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Abstract

Pediatric low-grade gliomas (pLGGs) are the most common brain tumor in children and are associated with life-
long clinical morbidity. Relative to their high-grade adult counterparts or other malignant childhood brain tumors,
there is a paucity of authenticated preclinical models for these pLGGs and an incomplete understanding of their
molecular and cellular pathogenesis. While large-scale genomic profiling efforts have identified the majority of
pathogenic driver mutations, which converge on the MAPK/ERK signaling pathway, it is now appreciated that these
events may not be sufficient by themselves for gliomagenesis and clinical progression. In light of the recent World
Health Organization reclassification of pLGGs, and pilocytic astrocytoma (PA), in particular, we review our current
understanding of these pediatric brain tumors, provide a conceptual framework for future mechanistic studies, and

outline the challenges and pressing needs for the pLGG clinical and research communities.

Keywords

Brain tumors are one of the most common solid tumors
in children and adults, accounting for significant mor-
bidity and mortality across the lifespan.! In children, the
majority of brain tumors are low-grade glial (astrocytic)
neoplasms (World Health Organization [WHO] grade 1 and
2 astrocytomas), whereas in adults, malignant gliomas
(WHO grade 3 and 4 astrocytomas) predominate.? Because
of their poor prognosis, the vast majority of glioma re-
search has focused on adult glioblastoma, and more re-
cently, pediatric diffuse intrinsic pontine glioma (DIPG)
and other tumors with histone-3 (H3)-K27M mutations.
While the molecular landscape of pediatric low-grade

gliomas (pLGGs) has been described, less is known about
the pathobiology of low-grade gliomas, and few preclin-
ical models exist to enable effective clinical translation.
Moreover, these pediatric gliomas differ dramatically from
their adult malignant counterparts in terms of age of onset,
probable cells of origin, brain locations, histological spec-
trum, clinical progression, genetic alterations, and stromal
(tumor microenvironment [TME]) dependence. In this re-
view, we assembled a diverse team of subject matter ex-
perts to summarize our current understanding of these
unique low-grade tumors and present challenges for future
research and clinical application.
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Epidemiology

While we now appreciate that there are a diverse number
of molecularly- and histopathologically-distinct types of
low-grade gliomas (see below), current epidemiologic
data are only available for grade 1 (PA) and grade 2 dif-
fuse astrocytoma (DA). In the United States from 2000 to
2017, there were 12 403 patients reported with PA and 3432
patients with grade 2 DA among children and adolescents
19 years of age or younger (Supplementary Tables 1 and
2).35The overall incidence rate for PA (age-adjusted an-
nual incidence rate [AAAIR]: 0.839 [95% CI: 0.824-0.854])
was higher compared to DA (AAAIR: 0.231 [95% CI: 0.223-
0.239]) (Supplementary Table 2). As such, the incidence of
PA was highest in patients 0-4 years of age (AAIR: 0.989
[95% Cl: 0.956-1.022]), and lowest for patients >19 years of
age (AAIR: 0.578 [95% Cl: 0.554-0.602]) (Figure 1A). In con-
trast, the incidence of DA was lowest in patients 0-4 years
of age (AAIR: 0.284 [95% Cl: 0.267-0.302]) and increases
into adulthood. The overall incidence rate of both PA and
DA was slightly higher in males relative to females (AAAIR:
0.856 in males vs 0.821 in females for PA and AAAIR: 0.247
in males vs 0.215 in females for DA) (Supplementary Table
1). While a greater proportion of PAs was found within cer-
ebellum (33.1%) compared to any other site, no such spa-
tial predominance was seen with DA.

In general, patients with PA had significantly better
overall survival (OS) relative to those with DA (log-rank
P<.0001) (Figure 1B), where the overall age-adjusted mor-
tality rate (AAMR) for PA (0.025 [95% Cl: 0.020-0.030]) was
higher than observed for DA (0.006 [95% CI: 0.004-0.008]).6
Of note, the AAMR was highest in children 15-19 years
of age with PA (AAMR: 0.026 [95% CI: 0.0217-0.038])
(SupplementaryTable 3).

