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Neurofibromatosis type 1 (NF1), neurofibromatosis type 2 (NF2), and schwannomatosis (SWN) are tumor-suppressor syndromes.
Each syndrome is an orphan disease; however, the tumors that arise within them represent the most common tumors of the
nervous system worldwide. Systematic investigation of the pathways impacted by the loss of function of neurofibromin (encoded
by NF1) and merlin (encoded by NF2) have led to therapeutic advances for patients with NF1 and NF2. In the syndrome of SWN, the
genetic landscape is more complex, with 2 known causative genes (SMARCB1 and LZTR1) accounting for up to 50% of familial SWN
patients. The understanding of the molecular underpinnings of these syndromes is developing rapidly and offers more therapeutic
options for the patients. In addition, common sporadic cancers harbor somatic alterations in NF1 (ie, glioblastoma, breast cancer,
melanoma), NF2 (ie, meningioma, mesothelioma) and SMARCBI (ie, atypical teratoid/rhabdoid tumors) such that advances in
management of syndromic tumors may benefit patients both with and without germline mutations. In this review, we discuss
the clinical and genetic features of NF1, NF2 and SWN, the therapeutic advances for the tumors that arise within these syndromes

and the interaction between these rare tumor syndromes and the common tumors that share these mutations.
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Tumor suppressor genes (TSGs) encode proteins that are respon-
sible for regulating cell division. Tumor suppressor syndromes are
due to mutations in a TSG, which results in dysregulation of path-
ways responsible for cell division and proliferation and ultimately
makes cells vulnerable to additional genetic alterations that con-
tribute to cancer formation. The classic example of a tumor sup-
pressor syndrome is Li Fraumeni syndrome, in which a germline
mutation in TP53 results in a roughly 100 times greater risk of
breast cancer, soft tissue sarcomas, brain cancer, hematologic
malignancies, and adrenocortical carcinoma.’ Neurofibromato-
sis type 1 (NF1), neurofibromatosis type 2 (NF2), and schwanno-
matosis (SWN) are also tumor suppressor syndromes caused by
germline mutations in a TSG. The resting state of one normal
and one mutant allele results in the clinical syndrome; however,
inactivation of the second allele of the TSG leads to tumor for-
mation (according to Knudson’s “2-hit hypothesis”).” Unlike Li
Fraumeni syndrome, however, the tumors that develop most fre-
quently in patients with NF1, NF2, and SWN are histologically
benign with an overall low incidence of malignancy. That said,
these benign tumors are relentless and predominantly involve
the central and peripheral nervous system (CNS and PNS), there-
by causing significant neurologic morbidity and in some cases
mortality due to loss of nervous system function. Hence, patients
with NF1, NF2, and SWN present unique therapeutic challenges

for the neuro-oncology community. In addition, understanding
NF1, NF2, and SWN provides an opportunity to gain insight and
develop effective therapies for histologically benign CNS and PNS
tumors including meningiomas and schwannomas, which to-
gether represent >50% of all CNS tumors in the United States,
afflict millions of people across the world and for which there
are no approved therapies.® Identification of the NF1, NF2,
LZTR1, and SMARCB1 genes underlying the tumors found in
NF1, NF2, and SWN allows interrogation of drugs active at
nodes along specific cellular pathways dysregulated by the
loss of function of the respective TSG. The resultant discoveries
may ultimately benefit people both with NF syndromes and non-
syndromic cancers that are related to somatic mutations in NF
genes.

Neurofibromatosis Type 1

Clinical Presentation

NF1 is a rare disease, with an estimated birth incidence of 1 in
every 2500-3500 individuals.* However, it is the most common
autosomal dominant disorder of the nervous system and one
of the most common single-gene inherited conditions, rivaling
cystic fibrosis or fragile X syndrome.** The manifestations of

Received 8 May 2015; accepted 17 August 2015

© The Author(s) 2016. Published by Oxford University Press on behalf of the Society for Neuro-Oncology. All rights reserved.

For permissions, please e-mail: journals.permissions@oup.com.

624



Blakeley and Plotkin: Therapeutic advances for the neurofibromatoses

NF1 can impact essentially every organ system, however, as a
neurocutaneous syndrome, its hallmark lesions involve the skin,
CNS, and PNS (Table 1). The skin lesions, including café au lait
spots, intertriginous freckling, and cutaneous and subcutane-
ous neurofibromas, can cause significant deformity and dis-
comfort but are not medically threatening (Fig. 1, A-C). Café
au lait spots are often present at birth and grow in size and
number across childhood but may fade in adulthood.® Cutane-
ous and subcutaneous neurofibromas generally start to appear
in late childhood and can grow in size and number throughout
adulthood.*®

The major peripheral nerve tumor impacting patients with
NF1 is the plexiform neurofibroma (pNF). pNFs are multicellular

tumors composed of a variety of cell types including neuronal
axons, Schwann cells, fibroblasts, mast cells, macrophages,
perineural cells, and extracellular matrix.” They effect up to
50% of NF1 patients and can involve nerves anywhere from
the spinal root to the distal periphery.“®~1° pNFs range in
their extent of involvement and configuration from confined
and nodular to diffuse, crossing tissue planes or involving multi-
ple body regions (Fig. 1, D1-D3). They occur most commonly in
the trunk including the paraspinal region (31%), head and neck
(31%), and the extremities (25%).%'° Importantly, pNFs grow
most rapidly in early childhood, often increasing by >20% vol-
ume per year in young children.® Surgery is the current mainstay
of therapy for pNF; however, the tumors can rarely be fully

Table 1. Diagnostic criteria for neurofibromatosis type 1, neurofibromatosis type 2, and schwannomatosis

Schwannomatosis

NF1 NF2

Clinical Criteria

Presence of >2 of the following®®*: Definite!2:
(1) >6 café-au-lait macules > 5 mm in Bilateral VS

diameter in prepubertal individuals or
and >15 mm in greatest diameter in
postpubertal individuals.

(2) >2 neurofibromas of any type or 1
plexiform neurofibroma.

(3) Freckling in the axillary or inguinal
regions.

(4) >2 Lisch nodules(iris hamartomas).

(5) Optic glioma.

relative) plus

cortical cataract

Family history of NF2 (first-degree family

¢ Unilateral VS and age <30y

e Any 2 of the following:meningioma, glioma,
schwannoma, juvenile posterior
subcapsularlenticular opacities/juvenile

Presumptive or probable:

(6) A distinctive osseous lesion such as
sphenoid dysplasia or thinning of long
bone cortex, with or without
pseudarthrosis.

