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Abstract

Neurofibromatosis type 1 (NF1) is a hereditary tumor predisposition syndrome that predisposes patients to tumors
derived from the neural crest cell population. One of the most prominent and well-recognized features is the
proclivity for nerve sheath tumors of the skin known as cutaneous neurofibromas (CNs). These tumors are benign
and have self-limited growth, but they exert a strong negative impact on patients’ quality of life. The only effective
treatments currently are procedural, and there are no available medications. This review addresses the cellular and
molecular characteristics of cutaneous neurofibromas with a focus on identifying novel therapeutic targets that
could complement existing approaches. Preclinical models, tumor evolution throughout the lifespan, genetic
associations with tumor phenotype, and a brief history of interventional clinical trials are also discussed.

Keywords: Cutaneous neurofibroma, skin tumor, neurofibromatosis, NF1, peripheral nerve sheath tumor,
rasopathy, neurocristopathy

INTRODUCTION

Neurofibromatosis Type 1 (NF1) is a relatively common autosomal dominant tumor-predilection syndrome
and neurocristopathy affecting approximately 1 in 3,000 individuals regardless of sex or ethnicity. Its
pathoetiology is dependent on the monoallelic loss of function of NF1, resulting in haploinsufficiency in
every tissue of the body. Subsequent somatic loss of the remaining allele results in disease manifestations

© The Author(s) 2025. Open Access This article is licensed under a Creative Commons Attribution 4.0
By International License (https://creativecommons.org/licenses/by/4.0/), which permits unrestricted use, sharing,
adaptation, distribution and reproduction in any medium or format, for any purpose, even commercially, as

long as you give appropriate credit to the original author(s) and the source, provide a link to the Creative Commons license, and
indicate if changes were made.

m www.oaepublish.com/rdodj



https://creativecommons.org/licenses/by/4.0/
https://www.oaepublish.com/rdodj
https://orcid.org/0000000260234138
https://dx.doi.org/10.20517/rdodj.2025.14
http://crossmark.crossref.org/dialog/?doi=10.20517/rdodj.2025.14&domain=pdf

Page 2 of 15 Brown. Rare Dis Orphan Drugs J. 2025;4:21 | https://dx.doi.org/10.20517/rdod}.2025.14

such as peripheral nerve sheath tumors of the Schwann cell ontology, aberrant bone formation/
reabsorption, and low-grade gliomas of the brain, as well as other tumors of neural crest-derived tissues?.
The protein product of NF1, neurofibromin, serves to positively regulate adenylyl cyclase, inactivate rat
sarcoma (Ras), inhibit mitosis and induce apoptosis, and inhibit cell adhesion and motility. With germline
haploinsufficiency of neurofibromin, Ras signaling escalates, leading to downstream mitogen-activated
protein kinase kinase (MEK) activation. Cutaneous neurofibromas (CNs) are benign tumors of the dermis
that arise from biallelic loss of NF1 in Schwann cell-like tumor cells and occur in 99% of NF1 patients. They
typically begin to develop in late childhood/early adolescence and have self-limited growth trajectories, but
lifetime accumulation can ultimately involve the entire integument. CNs can remain small/barely
perceptible, or they may grow to large sizes, sometimes reaching many centimeters in diameter. Typically,
each patient exhibits a characteristic number and size distribution of tumors, which can range from just a
few to tens of thousands. Although individual tumors eventually enter a state of senescence, their ultimate
size cannot be precisely predicted.

CNis are primarily associated with physical deformity that can lead to embarrassment, a tendency to cover
up the skin with bulky clothing, barriers to intimacy, and socioeconomic disparity due to fewer
opportunities for client-facing jobs. CNs can be pruritic or painful and may catch on clothing or jewelry,
resulting in bleeding, swelling, and irritation. NF1 quality of life (QOL) metrics have identified that CNs
play a major role in the negative impact of NF1 on mood and social interaction”. The scientific
establishment has recognized the importance of understanding CN biology vis-a-vis other tumor types, and
of identifying tolerable treatments with satisfactory outcomes for patients'. This review article summarizes
what is known about CNs, including appearance, tumor initiation, preclinical models, the ultrastructure of
CNs, and barriers/challenges of developing further therapies.