Histopathology

pLGGs comprise a diverse collection of tumors. Pilocytic
astrocytoma (PA), pilomyxoid astrocytoma (PMA), and ple-
omorphic xanthoastrocytoma (PXA) are typically relatively
circumscribed, whereas DA, angiocentric glioma, and pol-
ymorphous low-grade neuroepithelial tumor of the young
(PLNTY) show more infiltrative growth patterns (Figure 2).
However, infiltration can occur in both PA and PXA.

Pilocytic Astrocytoma

At the histologic level, PAs show a predominantly compact
growth pattern, although more infiltrative regions can also
be identified, particularly in the cerebellum and optic nerve.
Classic PAs exhibit a biphasic pattern, with dense fibrillar
areas rich in “piloid” cells with long, thin processes, as well
as Rosenthal fibers, alternating with microcystic regions,
where oligodendrocyte-like cells may predominate. In
some cases, however, only piloid- or oligodendrocyte-rich
regions are encountered. While mitotic figures are generally
rare, vascular proliferation is common, but does not have
the same association with poor prognosis as seen in diffuse
infiltrating astrocytomas. Non-palisading necrosis occurs
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in a subset of cases, but is not considered a prognostic fea-
ture, and all PAs are grade 1 tumors. Additional microscopic
features can include myxoid or degenerative changes, cal-
cifications, hyalinized vessels, and hemorrhages.

Pilomyxoid Astrocytoma Subtype

PMA is a subtype of PA, clinically characterized by a pre-
dilection for young children, suprachiasmatic locations,
and a higher propensity for cerebrospinal fluid dissemina-
tion.”8 Histologically, PMAs have a monomorphous, rather
than biphasic, appearance, myxoid stroma, perivascular
arrangements of cells, and a lack of Rosenthal fibers and
eosinophilic granular bodies. Despite some clinical and
pathologic differences, the presence of shared genetic
drivers, a co-occurrence of PA and pilomyxoid patterns in
some instances, as well as the phenomenon of “matura-
tion” where a PMA develops more overt PA morphology
over time,® suggest a shared origin between conventional
PA and PMA. These features also raise the possibility that,
in some cases, PMA may serve as a precursor to PA.

Pilocytic Astrocytoma With Histological Features
of Anaplasia

PAs, in general, maintain their low-grade histology over
time, even after multiple recurrences. However, a rare
subset of PA, at presentation or progression, contains
areas of brisk mitotic activity, with or without necrosis,
leading to the designation of PA with histological anaplasia
or anaplastic pilocytic astrocytoma (APA). These tumors
are associated with an increased frequency of CDKN2A/B,
NF1, and ATRX mutations.’®"These changes are almost al-
ways encountered in PAs arising in adults.'?

Pleomorphic Xanthoastrocytoma

These grade 2 compact gliomas are typically
supratentorial in location and often involve the leptome-
ninges. PXAs are comprised of astrocytic cells, which can
be spindled, epithelioid, pleomorphic/multinucleated, or
lipidized. Eosinophilic granular bodies and reticulin dep-
osition are frequently encountered microscopically, and
BRAFVS9E mutation, other MAPK/ERK (mitogen-activated
protein  kinase/extracellular signal-regulated kinase)
pathway gene alterations, and homozygous CDKNZ2A or
CDKN2B deletions represent common molecular alter-
ations. Anaplastic PXA (WHO grade 3) harbor increased
mitotic activity, with or without other adverse histologic
features (e.g., microvascular proliferation and necrosis).