(7) First-degree relative* with NF-1 by the

. cortical cataract
above criteria.

e Unilateral VS and age <30 y plus,

o At least 1 of the following: meningioma,
glioma, schwannoma, juvenile posterior
subcapsular lenticular opacities/juvenile

Deﬂnitell9,153,154:

Age > 30 y AND has > 2 or more
nonintradermal schwannomas, at least 1
with histological confirmation

AND has no evidence of VS on high-quality
MRI scan

AND has no known constitutional

NF2 mutation

OR

Has 1 pathologically confirmed nonvestibular
schwannoma plus a first-degree relative who
meets the above criteria

Possible schwannomatosis:

Age < 30 y AND has >2 nonintradermal
schwannomas, at least 1 with histological
confirmation AND no evidence of VS on

Genetic Testing®®®
NF1 testing
Comprehensive NF1 testing
Blood
Tumor (frozen)

¢ >2 meningiomas plus, VS and age <30y,
or 1 of the following: glioma, schwannoma,
juvenile posterior subcapsular lenticular
opacities/juvenile cortical cataract

Comprehensive NF2 testing

Blood
Tumor (fixed or frozen)

high-quality MRI scan AND no known
constitutional NF2 mutation

OR

Individual is age > 45 y AND has > 2
nonintradermal schwannomas, at least 1
with histological confirmation AND has no
symptoms of 8th cranial nerve dysfunction
AND has no known constitutional NF2
mutation

OR

Has radiographic evidence of a nonvestibular
schwannoma and first-degree relative
meeting criteria for definite schwannomatosis

SMARCB1/INI1
LZTR1
Blood
Tumor (fixed or frozen)

Abbreviations: NF1, neurofibromatosis, type 1; NF2, neurofibromatosis, type 2; VS, vestibular schwannoma; y, year.

*First-degree relative: parent, sibling, or offspring.
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Fig. 1. Common manifestations of neurofibromatosis type 1 including: (A) multiple café-au-lait macules, (B) skin fold freckling with a café-au-lait
macule, (C) cutaneous neurofibromas and plexiform neurofibromas that are nodular (D1), diffuse (D2) and multifocal and infiltrating (D3).

Fig. 2. Cranial MRI scans of patients with neurofibromatosis type 2 demonstrating bilateral vestibular schwannomas and multiple meningiomas.

resected due to their involvement of critical structures, resulting
frequently in regrowth after surgery. The limitations of surgery,
combined with the known high growth rate in children, are the
motivators for highly active efforts to discover drugs for pNF.
pNFs are a common source of neuropathic pain and neuro-
logic dysfunction ranging from minor sensory alteration
to complete myelopathy. Moreover, the lifetime risk of develop-
ing a malignant peripheral nerve-sheath tumor (MPNST) in peo-
ple with NF1 is 8%-13%."* MPNST is a rare form of sarcoma

that occurs with disproportionate frequency in patients with
NF1. Outside of complete resection (requiring wide margins of
nerve and neighboring soft tissue), there are limited treatment
options, and the 5-year survival is below 50%.'"*?

Inthe CNS, patients with NF1 are at risk for low-grade gliomas
more so than high-grade gliomas.* The most common form of
glioma seen in patients with NF1 is optic pathway gliomas
(OPGs), which can involve any portion of the ophthalmologic
pathway. An estimated 15%-20% of people with NF1 have
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OPGs, accounting for up to 70% of all patients diagnosed with
OPG.*!> Symptomatic OPGs are almost exclusively diagnosed
in children <8 years of age, but there are rare patients who pre-
sent later in life and may require treatment.***® Many OPGs re-
main clinically silent and in fact may regress over time as
children enter adolescence and adulthood.™ Only roughly one-
third of patients require intervention for OPG. Indeed, a major
role of NF specialty clinics is to ensure that children with clinically
silent OPG do not undergo treatment that can cause unneces-
sary complications. However, progressive OPGs can cause vision
loss, proptosis, and hypothalamic dysfunction.'® Ongoing re-
search is standardizing the metrics for assessing vision loss asso-
ciated with OPG through both traditional visual acuity measures
and novel approaches such as optic coherence tomography
(OCT).}”*8 OCT allows objective assessment of the retinal nerve
fiber layer thickness (RNFL). Initial studies indicate that RNFL and
vision are associated. If validated, OCT may provide a sensitive
and specific way to assess vision in the youngest patients who
are both at the highest risk for vision loss and the most challeng-
ing to assess with traditional measures.'®1°

When patients have confirmed decline in vision or evidence
of hypothalamic involvement, treatment with chemotherapies
to address low-grade gliomas should be considered.?®?! Che-
motherapy results in stabilization of the OPG with preserved
or improved vision in roughly 72% of children.** Notably, radi-
ation therapy (RT) is not recommended for the majority of NF-
associated OPG as it is associated with multiple adverse effects
including moyamoya syndrome and secondary cancers.'*?%In
the subset of patients that do not have stabilization or response
to first-line chemotherapy, there are ongoing clinical trials eval-
uating inhibition of key nodes on molecular pathways regulated
by neurofibromin such as mTOR and MEK (NCT01158651 and
NCT01089101) as well as modulators of the tumor microenvi-
ronment such as PEG-interferon (NCT02343224). Thereis also a
report of the antiangiogenesis inhibitor bevacizumab resulting
in improvement in vision in some patients with progressive
OPG'® and a provocative report of topical murine nerve growth
factor improving visual-evoked potentials in children with optic
nerve atrophy due to OPG,”® suggesting that there may be yet
unexplored possibilities for vision restoration in children with
vision loss due to OPG.

Patients with NF1 also have up to a 5-fold increased risk of
glioblastoma (GBM) compared to the general population.?* It is
not clear if patients with NF1 who develop GBM fare better or
worse than patients with sporadic GBM. There are some reports
of enhanced toxicity with standard therapies such as radiation
(RT) and alkylating chemotherapies such as temozolomide due
to the underlying TSG.?*?° However, other reports indicate im-
proved survival for children with NF1 and GBM versus sporadic
pediatric GBM, and a recent case series reported long postrecur-
rence survival for adult patients with NF1 and GBM treated with
bevacizumab.?®?7 Finally, there is increasing evidence that
newly diagnosed tumors histologically consistent with pilocytic
astrocytoma behave far more aggressively than anticipated in
adults with NF1.?® Based on these confounding clinical obser-
vations, there are active efforts to understand the molecular
and genetic subtypes of NF1 extraoptic gliomas and how they
relate to sporadic gliomas.?’

