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raniopharyngiomas are rare benign neoplasms presenting in two different types, adamantinomatous (ACP) or papillary (PCP), which

are molecularly and clinically distinct. Traditional treatment includes surgical resection and radiotherapy, which are accompanied

by a number of debilitating complications because of the tumours' proximity to important brain structures. Recent advances in the
understanding of molecular pathogenesis of craniopharyngiomas have opened horizons to medical therapeutic options. ACPs are mainly
characterized by mutations of g-catenin, which activate Wingless/Int (wWnt), and alter the mitogen extracellular kinase (MEK)/extracellular
signal-regulated kinase (ERK) pathway, as well as inflammatory, cellular senescence, programmed cell death and sonic hedgehog (SHH)
pathways. PCPs are mainly characterized by Ras/Raf/MEK/ERK pathway activation secondary to BRAF-V600E mutations. MEK inhibitors,
such as binimetinib, or anti-inflammatory mediators, such as tocilizumab or interferon, have been administered to patients with ACP and
the efficacy is mostly favourable. On the other hand, BRAF inhibitors, such as dabrafenib or vemurafenib, either alone or in combination with
the MEK inhibitors trametinib and cobimetinib, have been administered to patients with PCP resulting in favourable responses. A number
of ongoing trials will shed light on schemes, doses, combined treatments and safety issues of the new molecular-targeted treatments,
changing the management of patients with craniopharyngiomas by launching the era of personalized medicine in these rare neoplasms. We
conducted a systematic review to identify case series or case reports with patients currently treated with systemic medical therapy.

Craniopharyngiomas (CPs) are rare, benign, epithelial tumours of the sellar and parasellar regions

Craniopharyngioma, BRAF inhibitor, MEK arising as embryonic malformations along the pathway of the craniopharyngeal duct.” They have

inhibitor, binimetinib, tocilizumab, interferon an incidence of 0.13 per 100,000 per year to 0.5-2.0 per million per year and are classified as grade
. } . ) ) I tumours according to the 2017 WHO Classification of Tumors of the Central Nervous System
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systemic drug therapies targeting recently identified molecular alterations in both ACPs and PCPs.
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Included are the following MeSH terms. (adamantinous craniopharyngioma [MeSH Terms]) OR (craniopharyngioma, adamantinous [MeSH Terms]) OR (craniopharyngiomas,
adamantinous [MeSH Terms]) OR (adamantinous craniopharyngiomas[MeSH Terms]) AND (papillary craniopharyngioma molecular pathology [MeSH Terms]) OR (adamantinous
craniopharyngiomas [MeSH Terms]) AND (papillary craniopharyngioma medical treatment [MeSH Terms]) OR (craniopharyngioma pharmacological treatment [MeSH Terms]) OR
(craniopharyngioma drug therapy [MeSH Terms]) OR (craniopharyngioma drug treatment [MeSH Terms]) AND (“2011/03/22" [Date - Entry] : “2021/03/22" [Date - Entry]).

MeSH = medical subject headings.

The search strategy included the following Medical Subject
Headings  (MeSH):  (adamantinous  craniopharyngioma  [MeSH
Terms]) OR (craniopharyngioma, adamantinous [MeSH Terms]) OR
(craniopharyngiomas, adamantinous [MeSH Terms]) OR (adamantinous
craniopharyngiomas [MeSH Terms]) AND (papillary craniopharyngioma
molecular  pathology  [MeSH  Terms)) OR  (adamantinous
craniopharyngiomas [MeSH Terms]) AND (papillary craniopharyngioma
medical  treatment [MeSH Terms]) OR  (craniopharyngioma
pharmacological treatment [MeSH Terms]) OR (craniopharyngioma
drug therapy [MeSH Terms]) OR (craniopharyngioma drug treatment
[MeSH Terms]) AND (“2011/03/22" [Date - Entry] : “2021/03/22"
[Date - Entry]) (Figure 1).

Molecular basis in medical treatment of
craniopharyngiomas

Advances in molecular research have demonstrated that the two
different CP types represent distinct entities, each with specific genetic
and pathological features.”” In this section, we will discuss the main
molecular findings that differentiate ACP and PCP, and how the biological

differences have helped identify novel targeted treatments, and the use
of such treatments in current clinical practice.

Molecular pathways and molecular aberrations in
adamantinomatous craniopharyngiomas

Wingless pathway signalling

Activation of the canonical Wingless/Int (Wnt)/B-catenin pathway is an
important pathological feature of ACP. The Wnt pathway is involved in organ
formation during embryogenesis and has a pivotal role in designating and
maintaining stem cell lineage.” B-catenin, encoded by the CTNNB1 gene, is
a central signalling molecule in the Wnt pathway and is involved in a variety
of cell processes, including cell proliferation, differentiation and embryonic
development.™” In the physiological state, and in the absence of WNT
activation, p-catenin is marked for destruction by a complex consisting of
AXIN, glycogen synthase kinase-3f (GSK-3p) and adenomatosis polyposis
coli, among other proteins. In the pathological state, or following Wnt
activation, Wnt binds to the N-terminal extracellular cysteine-rich domain
of a Frizzled family receptor, disrupting the destruction complex of
B-catenin, which is free to accumulate and translocate into the nucleus.
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Figure 2: Schematic presentation of the adherens junction complex (including p- and o-catetin and E-cadherin) and
the molecular signalling pathways that may crosstalk in both adamantinomatous craniopharyngioma and papillary

craniopharyngioma
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In adamantinomatous craniopharyngioma, B-catenin clusters cells show an activated Wnt pathway, SHH and EGFR pathway, which are reported to crosstalk with each other.
When Wnt signalling is inactive, B-catenin binds to the destruction complex composed of APC, the scaffold proteins Axin/Axin2, as well as protein kinases casein kinase 1a. and
GSK-3B. APC is phosphorylated by these kinases, recruits p-catenin to the complex and tags it for degradation through phosphorylation of the serine (S33, S37, $45) or threonine
(T41) residues of exon 3 on the CTNNB1 gene. This phosphorylation pattern is recognized by B-TrCP, which ubiquitinates p-catenin, leading to its subsequent proteosomal
degradation. When Wnt signalling is active, Wnt molecules bind to the Frizzled receptor and co-receptor LRP5/6. Dishevelled inhibits GSK-3p and therefore B-catenin proteosomal
degradation is prevented. The protein accumulates within the cytoplasm and translocates to the nucleus, where it acts as transcription co-factor by interacting with transcription
factors T-cell factor/lymphocyte enhancer factor, initiating the target gene’s expression. The MAPK/ERK pathway is regulated by the upstream activity of EGFR, Ras, Raf and

MEK. Several studies showed that activated canonical Wnt signalling can be associated with an activated EGFR cascade. The major downstream signal transduction pathways
activated by EGFR are the Ras-Raf MAPK pathway (MAPK/ERK cascade) and the PI3K/Akt/mTOR pathway. An inactivated SHH signalling pathway occurs in the absence of SHH
ligands, wherein PTCH inhibits SMO, resulting in GLIT sequestration in the cytoplasm by SuFu. In the presence of SHH, PTCH suppression of SMO is abrogated, resulting in the
nuclear accumulation of GLIT and activation of target genes that promote several oncogenic properties in tumour cells.

AKT = serine/threonine-specific protein kinase; APC = adenomatosis polyposis coli; BMP = bone morphogenetic protein, BRAF = murine sarcoma viral oncogene homolog B1;
CK1 = casein kinase 1a, DVl = Dishevelled, EGF = epidermal growth factor; EGFR = epidermal growth factor receptor; ERK = extracellular signal-regulated kinases;

Fz = Frizzled; Gli = glioblastoma proteins; GSK-3 = glycogen synthase kinase-3p, KRAS = Kirsten rat sarcoma virus, LEF = lymphocyte enhancer factor; LRP-1 = low-density
lipoprotein (LDL)-related protein-1, MAPK = mitogen-activated protein kinase, MEK = mitogen extracellular kinase; mTOR = mammalian target of rapamycin; N = nucleus;

NFKB = nuclear factor kappa-light-chain-enhancer of activated B cells; P = phosphate; PIK3CA = phosphatidylinositol-4,5-bisphosphate 3-kinase catalytic subunit alpha;

PTCH1 = patched 1, Ras = rat sarcoma viral oncogene homolog, SHH = sonic hedgehog; SMO = smoothened, SuFu = suppressor of fused; TCF = T-cell factor; Ub = ubiquitin,
VEGF = vascular endothelial growth factor; Wnt = Wingless; B-TrCP = p-transducin repeat-containing protein.