Diffuse Pediatric Low-Grade Gliomas

Many infiltrative low-grade gliomas encountered in
children are histopathologically bland, with mildly atypical
astrocytic or oligodendroglial cells diffusely invading brain
parenchyma and modestly raising cellular density. Most of
these diffuse LGGs are characterized genetically by a patho-
genic alteration in genes that code for MAPK/ERK pathway
proteins.’®'* Some have changes involving the MYB or
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Fig. 1

Epidemiology of pediatric low-grade gliomas. (A) Average annual age-adjusted incidence rates with 95% confidence intervals for indi-

viduals aged 19 years or younger with pilocytic astrocytoma (PA; red) vs diffuse astrocytoma (DA; blue) by age at initial diagnosis. Rates are per
100 000 and age-adjusted to the 2000 US Standard Population (19 age groups—Census P25-1130) standard; confidence intervals (Tiwari mod) are
95% for rates. CBTRUS: data provided by CDC’s National Program of Cancer Registries and NCI's Surveillance, Epidemiology and End Results
Program, 2000-2017. (B) Kaplan-Meier overall survival curve for PA (red) vs DA (blue) in individuals aged 19 years or younger (log-rank P value).

National Program of Cancer Registries, 2001-2016.

MYBL1 locus, and these molecular features have been as-
sociated with tumors designated isomorphic diffuse glioma
(IDG)."™ Another rare subtype with distinctive features is the
PLNTY, characterized clinically by a strong association with
seizures and microscopically by oligodendroglioma-like
regions, calcification, and CD34 immunoreactivity; these

tumors also frequently have MAPK/ERK pathway-activating
genetic abnormalities.’® Finally, angiocentric glioma is
an infiltrative tumor composed mainly of bland, bipolar
cells with thin processes, which aggregate in perivascular
spaces."” Angiocentric gliomas almost always have a MYB-
QKl gene fusion or another MYB gene alteration.'®
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Fig.2 Histopathology of pilocytic astrocytomas (PA) and other related pediatric low-grade gliomas. PAs are typically biphasic tumors containing
piloid areas with (A) Rosenthal fibers and (B) oligodendrocyte-like areas with eosinophilic granular bodies. (C) Multinucleated cells in a loose
myxoid stroma are found in a subset of cases. (D) In contrast, the pilomyxoid astrocytoma subtype has a monomorphous appearance embedded
within a myxoid background and frequent perivascular aggregates. (E) Histologic features of anaplasia in PA may be recognizable as cellular
aggregates in an otherwise conventional PA, (F) with increased mitotic activity. Subsets of pediatric low-grade astrocytomas with distinct alter-
ations include (G) angiocentric glioma (with MYB-QKlfusions), (H) MYB-altered diffuse astrocytoma, and (I) pleomorphic xanthoastrocytoma,
which frequently harbors BRAF/S mutations. Magnification, x400 (A, B, C, E, H, I), x600 (F), x200 (D, G).

Since the spectrum of distinct molecular subtypes in pe-
diatric LGG is so diverse, it has been difficult to create a
comprehensive classification of these tumors, which inte-
grates histology and molecular alterations. Several clas-
sifications have been proposed, based on the underlying
BRAF alteration,' by integrating age, histology, and mo-
lecular alterations,’ or by combining clinical parameters,

histology, and molecular analysis to stratify patients into
low-, intermediate-, and high-risk groups.’® However, con-
sidering the increasing number of reports describing novel
molecular entities and improvements in diagnostic reso-
lution, a consensus classification has yet to be reached.
For this reason, we will mainly focus on the most common
subgroup of PA harboring MAPK/ERK pathway alterations.
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Molecular Genetics

Recent advances in molecular diagnostics have had
a lasting impact on defining LGG diagnostic entities.
These technical advancements, coupled with the greater
availability and diminishing costs of novel diagnostic
methods, allow for more definitive classification of clin-
ically relevant diagnostic categories.? Moreover, DNA
methylation-based classification of brain tumors has
similarly improved brain tumor diagnostics.?%?' In this
manner, the use of DNA methylation arrays and a ref-
erence dataset (https://www.molecularneuropathology.
org/mnp), currently consisting of over 2800 brain tu-
mors, accurately identifies over 80 distinct brain tumor
subtypes. Applying this DNA methylation fingerprint
also permits confirmation of the original histopathologic
assignment, as well as the establishment of new diag-
noses in 12% of cases.?’ Additionally, this method can be
used for DNA methylation-based identification of poten-
tial new brain tumor entities. Finally, DNA methylation
array fingerprinting can be used to derive copy number
profiles,2® which can be used to reliably call KIAA1549-
BRAF fusions.??2 These fusions can also be identified by
RNA sequencing, even using formalin-fixed paraffin-
embedded (FFPE) specimens.?®