CNS HAVE A RANGE OF APPEARANCES

The classical appearance of CNs is that of a skin-colored, mildly erythematous, or rarely hypermelanotic
globular lesion with a broad base, typically measuring from a few millimeters to several centimeters in
maximal cross-sectional diameter. However, there are many clinical variants [Figure 1]. Tumors may be
pedunculated - resembling a ball on a chain (usually more erythematous than the surrounding unaffected
skin) - sessile, flat, or globular. Small nascent or latent CNs may only be identifiable using ultrasound
imaging. Some CNs present as plaque-like lesions with distinct borders but a more planar appearance, while
others are diffuse or dispersed, covering larger anatomic regions and resulting in areas of thickened,
irregular skin, with or without the characteristic myxoid or collagenous stroma. Subcutaneous
neurofibromas typically have indistinct borders and a more violaceous coloration. On cross-sectional gross
pathology, CNs appear as a typically well-delineated white rubbery nodular lesion within the dermis, with
an overlying grenz zone of normal papillary dermis, often extending into the subdermis with a barbell-like
contraction at the plane of surrounding skin. This can be contrasted with plexiform neurofibromas
involving the cutis, which perioperatively are more likely to have a multi-nodular or band-like
ultrastructure, and can be more adherent to the overlying skin. Some plexiform neurofibromas involving
the skin appear as rugate elephantine hyperpigmented exophytic lesions, whereas others may be confused
with a large subcutaneous neurofibroma.

Histopathologically, CNs include abnormal cutaneous nerve endings (myelinated and unmyelinated) and
nerve-dissociated bipolar Schwann-like tumor cells lacking an organized basal lamina embedded in a
generous supply of extracellular matrix (ECM) with the addition of hyperplastic fibroblasts. CNs can be
distinguished from plexiform neurofibromas of the cutis based on the histologic presence of microscopic
thickened vermian nerve bundles seen in PNs. However, this definitive feature may not be captured in the
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Figure 1. Examples of cutaneous neurofibromas. Moderate to severe burden of average-sized cutaneous neurofibromas on a male with
Fitzpatrick Skin Type 6 on (A) chest and abdomen, and (B) hands; (C) and (D) Moderate burden of average-sized cutaneous
neurofibromas on the chest and hands, respectively, of a woman with Fitzpatrick Skin Type 1; (E) Mild case of cutaneous neurofibromas
(arrow heads) on a background of excess skin freckling; (F) A moderate-severe case of cutaneous neurofibromas on the abdomen.
Ruler indicates approximate size of the lesions.

sample analyzed by the pathologist; therefore, clinical acumen is important for differentiation. The nerves in
CNs include both myelinated and non-myelinated axons. Compared with the surrounding skin, CNs are
well-vascularized, containing small arterioles as well as arterial and venous capillaries typically consisting of
a single endothelial cell layer with or without subendothelial smooth muscle cells or pericytes, surrounded
by a vessel basal lamina and a thickened adventitia. The intima and media layers are also enlarged. On
electron microscopy, there are corpuscle-like bodies surrounding small blood vessels or myelinated vessels,
composed of lamellar Schwann and perineurial cells with long processes, fine collagen fibers, and basal
lamina. A pyramidal cell type with long tripartite processes in connection with morphologically similar cells
was identified on electron microscopy as a “covering cell”".

These tumors contain a high percentage of infiltrating tumor-supporting cells with atypical proliferative and
signaling capabilities associated with haploinsufficiency of neurofibromin from the germline mutation of
NF1. Aside from spindle-shaped Schwann-like tumor cells that form the tumor stroma
(immunohistochemically identified by Sox10 or S100 staining), there are plentiful fibroblasts (including
endoneurial fibroblast-like cells) and perineurial-like cells, as well as endothelial cells and pericytes. There is
a robust immune cell component including tumor-associated lymphocytes, dendritic cells, mast cells, and
macrophages®""). Occasionally, extensive eosinophils are seen, although this is not characteristic.