Here, it interacts with the T-cell factor/lymphocyte enhancer factor family
of transcription factor to regulate the transcription of genes implicated in
cell differentiation and proliferation.®

Currently, CTNNB1T mutations are the only well-studied genetic alteration
resulting in CP, and result in a degradation-resistant form of g-catenin
and aberrant nuclear accumulation of the protein in certain cells within
the tumour, mainly within epithelial cells located in the clusters or
‘whorls’. These cell clusters, showing nucleocytoplasmic accumulation
of B-catenin, are not present in PCP or any other pituitary tumour.?'

In the nucleus, p-catenin acts as a transcription factor, leading
to overactivation of the canonical Wnt/ B -catenin pathway.?
These activating mutations, first described by Sekine et al.® and
subsequently found in 57-96% of patients with ACP*# are located
in exon 3 of CTNNBT, a key exon encoding for the serine-threonine
phosphorylation sites for GSK-3p that activates degradation of -catenin
in the destruction complex (Figure 2).¢ Experiments in primary human
ACP cell cultures have demonstrated that increased expression
of B-catenin enhances cell migration, whereas inhibiting p-catenin
expression using small interfering RNA reduces cell motility and invasion
capacity of ACP tumour cells.”
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Murine studies have confirmed that CTNNBT mutations are oncogenic
drivers, capable of initiating and sustaining tumourigenesis. The
expression of oncogenic p-catenin, specifically in stem cells expressing
the transcription factor SRY (sex determining region Y)-box 2 (SOX2),
in the murine adult pituitary results in ACP-like tumours forming in
mice (Figure 3).# Interestingly, the tumours do not derive from the
SOX2-positive stem cells that express oncogenic g-catenin, but rather from
SOX2-negative cells that are transformed in a paracrine manner by the
SOX2-positive-derived cluster cells.? Analyses of these murine models
have revealed that B-catenin-accumulating cell clusters, as well
as single cells with accumulated B-catenin, act as signalling 'hubs’
within the tumour. These clusters secrete a plethora of growth factors
and cytokines, including sonic hedgehog (SHH), cytokines (such as
interleukin [IL]-1 and IL-6) and growth factors (such as epidermal
growth factor [EGF], fibroblast growth factor [FGF], Wnts, transforming
growth factor [TGF]-B and bone morphogenetic proteins [BMPS]),
which activate specific pathways in nearby tumour cells.?% The role of
epithelial clusters in human ACP was shown in a study by Apps et al.,
who used laser capture microdissection to separate cell clusters and
analyse their transcriptomic profiles.® They demonstrated high levels of
the FGF, BMP and Wnt families of secreted factors, and demonstrated
activation of the mitogen-activated protein kinase (MAPK)/extracellular
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Figure 3: Paracrine model of adamantinomatous
craniopharyngioma pathogenesis
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Expression of oncogenic p-catenin in pituitary stem cells that express the transcription
factor SRY (sex determining region Y)-box 2 (SOX2) results in the formation of

cell clusters. These cell clusters become senescent and activate the pro-tumour
senescence-associated secretory phenotype (SASP), which includes growth factors,
cytokines, chemokines, proteases and extracellular matrix components, and induce
transformation of a surrounding cell, which becomes the tumour-initiating cell in

a paracrine manner. Thus, the SOX2-positive cell with the oncogenic ‘hit’ and the
tumour-initiating cell are different. In human adamantinomatous craniopharyngioma,
the location of clusters in the base of the finger-like protrusions at the invasive front of
the tumour suggests a role of the SASP activities in tumour invasion.

SASP = senescence-associated secretory phenotype ; SOX2 = SRY (sex determining
region y)-box 2.

signal-regulated kinase (ERK) pathway, which was particularly prominent
atthetipsoftheinvadingtumour epithelium (Figure 3).* To test whether the
MAPK/ERK pathway can be a potential therapeutic target, the
authors targeted this pathway using trametinib, a specific mitogen
extracellular kinase (MEK) inhibitor that has shown promising results in
MAPK/ERK-driven solid tumours,®* and demonstrated reduced
proliferation and increased apoptosis in explant cultures of human and
mouse ACP (Figure 4).*

Failure to identify the CTNNB7T mutation in all ACP samples has
led to speculation that other genetic mutations may underlie ACP
tumourigenesis. This was further supported by the coexisting mutations
in BRAF (V60OE) and CTNNB1 (T411), which were identified in two ACP
tumours.® Recently, Apps et al., using laser capture microdissection
combined with tagged-amplicon deep sequencing, screened 22 ACP
tumour samples: CTNNB71 mutations were identified in all samples,
including those with very low mutant allelic frequencies.* These data
suggest that failure to identify CTNNBT mutations in a low proportion
of ACP tumours may be due to the lower sensitivity of the sequencing
technology used in previous studies.

While Wnt pathway/g-catenin inhibitors could successfully target the
Wnt signalling cascade, there have been concerns regarding their safety
profile, as they may also affect the normal Wnt-dependent activities.”
Therefore, direct targeting of Wnt pathway/g-catenin is not currently
considered among intervention strategies (Figure 4).%

Inflammation

Aclassic feature of ACPs is the presence of cysts, which are routinely larger
than the solid portion of the tumour and can exert significant mass effect
on adjacent structures.'® Intra-cystic therapies alone or in combination

with surgery are a recommended treatment approach to prevent cyst
expansion and pressure to the surrounding anatomical structures.

Cytometric bead analysis of cyst fluid and transcriptomic data of the
solid tumour compartment have revealed elevated concentrations of
cytokines and chemokines, including IL-6, IL-8, IL-10 and C-X-C motif
chemokine ligand 1 (CXCL1), in fluid from ACP tumours compared with
fluids from other paediatric brain tumours and healthy brain tissue.*
Cyst fluid characterization has also revealed elevated concentrations
of indoleamine 2,3-dioxygenase 1 (IDO-1), an immunosuppressant,
and the presence of p-thymosins, peptides with anti-apoptotic and
anti-inflammatory properties.¥

The human monoclonal antibodies tocilizumab, an anti-IL-6 receptor,
and siltuximab, an IL-6 inhibitor, approved by the US Food and Drug
Administration (FDA) for the treatment of inflammatory diseases such
as juvenile idiopathic arthritis, Castleman disease and cytokine release
syndrome, could be potential treatments for cystic CP. In two cases
with recurrent, cystic ACP, tocilizumab alone or in combination with
bevacizumab resulted in a significant cyst shrinkage.® Anakinra, an
IL-1 receptor inhibitor, may also be of use by preventing inflammatory
pathway activation (Figure 4).%

The mitogen-activated protein kinase/extracellular
sighal-regulated kinase and epidermal growth factor
receptor pathways

The MAPK/ERK and EGF receptor (EGFR) pathways are two additional
signalling pathways involved in the growth and development of ACPs
and therefore could be alternative potential therapeutic targets. In
healthy cells, the MAPK/ERK pathway, in response to extracellular
stimuli, mediates cellular growth, proliferation and survival.*
Abnormal MAPK signalling may lead to increased or uncontrolled cell
proliferation and resistance to apoptosis, and has been implicated in
many different types of cancers.® As previously mentioned, Apps et
al. established that the MAPK/ERK pathway is dysregulated in human
and mouse ACP tumours; they showed high levels of several members
of the FGF, TGF-B and BMP families of secreted factors, which signal
to neighbouring cells, as evidenced by immunostaining against the
phosphorylated proteins pERK1/2, pSMAD3 and pSMAD1/5/9 in both
human and mouse ACP¥®

In 2011, Holsken et al. identified that activated EGFR in ACP cells
significantly promoted tumour cell migration, which was inhibited
using the tyrosine kinase inhibitor (TKI) gefitinib in vitro.? Although the
authors did not identify any mutations or amplifications in the EGFR
gene, EGFR phosphorylation was detectable in tumour cell clusters at
the brain infiltration border, and co-localized with nuclear p-catenin
and Fascin, indicating that activating EGFR may have a role in brain
infiltration.?

