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Abstract
Up to 10% of all pediatric cancer patients may have an underlying germline mutation which predisposed them 
to develop a malignancy. With more patients being tested for and diagnosed with genetic tumor predisposition 
syndromes, there has been improved characterization of their many nonmalignant manifestations. However, de-
signing and implementing clinical trials to treat the nonmalignant tumor and non-tumor manifestations of these 
syndromes poses many unique challenges. Unlike trials for malignancies where tumor response and survival can 
be used as straightforward trial endpoints, the nonmalignant manifestations are often chronic, evolve more slowly 
over time, and may not be immediately life-threatening. Therefore, they will likely require a different approach 
to both testing and treatment with a focus on more functional and patient-reported outcome trial endpoints. The 
recent success of treatment trials for the benign tumors plexiform neurofibromas in the tumor predisposition 
syndrome neurofibromatosis type 1 (NF1) can be used as a model for the development of clinical trials in other 
tumor predisposition syndromes. In this article, we review the unique challenges associated with targeting the 
nonmalignant aspects of these conditions as well as some of the lessons learned from the NF1 experience which 
may be applied to other syndromes in the future.
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Background

The use of molecularly targeted and immunotherapy-based 
therapies is revolutionizing the world of pediatric oncology. 
Breakthroughs such as the FDA approvals of chimeric antigen 
receptor-modified T cells for refractory acute lymphoblastic 
lymphoma1 and targeted therapy with larotrectinib against 
TRK fusion-positive cancers2 would not have been possible 
without the extensive preclinical and clinical research infra-
structure that exists within the oncology space. In particular, 
the ability to perform international and standardized clinical 
trials has been crucial for these developments. While all clinical 
trials have their unique challenges, studying malignant condi-
tions is somewhat simplified by the predictable and usually 
life-threatening consequences of these diseases, which allow 
for the use of relatively straightforward clinical trial designs 

with a focus on tumor shrinkage and overall survival as a key 
measure for activity and benefit, respectively.

While the importance of these advances cannot be over-
stated for the patients and families impacted by these con-
ditions, it is important to note that up to 10% of pediatric 
malignancies arise in the setting of germline mutations,3–5 
which may cause not only the development of cancer but also 
a wide variety of other tumor and non-tumor related mani-
festations. The same targeted therapies that have been suc-
cessfully used to treat the malignant manifestations of these 
conditions may be able to ameliorate some of these other, 
often debilitating, manifestations of tumor predisposition syn-
dromes. However, designing efficient and effective clinical 
trials for these nonmalignant manifestations presents many 
challenges. The recent success of clinical trials targeting the be-
nign tumors that occur within the genetic tumor predisposition 
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syndrome neurofibromatosis type 1 (NF1)6 may serve as a 
model for the development of targeted therapies for other 
tumor predispositions syndromes in the future.

A 2017 meeting of the Pediatric Working Group of the 
American Association for Cancer Research identified 9 
major groups of tumor predisposition syndromes: (1) 
Li-Fraumeni Syndrome, (2) neurofibromatoses, (3) over-
growth syndromes and Wilms tumor, (4) neural tumors, (5) 
gastrointestinal cancer predisposition, (6) neuroendocrine 
syndromes, (7) leukemia predisposition, (8) DNA insta-
bility syndromes, and (9) miscellaneous syndromes.7 It is 
notable that nearly all of these groups include syndromes 
that have important nonmalignant complications asso-
ciated with them (Table  1). For example, the overgrowth 
syndrome WAGR (Wilms tumor–aniridia–genitourinary 
anomaly–retardation) is characterized by the presence of 
developmental delay and anatomic abnormalities unre-
lated to the primary malignant manifestation. Similarly, 
in the neuroendocrine syndrome multiple endocrine ne-
oplasia type 2B, all patients in a recent retrospective re-
view had at least 1 non-endocrine manifestation, such as 
marfanoid body habitus, gastrointestinal symptoms, or 
mucosal neuromas.8