The majority of pLGGs show a broad range of molec-
ular alterations converging on the MAPK/ERK signaling
pathway.'32425 As such, nearly 100% of PAs harbor an al-
teration that affects MAPK/ERK pathway regulation,?®
where BRAF kinase alterations are considered to be the
hallmark of this class of brain tumors (Figure 3A). The
most frequent BRAF alteration involves a genomic rear-
rangement that results in a fusion between the KIAA7549
and BRAF genes (70% of PAs?5?7), followed by inactivating
Neurofibromatosis type 1 (NF1) alterations and oncogenic
BRAFV60%E mutations.?628 Each of these alterations results
in increased MAPK/ERK activation, either through loss of
RAS suppression or elevated MEK/ERK activation. Less fre-
quent alterations include other BRAF fusions, FGFRT mu-
tations or fusions, NTRK2 fusions, and oncogenic KRAS
mutations.’2¢ |mportantly, the common abnormality
involving increased MAPK/ERK pathway activation makes
PA a single pathway disease, ideally suited for therapeutic
targeting (Figure 3B).

With the advent of molecular diagnosis, some prog-
nostic information is now available. As such, individuals
with genomic rearrangements (e.g., BRAF fusion) tend to
have more favorable progression-free survival (PFS) and
OS rates relative to those whose tumors harbor single-
nucleotide variants (SNVs)."® The presence of a BRAFV600E
mutation seems to confer a poorer prognosis compared to
tumors with wild-type BRAF.'> However, this is not inde-
pendent of additional contributing factors, such as degree
of surgical resection and the presence of a CDKN2A dele-
tion. When combined (incompletely resected pLGGs with
BRAFVE00E mutation and CDKN2A deletion), these factors
are associated with a higher risk of clinical progression.?®
Finally, midline gliomas with H3-K27M mutations are as-
sociated with anaplastic features,’® confer a poor prog-
nosis and a high risk of tumor progression.’ Those rare

instances of H3-K27M mutations with concurrent BRAFV600E
mutations (which seem to be mostly ganglioglioma) may
behave in a less aggressive manner than their more high-
grade counterparts.3°

Microenvironmental Support of
pLGG Growth

A particular feature of pLGGs is a heavy dependence on
the local TME. While the TME constitutes a major cellular
component of pLGGs, reports on immune cell composi-
tion differ. In both sporadic and NF1-PA, microglia/macro-
phages comprise 30%-50% of the cells in the tumor,3"32
whileT-cell content is more variable.3®

Importantly, the communication between the neoplastic
cells and components of the TME is bidirectional, as has
been shown in murine models of pLGG. As such, cerebellar
neural stem cells expressing human KIAA1549:BRAF fail to
form tumors following implantation into the cerebella of
mice lacking the microglia chemotactic receptor (Ccr2),3*
whereas cancer stem cells from Nfl-mutant mice with
optic gliomas do not form tumors after injection into the
brainstems of mice lacking either T cells®® or microglia/T-
cell chemotactic receptors (Cx3cr1, Ccr2).3% In Nf1 optic
glioma mice, optic glioma stem cells elaborate chemokines
(Ccl2, Cx3cl1, Ccl12) that differentially attract T cells and
microglia®’ to establish a paracrine circuit in which CD8*
T cells produce the cytokine Ccl4, to induce microglial Ccl5
expression necessary for optic glioma stem cell and tumor
growth.38