Schwann-like cells do not normally proliferate within the dermis, and thus, the identification of tumor
stromal cells in a cutaneous biopsy - characterized by fusiform cells irregularly distributed within the ECM
on hematoxylin and eosin (H&E) staining or by immunohistochemical (IHC) detection of Schwann cell
markers S100 and Sox-10 - is generally accepted as diagnostic of a tumor of the Schwann cell lineage.
Beyond this classic neurofibroma histopathologic phenotype, additional more unusual morphologic
variants also exist’”. CNs are difficult to distinguish from cutaneous schwannomas on routine H&E
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staining, and the need for distinction may not be clinically apparent to the pathologist as both are benign
tumors. If the patient does not yet have a genetic diagnosis and/or does not carry the typical features of
NF1, two distinct tumors can be submitted for next-generation sequencing of somatic mutation analysis
with attention to alterations of chromosome 22q11. If > 1 tumors have different mutations or alterations
involving the NF2 gene and no identified alteration of NF1, this would indicate non-NF2-related
schwannomatosis rather than NF1. Diagnosticians should carefully consider the possibility of
schwannomatosis as a diagnosis for individuals who do not have an identified germline NF1 mutation and
who do not fully meet diagnostic requirements for NF1, but who harbor internal nerve sheath tumors and
have at least one resected skin lesion identified as a “neurofibroma” based on H&E.

THE EXTRACELLULAR MATRIX INCREASES INTERSTITIAL PRESSURE

The ECM makes up ~50% of the dry weight of the tumor, which is about half of that in skin but twice the
concentration found in peripheral nerve endoneurium. The concentration of glycosaminoglycans,
particularly hyaluronic acid, is up to 10 times higher in CNs than in the surrounding skin"”. In CNs,
collagen is organized into densely packed, haphazardly splayed bundles, interspersed with intermittent
elastin or reticular fibers that surround disorganized, spindle-shaped tumor cells. CNs are physically
characterized by high internal tissue tension despite lacking a true capsule. This internal pressure becomes
evident during resection at the skin plane, wherein the residual hypodermal tumor often protrudes or
“balloons” outward through the incision, driven by the newly created pressure gradient.

CNs are mostly composed of ECM, including fibrillary collagen types (COL) I, II, III, IV, V, network
collagen type VI (COLVI) and basement membrane collagen type XV, plasma-derived fibronectin,
hyaluronic acid, and Laminin isotype subunit A"***.. COLI and COLIII have a filamentous ultrastructure
and are involved in fibrosis, and COLIII confers a promitotic cellular phenotype and may contribute to
drug resistance”. Cultured fibroblasts from CNs primarily produce COLI > COLIII, whereas COLIV is
secreted by Schwann-like tumor cells into a basement membrane-like structure coating each cell"”. In
normal skin, COLVT typically resides between the basement membrane and the interstitium. It is produced

[17,18

by Schwann cells to guide remyelination after nerve injury!”" and is required for the organization of
acetylcholine receptors at the neuromuscular junction"”. COLVTI is also found abundantly in normal skin at
the dermal-epidermal border, where it contributes to the near-impenetrable skin barrier to environmental
exposures, as well as within skeletal muscle, the cerebral meninges, and in disease states such as

glioblastoma and Alzheimer’s disease™*".

ECM components are differentially produced by Schwann-derived tumor cells, perineurial cells, and
tumor-associated fibroblasts that release autocrine and paracrine stromal cell-derived factor-1 (SDF1) and
transforming growth factor beta (TGFB) to increase ECM deposition”. During synthesis, COLVT is first
woven into a triple helical monomer and then joined into disulfide-bonded dimers and tetramers before
secretion into the extracellular space, where subunits associate non-covalently to form a net-like beaded
meshwork. Intracellular collagen-synthesizing and -modifying enzymes such as lysyl hydroxylases and
prolyl hydroxylases are overexpressed in CNs. The abundant ECM generates a more rigid tumor
microenvironment through collagen crosslinking with elastin. ECM binding also enhances focal adhesion
kinase (FAK) and integrin signaling. Moreover, the macrostructure of the ECM impairs the diffusion of
large molecules and leads to anisotropy and sequestering of pro-tumorigenic growth factors close to tumor
cells. Within CNs, the subchains COL6A1, A2, and A3 are most abundantly expressed by CN-associated
fibroblasts"?. COLIV is present in a patchy discontinuous pattern focused at the tumor periphery,
potentially because of hypoxia or altered diffusion parameters at the tumor core. The hyper-coiled, heavily
cross-linked, and chemically stable collagen components of the ECM have a half-life longer than the average
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human lifespan if not actively degraded by Schwann cells and fibroblasts, blocks immune cell migration and
drug diffusion, and induces pro-tumorigenic signaling.