Outside of the CNS and PNS tumors, there are several impor-
tant nontumor manifestations. At least 50% of patients have

cognitive deficits than can range from mild difficulty with spa-
tial processing to autism-like features.® Specific neurocognitive
manifestations common in NF1 include attention deficit disor-
der/hyperactivity, visuospatial deficits, expressive and receptive
language difficulties, and executive functioning difficulty.®! As
with all other aspects of NF1, the breadth and severity of neuro-
cognitive deficits are highly variable. Additionally, patients with
NF1 are at risk for bone malformations including tibial pseu-
doarthrosis, sphenoid wing dysplasia, and severe scoliosis.*?
There are also increasingly recognized risks of vasculopathy, in-
cluding moyamoya leading to stoke and renal artery stenosis
leading to secondary hypertension.®? Finally, there is an in-
creased risk of nonnervous system malignancies such as gas-
trointestinal stromal tumors, breast cancer in women < 50
years of age, leukemia, and neuroendocrine tumors including
pheochromocytomas.®*3°

Clearly, the range of possible manifestations of NF1 is vast.
Moreover, there is a great deal of variability in the expression of
these manifestations, such that some patients appear to be
minimally affected, while others have multiple disabling or life-
threatening manifestations. In addition, the risk of the various
manifestations changes across developmental stages. For ex-
ample, the risk of symptomatic OPG is greatest in childhood,
whereas cutaneous neurofibromas have their biggest impact
in adulthood. With rare exceptions, there are no clear
genotype-phenotype relationships, and there can be extensive
variability in disease within a family and even between identical
twins.>®~38 This observation suggests that genetic, epigenetic,
and environmental factors modify the clinical phenotype of indi-
vidual patients, and this has important implications for transla-
tional research in NF1. Clinically, this inherent heterogeneity of
disease severity within and across patients means that patients
with NF1 need regular evaluation by experts familiar with the
multiple possible manifestations across the lifespan in order to
ensure that necessary treatments are provided and that
unnecessary treatments are avoided.

Genetics and Molecular Pathophysiology

The NF1 syndrome results from a germline mutation in NF1 gene
on chromosome 17q11.2.3%%° The mutation can be de novo or
familial with an autosomal dominant inheritance pattern.
Roughly 50% of patients with NF1 have a spontaneous mutation
(ie, de novo) as the mutation rate for the NF1 gene is one of the
highest known for any human gene.*! More than 500 mutations
in the NF1 gene have been identified, with the majority resulting
in a loss of function of neurofibromin, the protein encoded on the
NF1 gene.*? Neurofibromin is widely expressed in almost all tis-
sues, but it is most abundant in the brain, spinal cord, and PNS.*
A mutation in one germline allele is sufficient to result in the syn-
drome of NF1. However, tumor formation appears to require the
loss of function in the second allele, at least in the tumor cell of
origin, consistent with NF1 being a TSG.

The most deeply investigated domain of neurofibromin is the
guanosine triphosphatase (GTPase) activating protein (GAP)- re-
lated domain. This is because GAP regulates Ras, perhaps the
most prevalent proto-oncogene across all tumors, both malig-
nant and nonmalignant.**** In healthy cells, Ras regulates
proliferation, differentiation, transformation, and apoptosis and
is most often in the inactive (GDP-bound) conformation. In
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contrast, Ras-GTP stimulates progrowth pathways including the
RAF/MEK/ERK and PI3K/AKT/mTOR pathways.**

Neurofibromin functions, at least in part, by reqgulating Ras
to maintain it in the Ras- GDP (inactive) confirmation.*? In
the absence of neurofibromin, Ras-GTP is constitutively activat-
ed, which results in excessive stimulation of multiple progrowth
pathways. This has implications not only for patients with NF1
but also for most cancers as mutations in, and overexpression
of Ras genes (H-Ras, K-Ras, and N-Ras), are found in almost all
known solid tumors including breast cancer, thyroid cancer,
prostate cancer, lung cancer, colorectal cancer, and brain
cancer.*> Moreover, mutations in NF1 have been linked to
sporadic cancers including GBM, juvenile myelomonocytic leu-
kemia, desmoplastic neurotrophic melanoma, gastrointestinal
stromal tumors, pheochromocytoma, primary lung adenocar-
cinoma, breast cancer, and ovarian cancer.“®~>? The shared ge-
netic and molecular underpinnings between the relatively rare
tumors in patients with NF1 and some of the worlds’ most
common and treatment-resistant cancers implies that the
therapeutics developed to address neurofibromin dysfunction
may benefit patients far beyond the syndrome of NF1, as was
elegantly presented in a review of the role of neurofibromin and
tumor pathophysiology.>*

The involvement of Ras and the proteins in Ras-effector path-
ways may also provide opportunities for synergy across several of
the manifestations of NF1. For example, MEK inhibitors have
shown activity in pNF, low-grade gliomas, bone pathology, and
brain formation preclinically.>> > In the case of pNF and OPG,
investigation of MEK inhibitors has now entered clinical trials
(NCT02407405 and NCT01089101). Hence, there are new data
to support optimism that rational targeting of key nodes affected
by loss of neurofibromin will result in clinical benefit across a
range of NF1 manifestations.”® Moreover, NF1 offers an opportu-
nity to understand the interaction between the tumor-initiating
cell and the microenvironment. Studies of tumorigenesis in
MPNST, pNF, and OPG models have all suggested an interaction
between the cell nullizygous for NF1 (the presumed tumor-
initiating cell) and NF1 heterozygous cells in the microenviron-
ment,>’~>? suggesting that modulation of the microenvironment
may be an independent therapeutic target for tumors. For exam-
ple, imatinib, which targets the c-kit ligand secreted by Nf1 =/~
Schwann cells as a chemotactic agent for Nf1 ~/~ mast cells, de-
creases the volume of pNF in genetically engineered mouse mod-
els (GEMMs), and a subset of patients.””®° Similarly, pegylated
interferon «-2b has shown some signs of efficacy in both pNF
and gliomas®™®? and is in active clinical trials for both tumors
(NCTO0846430 and NCT02343224).