The ACP transcriptome of 15 ACP samples revealed several
pharmaceutical targets that were significantly and consistently
overexpressed in these tumour samples. Among the most highly
expressed were: several targets of the kinase inhibitor dasatinib
(lymphocyte-specific protein tyrosine kinase [LCK], ephrin type-A2
[EPHA2] and SRC); EGFR pathway targets (epiregulin -[AREG], EGFR
and receptor tyrosine-protein kinase erbB-3 [ERBB3]), which were
inhibited by drugs such as cetuximab, erlotinib, lapatinib; and other
potential cancer targets, such as SHH, Matrix metallopeptidase 9
(MMP9) and 12 (MMP12), which were inhibited by erismodegib and
vismodegib (SHH) or AZD1236 (MMP9, MMP12).4" EGFR signalling
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Figure 4: The molecular factors that have been implicated in adamantinomatous craniopharyngioma and papillary
craniopharyngioma pathogenesis, and new targeted treatments that arise from the ongoing molecular research
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Red lines show the inhibitors that may be used as molecular-targeted therapy for craniopharyngioma. Solid red lines represent inhibitors that have been tested in case reports,
and dashed red lines represent inhibitors proposed for further study based on studied factors.

AKT = serine/threonine-specific protein kinase; APC = adenomatosis polyposis coli; BRAF = murine sarcoma viral oncogene homolog B1, EGFR = epidermal growth factor
receptor; ERK = extracellular signal-regulated kinases; FGFR = fibroblast growth factor receptor; Fz = Frizzled; GSK-3p = glycogen synthase kinase-3p,

LEF = lymphocyte enhancer factor; MEK = mitogen extracellular kinase; N = nucleus; PI3K = phosphatidylinositol 3-kinase, RAS = rat sarcoma viral oncogene homolog;

SHH = sonic hedgehog; TCF = T-cell factor; VEGFR = vascular endothelial growth factor receptor; Wnt = Wingless.

has also been proposed as an escape mechanism for radiation
therapy leading to radioresistance in ACP through enhanced survivin
expression.”2 Inhibition of EGFR activity by the TKIs gefitinib or
CUDC-101 acts as a radiosensitizer on ACP tumour cells, leading to
increased cell death (Figure 4).

Cellular senescence

Molecular  profiling and immunohistochemistry analyses have
revealed that the cluster cells in both mouse and human ACPs contain
senescent cells. Senescence is a cellular programme that induces a
stable growth arrest mediated by the p53/p21CIP1 and p16INK4A/
PRb tumour suppressor pathways.®® Senescence typically occurs in
response to damaging stimuli, including telomere shortening (replicative
senescence), DNA damage (DNA damage-induced senescence) and
oncogenic signalling (oncogene-induced senescence).® Even though
senescent cells are unable to re-enter the cell cycle, these cells are
metabolically highly active and secrete a plethora of factors, including
proinflammatory cytokines, chemokines, growth factors and proteases,
referred to as the senescence-associated secretory phenotype (SASP)
(Figure 3). The SASP recruits immune cells to senescent cells, thereby
facilitating their elimination, which serves a tumour suppressor function.
Paradoxically, however, the SASP has been shown to promote tumour
cell progression through secretion of factors that promote angiogenesis,
extracellular matrix remodelling or epithelial-mesenchymal transition
(EMT).* The role of cellular senescence has already been investigated in
other brain benign neoplasms, such as pituitary adenomas.®

One study has shown that mouse and human ACP oncogenic B-catenin

clusters contain senescent cells with an activated SASP and that
attenuating the senescent/SASP response in murine cluster cells,
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either genetically or in aged mice, significantly reduces tumour-inducing
potential.“ This study was the first to point at senescence and the SASP
as causative agents of non-cell-autonomous tumourigenesis in vivo and
to explain the tendency of human ACP to relapse even after radiotherapy,
as activating a senescent phenotype in human clusters could make them
resistant to conventional anticancer therapies, such as radiotherapy.” The
development of senolytic agents,*® and the association of components of
the SASP with cellular programmes such as EMT, indicate that further
investigation of senescence in the context of ACP is warranted.

Programmed cell death

Theinhibition ofimmune checkpoints, in particular cytotoxic T-lymphocyte
antigen-4 and programmed cell death protein-1 (PD-1) and its ligand,
programmed cell death-ligand 1 (PD-L1), has evolved as a promising
and effective treatment against a growing number of malignancies,
and its discovery as a potential cancer therapy was the subject of the
2018 Nobel Prize in Physiology.#* Recently, there have been some
reports of a possible role of PD-1 and PD-L1 in the pathogenesis of ACP;
Coy et al. identified increased expression of PD-1 in nuclear p-catenin
accumulation whorl-like tumour cell clusters, whereas PD-L1 was found
in a significant number of tumour and immune cells of the cyst lining.*
The consistent co-occurrence of nuclear p-catenin and PD-1 expression
with concomitant elevated downstream MAPK and mammalian target
of rapamycin (MTOR) signalling may implicate p-catenin transcriptional
activity, indicating that therapeutic targeting of PD-1 may have intrinsic
therapeutic efficacy independent of any interaction with the immune
system.*” The presence of PD-L1 in the cyst lining indicates a possible
interaction with the highly proinflammatory cytokine pattern identified
in the ACP cyst fluid as previously described. The strong PD-L1
expression in cyst-lining cells may represent an immune checkpoint
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barrier that modulates the activity of immune cells within the cyst fluid.
Furthermore, and considering that increased PD-L1 expression
correlated with elevated mTOR and MAPK signalling in ACP, inhibiting
PD-L1 may also affect the EGFR and MAPK/ERK pathways and inhibit
tumour growth.s

The sonic hedgehog pathway

The SHH signalling pathway is an important pathway expressed early
in embryogenesis, and acts as a major regulator of cell differentiation,
cell proliferation and tissue polarity;, therefore, it has an essential role
in organogenesis, including Rathke's pouch.” SHH has been implicated
in different types of cancer tumourigenesis, as well as in tumour
progression and metastasis.** Upregulation of the SHH pathway in both
mouse and human ACP has been described by several investigators.z+5
While inhibiting the SHH pathway significantly reduced basal cell
carcinoma progression in several cases,® it has proven detrimental
in other cancers, such as pancreatic ductal adenocarcinoma, where
enhanced tumour progression and aggressiveness was observed in
both preclinical and clinical trials. Recently, Carreno et al.” showed that
treating ACP with vismodegib, an FDA-approved SHH pathway inhibitor,
results in a significant reduction in median survival in murine models,
due to premature development of highly proliferative and vascularized
undifferentiated tumours. Reinforcing these mouse data, inhibiting the
SHH pathway in human ACP leads to a significant increase in tumour
cell proliferation both ex vivo, in explant cultures, and in vivo, in a
patient-derived xenograft model, indicating that vismodegib, and
potentially other smoothened (SMO) inhibitors, may be contraindicated
in patients with ACP¥

Molecular pathways and molecular aberrations in
papillary craniopharyngiomas

Until recently, the genetic event underlying the development of PCP had
remained unclear. Several studies employing whole exome sequencing,
next-generation panel sequencing, pyrosequencing and Sanger
sequencing have demonstrated the presence of activating mutations in
BRAF (V600E) in PCPs, with a reported prevalence of 81-100%, depending
on the sequencing method used.*®*% The expression of the mutant
protein is confirmed by immunohistochemistry using an anti-BRAF-VE00E
antibody.” Although this mutation is predicted to result in the activation of
the MAPK/ERK pathway in all tumour cells, immunohistochemistry against
PERK1/2 — read-outs of the active MAPK/ERK pathway that promote cell
growth, proliferation, migration and survival®® — has revealed that only a
small proportion of epithelial cells lining the fibrovascular cores express
PERK1/2 despite the expression of BRAF-V600E throughout the tumour.”