The collagenolysis of COLVTI is not yet fully understood; however, matrix metalloproteases (MMPs) 2, 7, 9,
11, and 14 are able to digest moieties””. The major anabolic machinery for collagen resides within the cell
cytoplasm. Collagens bind to integrin proteins at the cell membrane and a small peptide moiety is cleaved,
which signals macro-pinocytosis, clathrin-mediated phagocytosis, or endocytosis of fragments released by
MMPs, followed by cathepsin-mediated lysosomal digestion. COLIV exists as a heterotrimeric helix
composed of six interchangeable isomeric subunits. When excreted, COLIV self-organizes into irregular
hexagonal networks of tetramers or rope-like dimers that are stabilized through hydrophobic/hydrophilic
interactions as well as a lock-in-key mechanism wherein conjugate beta hairpin structures plug into
neighboring carboxy terminal domains.

In addition to providing structure and altering diffusion characteristics, ECM contributes to the tumor
microenvironment by binding to cell surface proteins to enact diverse pro-tumorigenic signaling pathways
within both stromal and tumor-associated NF1 heterozygous cells. COLVI binds to neural/glial antigen 2
(NG2), integrins, or the capillary morphogenesis gene 2 (CMG2/ANTXR2) receptor and activates the cyclic
AMP response element-binding protein (CREB)/AKT/B-catenin/T cell factor/lymphoid enhancer factor
pathway”* (TCE-LEF) and phosphatidylinositol-3 kinase (PI3K) signaling®’. The C-terminal of COLVI
(A3) can be proteolytically cleaved, releasing the signaling factor endotrophin, which promotes fibrosis and
inflammation. COLVT ultrastructurally interacts with biglycan, fibronectin, decorin, von Willebrand factor
(VWF), vVWEF-A domain-related protein (WARP), fibulin, heparin sulfate, and other collagens, notably COLI
and COLIV. COLVI is implicated in the inhibition of apoptosis, the maintenance of a stem-like quality, the
promotion of tumor growth, and the activation of autophagy'.

COLIV is less well-studied than COLVT in tumor biology. It has been proposed as an inducer of
epithelial-mesenchymal transition, potentially heralding a poorer prognosis in certain cancers”. COLIV
has a known specificity for binding tumor cells and encouraging migration along the collagenous matrix.
This interaction relies on integrin «,f, signaling at an ultrastructural binding site that includes arginine 461
in the alpha 2 subchain and asparagine 461 within the alpha 1 subchain. COLIV also binds to laminins,
perlecan, and proteoglycans. Non-integrin binding mechanisms occur through cell-surface proteins CD44,
discoidin domain receptors (DDRs), heparin sulfate proteoglycans, glycoprotein VI, and the mannose
receptor family. Injection of COLIV into the rat sciatic nerve in an in vivo injury model induced cellular
proliferation, fibroblast immigration, and neurite extension, although it did not induce Schwann cell
mitosis”. COLIV may facilitate nerve regeneration, although the mechanism likely does not involve
Schwann cell activation.

Hyaluronic acid and collagen deposition are associated with high tumor interstitial pressure, low oxygen
tension, microvascular collapse, and hypoxia signaling in tumor cells®”, and collagen density correlates
negatively with T cell migration into tumors and positively with macrophage-dependent
immunosuppression™. The overall effect of this dense irregular ECM deposition is to block drug diffusion
and immune cell migration, reduce glucose and oxygen supply, increase drug efflux via hypoxia inducible
factor 10 (HIF-1a), increase survival (integrins), and reduce cell cycle arrest via FAK signaling®. Through
these downstream ECM-activated pathways, particularly COLVI, resistance has been documented in solid
tumors to multiple targeted and chemotherapeutic agents. ECM-targeted drug co-administration may
provide a means to increase the efficacy of MEK inhibitors and other targeted therapies for CNs"™.
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CNS APPEAR IN LATE CHILDHOOD AND CONTINUE TO DEVELOP THROUGHOUT LIFE