Finally, NF1 provides an interesting platform in which to in-
vestigate the stages of tumor pathogenesis. For example, OPGs
are known to be of highest risk in early childhood but then often
become clinically quiescent.’® Similarly, pNFs have a high
growth period in early childhood but have little growth in adult-
hood.?®* Preclinical models suggest that the heterozygous cell
(ie, NF1*'~ Schwann cell in pNF) has the capacity for prolifera-
tion but is not otherwise tumorigenic; in fact, additional TSGs
can maintain senescence.®*®° Through yet undefined mecha-
nism, when the second NF1 allele is lost, Ras- and cAMP-
mediated pathways are permitted to be constitutively active,
ultimately supporting tumor expansion. If this hypothesis is ac-
curate, investigation of these feedback loops and the factors

that support senescence may provide novel opportunities to
prevent pathologic tumor progression in both the tumors
seen within the NF1 syndrome and across common cancers
driven in part by an NFI mutation.

Therapeutic Development

Although all of the tumors that arise in the setting of NF1 are
thought to be caused by biallelic mutations in NF1, there is a
great deal of heterogeneity in the development and behavior
of tumors both across and within patients. As a result, thera-
peutic development to date has been tumor specific and has
focused on OPG, pNF, and MPNST. All 3 of these tumors have
had dedicated preclinical and clinical efforts to develop thera-
peutics, but we will focus on pNF here as an illustration of the
therapeutic development pipeline for NF1-associated tumors.

There have been 21 clinical trials for pNF, some of which are
ongoing (Table 2). These studies have progressed from testing
empirically selected drugs to drugs that are vetted through a
well-established preclinical-to-clinical pipeline with the benefit
of sophisticated GEMM for each tumor manifestation of NF1.°¢
The studies are relatively equally distributed across agents that
target a node in the Ras-regulated pathway and those that tar-
get elements of the tumor microenvironment. Both strategies
have shown initial signs of success (Table 2).

Notable advances in the developing therapeutic landscape
for pNF reflect both increasing experience with the natural histo-
ry of the tumor and improved understanding of the pathophys-
iology. For example, a placebo-controlled crossover study of
tipifarnib established the natural history of the growth rates of
progressive pNF in children with NF1.%” Ultimately, tipifarnib did
not reach the study goal of doubling the time to progression
(TTP), but the study did reveal an average 12-month TTP for
symptomatic pNF.®” A subsequent study of sirolimus in partici-
pants with symptomatic pNF showed no reduction in tumor
mass but did achieve an improvement in TTP to 15.4 months
compared with the TTP established by the tipifarnib study.®®

The observed long intervals required for TTP, maturing natu-
ral history data indicating that spontaneous regression of pNF is
vanishingly rare, and the dramatic tumor responses observed
with a handful of drugs in GEMM have led to a greater focus
on response endpoints. The first agent to show radiographic re-
sponse (RR) was imatinib. A phase 2 clinical trial showed RR in
6/36 (17%) of participants with pNF (ages 3-65 y), with a sug-
gestion that head-and-neck region tumors have the most
robust results.®® Subsequently, in a phase 1 study of pegylated
interferon-a-2b, there was a 29% (5/17) RR in participantts
aged 2-35 years with NF1 associated pNF.6* The single agent
phase 2 study is now nearing completion of enrollment
(NCT00396019). Most recently, 2 small molecules targeting
MEK have entered clinical trials. The phase 1 study of selumeti-
nib defined twice daily 20 mg/m? dosing as the recommended
phase 2 dose and showed exciting signs of activity, with 100%
of the 11 participants evaluable for response having a de-
crease in tumor volume.®? Based on the tolerability and the
signs of clinical efficacy from phase 1, the phase 2 is in devel-
opment and is enrolling (NCT02407405). There are several ad-
ditional studies with pending results representing a relatively
rapid expansion in clinical trial options for patients with
NF1-associated pNF.®®
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Table 2. Completed or ongoing clinical trials for neurofibromatosis type 1-associated plexiform neurofibroma

Drug Phase  Target Age (y) Endpoint Results

Sorafenib®®® 1 Raf, PDGFRB, c-kit,VEGFR2 3-18 Toxicity, PK, 3D ORR Intolerable - pain

Tipifarnib®’ 1,2 Farnesyl Transferase 3-25 WHO; TTP 3D ORR Inactive

Pirfenidone®>”1>8 1,2 Fibroblast 3-21 3D ORR Inactive/unclear

Thalidomide*? 1 Angiogenesis >5 WHO ORR Inactive/unclear

Ketotifen fumarate!®° 2 Anti-histamine 6-55 Symptom improvement  Inactive/unclear

PEG-Interferon alpha 2b 1,2 Immune; Angiogenesis 1-34 TTP, 3D ORR 29% 3D ORR

Sirolimus®® 2 mTOR >3 TTP, 3D ORR TTP - active No RR

Imatinib®® 2 c-kit, PDGFRB 3-65 RECIST, 3D ORR 17% 3D ORR

Selumetinib®® 1,2 MEK 3-18 Toxicity, PK, 3D ORR MTD defined, 3D ORR in 100%
NCT01362803 of first cohort reported®®;

phase 2 opening 2015

Cediranib 2 VEGFR-1,-2,-3 >18 3D ORR Ongoing
NCT00326872

Vinblastine/Methotrexate 2 cytotoxic <25 TTP Ongoing
NCT00030264

Everolimus 2 mTOR 18-60 3D ORR Ongoing
NCT01412892

Everolimus 2 mTOR >10 3D ORR, TTP Ongoing
NCT01365468

Nilotinib 2 c-kit, BCR-ABL, MAPK11, PDGFRg  >18 REIST; 3D ORR Ongoing
NCT01275586

Celecoxib; 2 Immune; Angiogenesis 2-30 Symptom improvement  Ongoing
PEG-Interferon alpha 2b and RECIST
NCT00846430