It is interesting that despite the broad expression of the BRAF-V600E
mutant protein in the tumours, pERK1/2 staining is mostly restricted to
cells surrounding the fibrovascular cores. These pERK1/2-positive cells
were shown to express the pituitary stem/progenitor markers SOX2 and
SOX9, suggesting that these lining cells may represent tumour stem cells.®
Double immunofluorescence staining revealed the co-expression of SOX2/
SOX9+ and Ki67 in basal cells around the fibrovascular cores, implying that
proliferating SOX2-positive cells may be driving PCP growth.*

Targeting the molecular pathways of
craniopharyngiomas involved in the current
clinical setting

Systemic medical therapy in adamantinomatous
craniopharyngiomas

Summarizing the aforementioned molecular pathways, activating
mutations of the Wnt pathway gene CTNNB1, driven by a single recurrent

somatic mutation of CTNNB17,%2 can be recognized in most ACPs.
However, the activation of the Wntp-catenin pathway has not yet
translated into novel molecular-targeted treatments. In a smaller fraction
of ACPs, genetic or epigenetic mechanisms have been documented,
resulting in either Wnt pathway activation or in other potential targetable
pathways downstream of the Wntg-catenin pathway.

The involvement of the MAPK/ERK pathway in CP pathogenesis implicates
MEK inhibitors as candidate drug mediators.® Patel et al. described the
beneficial effect of off-label binimetinib in a multi-treated 26-year-old
female with ACP along with hypothalamic obesity, insulin-independent
diabetes mellitus, hepatic cirrhosis with secondary splenomegaly and
cytopenias, and stasis dermatitis.’ She started at 45 mg twice daily with
occasional brief drug interruptions, with dose reductions to 30 mg twice
daily and subsequently to 30 mg in the morning and 15 mg in the evening.
Brain magnetic resonance imaging (MRI) 8 months after treatment
showed a remarkable decrease in tumour size (from 3.5x2.5x2.5 cm to
2.8x2.1x1.8 cm), which remained stable at least for another 8 months. A
number of AEs where reported, such as furuncles/papulopustular rash
on thighs and buttocks, nail dystrophy, hyponatraemia, venous stasis
with poor wound healing, fatigue/daytime sleepiness and weight gain.
However, it is not clear whether these side effects were associated with
the drug or with previous therapies, since the patient was overtreated
with eight surgical resections, chemotherapy (vinorelbine), radiation
therapy and y-knife radiosurgery (Table 1, patient 23).

Immune system-targeted therapy is another promising therapeutic
target for ACPs, since the paracrine action of inflammatory mediators
has been identified both in the solid and cystic tumour compartments.
Tocilizumab, a humanized monoclonal antibody against soluble and
membrane-bound IL-6R,® was offered to a 4-year-old boy with ACP
He had 14 months of therapy with intra-cystic interferon-a followed
by intra-cystic bleomycin via a cyst catheter; however, both failed to
control his disease. Tocilizumab 12 mg/kg was given intravenously (IV)
every 2 weeks on a compassionate basis for 6 months, and was well
tolerated. A radiological improvement (reduction in size, or slowed
growth of cyst) was seen 6 months following treatment. In the ninth
month of treatment, the combination therapy of IV tocilizumab and
IV bevacizumab every 2 weeks was initiated and was generally well
tolerated. In total, he received 14 months of combination therapy
over 28 months, with a significant radiological reduction in cysts’ size,
followed by tumour surveillance because of stable disease. Few AES
delayed the treatment, which were mostly represented by neutropenia
(Common Terminology Criteria for Adverse Events [CTCAE] v5, Grade 3)
(Table 1, patient 21). Tocilizumab was also given to a 7-year-old boy as
compassionate monotherapy after multiple cyst aspirations followed by
craniotomy, radiotherapy and intra-cystic bleomycin, which resulted in
a radiological improvement. Even in this latter case, the drug was given
for 7 months, followed by image monitoring (Table 1, patient 22).¢ The
efficacy of tocilizumab in the management of ACP is being studied in a
phase 0, open-label clinical study investigating its administration every
2 weeks for up to 2 years (ClinicalTrials.gov Identifier: NCT03970226).

The primarily studied immunotherapy evaluated in ACP is interferon.
Interferon is a small molecule that modulates host immune response, also
displaying direct anti-proliferative and cytotoxic effects in tumoural cells.*
The first study to systematically administer interferon studied 15 children
aged <21 years who received subcutaneous, short-acting interferon daily
for 16 weeks, which was followed by a 32-week maintenance phase,
where interferon was given three times per week.*Three out of 12 (25%)
patients who were evaluated had a documentable response (complete,
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Table 1: Three case reports (two papers)*'¢? and two case series (two papers)**¢® of patients treated with mediators
implicated in adamantinomatous craniopharyngioma pathogenesis

Case series/  Patient  Previous Next Systemic medical Duration of  Outcome (response after = Adverse effects from drug
reports number | treatment treatment treatment treatment  completion of treatment; therapy
PD if occurred later)
Jakackietal., |1 STR, cyst drainage  RT IFN-2¢.: the induction 12months | Minor response; PD All the patients had fever
2000%* phase consisted of 25 months after initiation ' during the first few days of
Jakackietal, | 2 STR, cyst drainage  NR 8,000,000 U/m? given 7months  PD; PD 7 months after treatment, accompanied
20004 daily by SC injection for initiation by chills and myalgias;
Jakackietal., |3 STR X2, cyst NR 16tyve(taks, ‘\%herteas 12 months | SD; PD 37 months after |1 Ead re.zfractor;: fr(talntal
2000 drainage, RT, GTR patien S\,NI 9“ initiation obe selzulres shortly
: - progressive disease at after starting treatment; 1
Jakackietal., 4 STR, cystdrainage, | NR 16 weeks entered the NE NE hyperpigmentation; 11 lost
64
2000 RT maintenance phase of weight; 2 received 75% of
Jakackietal, |5 STR NR the protocol, receiving 12months | SD; PD 22 months after the prescribed dose until the
2000 8,000,000 U/m? three initiation completion of the protocol.
Jakackietal, |6 STR NR times per week for an NE NE All symptoms resolved
2000 additional 32 weeks within 2-30 days of
Jakackietal., |7 STR, intra-cystic NR 12months | SD; PD 21 months after discontinuati.on of the drug
2000¢ bleomycin initiation or decrease in the dose and
; : did not recur when the IFN
Jakackietal, |8 STR, cyst drainage  NR 9 months PD; PD 21 months after
o therapy was resumed
2000 initiation
Jakackietal., |9 GTR, cyst drainage, | NR 12 months | SD >29 months after
2000% STR X2, RT initiation
Jakackietal., |10 GRT NR 12 months | SD; PD 2 months after
2000% initiation
Jakackietal., |11 STR, RT NR 12 months PR >30 months after
2000% initiation
Jakackietal., |12 GRT NR 12 months CR > 22 months after
2000% initiation
Jakackietal., |13 GTR X2, NR 12months  SD; PD 21 months after
2000¢ phosphorus-32 x2 initiation
Jakackietal., |14 GTR X2, STR, RT, NR NE NE
2000% cyst drainage
Jakackietal., |15 STR x4, NR 3 months PD 3 months after
2000 phosphorus-32, initiation
RT, cyst drainage,
bleomycin
Yeung et al., 16 GTR NR Pegylated IFN-a-2b: initial | 24 months | *CR; disease free 10 years | Mild nausea; symptoms
2012¢ dose 3 ug/kg as weekly after initiation lasting 1-2 days after each
SC injection dose, which lessened over
time
Yeung et al., 17 STR, RT NR Pegylated IFN-a-2b: initial | 24 months | *Disappearance of cystic  Transient symptoms
2012¢ dose 3 pg/kg as weekly component; PR 5 years after each dose, which
SC injection; was reduced after initiation improved over time; grade 2
to 1.5 mg/kg/week after transaminase elevation and
6 months mild thrombocytopenia
Yeung et al., 18 GTR x3 NR Pegylated IFN-a-2b: initial | 15 months | *CR 4 months after Nausea and occasional
2012¢ dose 1 ug/kg as weekly initiation vomiting for 24 hours after
SC injection each injection. Symptoms
disappeared as treatment
continued
Yeung et al., 19 STR x2 Radioactive Pegylated IFN-a-2b: initial | 12 months *30% decrease in cystic Transient fatigue and fevers
2012¢ phosphorus | dose 3 ug/kg as weekly component for 2 days after each dose,
SC injection which improved over time
Yeungetal, 20 GTR NR Pegylated IFN-a-2b: initial | 6 months *SD None
20129 dose 1 pg/kg asweekly  and ongoing
SC injection to achieve
24 months
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Table 1: Cont.

