sequence shows a plexiform neurofibroma in the left anterior thigh. (A) Example of MRI on
enrollment with a volume of 593 mL. (B) Example of MRI after course 12 with a volume of 473 mL.
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TABLE A1. Trial Eligibility Criteria
Requirement

NF1 Diagnosis Identified pathogenetic constitutional NF1 mutation or has a clinical diagnosis of NF1 using NIH Consensus
Conference criteria3

PN Progressive PN or PN causing significant morbidity, such as (but not limited to) head and neck lesions
compromising the airway or great vessels, brachial or lumbar plexus lesions causing nerve compression and loss
of function, lesions cause major deformity (eg, orbital lesions) or are significantly disfiguring, lesions of the
extremity that cause limb hypertrophy or loss of function, and painful lesions. Patients with paraspinal PN are
eligible.

Complete resection of a PNwith acceptablemorbidity is not feasible, or patient with a surgical option refuses surgery

Measurable disease PN must be amenable to volumetric MRI analysis and be at least 3 mL in volume

Age Patients must be $ 16 years of age (those $ 18 years of age must be able to provide consent)

Performance level Karnofsky $ 50%

Prior therapy Fully recovered or CTCAE# grade 1 from acute toxicities of previous treatment (aside from alopecia or nonclinically
significant AEs), which might have included

Chemotherapy (no myelosuppressive chemotherapy in the past 4 weeks, no growth factors in the past 7 days, no
biologic agents in the past 14 days or five half-lives of the compound or active metabolites, and no investigational
drugs in the past 4 weeks).

Radiotherapy (no involved field radiation to the index PN within the past 6 months or radiation outside index PN in
the past 6 weeks)

Surgery (no major surgery in the past 2 weeks and complete wound healing)

Adequate hematologic
function

Peripheral ANC $ 1,500/mL

Platelet count $ 100,000/mL (transfusion independent)

Hemoglobin $ 10.0 g/dL (may receive RBC transfusions)

Adequate renal function Maximum serum creatinine 1.5 mg/dL or a creatinine clearance or radioisotope GFR $ 70 mL/min/1.73 m2

Serum calcium, magnesium, and phosphorous with institutional normal limits (supplementation permissible)

Adequate liver function Bilirubin (sum of conjugated 1 unconjugated) # 1.5 3 ULN for age, and—ALT # 5 3 ULN for age, and—serum
albumin $ 2 g/dL

Exclusion criteria Chronic treatment with systemic steroids or another immunosuppressive therapy

Evidence of active optic glioma or other low-grade glioma, requiring treatment with chemotherapy or radiation
therapy

Malignant glioma, malignant peripheral nerve sheath tumor, or other malignancy requiring treatment in last 12
months

Any history of radiation to the orbit

Glaucoma, intraocular pressure. 21 mm Hg, or any significant abnormality on ophthalmologist examination other
than those caused by long-standing Optic Pathway Glioma

Uncontrolled infection

Dental braces or prosthesis that interferes with volumetric analysis of the PN

Inability to swallow tablets

Women who are pregnant or breast-feeding

Males or females of reproductive potential who have not agreed to use an effective contraceptive method during the
period they are receiving the study drug and for 3months thereafter (women of childbearing potential must have a
negative urine or serum pregnancy test within 7 days before study treatment)

Requirement of chronic concomitant treatment of strong CYP3A4 inducers or inhibitors

History of noncompliance to medical regimens

Unwilling to or unable to comply with the protocol, or who in the opinion of the investigator may not be able to comply
with the safety monitoring requirements of the study

Impairment of GI function or GI disease that may significantly alter the absorption of mirdametinib

Prior treatment with any MEKi

Abbreviations: AE, adverse event; ANC, absolute neutrophil count; CTCAE, Common Terminology Criteria for Adverse Events; GFR, glomerular
filtration rate; MEKi, MAPK/ERK kinase inhibitor; MRI, magnetic resonance imaging; NF1, neurofibromatosis type 1; NIH, National Institutes of
Health; PN, plexiform neurofibroma; ULN, upper limit of normal.
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TABLE A3. Tumor Volumes (mL) and Percent Change From Baseline for Each Patient
Baseline
Volume (mL)

Volume (mL) (% Change)
at Course 4

Volume (mL) (% Change)
at Course 8

Volume (mL) (% Change)
at Course 12

Volume (mL) (% Change)
at Course 18

Volume (mL) (% Change)
at Course 24

3.9 4.6 (17.9) 5.8 (48.7)

20.5 21.1 (2.9) 20.7 (1)

55.6 54.2 (22.5) 52.1 (26.3)

60.4 60.2 (20.3)

63.8 62.4 (22.2) 60.9 (24.5)

98 82.7 (215.6) 81.2 (217.1) 88.1 (210.1)

109.3 105.5 (23.5) 90.7 (217) 82.5 (224.5) 84.3 (222.9)

253 229 (29.5) 235 (27.1)

387 375 (23.1) 321 (217.1) 278.5 (228) 304.6 (221.3)

390.4 350.8 (210.1) 323 (217.3) 310.8 (220.4) 297 (223.9) 312 (220.1)

437.9 391 (210.7) 354.5 (219)

467 407 (212.8) 396.6 (215.1) 373.1 (220.1) 395.5 (215.3) 409.5 (212.3)

593 517 (212.8) 473 (220.2) 473 (220.2)

609 564 (27.4) 517 (215.1) 483 (220.7) 455.2 (225.3) 448.6 (226.3)

787.4 690 (212.4)

902 940 (4.2) 873 (23.2)