PLX3397 1,2 c-kit, CSF1R and FLT3 3-31 Toxicity, PK, PD, ORR Ongoing
NCT02390752

Selumetinib 2 MEK >18 Toxicity, PK, 3D ORR Ongoing
NCT02407405

PD-0325901 2 MEK >16 3D, ORR Ongoing
NCT02096471

Trametinib 1 MEK 1m-17  Toxicity, PK, PD Pending
NCT02124772

Cabozantinib 2 VEGFR, c-Met, RET >16 3D, ORR Ongoing
NCT02101736

Sunitinib 2 PDGFR, VEGFR, c-kit 3-65 3D ORR Suspended
NCT01402817

Abbreviations: 3D ORR, volumetric objective radiographic response; BCR-ABL, fusion gene of breakpoint cluster region and Abl1; c-kit, Kit ligand or
stem cell factor; c-MET, MET proto-oncogene or hepatocyte growth factor receptor; CSF1R, colony stimulating factor 1 receptor; FLT3, Fms-like
tyrosine kinase 3; MAPK11, mitogen-activated protein kinase 11; MEK, mitogen-activated protein kinase; mTOR, mammalian target of
rapamycin; PD, pharmacoodynamic; PDGF/R, platelet-derived growth factor/receptor; PK, pharmacokinetics; Raf, serine/threonine-protein
kinase; RECIST, Response Evaluation Criteria In Solid Tumors; RET, rearranged during transfection proto-oncogene; TTP, time to progression;
VEGF, vascular endothelial growth factor; WHO ORR, World Health Organization objective response rate.

Neurofibromatosis Type 2

Clinical Presentation

NF2 is far more rare than NF1, with an estimated incidence
of1in 25 000-33 000 births.”® Similar to NF1, NF2 is associated
with multiple tumors throughout the CNS and PNS that
progress to cause neurologic morbidity over time.”>’° The tu-
mors that occur most commonly in the setting of NF2 are

schwannomas and meningiomas (Table 1). Schwannomas
can occur on any intracranial or extracranial peripheral nerve;
however, the hallmark of NF2 is bilateral vestibular schwanno-
mas (VSs) (Fig. 2).”Y These tumors are the most common cause
of morbidity for patients with NF2 and result in bilateral sensor-
ineural hearing loss, tinnitus, balance difficulty, and ultimately
deafness, facial nerve weakness, and possible brainstem
compression.’t7?

Neuro-Oncology
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Table 3. Neurofibromatosis type 2-associated vestibular schwannoma

and meningioma trials

Drug Phase Target Age (y) Endpoint Results
Lapatinib*3 2 EGFR/ErBb2 4-80 VS: 15% volume reduction 4/17 (23.5%) with RR
RAD001'¢! 2 mTOR >3 VS: 15% volume reduction No RR
RAD0O0O1'*? 2 mTOR >15 VS: volume reduction No RR; prolonged TTP
Lapatinib 0, translational EGFR/ErBb2 >18 VS: tumor PK, molecular and gene  Completed: PK achieved in tissue,
NCT00863122 mutation analysis negative PD markers
Bevacizumab 2 VEGF >12 VS: hearing response as measured ~ Completed: in review; 5/14 (36%)
NCT01207687 by word recognition score sustained hearing response
Bevacizumab 2 VEGF >12 VS: hearing response as measured ~ Ongoing
NCT01767792 by word recognition score
RADOO1 2 mTOR 16-65 VS: volume reduction Ongoing
NCT01345136
RADOO1 0, translational mTOR >18 VS and MEN: tumor PK, molecular ~ Ongoing
NCT01880749 and gene mutation analysis
Sorafenib 0, translational PDGF, VEGR, c-kit >18 Cutaneous SWN: PK, molecular Ongoing
Not applicable studies
Axitinib 2 VEGF, c-kit, >18 VS: 20% volume reduction Ongoing
NCT02129647 PDGFR
Endostatin 2 Anti-angiogenic  16-30 Tumor Volume Ongoing
NCT02104323
AR-42 0, translational HDAC >18 VS and MEN: tumor PK, molecular Recruiting
NCT02282917 and gene mutation analysis
PTC 299 2 VEGF >18 VS : tumor volume or word Suspended
NCT00911248 recognition score
Nilotinib 2 PDGF, c-kit >18 VS: 20% volume reduction Suspended
NCT01201538

Abbreviations: c-kit, Kit ligand or stem cell factor; EGFR/ErBb2, epidermal growth factor receptor; HDAC, histone deacetylases; MEN, meningiomas;
mTOR, mammialian target of rapamycin; PD, pharmacoodynamic; PDGF/R, platelet-derived growth factor/receptor; PK, pharmacokinetics; RR,
radiographic response; SWN, schwannomas; TTP, time to progression; VEGF, vascular endothelial growth factor; VS, vestibular schwannoma.

The primary treatment for nonsyndromic VS is surgical re-
section or increasingly, radiosurgery, especially for tumors
<3 cm.”>’* These options are less attractive in the setting of
NF2 as the neurologic disabilities that can occur with surgery
(eg, hearing loss, facial nerve weakness, swallowing dysfunc-
tion) have significantly greater impact on morbidity and mor-
tality when the tumors are multifocal and progressive over a
lifetime.”® In addition, the standard treatments for VS (surgery
and radiation therapy [RT]) appear to have lower rates of effica-
cy and higher rates of complications in the setting of NF2 than
in nonsyndromic VS.”#7® For example, long-term follow-up of
patients treated with RT for NF2-associated VS shows that
there is a 50% chance of tumor control at 8 years with a low
rate of long-term hearing preservation (40% at 3 years).”’
Moreover, there is some concern about both early and late
complications, including the potential of an increased rate of
late malignant transformation in patients with NF2.7879

There is substantial variability in disease severity across all
patients with NF2. More severe disease, and poorer prognosis
is associated with diagnoses made in childhood and less severe
disease/better prognosis is observed in patients with mosaic
NF2.89-82 In patients with mosaicism, only a subset of cells
have the NF2 gene mutation, and these patients often have
fewer tumors, milder symptoms, and a generally better

prognosis.®°~#? Independent of these factors, there is substan-
tial variability in growth rate of any individual tumor, with the
right and the left VS often growing at different rates and impor-
tantly with no clear association between the rate of growth and
the rate of hearing loss.81:83:84