CNis typically begin to arise in late childhood or early adolescence and continue to accumulate throughout
the lifetime, affecting 99% of adults with NF1°*?, Their growth is self-limited; in most patients, they reach
an average maximum diameter of ~5 mm, although sizes can range from a few millimeters to 10 cm or
larger. Inter-individual and interfamilial phenotypes can be striking. An 8-year prospective study revealed
that a group-averaged change in CN volume among adults varies in body region but is overall quite modest
- on average ~3.5 mm’ per annum, with the fastest growth seen on the back and abdomen. Similarly, the
average number of new neurofibromas observed was approximately one novel lesion every 4 years during
the 8-year observation period, again with the highest rate of appearance on the back and abdomen™. A
five-year natural history study of CN accumulation is open at the National Institutes of Health, utilizing
whole-body photography to track lesion development, which could provide much-needed data on
predictive factors for CN initiation, growth rates, and variability (ClinicalTrials.gov ID NCT05581511).

Hormones have long been suspected to act as mitogens for cutaneous neurofibromas. This hypothesis was
initially based on the observation that these tumors often appear during early adolescence, a developmental
stage characterized by high circulating sex hormone levels”. Numerous preclinical experiments support a
potential role for hormones in CN tumorigenesis and growth. CNs express hormone receptors, and
Schwann-like tumor cell proliferation in vitro is buttressed by adding hormones to the growth medium™ "\,
Subjective assessments have also documented that postpartum women retrospectively perceived a faster
growth rate of CNs. However, there are no compelling prospective human data suggesting that either
exogenous or endogenous hormones significantly influence tumor burden or growth rate across different
sexes, or among individuals receiving hormone or anti-hormone therapies. One self-report study noted that
two women receiving depot contraceptives containing high levels of synthetic progesterone believed their
CN growth rate increased during treatment”®. Therefore, while there is no scientific evidence to support
avoiding hormone or anti-hormone therapies altogether, women may be advised to consider alternative
forms of contraception rather than depot injections or implants, particularly given similar weak associations
observed with other tumors, such as meningiomas.

CN appearance and volume increase are difficult to assess both clinically and experimentally®’. There can
be a high degree of inter-investigator variability on manual measurements, confounded by the use of
different analytic tools (different brands/types of calipers), different methods of measurement (tumor base
vs. largest tumor girth), and the degree of pressure exerted by the calipers on these rubbery/soft, sometimes
inflamed lesions. The moment of nascence of CNs is also difficult to pinpoint, partly because pools of
atypical tumor-like Schwann cells in apparently normal skin could represent a microscopic/primordial form
of CNs, but there is no means to determine their prospective potential for growing into a visible papule.
Retrospective patient report is notably unreliable, and periodic inflammation or differences in lighting may
furthermore alter the investigator’s attention to the presence or size of a tumor.

Future endeavors should strive to identify more CN measures that are independent of human error and
variability. Photography, particularly 3-D photography, together with artificial intelligence (AI) has the
potential to provide a universally accepted objective measure of CN total body burden, but the analytic
software is designed to detect macular lesions with pigmentary differences from surrounding skin, and has
not yet been optimized to automatically detect and measure voluminous and numerous idiochromatic CNs
against a background of potentially abnormal surrounding skin. Furthermore, the research community
would benefit from developing a standardized calibrated caliper device that applies a low, consistent
pressure to CNs to eliminate inconsistencies associated with different tool sizes, manufacturers, weights,
gliding friction, and manually applied pressures. It is important to learn from patients what degree of CN
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reduction is meaningful to them. Given that destructive treatments completely eliminate the tumor,
resulting in flat skin, a drug therapy that only partially reduces the size of a CN may or may not be
acceptable to the patient population as a whole.