In addition to providing trophic support, the TME
can also contribute to negative regulation of PA growth
through the induction of oncogene-induced senescence
(OIS), resulting from MAPK/ERK hyperactivation. Support
for OIS derives from studies in which ectopic expression
of oncogenic RAS in primary human or rodent cells re-
sults in a permanent G1 arrest, and the accumulation of
p53 and p16, indistinguishable from cellular senescence.?®
Since NF1-PAs harbor increased RAS activity, NF1 loss
could induce senescence, as seen in melanocytes and
patient-derived café-au-lait macules (CALMs).° Similarly,
sustained activation of wild-type or mutant BRAF in astro-
cyte cell lines in vitro induces OIS,* whereas oncogenic
BRAFVSOOE gxpression in neural stem cells leads to growth
arrest and OIS induction.*?> While OIS results in growth
arrest, it also induces the expression of a senescence-
associated secretory phenotype (SASP), comprising a
complex inflammatory network in models of fusion BRAF-
driven PA,* which further sustains OIS in an auto- and
paracrine manner.**The induction of this OIS/SASP circuit
favors growth arrest and, potentially, lack of pLGG pro-
gression or partial tumor regression.

Current Therapies for PA

In general, individuals harboring PAs have a very good
prognosis, with a 10-year OS of 94% and a 10-year event-
free survival (EFS) of 44%.%° These numbers highlight the
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Fig. 3 Mutational spectrum in pediatric low-grade gliomas. (A) Distribution of molecular alterations in pediatric low-grade gliomas (top'®) and
pilocytic astrocytomas (bottom?). X-axis denotes the percentage of tumors with identified mutations in each cohort (N = 400, pLGGs; N = 96, PAs).
(B) Graphic illustration of the MAPK/ERK signaling pathway, highlighting the genetic/genomic alterations commonly observed in these tumors
that increase MEK signaling (bold; involving the FGFR1, NTRK2, RAS, BRAF, and NFT1 genes). Created with BioRender.com. Abbreviations:
MAPK/ERK, mitogen-activated protein kinase/extracellular signal-regulated kinase; PAs, pilocytic astrocytomas; pLGGs, pediatric low-grade

gliomas.

principle that PAs represent a chronic lifelong disease with
multiple potential recurrences. For this reason, there is
a lower risk tolerance on the parts of families and phys-
icians for treatments with significant therapy-associated
morbidity. As such, surgical operations, whenever fea-
sible, should be limited to “maximum safe resections,’
and a “watch and wait” approach without adjuvant therapy
should be adopted after a complete resection or when only
a small amount of residual tumor is present. Unfortunately,
future tumor growth is highly variable among patients
with the same histologic tumor subtype, and as many as
one-third of individuals with partially resected cerebellar
astrocytomas show no sign of progression.*® In contrast,
once patients progress after first-line adjuvant treatment,
they show an increased risk of further tumor progression,
where the risk factors include young age (<1 year of age
at the time of initial treatment), tumor dissemination, and
early progression following therapy (<18 months after the
start of chemotherapy).*’

The current standard-of-care therapeutic options con-
sist of systemic chemotherapy and, secondly, radio-
therapy (RT). Standard chemotherapy typically entails the
use of carboplatin and vincristine or vinblastine mono-
therapy.*84° RT, if necessary, should be only given at a later
age to minimize neurocognitive sequelae.*® For patients
with NF1, RT is typically avoided, due to the elevated risk

of secondary malignancy®® or moya-moya syndrome.5
Adjuvant therapy is typically only recommended for inop-
erable, symptomatic, or progressive tumors that cannot be
re-resected.*®