There have been major efforts to understand the natural his-
tory of patients with NF2 to help define the optimal timing for
intervention and to establish benchmarks for testing new ther-
apeutics. An early consortium-based study of 540 participants
with NF2 showed the average age at diagnosis to be 27 years
with a roughly 7-year delay from symptom onset to diagno-
sis.%3%* There was an average of 1 mm/year rate of tumor
growth, and roughly 30% of participants had surgery within 2
years of diagnosis. A more recent analysis assessed endpoints
commonly used in clinical trials for VS including tumor volume
and word recognition score (WRS).8° In this study, the mean
rate of hearing decline across 120 NF2 participants (200 VS)
was 16% 3 years from diagnosis. Concurrently, the rate of VS
radiographic progression (defined as >20% increase in tumor
volume compared with baseline) was 31% at 1 year and 79%
at 3 years, again highlighting the lack of correlation between
tumor size or growth rate and hearing function in NF2 associated
NF2-associated VS.®> In another study, across 46 participants
with NF2 (92 VS) who were followed clinically for a mean of
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6 years, the mean baseline VS size was 1.3 cm, and the mean
rate of growth was 1.8 mm/year. Most tumors (88%) did not re-
quire surgery over 5 years of follow-up, and most participants
(66%) maintained bilateral hearing for the study period.®®
Hence, for select patients with NF2, careful observation alone
is reasonable.

For a significant group of patients, there is continued pro-
gression of bilateral VS, ultimately leading to deafness, facial
palsy, and other cranial nerve deficits. Historical actuarial sur-
vival in patients with NF2 from the time of diagnosis is 85%
at 5 years, 67% at 10 years, and 38% at 20 years.®* More recent
population studies report a median life expectancy for patients
with NF2 of 69.0 years (95% CI: 58.9-79.0 y).8” Hence, although
there is variability across patients, NF2-associated tumors (and
their treatments) often contribute to earlier-than-expected
death.

Meningioma is the most common primary brain tumor seen
worldwide, and up to half of all patients with NF2 will develop
intracranial meningiomas and in many cases will have multiple
tumors or meningiomatosis (Fig. 2).5%9 Although many me-
ningiomas in the setting of NF2 do not require intervention,
one study has found that the presence of a meningioma is as-
sociated with 2.5-fold greater risk of mortality in patients with
NF2 who have meningioma verus those who do not. This obser-
vation may be due to the fact that meningiomas are often the
symptomatic tumor in children who are diagnosed with NF2
rather than VS, and NF2 diagnosed in childhood has a worse
prognosis.®° If a NF2-associated meningioma is symptomatic
or rapidly progressive, the primary treatment is surgery. RT is re-
served for malignant or multiple recurrent meningiomas. How-
ever, if required, there are data to suggest that RT can be safely
administered for NF2-associated meningiomas, although long-
term safety and efficacy are unclear.”*?

The most clinically concerning NF2-associated meningio-
mas are the tumors involving the skull base, cavernous sinuses,
and orbits or those in the parafalcine region, where they can oc-
clude the sagittal sinus and contribute to venous hypertension.
Surgery is often not feasible for these tumors, and the efficacy
of RT is uncertain. Hence, like meningiomas in the general

population, patients with NF2-associated meningiomas have
a dire need for effective therapeutics that will slow progression
or lead to tumor reduction.

Genetics and Molecular Pathology

The NF2 geneis on 22q11.2 and encodes the tumor suppressor
protein merlin. Merlin is a member of the ERM protein family
(MERlin: moesin-ezrin-radixin) responsible for membrane stabi-
lization and regulation of several cellular growth pathways.”
Like neurofibromin in NF1, merlin is found predominantly in ner-
vous system tissue. Activated merlin stabilizes cadherin-
dependent cell-to-cell junctions, inhibiting the effects of recep-
tor tyrosine kinases (RTKs) at the cell membrane.®* Merlin also
facilitates endocytic trafficking of RTKs.?” In both sporadic and
NF2-associated VS, the absence of merlin permits increased
signaling of the ErbB/EGFR family RTKs.?® 1% Importantly, mer-
lin is active both at the cell membrane and in the nucleus,
depending on its configuration,”®?? and loss of merlin allows
activation of prosurvival and proliferation pathways via
Ras modulation, sharing many of the same targets identified
for NF1.97:19% Increased mTOR, RAC1, and FAK signaling have
specifically been implicated as therapeutic targets in NF2-
associated schwannomas.?”199-192 It has been hypothesized
that the absence of merlin contributes to loss of normal sem-
aphorin activity, resulting in enhanced angiogenesis possibly
underlying the responses seen in NF2-associated VS to the anti-
angiogenic therapy bevacizumab.'%* For each of the tumor-
genic pathways influenced by the lack of merlin, there are
therapeutic agents that can be repurposed from other disease
indications (Table 3). This has resulted in relatively rapid trans-
lation of preclinical discoveries to clinical trials for patients with
NF2-associated VS.

Interestingly, merlin is absent in all VSs studied to date,
whether related to NF2 or de novo.'>'% This is significant
because idiopathic VSs are common, with roughly 3000 new
cases per year in the United States, and it may be that
NF2-associated and sporadic VSs share a common therapeutic
pathway.'?”'%8 The majority of spontaneous meningiomas

Fig. 3. Representative MRI scan of the multiple schwannomas in a patient with schwannomatosis. Schwannomas appear hyperintense on
T2-weighted images and enhance after administration of gadolinium contrast. The enhancement pattern can range from homogenous to

heterogenous. Cysts may develop within some tumors.
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are also driven by NF2 requlated pathways,'°° and there is
evidence that merlin is a negative regulator of growth and
progression of non-NF2-associated cancers.'*®!! Here again,
shared molecular genetic backgrounds between a rare tumor
syndrome and some of the worlds’ most common tumors
support shared discovery efforts.

Therapeutic Development

The therapeutic trials developed for patients with NF2 thus far
have been focused on VS because these tumors cause morbid-
ity and mortality in the majority of patients with NF2. The ma-
jority of clinical trials have applied RTK inhibitors implicated in
preclinical studies including lapatinib, everolimus, nilotinib,
and sorafenib.*'?~1* Thus far, these agents have resulted in
mixed rates of response, but there have been some signs of ac-
tivity and evidence that agents such as everolimus and AR-42
may slow tumor growth.**#*311°In contrast, the antiangiogen-
esis agent bevacizumab, initially given in a compassionate-use
study for participants with progressive morbidity due to NF2-
associated VS, had unprecedented efficacy.*®*!’ Specifically,
the initial experience in 10 people with NF2 treated with bevaci-
zumab at 5 mg/kg every 2 weeks resulted in 6 of 10 participants
experiencing >20% reduction in tumor volume and 4 of 7 evalu-
able participants having significantly improved hearing.*” A
subsequent series showed a hearing response in 13 of 23
(57%) participants with hearing loss due to VS.''® These results
led to the development of 2 prospective clinical trials assessing
bevacizumab in patients with progressive hearing loss due to VS
(NCT01207687 and NCT01767792). The goal of these studies is
to confirm the hearing response rate in people with NF2 and VS
associated hearing loss, explore dosing regimens, determine
short and long term tolerability and identify biomarkers that
predict response.