Case series/

reports

Patient
number

Previous
treatment

Next
treatment

Systemic medical
treatment

Duration of
treatment

Outcome (response after
completion of treatment;
PD if occurred later)

Adverse effects from drug
therapy

Grob et al., 21 Intra-cystic IFN-o. | NR Tocilizumab: 12 mg/kg IV | 28 months | Radiological decrease of Neutropenia (grade 3)
2019¢ and bleomycin every 2 weeks; 9 months | (14 months | cyst volume or slowing of
later, IV bevacizumab on their volume
every 2 weeks was combination
co-administered therapy)
Grobetal,, 22 Cyst aspirations, NR Tocilizumab: 12 mg/kg IV 7 months Radiological improvement | NR
2019¢ craniotomy, every 2 weeks
RT, intra-cystic
bleomycin
pPatel et al., 23 surgery x8, CT,RT, ' NR Binimetinib: 45 mg BD — | 8 months Decrease in size Furuncles/papulopustular
20214 y-knife RS 30 mg BD — 30 mg in the (from3.5x 2.5 x 2.5 cmto | rash, nail dystrophy,
morning and 15 mg in the 28x21x18cm)—SD | hyponatraemia, venous stasis
evening with poor wound healing,
fatigue/daytime sleepiness,
weight gain

A fifth paper is not included in the table as only cumulative data were presented.*

*Complete response was defined as total disappearance of all radiographically detectable tumour; partial response as at least a 50% decrease in the product of the greatest
perpendicular diameters of the tumour; stable disease as less than a 0.4 cm change in at least two dimensions of the solid component during the first 6 months of treatment and
less than a 0.4 cm change in two dimensions of the whole tumour after the first 6 months of treatment.

BD = twice daily; CR, complete response, CT = chemotherapy; GTR = gross total resection; IFN = interferon, IV = intravenous,; NE = not evaluated, NR = not reported;

PD = progressive disease, PR = partial response; RS = radiosurgery, RT = radiation therapy, SC = subcutaneous, SD = stable disease, STR = subtotal resection.

partial or minor), whereas one patient showed a clinical response (visual
fields improvement). The median time to progression was 25 months.

A 6-year-old girl, having previously undergone STR and cyst drainage,
showed an increase in cyst size during the first 4 months of therapy,
followed by a cyst size reduction without any additional intervention.
When the treatment was complete, the neoplasm had reduced by 45%,
but 13 months post-treatment, the patient developed a radiological
progression and received external-beam radiotherapy (Table 1, patient
1). In a 13-year-old boy, interferon treatment was offered after STR and
radiotherapy (5,130 cGy), with progressive radiological shrinkage of the
tumour and significant visual improvement. When the treatment was
completed, the neoplasm had been reduced by 75%, and the patient
had clinically and radiologically stable disease 18 months post-therapy
(Table 1, patient 11). A 13-year-old boy received interferon after GTR;
a progressive radiological decrease in tumour size was documented.
Nine months post-therapy, no residual tumour could be seen, which
was retained for more than 10 additional months post-therapy (Table
1, patient 12). Overall, 6 patients (50%) showed increases in the cystic
component with the initial interferon administration, with 2 patients
having further increases in the cystic component, displaying progressive
disease, and another 2 patients having stable disease with no further
increase of cyst size.*

The next step was to investigate a better way to deliver the interferon.
Pegylated interferon has a longer half-life and more sustained action
than non-pegylated interferon, and was used in a recent pilot study
in five children with ACP# In this study, the first case, a 9-year-old girl,
underwent GTR, but had cyst recurrence 3 months later. Under the
interferon therapy, the cyst initially increased in size, but then decreased,
followed by a complete disappearance at the end of the therapy. No
additional therapy was needed, and the patient remained free of disease
8 years post-interferon therapy (Table 1, patient 16). The second case,
a 14-year-old boy, had previously had STR, followed by radiotherapy
(5,400 cGy); when the residual partially cystic tumour increased in size,

interferon was started. The cystic component of the ACP completely
disappeared 4 months post-treatment, whereas the residual calcified
mass remained stable 5 years later (Table 1, patient 17).

A 13-year-old boy previously treated with three GTRs had cyst recurrence
and interferon was started. Seven months later, he had a complete
radiological response that he maintained during the whole 15-month
treatment period (Table 1, patient 18). A 14-year-old boy previously
treated by a two-staged STR started interferon treatment when the cystic
component of the neoplasm increased. Four months post-treatment, the
cystic component had reduced by 30%, whereas 12 months post-therapy
initiation, of the solid and cystic components, only the cystic component
of the neoplasm increased; the patient was referred for treatment with
radioactive phosphorus (Table 1, patient 19). Finally, a 15-year-old girl
had been previously treated with GTR, and after recurrence, interferon
treatment was initiated. She had stable disease 6 months post-treatment,
with intention to be treated until 24 months (Table 1, patient 20). Overall,
a complete response was seen in 40% of the children treated, 40% had
a partial response and 10% had a stable disease, with no major safety
concerns. Despite the fact that 80% of patients had AEs, these were
transient and disappeared as treatment continued.

Based on this study, a phase Il study of peginterferon alfa-2b for
patients with unresectable or recurrent CPs was performed; 7 patients
underwent surgery alone and 11 previously received radiotherapy, aged
18 months—25 years.® Against expectations created by the previous trials,
the objective responses were limited but the progression-free survival
was protracted. Two of the 7 patients (28.6%) who had surgical treatment
had a partial response, but only 1 had a radiological improvement for
more than 3 months. Five out of 11 patients previously treated with
radiotherapy received at least 1 year of interferon, but none showed an
objective radiographic response.

Following these observations extracted from the five aforementioned
publications, a number of additional clinical trials are currently running.
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These ongoing clinical trials are investigating the effectors of Wnt
pathway inhibition (such as XNW7201, CGX1321, RXC004) in adult
patients with solid tumours, as monotherapy or combination therapy
(ClinicalTrials.gov identifiers: NCT03901950, NCT02675946,
NCT03447470). Hence, the results from the phase | study to evaluate
the safety, tolerability and pharmacokinetic profile of XNW7201, a new
medication that blocks the activity of the Wnt protein in subjects with
advanced solid tumours, will unravel a new field in pharmacological
management of ACPs (ClinicalTrials.gov identifier. NCT03901950).
Nevertheless, concerns about eventual serious AEs with targeting
these pathways have been raised.”®¢ IDO-1, an immunosuppressant
metabolic enzyme, represents an eventual druggable target,® and the
IDO-1 inhibitors epacadostat (INCB024360) and navoximod (GDC-0919)
are being investigated in clinical trials.&7

Systemic medical therapy in papillary
craniopharyngiomas

The presence of p.BRAF-V600E mutations in patients with PCPs has
provided a molecular rationale for the use of MAPK/ERK pathway
inhibitors in these patients by using BRAF-V600E with or without MEK
inhibitors.” Firstly, vemurafenib (960 mg twice daily) was given off-label
to a 53-year-old female with a 26-year history of a recurrent PCP, with
a proven BRAF-V600E mutation and progressive visual failure following
three trans-sphenoidal operations and fractionated radiotherapy.”
An early radiological reduction in tumour size, along with clinical
improvement, was seen 2 weeks post-treatment; near complete
remission was documented 3 months post-treatment. However, the
brisk reduction in tumour size resulted in cerebrospinal fluid leaking,
with pneumocephalus and meningitis which were treated with
antimicrobial therapy and surgical repair. The drug was discontinued,
but the tumour recurred 6 weeks later and vemurafenib was re-started;
there was a re-reduction of tumour size followed by stabilization for 7
months. Unfortunately, a regrowth was documented in this case, and
treated with vemurafenib (Table 2, patient 1).