However, in light of the common hyperactivation of
the MAPK/ERK pathway in pLGGs, targeted therapies fo-
cusing on MEK inhibition (MEKi) have been at the fore-
front of clinical therapeutic trials, both for NF7- and
BRAF-altered pLGGs in general, and for PAs, in particular.
As such, the MEKi selumetinib has been investigated in
phase | and Il trials,%2-%4 with promising clinical and radi-
ographic responses. Similarly, the phase Il TRAM-01 trial
is currently investigating the MEKi trametinib for recur-
rent NF1-associated and BRAF-fusion pLGGs.%® Another
trial (NCT03871257) is investigating the MEKi selumetinib
relative to carboplatin/vincristine in a front-line setting
for NF1-mutant pLGG. The LOGGIC European trial will
be the first prospective randomized 3-arm clinical study
for newly diagnosed BRAF-fusion-positive pLGGs, spe-
cifically designed to compare the MEKi trametinib to
carboplatin/vincristine combination therapy and vinblas-
tine monotherapy as first-line treatment for these tumors.
Finally, based on fast, robust, and durable responses in
BRAFV600E_mutant pLGG,*® a prospective randomized
phase Il study of the BRAF inhibitor dabrafenib and the
MEK inhibitor (MEKi) trametinib as first-line therapy

1639
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Fig. 4 Proposed model of PA pathogenesis. Similar to normal brain development where progenitor cells receive developmental signals from
their environment (blue inset), pilocytic astrocytomas arise from susceptible progenitor cells following the acquisition of a genetic alteration (e.g.,
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stromal support, they evolve into grade 1 tumors whose continued growth is dictated by ongoing microenvironment growth factors and con-
ditions. Alternatively, or in concert with stromal paracrine factor support, additional genetic (microRNA) or epigenetic events could facilitate
continued tumor growth and progression. Created with BioRender.com. Abbreviations: NF17, neurofibromatosis type 1; PA, pilocytic astrocytoma.

(NCT02684058) for BRAF'S9%E.mutant pLGG is currently
underway.

To date, there have been limited efforts to target the
TME or the senescence phenotype in pLGGs. While mu-
rine studies demonstrate the dramatic impact of silen-
cing stromal cell types and paracrine factors on Nf7 optic
glioma formation and growth,?”%” these agents have not
entered human clinical trials. In addition, activating the
immune system to change the interactions betweenT cells
and microglia relevant to glioma growth has begun to gain
some traction. Similarly, the application of drugs that mod-
ulate senescence (senolytics) and promote OIS might also
have utility in the future treatment of pLGGs.*358

PAs Are Developmental Disorders

In contrast to conflicting studies using mouse models of
glioblastoma,%®%6 there appear to be a limited number
of cell types that could serve as the potential cellular ori-
gins for low-grade glioma. Using experimental murine
systems to model low-grade gliomas arising in response
to Nf7 inactivation or BRAF fusion (KIAA1549:BRAF), tu-
mors form from progenitor cells, rather than mature astro-
cytes.b768 Specifically, in the case of Nf7 optic gliomas,
tumors form from BLBP*, GFAP+*, CD133*, SOX2*, Nestin*

progenitors (neural stem cells) or Olig2* progenitors, but
not from NG2* glia or astrocytes.%72The use of mice with
an inducible Cre recombinase further helped to refine the
temporal window for tumor development, which is largely
restricted to embryonic development.?® Similarly, in ex-
perimental mouse models of sporadic PA, implantation of
fusion BRAF-expressing neural progenitors, but not BRAF-
expressing astrocytes, led to glioma-like lesion formation
in vivo, whereas fusion BRAF expression in BLBP* pro-
genitors, but not in NG2* or GFAP* glia, resulted in greater
proliferation and gliogenesis in the cerebellum in vitro
and in vivo.%873 These studies parallel observations made
in their human counterparts, in which pediatric’* and adult
infratentorial’® PAs likely arise from neural progenitor cells
early in life.

In addition to the cell of origin and the timing of their
acquired driver mutation (developmental age), there are
also regional differences in the response to these LGG
mutations: neural progenitors from the brainstem and
third ventricle exhibit increased proliferation and glial
differentiation in response to Nf71 gene inactivation or
KIAA1549-BRAF expression, whereas those from the
lateral ventricles or cortex do not.676876 Taken together,
these observations reveal both spatial and temporal
restrictions on the patterning of low-grade gliomas,
analogous to the constraints that govern normal brain
development.
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BioRender.com.