Schwannomatosis

Clinical Presentation

Schwannomatosis is a third form of neurofibromatosis and is
characterized by the predisposition for developing multiple
schwannomas and, less commonly, meningiomas. Given the
spectrum of tumors, this condition was initially felt to represent
an attenuated form of NF2. While there is significant overlap
between these conditions, subsequent research has confirmed
that schwannomatosis is distinct from NF2 and has a different
clinical phenotype and genetic etiology.

Patients with schwannomatosis most commonly develop
symptoms in the second or third decade of life, but a formal
diagnosis is usually delayed by ~10 years.!'® Patients typically
present with complaints of pain (46%), a mass (27%), or
both (11%).'*® Indeed, pain is the most frequent symptom
reported by patients, with 68% experiencing chronic
pain in one study.!'® Depression and anxiety are common
complications of schwannomatosis, and managing these
comorbidities is a cornerstone of treatment. Schwannomas
commonly affect the spine (74%) and peripheral nerves
(89%), whereas cranial nerve schwannomas (mostly trigemi-
nal) are uncommon (8%) (Fig. 3).118 Neurologic dysfunction re-
lated to schwannomas is unusual and, when present, is often a

complication of surgery. Anatomically limited disease, presum-
ably due to genetic mosaicism, is seen in ~30% of patients. In
a series of 87 participants meeting clinical criteria for schwanno-
matosis, additional tumors identified included lipomas (11%)
and angiolipomas (3%), but clinical findings consistent with
NF1 such as café-au-lait macules, cutaneous lesions, learning
disabilities and scoliosis were reported rarely (2-23% of partici-
pants) and no participants met clinical criteria for NF1 or NF2.118

In contrast to patients with NF2, VSs are rare in schwanno-
matosis, and the presence of bilateral VS in a patient with
schwannomatosis should raise concern for an alternative diag-
nosis.’'¥ However, unilateral VS has been described in patients
with germline mutations in SMARCB1 and LZTR1.12%11 patients
with multiple nonvestibular schwannomas without VS may in
fact have mosaic NF2 rather than schwannomatosis. This impor-
tant finding was demonstrated by the identification of identical
NF2 alteration in multiple tumors in 4 of 9 participants having
sporadic schwannomatosis and multiple tumors available for
analysis.'?? Together these results emphasize the considerable
phenotypic overlap between schwannomatosis and NF2.

Meningiomas occur in ~5% of schwannomatosis patients and
have a predilection for the cerebral falx.*** Families have been re-
ported with multigenerational meningiomas and SMARCB1 germ-
line mutations.?*'2* However, germline SMARCB1 mutations are
uncommon in individuals with multiple meningiomas and no
other signs of schwannomatosis.*?* The occurrence of malignan-
cy in schwannomatosis has been debated. In a series of 87 par-
ticipants with schwannomatosis from the United States,**®
tumor specimens from 3 cases of MPNST were reviewed by an ex-
pert neuropathologist and reclassified as cellular schwannomas
or melanoma. Similarly, in an English cohort of 104 patients,
one case of MPNST was reported (without central pathology re-
view).1?? These reports suggest that the risk of MPNST in schwan-
nomatosis is low, but not zero, and hence it is important to be
aware of this possibility.

Genetics and Molecular Pathology

Germline mutations or deletions in SMARCB1 have been identi-
fied in 40%-50% of kindreds affected by familial schwannoma-
tosis and 10% of sporadic schwannomatosis patients.*¢27
Inherited mutations found in familial schwannomatosis are
more likely to be nontruncating (ie, missense or splice-
site).’?21%8 In contrast, sporadic schwannomatosis patients are
more likely to harbor truncating mutations (ie, frameshift or non-
sense), which are predicted to lead to loss of functional
SMARCB1.1%4127

Genetic analysis of blood and tumors from patients with
schwannomatosis has revealed the presence of constitutional
mutations in SMARCB1 with different somatic mutations in NF2.
These findings support a 3- or 4-hit mechanism of tumorigen-
esis involving 2 distinct linked tumor suppressor genes:
SMARCB1 and NF2.'%° 1t is possible that the specific combina-
tion of resulting somatic mutations may regulate the severity
of the resulting phenotype.'?%128

SMARCB1 (also called hSNF5, INI1, and BAF47) is a subunit
of the SWI/SNF complex, an ATP-dependent chromatin-
remodeling complex.**%'3! SMARCBI exerts its tumor suppressor
function by regulating the cell cycle and inducing senescence.
In addition, SMARCB1 and the SWI/SNF components regulate
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lineage-specific gene expression and embryonic stem cell pro-
gramming.*3?~13® Mutations in subunits of the SWI/SNF complex
are common across human cancer. In an analysis of 44 exome-
sequencing studies, SWI/SNF subunits were mutated in 19.6% of
all human tumors.**’

In 2014, germline mutations in LZTRI were identified in
about 80% of schwannomatosis cases lacking mutations in
SMARCB1 but with loss of chromosome 22q in tumors.'3®
LZTR1 mutations have been identified in several cancers, and
the gene functions as a tumor suppressor in glioblastoma
where biallelic mutations have been reported. LZTR1 is located
at22q11.21 in a region near SMARCB1 and NF2.*3® The LZTR1
protein belongs to the BTB/POZ superfamily and is involved in
multiple cellular processes including regulation of chromatin
conformation and the cell cycle.’®® As with SMARCB1-related
schwannomatosis, different somatic mutations in NF2 were
identified in schwannomas from people with LZTR1 mutation,
supporting the 3- or 4-hit mechanism of tumorigenesis.**®
Subsequent studies of LZTR1 in participants without proven
involvement of the chromosome 22q locus revealed mutations
in ~ 40% of those with familial schwannomatosis, ~25% with
sporadic patients, and 5% of patients with unilateral VS and an
additional nonvestibular schwannoma.*?%1%%1 Clinical testing
for SMARCB1 and LZTR1 mutations is now available as part of the
standard of care for patients with suspected schwannomatosis.