In parallel, dabrafenib (150 mg twice daily) was given to a 39-year-
old male with a PCP and documented BRAF-V600E mutation (Table 2,
patient 2).72 This patient had undergone four craniotomies along with
cyst decompressions, though the aggressive clinical behaviour of the
tumour stressed the need for additional treatment. A 23% reduction in
tumour size and a 32% decrease in cyst volume were identified as early
as 4 days post-treatment, followed by a 52% reduction in tumour size
and 70% decrease in cyst volume 17 days after treatment. Trametinib
(2 mg, orally, twice daily) was added on day 21. An 85% reduction in
tumour size and an 81% decrease in cyst volume was documented 14
days after the combined treatment. The patient underwent endoscopic
trans-sphenoidal surgery on day 38 of treatment, and on day 52, the
medical treatment was discontinued, followed by radiotherapy 1 week
later (5,040 cGy in 28 fractions). This patient remained free of new
symptoms at the 7-month follow-up.”

A 47-year-old female with documented PCP and BRAF-V600E mutation
presented with a right frontal craniotomy to remove a 2.7 cm cystic
lesion, but the resection was limited due to tight adherence of the
tumour to the optic apparatus. A residual tumour of 1.1 cm did not give
her new symptoms.”” Ommaya catheter placement and radiotherapy
(5,400 cGy in 30 fractions) followed because of tumour recurrence and
worsening vision. After further clinical and radiological deterioration
7 months post-diagnosis, dabrafenib (150 mg twice daily) and
trametinib (2 mg once daily) were administered. Two months later, a

response was documented and 7 months post-treatment, the tumour
was nearly radiologically disappeared, alongside a clinical improvement
(Table 2, patient 3).7* Moreover, a 65-year-old male with visual deficits had
two subsequent STRs of a PCP with documented BRAF-V600E mutation.”
Rapid tumour growth before radiotherapy prompted administration of
dabrafenib (150 mg twice daily), and 3 weeks later, trametinib (2 mg
once daily for 7 weeks). An 11% tumour reduction was seen early at
4 weeks, and a 91% reduction at 15 weeks of treatment while waiting for
radiotherapy (Table 2, patient 4).

These four cases showed that monotherapy was then changed to
combination therapy with even better results. However, a fifth case
showedtheefficacyoflong-termtreatmentwithdabrafenibmonotherapy
in a 47-year-old male patient with a previous medical history of non-
Hodgkin’s lymphoma and colon cancer, who had undergone craniotomy
and radiotherapy (3,600 cGy in 12 fractions) for a PCP with confirmed
BRAF-V600E mutation. The patient received three chemotherapeutic
schemes and local radiotherapy targeting the hypermetabolic left
supraclavicular lymph nodes for his colon cancer. However, 3 years
post-radiotherapy, his PCP recurred and dabrafenib was initiated
(150 mg twice daily, reduced to 150 mg once daily due to joint pains,
and then increased to 225 mg daily). After 2 months of treatment,
the cystic component enlarged, while the solid component reduced
in size. Six months post-treatment, a significant reduction in size of
both components was seen, and by 9 months, only a minimal residual
tumour was evident, with stable disease 12 months post-treatment.
Treatment was discontinued, and the tumour remained stable for a
follow-up period of 12 months (Table 2, patient 5).”°

Similarly, the longest trial of dabrafenib monotherapy has been recently
published, achieving a 2-year treatment period.” A 35-year-old male
patient underwent craniotomy with residual BRAF-V600E mutant PCP
tumour, and a course of combined treatment with dabrafenib and
trametinib was requested because of a rapid deterioration. However,
only dabrafenib was approved as an off-label treatment. Two months
after starting treatment, the patient had clinical and radiological
improvement, with decreased size, enhancement and oedema of the
residual suprasellar CP. Two years later, MRI showed the continued
collapse of the patient's cyst cavity and complete response of the
solid internal nodular enhancement, along with a continued clinical
improvement (Table 2, patient 7).

The neoadjuvant role of this druggable approach has been also
investigated. A BRAF-V600E mutant PCP was diagnosed in a 21-year-old
male during the first surgery of a mass proved to be a PCP, which was
interrupted since it was complicated by arterial infarcts. Dabrafenib and
trametinib treatment for a 6-month period significantly reduced tumour
size by 80% and 90% in the solid and cystic portions, respectively (Table
2 patient 6).” In addition, the combination of dabrafenib and trametinib
was also given as neoadjuvant treatment to proton beam radiotherapy
(PBRT). A 55-year-old woman had only a 15% tumour debulking due to
intra-operative bleeding and had a rapid deterioration 3 months later.
Starting dabrafenib 150 mg twice daily combined with trametinib
2 mg once daily 5 months after surgery reduced the tumour size by
as much as 94.5% after 72 days of treatment, followed by tumour
Size stabilization. The overall duration of medical treatment was 208
days, followed by 7 days of no treatment with an increase of the cystic
component of the tumour (13% increase, corresponding to 0.7 cm?),
which further progressedto 1.5 cm? (and total volume of 1.5 cm?) followed
by stabilization. A total follow-up at 18 weeks after the end of PBRT
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(5,220 c@y in 29 fractions) showed a volume reduction of 0.14 cm? and

total volume of 1.5 cm? (Table 2, patient 8).7

All these excellent results in the patient with PCP led to a clinical trial
in patients with BRAF-V600E-positive PCP, using a combination of
vemurafenib (BRAF-V0O0E inhibitor) and cobimetinib (@ MEK inhibitor)
(ClinicalTrials.gov Identifier: NCT03224767). In this ongoing open-label,
cooperative group trial (Alliance A071601), vemurafenib
is administered twice daily on days 1-28, and cobimetinib four-times
daily on days 1-21, as recently described;” treatment is repeated
every 28 days for up to five cycles in the absence of disease
progression or unacceptable toxicity, and thereafter patients may be
treated with radiotherapy, surgery or continuing the combination of

phase I

medical treatment.

conclusions

A benign disease such as CP needs management that is effective and
at the same time safe, since patients may lead long lives, and treatment

complications may alter their quality of life, morbidity and mortality.
Molecular pathophysiology advances are the main tool in achieving this
target. The potential benefits of BRAF inhibitors, achieving either transient
tumour response, enabling their use as neoadjuvant treatment or
following recurrence, have opened the horizons for intensive investigation
in the field of managing PCPs. More recently, the use of MEK inhibitors
and immune system therapy in ACP is a promising medical therapy for
this large subset of CP patients. A number of ongoing trials will shed
light on schemes, doses, combined treatments and safety issues of new
molecular-targeted treatments, and will change the management of CPs

by launching the era of personalized medicine in these rare neoplasms. 4

1. Lithgow K, Pohl U, Karavitaki N. Craniopharyngiomas. In:
Feingold KR, Anawalt B, Boyce A, et al. (eds). Endotext. South
Dartmouth, MA, USA: MDText.com, Inc. 2000-2019.

2. Louis D, Ohgaki H, Wiestler O, et al. WHO Classification of
Tumours of the Central Nervous System, Revised 4th Edition.
Lyon: IARC, 2016,324-8.

3. Nielsen EH, Feldt-Rasmussen U, Poulsgaard L, et al. Incidence
of craniopharyngioma in Denmark (n = 189) and estimated
world incidence of craniopharyngioma in children and adults.
J Neurooncol. 2011;104:755-63.

4. Holsken A. Pathogenesis of Human ACP. In: Martinez-Barbera
JP, Andoniadou CL (eds). Basic Research and Clinical Aspects
of Adamantinomatous Craniopharyngioma. Cham: Springer
International Publishing AG, 2017;1-26.

5. Karavitaki N, Cudlip S, Adams CB, Wass JA.
Craniopharyngiomas. Endocr Rev. 2006,27:371-97.

6. Bunin GR, Surawicz TS, Witman PA, et al. The descriptive
epidemiology of craniopharyngioma. J Neurosurg.
1998,89:547-51.

7. Olsson DS, Andersson E, Bryngelsson IL, et al. Excess mortality
and morbidity in patients with craniopharyngioma, especially
in patients with childhood onset: A population-based study in
Sweden. J Clin Endocrinol Metab. 2015;100:467-74.