Proposed Conceptual Framework for PA
Pathogenesis

Based on clinical observations and preclinical modeling, it
is likely that many PA-associated driver mutations create
an indolent preneoplastic state (Figure 4). In this regard, we
envision pediatric LGG formation to require that the causa-
tive genetic alterations occur in a susceptible cell (LGG cell
of origin) during a specified developmental window. While
this event is necessary for tumorigenesis, it is likely not
sufficient. As such, human PA tumors do not grow well in
vitro or as explants in immunocompromised mice in vivo,
requiring specialized tissue culture conditions and growth
factors.*?77 In this regard, telomere maintenance,’® as well
as the induction of OIS*' and the production of inflamma-
tory cytokines of the SASP* may play roles in mediating
this premature growth arrest in vitro and in vivo.

Progression from a grade 0 preneoplastic state requires
supportive growth signals from macrophage-like cells
in the local TME. The importance of these monocytes to
murine low-grade glioma formation and growth is evi-
denced by numerous studies, in which KIAA1549-BRAF-
driven glioma-like lesions and Nf7 optic gliomas do not
form in the absence of functional microglia34373879-81 or T
ce||s_36,38,57

In addition to these growth regulatory signals, transcrip-
tional or genomic changes, including the expression of

specific microRNA molecules, or the development of ep-
igenetic alterations may also promote PA tumor survival
and progression. Specific microRNAs are differentially
expressed in PA and other pLGGs: for example, miR-125b
overexpression in PA cells leads to decreased growth, ap-
optosis, and/or senescence,® whereas other miRNAs es-
tablish global gene expression changes,?-84 some of which
affect mitogenic signaling,® as well as tumor growth and
migration.82.86

While epigenetic features have been essential to the
identification of novel diagnostic glioma subgroups, and
IDH1/2 and H3K27 mutations are critical for high-grade
glioma biology,®”-8° much less is known about the role of
epigenetic events in pLGG pathogenesis. In this regard,
H3K27 mutations are associated with a greater risk of clin-
ical progression in a small subset of PAs, whereas differen-
tial methylation leads to altered expression of key neural
developmental genes, including NR2E1, EN2, and the
polycomb repressor complex 2 (PRC2).°° Future research
will be required to define how these epigenetic and gene
expression network changes influence PA pathobiology.

Taken together, these findings support a model in which
stromal support is an obligate step in tumor formation and
progression, and may explain both uncommon clinical ob-
servations in patients and experimental studies in vitro.
First, while not commonplace, some PAs regress without
therapy, particularly those encountered in children with
NF1.9-%% Second, a significant portion of NF1-PAs do not
continue to grow or cause clinical signs or symptoms.%+-9%
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Fig. 6 Future directions for pediatric low-grade gliomas (pLGG) study. Additional research is required to explore the interactions between
stromal cells (oligodendrocyte lineage cells, astrocytes, immune-like cells, neurons) and pLGG tumor cells, especially as they relate to ERK-
mediated growth regulation. Moreover, the determinants that regulate oncogene-induced senescence (0IS) and the senescence-associated
secretory phenotype (SASP) will provide key insights into how growth cessation is controlled. Similarly, the role of epigenetic, transcriptional, and
microRNA expression changes within pLGG cells on ERK-regulated cell growth necessitates further investigation. With a greater appreciation
of the pLGG tumor microenvironment circuitry, more refined preclinical models will emerge that leverage patient-derived pLGG cell lines, hiPSC
cellular engineering, and genetically engineered animals. Created with BioRender.com.



For these reasons, it is likely that the absence of proper
stromal support induces the demise of the tumor cells
(aborted preneoplastic lesion [APL]).