THE GENETICS OF CN SEVERITY REMAINS POORLY UNDERSTOOD

There are many subclassifications of CNs based on their dermal vs. subdermal location, gross anatomy, and
histopathology; however, the shared underlying mechanism for tumorigenesis is considered constant across
different tumors and individuals: loss of the wild-type NF1 allele, leading to complete/near-complete
deficiency of translated neurofibromin protein. Mutations affecting the NF1 ultrastructure or pathologic
gene alterations directly targeting the Protein Kinase C (PKC) domain may impact CN severity, at least in
certain ethnic populations™. Additional congenital polymorphisms or mutations may influence overall CN
burden, whereas somatically acquired genetic alterations could contribute to individual tumor
heterogeneity. There are a few causative NF1 mutations known to be associated with the phenotype and
number of CNs. For example, microdeletion of the NF1 gene results in an extreme disease phenotype
characterized by a heavy burden of CNs"*, while several other mutations have been identified that are
associated with a reduced incidence of CNs"**l. However, in the vast majority of patients, a specific
pathogenic germline mutation does not adequately predict CN features. The literature surrounding this
question has been unequivocal that individuals within the same family with the same NF1 alteration can
exhibit disparate cutaneous manifestations. In contrast to this well-accepted discordance between genotype
and phenotype, the author’s clinical experience suggests that the general burden and appearance of
cutaneous and subcutaneous neurofibromas within families are often similar. The generation of databases
documenting quantitative features of CNs will help future research to hone in on genetic and environmental
modifiers of CN clinical presentation'.

Multiple evidence-driven hypotheses have sought to determine the cell of origin that initiates CNs through
Knudson’s “Second Hit” in the remaining wild-type NF1 gene. Loss of function of the intact NF gene can
occur through mutations in coding and noncoding regions as well as deletions, and are not always
detectable using standard gene sequencing, which may explain why dual hits are not identified in all
CNs'»*. Chromosomal aberrancies resulting from deletions and amplifications are commonly identified in
cutaneous neurofibromas including recurrent losses in chromosomes 1, 2q, 3p, 4p, 5q, 6q, 7q, 12q, 19p, and

20p, and gains in chromosomes 2p and 8q"*.

LABORATORY MODELS OF CNS ARE IMPERFECT

Although innovations in pharmacotherapy for plexiform neurofibromas have greatly benefited from
preclinical research, a truly anthromimetic animal model for CNs has only recently become available. Early
genetically engineered NF1 heterozygous mouse models failed to recapitulate the characteristic symptoms
of NF1". Later, conditional knockout mice with biallelic NF1 deletion in specific embryonic
subpopulations of neural crest-derived Schwann cells were able to reproduce certain features of NF1 but did
not develop the characteristic skin tumors®’. Spontaneous NF1-like veterinary syndromes occur in canine
and bovine animals, but not in rodents™". It has been hypothesized that the many years required to develop
tumors in humans cannot be modeled by a rapid cycling mammal with a relatively brief life expectancy,
such as the mouse. Porcine models have been developed for multiple medical conditions, as pig physiology
and lifespan more closely mimic that of humans. In 2018, genetically altered NF17***”* Ossabaw minipigs
were developed that spontaneously developed large diffuse mass-like cutaneous neurofibromas in ~40% of
pigs at 4 months of age'””. The same year, another group published a NF17**** Yucatan mini-swine model
in which 44% of animals develop cutaneous tumors of the neck between 11-17 months of age’®”. Both
models exhibited this non-discreet morphology with continuous enlargement in contrast to the nodular
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self-limited growth most common with human CN, and interestingly, the findings were mostly associated
with gonadally intact male pigs, suggesting some role for androgens in CN tumorigenesis within this model.

In vitro models of CNs include primary cell culture and co-culture of Schwann-like tumor cells and
tumor-associated fibroblasts from human donors, genetically engineered mouse models, and minipigs.
Skin-derived precursor cells can be isolated and grown in culture, and semi-immortalized cells from
donated human CNs were generated by introducing human TERT and mouse CDK4 genes via gene
transduction. Induced pluripotent stem cells have been derived from human and rodent tissues, and have
been used to generate orthotopic xenografts in mice®". Because two-dimensional culture conditions cannot
replicate the complex 3-dimensional cellular and ECM organization of CNs, neurofibroma-sphere/organoid
models®™ and complex multicellular skin grafts”® have been utilized to better understand the tumor
microenvironment and ultimately for preclinical drug testing.