8. Bulow B, Attewell R, Hagmar L, et al. Postoperative prognosis
in craniopharyngioma with respect to cardiovascular mortality,
survival, and tumor recurrence. J Clin Endocrinol Metab.
1998;83:3897-904.

9. Aquilina K, Buchfelder M. Surgical Treatment of Human ACP. In:
Martinez-Barbera JP, Andoniadou CL (eds). Basic Research and
Clinical Aspects of Adamantinomatous Craniopharyngioma.
Cham: Springer International Publishing AG, 2017;137-58.

10. Mller HL. Long-term Management and Clinical Trials in
Adamantinomatous Craniopharyngioma. In: Martinez-Barbera
JP, Andoniadou CL (eds). Basic Research and Clinical Aspects
of Adamantinomatous Craniopharyngioma. Cham: Springer
International Publishing AG, 2017;179-214.

11. Jyoti B, Indelicato DJ, Bradley JA, Rotondo RL. Radiology and
Radiotherapy of Craniopharyngioma. In: Martinez-Barbera JP,
Andoniadou CL (eds). Basic Research and Clinical Aspects
of Adamantinomatous Craniopharyngioma. Cham: Springer
International Publishing AG, 2017;101-35.

12. Kilday JP, Bartels U. Intracystic Administration of
Interferon-Alpha for Reduction of Cystic Tumour Burden. In:
Martinez-Barbera JB, Andoniadou CL (eds). Basic Research and
Clinical Aspects of Adamantinomatous Craniopharyngioma.
Cham: Springer International Publishing AG, 2017;159-77.

13. Mrowczynski OD, Langan ST, Rizk EB. Craniopharyngiomas: a
systematic review and evaluation of the current intratumoral
treatment landscape. Clin Neurol Neurosurg. 2018;166:124-30.

14. Kilday JP, Caldarelli M, Massimi L, et al. Intracystic
interferon-alpha in pediatric craniopharyngioma patients: an
international multicenter assessment on behalf of SIOPE and
ISPN. Neuro Oncol. 2017;19:1398-407.

15. Spyroglou A, Bramis K, Alexandraki KI. Neuroendocrine tumors:
evolving and future treatments. Curr Opin Endocr Metab Res.
2021;19:15-21.

16. Brastianos PK, Taylor-Weiner A, Manley PE, et al. Exome
sequencing identifies BRAF mutations in papillary
craniopharyngiomas. Nat Genet. 2014,46:161-5.

17. Alexandraki K, Kaltsas GA, Karavitaki N, Grossman AB. The
medical therapy of craniopharyngiomas: the way ahead.

J Clin Endocrinol Metab. 2019;104:5751-64.

18. Steinhart Z, Angers S. Wnt signaling in development and tissue
homeostasis. Development. 2018;145:dev146589.

19. Patel S, Alam A, Pant R, Chattopadhyay S. Wnt signaling and
its significance within the tumor microenvironment: Novel
therapeutic insights. Front Immunol. 2019;10:2872.

20. MacDonald BT, Tamai K, He X. Wnt/beta-catenin signaling:
components, mechanisms, and diseases. Dev Cell.
2009;17:9-26.

21. Hofmann BM, Kreutzer J, Saeger W, et al. Nuclear beta-catenin
accumulation as reliable marker for the differentiation between
cystic craniopharyngiomas and rathke cleft cysts: A
clinico-pathologic approach. Am J Surg Pathol.
2006;30:1595-603.

22. Andoniadou CL, Gaston-Massuet C, Reddy R, et al. Identification
of novel pathways involved in the pathogenesis of human

touchREVIEWS IN ENDOCRINOLOGY

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

adamantinomatous craniopharyngioma. Acta Neuropathol.
2012;124:259-71.

Sekine S, Shibata T, Kokubu A, et al. Craniopharyngiomas of
adamantinomatous type harbor beta-catenin gene mutations.
Am J Pathol. 2002;161:1997-2001.

Oikonomou E, Barreto DC, Soares B, et al. Beta-catenin
mutations in craniopharyngiomas and pituitary adenomas.

J Neurooncol. 2005;73:205-9.

Buslei R, Nolde M, Hofmann B, et al. Common mutations of
beta-catenin in adamantinomatous craniopharyngiomas but
not in other tumours originating from the sellar region.

Acta Neuropathol. 2005;109:589-97.

Holsken A, Gebhardt M, Buchfelder M, et al. EGFR signaling
regulates tumor cell migration in craniopharyngiomas.

Clin Cancer Res. 2011;17:4367-77.

Holsken A, Buchfelder M, Fahlbusch R, et al. Tumour cell
migration in adamantinomatous craniopharyngiomas is
promoted by activated Wnt-signalling. Acta Neuropathol.
2010;119:631-9.

Gaston-Massuet C, Andoniadou CL, Signore M, et al. Increased
Wwingless (Wnt) signaling in pituitary progenitor/stem cells gives
rise to pituitary tumors in mice and humans. Proc Nat/ Acad Sci
USA. 2011,108:11482-7.

Andoniadou CL, Matsushima D, Mousavy Gharavy SN, et al.
Sox2(+) stem/progenitor cells in the adult mouse pituitary
support organ homeostasis and have tumor-inducing potential.
Cell Stem Cell. 2013;13:433-45.

Apps R, Carreno G, Gonzalez-Meljem JM, et al. Tumour
compartment transcriptomics demonstrates the activation

of inflammatory and odontogenic programmes in human
adamantinomatous craniopharyngioma and identifies the
MAPK/ERK pathway as a novel therapeutic target.

Acta Neuropathol. 2018;135:757-77.

Robert C, Flaherty KT, Hersey P, et al. METRIC phase Il study:
Efficacy of trametinib (T), a potent and selective MEK inhibitor
(MEKi), in progression-free survival (PFS) and overall survival
(0S), compared with chemotherapy (C) in patients (pts) with
BRAF V600E/K mutant advanced or metastatic melanoma
(MM). J Clin Oncol. 2012;30(Suppl. 18):LBA8509.

Kinsler VA, O'Hare P, Jacques T, et al. MEK inhibition appears

to improve symptom control in primary NRAS-driven CNS
melanoma in children. Br J Cancer. 2017;116:990-3.

Larkin SJ, Preda V, Karavitaki N, et al. BRAF V60OE mutations are
characteristic for papillary craniopharyngioma and may coexist
with CTNNB1-mutated adamantinomatous craniopharyngioma.
Acta Neuropathol. 2014;127:927-9.

Apps JR, Stache C, Gonzalez-Meljiem JM, et al. CTNNB1

mutations are clonal in adamantinomatous craniopharyngioma.

Neuropathol Appl Neurobiol. 2020,46:510-14.

Hengartner AC, Prince E, Vijmasi T, Hankinson TC.
Adamantinomatous craniopharyngioma: moving toward
targeted therapies. Neurosurg Focus. 2020;48:E7.

Donson AM, Apps J, Griesinger AM, et al. Advancing
treatment for pediatric craniopharyngioma consortium.
Molecular analyses reveal inflammatory mediators in the
solid component and cyst fluid of human adamantinomatous
craniopharyngioma. J Neuropathol Exp Neurol. 2017,76:779-88.
Desiderio C, Martelli C, Rossetti DV, et al. Identification of
thymosins p4 and p 10 in paediatric craniopharyngioma cystic
fluid. Childs Nerv Syst. 2013;29:951-60.

Choy EH, De Benedetti F, Takeuchi T, et al. Translating IL-6
biology into effective treatments. Nat Rev Rheumnatol.
2020;16:335-45.

Wee P, Wang Z. Epidermal growth factor receptor cell
proliferation signaling pathways. Cancers (Basel). 2017;9:52.
Sigismund S, Avanzato D, Lanzetti L. Emerging functions of the
EGFR in cancer. Mol Oncol. 2018;12:3-20.

Gump JM, Donson AM, Birks DK, et al. Identification of

targets for rational pharmacological therapy in childhood
craniopharyngioma. Acta Neuropathol Commun. 2015;3:30.
Brand TM, lida M, Luthar N, et al. Nuclear EGFR as a molecular
target in cancer. Radiother Oncol. 2013;108:370-7.