Integrating the known clinical evolution of PA-like tu-
mors and associated genomic/genetic alterations, we also
propose unique developmental stages during which PAs
might have the potential to form more aggressive vari-
ants (PXA; Figure 5), although progression is much less
likely to occur in pLGGs than in their biologically distinct
adult glioma counterparts. In this model, which will likely
evolve as these subtypes are molecularly characterized in
more detail, PMA and PA tumors are likely on the spec-
trum of grade 1 astrocytic tumors, in which driver events
(KIAA1549:BRAF fusion, NFT1 loss) cooperate with genetic/
epigenetic alterations and stromal paracrine factors to fa-
cilitate tumor growth. Higher grade tumors likely arise
either directly from susceptible progenitors or grade 0
lesions following the acquisition of chromosomal gains/
losses and additional genetic alterations. Similarly, PAs
with histologic anaplasia evolves from grade 1 PAs as a re-
sult of specific genetic/epigenetic changes that largely re-
main to be identified, although some molecular alterations
associated with anaplasia have been reported.” This pro-
posed hierarchical evolution of PA-like tumors will require
detailed study using spatially- and temporally resolved
single-cell DNA and RNA sequencing.

Unresolved Questions and Future
Directions

The unique properties of pLGGs and their clear depend-
ence on cells and signals in the local microenvironment
present challenges for both researchers and clinicians.
In this regard, their slow growth rates in young children
whose brains are still developing require that the treat-
ments are effective at halting further tumor progression
and neurologic decline (e.g., vision loss, weakness), while
not creating long-term neurocognitive sequelae. As such,
the management of pediatric LGGs necessitates a multidis-
ciplinary team of experts who work seamlessly together to
balance anti-tumoral therapeutic gains with potential ad-
verse consequences on the developing brain, considering
pLGG as a chronic disease. In addition, with the discovery
of new therapeutic targets through advanced preclinical
modeling and improved molecular classifications of these
tumors, treatments will have to be optimized in children to
define the most efficacious dosing and delivery schedules,
as well as the identification of prognostic factors for clin-
ical progression.

Similarly, given the complexity of these pediatric
brain tumors, cross-informative groups of scientists, in-
cluding cancer biologists, neuroscientists, and immun-
ologists, are required for meaningful progress in the
field (Figure 6). First, these teams will need to collabo-
rate to define the cellular and molecular determinants
that support and limit tumor growth, including a focus
on the immune composition of pLGGs and a detailed
analysis of stromal pro- and anti-neoplastic properties.
In addition to immune-like cell elements (macrophages,
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microglia, T cells), other glial cells (astrocytes, oligoden-
drocyte lineage cells) and neurons may also contribute
to pLGG pathobiology.” Second, understanding how
the microenvironment adapts and evolves in the setting
of chemotherapy or molecularly-targeted treatments is
critical. Third, more work is necessary to elucidate how
immune cell paracrine factors impact on the tumor cell
ERK signaling axis, activated by the majority of pLGG
driver mutations, to favor neoplastic cell expansion.
Fourth, additional studies on microenvironment-tumor
cell senescence (OIS/SASP) circuitry induced by growth-
promoting MAPK hyperactivation, will yield new in-
sights into the age- and context-dependent factors that
induce pLGG growth arrest, which, in turn, could result
in the discovery of alternative therapeutic strategies for
these childhood brain tumors. Fifth, since pLGGs form
with limited genetic alterations at the genomic level, it is
necessary to consider the possibility that pLGG biology
is also influenced by epigenetic, transcriptional, and
miRNA expression changes, which amplify the effects of
stroma-driven MEK hyperactivation. Sixth, with a more
detailed understanding of basic cellular and molecular
underpinnings of pLGG, it will become increasingly
important to develop further authenticated preclinical
models that capture the tumor cell-intrinsic and micro-
environmental (cell-extrinsic) conditions inherent in
the human disease. Current efforts are focused on opti-
mizing genetically engineered mouse and swine models
coupled with patient tumor- and human-induced pluri-
potent stem-derived models (e.g., organoids) in vitro
and in various organisms (e.g., zebrafish, mice) in vivo.
With these informative second-generation platforms, it
is highly likely that improved therapies and risk assess-
ments will emerge that leverage our growing apprecia-
tion of pLGG ecosystem dynamics.

Supplementary Material

Supplementary material is available at Neuro-Oncology
online.
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