1,467 1,452 (21) 1,162 (220.8) 1,095 (225.4) 1,229 (216.2)

3,292 3,028 (28)

5,161 4,470 (213.4) 4,377 (215.2) 4,010 (222.3)

TABLE A2. Dose Reductions for Toxicity
Starting Dose (mg) Reduced Dose (mg) Percent Decrease

2 BID 2 mg AM; 1 mg PM 25%

3 BID 2 mg BID 33%

4 BID 3 mg BID 25%

Abbreviation: BID, twice a day.
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TABLE A4. PedsQL NF1 Module Domain Mean Scores From Baseline to Course 12 by Patients Achieving and Not Achieving a Partial Volumetric Tumor
Response

PedsQL NF1 Domain Response Group

Course 0 Course 4 Course 8 Course 12

n Mean SD n Mean SD n Mean SD n Mean SD

Physical functioning PR 8 50.6 32.1 8 54.2 33.2 8 62.6 33.7 8 50.6 27.7

No PR 11 56.9 28.3 10 66.0 30.2 7 62.3 24.9 1 85.7 —

Pain and hurt PR 8 47.9 32.4 8 50.0 28.9 8 62.5 32.7 8 62.5 33.0

No PR 11 46.2 28.7 10 64.2 25.8 7 50.0 19.3 1 50.0 —

Movement and balance PR 8 57.0 31.1 8 66.4 35.7 8 74.2a 35.4 8 72.7a 26.5

No PR 11 70.5 21.5 10 75.6 19.9 7 78.6 14.4 1 81.3 —

Daily activities PR 8 77.6 38.5 8 82.0 28.0 8 85.7 34.8 8 72.9 42.9

No PR 11 92.8 10.7 10 93.8 9.0 7 94.1 8.9 1 100.0 —

Emotional functioning PR 8 67.5 24.6 8 76.3 17.1 8 75.6 19.7 8 68.1 20.5

No PR 11 66.8 29.4 10 64.5 27.4 7 58.6 33.0 1 100 —

Social functioning PR 8 65.6 28.9 8 75.0 29.1 8 76.6 26.3 8 65.6 23.9

No PR 11 60.2 31.0 10 70.8 24.5 7 61.3 31.6 1 100 —

Cognitive functioningb PR 8 62.1 22.7 8 61.5 11.7 8 74.2 25.3 8 61.8 24.3

No PR 11 53.0 28.3 10 60.5 26.4 7 56.9 29.3 1 25.0 —

Communication PR 8 60.4 33.6 8 64.6 30.1 8 64.6 37.5 8 57.3 34.9

No PR 11 72.0 30.1 10 76.7 28.0 7 71.4 28.4 1 75.0 —

Worry PR 8 54.7 31.5 8 58.9 23.0 8 64.6 31.2 8 66.2 24.4

No PR 11 46.2 34.8 10 48.3 32.1 7 47.6 28.3 1 33.3 —

Paresthesia PR 8 62.5 30.6 8 78.1c 34.6 8 75.0 30.6 8 68.8 32.7

No PR 11 62.5 33.5 10 73.8 27.3 7 69.6 21.5 1 62.5 —

Skin Irritation PR 8 81.9 21.9 8 66.3d 30.8 8 74.4 28.3 8 77.5 21.9

No PR 11 79.1 24.5 10 85.5 18.6 7 77.9 18.2 1 100.0 —

Sensatione PR 8 75.0 30.4 8 82.8 24.5 8 83.6 26.9 8 81.3 24.8

No PR 11 73.9 27.9 10 78.8 18.0 7 79.5 18.7 1 81.3 —

Fatigue PR 8 44.8 21.8 8 50.0 33.3 8 44.8 27.4 8 46.9 29.2

No PR 11 56.1 30.1 10 60.0 37.8 7 56.0 31.1 1 50.0 —

Treatment anxiety PR 8 74.0 28.3 8 79.4 18.0 8 87.5 18.9 8 83.3 18.4

No PR 11 86.4 18.4 10 87.5 20.5 7 82.7 23.9 1 50.0 —

Abbreviations: NF1, neurofibromatosis type 1; No PR, patients did not achieve a partial volumetric tumor response; PedsQL, Pediatric Quality of Life
Inventory; PR, patients achieved a partial volumetric tumor response; SD, standard deviation.

aDomains of physical symptoms and functioning: PR group—significant improvements in movement and balance at course 8 and course 12 (LSM
estimate 5 217.19, t 5 22.27, and P 5 .029; LSM estimate 5 215.63, t 5 -2.06, and P 5 .047, respectively).

bDomains of psychosocial functioning: total sample—significant improvement in cognitive functioning mean scores from baseline (N5 19, mean5 56.8,
and SD5 25.8) to course 8 (n5 15, mean5 66.1, and SD5 27.7) (LSM estimate5211.13, t522.11, and P5 .042); no significant changes over time in
the separate PR group and no-PR group.

cDomains of physical symptoms and functioning: PR group—significant improvements in paresthesias at course 4 (LSM estimate 5215.63, t 522.03,
and P 5 .0495).

dDomains of physical symptoms and functioning: PR group—significantly worse skin irritation at course 4 (LSM estimate 5 215.63, t 5 2.82, and
P 5 .008).

eDomains of physical symptoms and functioning: total sample—significantly improved sensation scores from baseline (N 5 19, mean 5 74.3, and
SD5 28.2) to course 8 (n5 15, mean5 81.7, and SD5 22.7) (LSM estimate529.72, t522.05, and P5 .047) but not separately in the PR and no-PR
subgroups.
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