McHugh D, Gil J. Senescence and aging: Causes, consequences,

and therapeutic avenues. J Cell Biol. 2018;217:65-77.

Coppé JR, Desprez PY, Krtolica A, Campisi J. The
senescence-associated secretory phenotype: The dark side of
tumor suppression. Annu Rev Pathol. 2010,5:99-118.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

Alexandraki KI, Munayem Khan M, Chahal HS, et al.
Oncogene-induced senescence in pituitary adenomas and
carcinomas. Hormones (Athens). 2012;11:297-307.
Gonzalez-Meljem JM, Haston S, Carreno G, et al. Stem cell
senescence drives age-attenuated induction of pituitary
tumours in mouse models of paediatric craniopharyngioma.
Nat Commun. 2017,8:1819.

Gonzalez-Meliem JM, Martinez-Barbera JP. Senescence drives
non-cell autonomous tumorigenesis in the pituitary gland.
Mol Cell Oncol. 2018;5:1435180.

Hickson LJ, Langhi Prata LGP, Bogart SA, et al. Senolytics
decrease senescent cells in humans: Preliminary report from
a clinical trial of dasatinib plus quercetin in individuals with
diabetic kidney disease. EBioMedicine. 2019;47:446-56.
Pennock GK, Chow LQ. The evolving role of immune checkpoint
inhibitors in cancer treatment. Oncologist. 2015;20:812-22.
Dahl O, Brydey M. The pioneers behind immune checkpoint
blockers awarded the Nobel Prize in physiology or medicine
2018. Acta Oncol. 2019;58:1-8.

Coy S, Rashid R, Lin JR, et al. Multiplexed immunofluorescence
reveals potential PD-1/PD-L1 pathway vulnerabilities in
craniopharyngioma. Neuro Oncol. 2018;20:1101-12.

Carballo GB, Honorato JR, de Lopes GPF, Spohr TCLSE. A
highlight on Sonic hedgehog pathway. Cell Commun Signal.
2018;16:11.

Niyaz M, Khan MS, Mudassar S. Hedgehog signaling: An
Achilles’ heel in cancer. Trans! Oncol. 2019;12:1334-44.
Holsken A, Sill M, Merkle J, et al. Adamantinomatous and
papillary craniopharyngiomas are characterized by distinct
epigenomic as well as mutational and transcriptomic profiles.
Acta Neuropathol Commun. 2016;4:20.

Sekulic A, Migden MR, Basset-Seguin N, et al. ERIVANCE BCC
Investigators. Long-term safety and efficacy of vismodegib in
patients with advanced basal cell carcinoma: Final update of
the pivotal ERIVANCE BCC study. BMC Cancer. 2017,17:332.
Rimkus TK, Carpenter RL, Qasem S, et al. Targeting the sonic
hedgehog signaling pathway: Review of smoothened and GLI
inhibitors. Cancers (Basel). 2016;8:22.

Carreno G, Boult JKR, Apps J, et al. SHH pathway inhibition is
protumourigenic in adamantinomatous craniopharyngioma.
Endocr Relat Cancer. 2019;26:355-66.

Goschzik T, Gessi M, Dreschmann V, et al. Genomic alterations
of adamantinomatous and papillary craniopharyngioma.

J Neuropathol Exp Neurol. 2017;76:126-34.

Haston S, Pozzi S, Carreno G, et al. MAPK pathway control of
stem cell proliferation and differentiation in the embryonic
pituitary provides insights into the pathogenesis of papillary
craniopharyngioma. Development. 2017;144:2141-52.

Amiri A, Noei F, Jeganathan S, et al. eEF1A2 activates Akt and
stimulates Akt-dependent actin remodeling, invasion and
migration. Oncogene. 2007;26:3027-40.

Patel K, Allen J, Zagzag D, et al. Radiologic response to MEK
inhibition in a patient with a WNT-activated craniopharyngioma.
Pediatr Blood Cancer. 2021,68:28753.

Grob S, Mirsky DM, Donson AM, et al. Targeting IL-6 is a
potential treatment for primary cystic craniopharyngioma.
Front Oncol. 2019;21;9:791.

Sen GC, Lengyel P. The interferon system. A bird’s eye view of
its biochemistry. J Biol Chem. 1992;267:5017-20.

Jakacki RI, Cohen BH, Jamison C, et al. Phase Il evaluation

of interferon-alpha-2a for progressive or recurrent
craniopharyngiomas. J Neurosurg. 2000;92:255-60.

Yeung JT, Pollack IF, Panigrahy A, Jakacki RI. Pegylated
interferon-a--2b for children with recurrent craniopharyngioma.
J Neurosurg Pediatr. 2012;10:498-503.

Goldman S, Pollack IF, Jakacki RI, et al. Phase Il study of
peginterferon alpha-2b for patients with unresectable or
recurrent craniopharyngiomas: A Pediatric Brain Tumor
Consortium report. Neuro Oncol. 2020;22:1696-704.

Whelan R, Hengartner A, Folzenlogen Z, et al.
Adamantinomatous craniopharyngioma in the molecular age
and the potential of targeted therapies: A review.

Childs Nerv Syst. 2020;36:1635-42.

Prendergast GC, Malachowski WP, DuHadaway JB, Muller AJ.
Discovery of IDO1 inhibitors: From bench to bedside.

Cancer Res. 2017,77:6795-811.

Hamid O, Bauer TM, Spira Al, et al. Safety of epacadostat

131



Review Pituitary Disorders

132

70.

71.

72.

100 mg bid plus pembrolizumab 200 mg Q3W in advanced solid
tumors: Phase 2 data from ECHO-202/KEYNOTE-037.

J Clin Oncol. 2017;35 (Suppl. 15):3012.

Jung KH, LORUsso P, Burris H, et al. Phase | study of the
indoleamine 2,3-dioxygenase 1 (IDO1) inhibitor navoximod
(GDC-0919) administered with PD-L1 inhibitor (atezolizumab) in
advanced solid tumors. Clin Cancer Res. 2019,25:3220-8.
Aylwin SJ, Bodi |, Beaney R. Pronounced response of papillary
craniopharyngioma to treatment with vemurafenib, a BRAF
inhibitor. Pituitary. 2016;19:544-6.

Brastianos PK, Shankar GM, Gill CM, et al. Dramatic response of
BRAF V60OE mutant papillary craniopharyngioma to targeted

73.

74.

75.

76.

therapy. J Natl Cancer Inst. 2015;108:djv310.

Roque A, Odia Y. BRAF-V600E mutant papillary
craniopharyngioma dramatically responds to combination
BRAF and MEK inhibitors. CNS Oncol. 2017,6:95-9.

Rostami E, Witt Nystrom P, Libard S, et al. Recurrent papillary
craniopharyngioma with BRAFV600E mutation treated

with neoadjuvant-targeted therapy. Acta Neurochir (Wien).
2017;159:2217-21.

Himes BT, Ruff MW, Van Gompel JJ, et al. Recurrent papillary
craniopharyngioma with BRAF V600E mutation treated with
dabrafenib: Case report. J Neurosurg. 2018:1-5.

Rao M, Bhattacharjee M, Shepard S, Hsu S. Newly diagnosed

77.

78.

79.

papillary craniopharyngioma with BRAF V600E mutation treated
with single-agent selective BRAF inhibitor dabrafenib: A case
report. Oncotarget. 2019,10:6038-42.

Juratli TA, Jones PS, Wang N, et al. Targeted treatment of
papillary craniopharyngiomas harboring BRAF V600E mutations.
Cancer. 2019,125:2910-14.

Di Stefano AL, Guyon D, Sejean K, et al. Medical debulking

with BRAF/MEK inhibitors in aggressive BRAF-mutant
craniopharyngioma. Neurooncol Adv. 2020;2:vdaa141.

La Corte E, Younus |, Pivari F, et al. BRAF V60OE mutant papillary
craniopharyngiomas: A single-institutional case series. Pituitary.
2018;21:571-83.

touchREVIEWS IN ENDOCRINOLOGY



	_Hlk70434592
	_Hlk80185468
	OLE_LINK1
	_Hlk70601707