The standard drug development and approval pathway 
in the oncology setting depend on 3 key elements: (1) 
establishing a maximum tolerated dose (MTD) or optimal 
dose for further testing, (2) achieving measurable tumor 
shrinkage, and (3) demonstrating prolonged overall or 
progression-free survival compared with standard ther-
apies. However, these elements each have limited applica-
bility in the setting of clinical trials for tumor predisposition 
syndromes. First, establishing a true MTD may not be 
necessary or appropriate in a population that will likely 
require treatment over a prolonged period of time and in 
whom toxicities may be different based on their under-
lying germline mutation. Second, while achieving tumor 
shrinkage may be one possible endpoint for these syn-
dromes, the nonmalignant manifestations of tumor pre-
disposition syndromes may include very slow growing or 
complex benign tumors, such as plexiform neurofibromas 
(PN), as well as a variety of other features for which 
standard uni- or bi-directional measurements (RECIST or 
WHO) may not be appropriate, such as skeletal deformities 
or cardiovascular defects. Third, while life-altering, poten-
tially life-shortening, and often causing severe morbidity, 
most tumor predisposition syndromes are not immedi-
ately life-threatening in the absence of malignant disease. 
Survival is therefore not a practical or feasible endpoint 
for these trials. This highlights the need to focus on other, 
nontraditional, clinically meaningful endpoints, such as 
improvements in functional and patient-reported outcome 
(PRO) measures.

In addition to the difficulty of applying standard 
oncology-based trial design22 to tumor predisposition 
syndromes as described above, there are other more spe-
cific challenges associated with these conditions which 
have likely limited the number of clinical trials conducted 
to date. As with most pediatric conditions, the relatively 
small numbers of patients with these syndromes make 
designing clinical trials with sufficient statistical power 
to draw meaningful conclusions difficult. However, as 
the example of pediatric oncology and the collaborative 

successes of groups such as the Children’s Oncology 
Group, the International Society of Pediatric Oncology, 
and others have demonstrated, trials for rare diseases are 
possible with enough motivation and national and interna-
tional cooperation. In addition, the young age of many of 
these patients at diagnosis and the fact that they will likely 
require treatment over a long period of time rather than 
for a pre-specified treatment course as is often used for 
malignancies means that the tolerability of these agents 
must be closely assessed along with their efficacy. Given 
the underlying tumor predisposition syndromes in these 
patients, long-term safety outcomes need to be carefully 
monitored as well to ensure that the treatment itself is not 
resulting in an increased rate of secondary malignancies 
or other adverse events. In addition, children with non-
cancer conditions may not tolerate toxicities the same way 
children with aggressive cancers do. Determining the most 
appropriate time to initiate treatment for a nonmalignant 
condition can also be difficult, as side effects of the treat-
ment could outweigh benefits if one is treating a condition 
that is not yet symptomatic for the patient with the goal of 
preventing future morbidity. The final and perhaps largest 
challenge for designing clinical trials in these diseases lies 
in defining clinical trial endpoints which are both measur-
able and clinically meaningful to patients and their fam-
ilies. We are highlighting recent advances in the treatment 
of NF1-associated PN as an example of how these chal-
lenges can be overcome.