Therapeutic Development

Management of patients with schwannomatosis is primarily
symptom oriented. Surgery is currently the treatment of choice
for symptomatic schwannomas and can relieve local pain or
symptoms arising from compression of neighboring tissues in
many patients. However, recurrence of pain is common and
may not be related to tumor size.’*® The major risk of surgery
is iatrogenic nerve injury; hence, surgeons with experience in
nerve- sparing surgery should be involved when considering a
schwannoma resection.

Experience with RT for management of schwannomatosis-
related schwannomas is limited. As with any tumor suppressor
syndrome, there is concern that RT treatment could increase
the risk for malignant transformation of radiated tumors, as
has been reported for NF1 and NF2.1%? There are no available
data on the risk of secondary malignant transformation of
tumors in schwannomatosis patients. At this time, most ex-
perts reserve RT for patients who require treatment for life-
threatening, enlarging schwannomas that cannot be treated
with surgery or for the very rare patients with malignant schwan-
nomas. There are individual reports about the clinical efficacy of
bevacizumab in patients with progressive tumors and refractory
pain; however, this has not yet been tested formally.*** There
have been no clinical trials to date that have focused specifically
on treating schwannomas or meningiomas in the setting of
schwannomatosis.

Endpoints for Therapeutic Trials in the
Neurofibromatoses

Most early NF trials adopted trial designs similar to those used
in oncology trials with a variety of imaging-based response

criteria (Table 2). However, due to a preponderance of histolog-
ically benign tumors, the prolonged survival of NF patients com-
pared with cancer patients, and the irreqgular boundaries of
tumors associated with NF, the standard endpoints used in on-
cology have limited application for NF trials. The use of a variety
of nonuniform endpoints for clinical trials in NF has hindered
the ability to assess efficacy across studies, and there was a
clear need to establish uniform endpoints for the various tu-
mors across NF1, NF2, and schwannomatosis. Using the Re-
sponse Assessment in Neuro-Oncology (RANO) initiative as a
model, the Response Evaluation in Neurofibromatosis and
Schwannomatosis (REINS) International Collaboration was es-
tablished in 2011 to achieve consensus within the NF commu-
nity for clinical trial endpoints. The goal of the group is to
recommend outcome measures and methodologies to stand-
ardize endpoints for NF clinical trials. To accomplish this, the
REINS collaboration is organized around 7 working groups: (i)
imaging of tumor response, (i) functional outcomes, (iii) visual
outcomes, (iv) patient-reported outcomes, (v) neurocognitive
outcomes, (vi) whole-body MRI, and (vii) biomarkers.

In 2013, the REINS International Collaboration published its
initial recommendations for clinical trial endpoints in NF.**“ Re-
garding imaging endpoints, volumetric MRI assessment of pNF
and VS was recommended as the standard imaging metric for
clinical investigations in NF1 and NF2.°% This conclusion was
based on the comparison of linear versus bidimensional versus
volumetric measurements for pNF and VS that demonstrated
that volumetric assessments are far more sensitive to change
(growth or regression) than 1- or 2-dimensional mea-
sures.®>1%> The goal is for all future studies to use these imag-
ing assessment metrics to allow more uniform assessment
across studies of the same tumor type. Similarly, whole body
MRI (WBMRI) has been administered to patients with NF1,
NF2, and schwannomatosis because it is well suited for evalu-
ating large tumors that cross traditional body regions as well as
providing more accurate longitudinal assessment of complex
tumors.“¢~1%8 The REINS group is now working to develop
standardized WBMRI approaches for use in NF clinical trials.

Regarding clinical outcome assessment (COA) endpoints,
given the frequency of pain in NF1, NF2, and schwannomatosis,
the group reviewed a variety of pain intensity measures and ul-
timately recommended the numeric rating scale-11 (NRS-11)
for use in NF clinical trials based on strong psychometric data
that include sensitivity to change and excellent feasibility in
people >aged 8 years.'*° For NF1-OPG therapeutic trials, the
group recommended functional assessment of vision via visual
acuity (VA) using consistent quantitative testing methods as
the main functional outcome measure.'’” They also recom-
mended assessment of the optic disc for pallor because this ap-
pears to be a contributory variable that may affect the
interpretation of VA change over time. For NF2 COA endpoints,
the group endorsed the use of maximum word recognition
score as a primary endpoint for hearing and the scaled mea-
surement of improvement in lip excursion (SMILE) system for
studies of facial function.*>°

The REINS International Collaboration continues to develop
consensus endpoints for NF trials, with ongoing efforts to
validate the endpoints across a range of patients and tumors.
Future efforts will be directed toward evaluation of neurocognitive
outcomes for attention and executive function, patient-reported
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scales for pain interference, pulmonary outcomes for pNF
affecting the airway, and imaging outcomes for OPG. Through
these efforts and ongoing discussions with the US FDA, the
REINS group is working to establish a clear pathway for devel-
oping measurement tools that will ultimately support drug
approvals for NF-associated tumors.

Future Directions

Therapeutic trials for the neurofibromatoses have progressed
rapidly over the past 2 decades. During that time, reliable pre-
clinical models have been developed and refined, enabling
translational science including high throughput drug screening
of tumor cell lines (across the syndromes and tumor types), xe-
nograft mouse models, and GEMM with imaging and functional
measures that parallel human clinical endpoints. Such tools
have been used to identify and fully investigate candidate com-
pounds before advancing to clinical trials. Single institution
trials of drugs against many tumors of the neurofibromatoses
are underway, and multi-institutional trials have been launched
since establishment of the Department of Defense NF Clinical
Trials Consortium in 2007, providing infrastructure, shared
resources, and a community of thought leaders to generate
high-impact and resource-efficient clinical trials.®® The aca-
demic, federal requlatory, and foundation communities are
collaborating to develop consensus recommendations for
clinical trial endpoints in NF, targeting sensitive, reproducible,
and clinically meaningful endpoints in an effort to identify
drugs with the best safety profiles as well as the greatest clin-
ical impact against the manifestations of disease. These efforts
have resulted in a number of small, early successes for tumors
afflicting patients with NF1 and NF2. Although new and better
compounds with activity against NF-associated tumors are
needed, the collaboration and tools required for a successful
therapeutic development pipeline are strong and growing.
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