Case Example: Neurofibromatosis 
Type 1

NF1 is a genetic tumor predisposition syndrome character-
ized by germline mutations in the tumor-suppressor gene 
NF1 leading to neurofibromin deficiency and excessive ac-
tivation of the RAS pathway.23,24 While these patients are 
at an increased risk for aggressive malignancies such as 
juvenile myelomonocytic lymphoblastic leukemia and 
malignant peripheral nerve sheath tumors, these occur 
only in a minority of patients with NF1.25 In contrast, mani-
festations such as PN, histologically benign nerve sheath 
tumors, occur in up to 50% of patients with NF1.26,27 Low-
grade optic pathway gliomas occur in 15–20% of children 
with NF128 and nearly 100% of patients with NF1 will de-
velop one or more cutaneous neurofibromas in their life-
time.29 Since the discovery of the role of neurofibromin 
as a tumor suppressor in the RAS pathway,23,30 a variety 
of clinical trials targeting these manifestations have been 
undertaken. Phase I  trials of the farnesyltransferase in-
hibitor tipifarnib,31 thalidomide,32 pegylated interferon,33 
pirfenidone,34 sorafenib,35 and selumetinib36 for PN re-
sulted in a number of important lessons being learned. 
First, the need for long-term tolerability of these agents 
became apparent, as did the fact that the recommended 
dose for a tumor predisposition syndrome such as NF1 
may be lower than that recommended in the setting of 
a malignant condition. For example, sorafenib, despite 
very promising preclinical data showing PN shrinkage in 
mouse models,37 was not tolerated by patients with NF1 
even at doses well below the pediatric solid tumor MTD.35 
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Similarly, in the phase 1 trial of selumetinib, the MTD of 
25 mg/m2 b.i.d. was only 60% of the adult recommended 
dose for malignancies.36

The second key lesson revealed by both the phase 1 
studies and key phase 2 studies for PN such as the trials 
of sirolimus38 and pirfenidone39,40 was the need to develop 
a clinical trial endpoint different than those used for most 
malignant conditions. The phase 1 trial of tipifarnib for re-
fractory solid tumors and PN in NF1 and the phase 1 trial 
of thalidomide for PN used bi-directional line measure-
ments (WHO criteria) for evaluation of tumor response,31,32 
though the relatively slow growth and complex shape of 
PN compared with other solid tumors made this difficult 
and limited the ability to sensitively detect changes. Given 
these limitations, a more sensitive method for evaluating 
tumor growth over time was developed at the National 
Cancer Institute by using volumetric MRI.41 This method-
ology allows for more sensitive detection of both response 
and disease progression on clinical trials, which ensures 
that patients on trials are not receiving prolonged treat-
ment with an ineffective agent. Volumetric MRI has since 
been accepted as the standard method for phase 2 trials of 
PN in the NF1 community.42

The phase 1 trial of selumetinib, a MEK 1/2 inhibitor, 
demonstrated not only drug tolerability but also disease 
response using volumetric MRI, with tumor shrinkage in 
17 of 24 (71%) patients on the trial.36 While these findings 
were promising, shrinkage of tumors in a benign condi-
tion is not sufficient to warrant the use of a potentially toxic 
medication in pediatric patients over a prolonged period of 
time. Therefore, an ongoing phase 2 trial was designed that 
includes not only the primary endpoint of tumor volumetric 
response, but also key secondary endpoints evaluating the 
impact of treatment on functional endpoints, such as pul-
monary function tests and overall strength and range of 
motion, as well as for changes in PN-related pain and other 
impacts on quality of life using PRO. One challenge with 
this approach is the fact that PN can be located anywhere in 
the body, and the tumor location has a large impact on the 
types of symptoms experienced by the patient. Therefore, 
specific functional and PRO evaluations must be tailored 
to each patient’s needs. Preliminary results from this study 
not only confirmed the volumetric responses seen in the 
phase 1 portion of the trial, with 34 of 50 (68%) patients 
achieving a confirmed partial response, but also showed 
improvements in functional outcome measures such as 
strength and PRO measures of pain and quality of life.6 The 
results of this study led to the US FDA to grant selumetinib 
breakthrough designation for the treatment of NF1 in April 
2019. At the same time, other MEK inhibitors have shown 
promise in PN and NF1 associated low-grade gliomas.43–45

Several barriers to the use of these key secondary trial 
endpoints existed at the time the phase 2 selumetinib trial 
was designed, most of which apply not only to NF1 but 
also to most other tumor predisposition syndromes. First, 
no validated functional measures had been published for 
NF1 at the time of study initiation. Since that time, there 
have been several advances in the assessment of func-
tional endpoints for NF1. The Response Evaluation in 
Neurofibromatosis and Schwannomatosis (REiNS)46 inter-
national collaboration has brought together researchers, 
clinicians, and patient representatives to establish a set 

of consensus response criteria for NF1 clinical trials, with 
particular emphasis on airway and visual function.47,48 This 
type of multi-disciplinary collaboration could be a good 
model for other rare diseases to follow. In addition, Mullin 
et  al.49 recently published on the good inter- and intra-
rater reliability of specific functional outcomes (the func-
tional reach test, timed up and go test, and the 10-meter 
walk test) in adult patients with NF1, which will be useful 
for the design of future clinical trials. These advances high-
light the importance of ongoing collaboration to establish 
meaningful and validated clinical trial endpoints in this 
population.

There are similar limitations for PRO and observer-
reported outcome measures in the NF1 population. The 
REiNS group performed a systematic review of existing 
PRO measures and has published a series of recommenda-
tions regarding which ones are most appropriate for this 
population, including the numeric rating score 11 (NRS-
11) for pain intensity, the pain interference index, and 
the PROMIS physical functioning measure.50,51 In 2013, 
Nutakki et al.52 published on the development, feasibility, 
reliability, and validity of an NF-specific measure of health-
related quality of life, the Adult PedsQL NF1 Module. They 
followed this with a pediatric version, the PedsQL NF1 
Module for pediatric patients age 5–25.53 In addition, Dr. 
Pamela Wolters’ work on developing validated PRO for 
pain in NF1 was accepted by the FDA Clinical Outcome 
Assessment (COA) program (DDT COA #000061). The ex-
istence of these types of validated measures will greatly 
facilitate future clinical trials, and their development can be 
used as a model for non-NF1 disorders.

A challenge of using functional and PRO endpoints for 
NF1, which will also likely apply to other tumor predis-
position syndromes, has been determining whether im-
provements in these measures directly correlate with the 
degree of tumor volumetric response. In NF1-related PN, 
this correlation is elusive for several reasons. First, the ab-
solute volume of tumors does not necessarily correlate 
with the degree of symptoms as even small tumors in a 
sensitive location (eg, the orbit, airway, or spinal canal) 
can result in significant symptoms. Similarly, even small 
changes in tumors located in these areas can result in sig-
nificant symptomatic improvements. Second, the effect of 
MEK inhibitor treatment on functional and PRO outcomes 
such as pain is likely multifactorial and may not be exclu-
sively related to the effect on tumor volume. Third, since 
very few patients experienced disease progression during 
the course of treatment, establishing a true correlation of 
symptoms to tumor volume was not statistically feasible. 
Similar issues are likely to be encountered with other 
tumor predisposition syndromes in which the absolute size 
and number of tumors may not be directly correlated with 
symptoms. While randomized controlled trials would help 
in establishing true treatment versus placebo effect, this 
type of design can be challenging in a rare disease popula-
tion. The use of creative trial designs, such as cross-over or 
“n of 1” trials may help address this issue.54 Similarly, rig-
orous natural history studies are essential for determining 
the usual progression of symptoms in these populations.

In addition to prospective studies evaluating functional 
and PRO measures, one of the critical aspects in devel-
oping treatment trials for PN in NF1 has been a better 
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understanding of the natural history of the disease process. 
The growth rate and pattern of PN had been incompletely 
described when the first targeted clinical trials for them 
began in the early 2000s. The use of the volumetric MRI 
analyses techniques described above allowed for better 
characterization of the growth rate of PN in children, with 
particular focus on the fact that PN growth tends to be 
most rapid in young children and slows down in young 
adults,55 and that tumor growth does not accelerate during 
puberty as had been previously thought.56 In March 2019, 
the FDA published draft guidance for industry highlighting 
the importance of natural history studies to support the de-
velopment of treatments for rare diseases.57 To date, there 
have been no phase 3 trials for the treatment of PN. In part, 
this is due to the small patient population as well as the 
lack of a current standard of care against which randomi-
zation could occur. Therefore, natural history studies have 
been essential and are being used as a control group to 
show the efficacy of targeted interventions such as MEK 
inhibitors.

Using NF1 as a Model for Other Tumor 
Predisposition Syndromes

The ability to conduct successful clinical trials for the 
nonmalignant manifestations of NF1 has hinged on 3 factors: 
(1) a better understanding of the natural history of the disease, 
(2) international collaboration in the development of accepted 
and meaningful clinical trial endpoints, and (3) a network of 
preclinical and clinical researchers evaluating a pipeline of 
scientifically justified agents for use in these tumors. These 
factors can be translated to other tumor predisposition syn-
dromes and used as a model for future clinical trial and drug 
development. There are several syndromes that stand out as 
potential opportunities for advancement at this time.

First, while NF1 is caused by mutations in the NF1 gene 
leading to activation of the RAS pathway, germline muta-
tions in RAS or the RAS pathway lead to a variety of dis-
orders collectively known as “RASopathies” and include 
Costello syndrome, Cardiofaciocutaneous syndrome, 
Legius syndrome, Noonan syndrome, and Noonan syn-
drome with multiple lentigenes.58 These disorders share 
an overlapping phenotype of tumor predisposition, cardiac 
anomalies, and developmental delay among other fea-
tures. Given a large number of RAS-targeted agents being 
developed for malignant indications in adults, these syn-
dromes are prime targets for future clinical trials utilizing 
these agents to treat the nonmalignant manifestations of 
these diseases, such as neurocognitive deficits or cardiac 
dysfunction, and to possibly prevent the development of 
malignancy.59,60 Ongoing international efforts spearheaded 
by researchers and patient advocacy groups are working 
toward the establishment of a more detailed natural his-
tory of these diseases in order to better establish the mean-
ingful clinical trial endpoints needed.61

Other conditions, such as Proteus syndrome, a tumor 
overgrowth syndrome caused by somatic mosaic gain-
of-function mutations in AKT1,62 are also building on the 
foundation of a strong natural history study in combina-
tion with a unique trial design to advance the field. In 2019, 

Keppler-Noreuil et al.63 published a study of Miransertib, an 
AKT1 inhibitor, which used levels of AKT phosphorylation, 
a pharmacodynamic marker, as the primary endpoint to 
establish an appropriate dose for this population. A phase 
2 trial studying the efficacy of Miransertib for various mani-
festations of Proteus syndrome, including the disfiguring 
cerebriform connective tissue nevi, is currently ongoing 
(NCT03094832).

Conclusions

The future of clinical trials for nonmalignant manifest-
ations of germline tumor predisposition syndromes is 
bright but will require a significant investment of time and 
effort from both the research and patient advocacy com-
munities. A large number of targeted therapies now avail-
able for the malignant manifestations of these conditions 
have significant implications for germline mutations in 
these same pathways and can lead to effective therapies, 
as demonstrated with the success of MEK inhibitors for 
NF1-related PN. However, before interventional clinical 
trials can be successful, robust natural history studies and 
meaningful clinical trial endpoints must be established. It is 
important to note that while functional and PRO endpoints 
may be more essential for determining the benefit of treat-
ment in nonmalignant conditions, the importance of these 
measures even in trials for malignant conditions is being 
increasingly recognized as necessary for drug approval by 
the FDA.64 Therefore, advancements in the development of 
these types of meaningful endpoints could provide bene-
fits not just for the tumor predisposition syndrome com-
munity but also for more traditional oncologic clinical 
trials. Ongoing efforts in these areas are promising and 
should be supported by future research.
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