Innovative research has demonstrated that the cell of origin could reside in various sources, including
multipotent bulge hair follicle cells””, a specialized population of skin-derived precursor cells of neural crest
origin®¥, boundary cap cells of the dorsal root ganglia®, dysplastic vascular pericytes”, or deviant
endoneurial or cutaneous nerve axon-associated Schwann cells - potentially through misactivation of the
injury-repair pathway!
crest-derived tissues, which can be driven, either by physiological processes or experimentally, to give rise to
most of the cell types found in CNs.

60-63

l. Confounding this research is the inherently plastic nature of many neural

CN tumorigenesis and ultimate dormancy are likely multifactorial, contingent upon microenvironmental
contributions from haploinsufficient tumor-associated nerve, immune, and dermal cells through the release
of growth factors, chemokines, and cytokines. Pleiotropic effects from germline variants in different genes
may also contribute.

THERE ARE NO APPROVED PHARMACOTHERAPIES FOR CNS

Currently, there are no FDA-approved medical treatments for CNs. While surgical resection of the
exophytic component combined with evacuation of the hypodermal portion and careful suturing can
achieve permanent tumor control and an aesthetically acceptable appearance!*’, this technique can only go
so far. It does not address the ongoing development of new tumors nor the often substantial burden of
existing tumors. Other destructive approaches include focused ultrasound*”, CO, laser, radiofrequency
ablation'*”, photodynamic therapy'”*®, Er:YAG or Nd:YAG laser'®, and electrodessication. The efficacy
of these approaches varies depending on tumor size and number, tolerance for scarring/ pigmentation
changes, and post-procedural pain. A number of topical and systemic medications have been tested, with
the most promising results to date seen with MEK inhibitors” . Most notably, NFX-179, a topical
ointment applied daily for 28 days to five medium-sized CNs (5-10 mm) in 42 subjects, resulted in a 2 50%
reduction in tumor volume in 20% of tumors and patients. In addition, there was a 47% reduction in
phosphorylated ERK levels measured via automated Western blot, with practically no adverse events.
However, CN-related quality of life outcomes were not assessed in this Phase 2a trial. Overall, patient
satisfaction regarding efficacy, pain, scarring, durability, and side effect profiles across all treatments
evaluated to date leaves room for improvement.

A search of ClinicalTrials.gov at the time of writing identified eighteen clinical trials using the search term
“cutaneous neurofibroma” in the indication field [Table 1]. Of these, the majority"* were sponsored by
academic medical centers, while the remaining four were industry-sponsored (covering three drugs). Ten
trials investigated novel indications/pharmacotherapies, including three drugs targeting MEK inhibition;
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Table 1. Clinical trials of cutaneous neurofibroma from https://ClinicalTrials.gov/

Trial number Study title Status Intervention Mechanism

NCT06300502 Assessing the efficacy of repeat, monthly NOT YET Kybella or Asclera injection with 1064 Destructive
treatments of cutaneous neurofibromas (cNFs) RECRUITING nm Nd:YAG laser or 755 nm
alexandrite laser

NCT06159166 Mirdametinib monotherapy in adults with RECRUITING Oral mirdametinib MEK inhibition
neurofibromatosis 1 (NF1) and cNF

NCT02728388 Photodynamic therapy for benign dermal RECRUITING Topical aminolevulinic acid Destructive
neurofibromas- phase Il

NCT06132165  Efficacy of skin cooling in reducing pain associated RECRUITING Deoxycholic acid or polidocanol Destructive
with non-invasive treatments of neurofibromatosis injection with 1064 nm Nd:YAG laser
type 1 cutaneous neurofibromas or 755 nm alexandrite laser

NCT05438290 DPCP to treat cutaneous neurofibromas associated COMPLETED  Topical Diphencyprone Immunotherapy
with NF1

NCT04730583 Tolerability of device based therapies for COMPLETED  Kybella injection with 1064 nm Destructive
neurofibromatosis type 1 cutaneous neurofibromas Nd:YAG laser or 755 nm alexandrite

laser

NCTO05119582  HIFU treatment of cutaneous neurofibromas in COMPLETED  TOOsonix system ONE-M device Destructive
neurofibromatosis type 1: safety and efficacy

NCT05005845 NFX-179 topical gel treatment for adults with NFT~ COMPLETED  Topical NFX-179 gel MEK inhibition
and cNF

NCT04435665 NFX-179 topical gel treatment in adults with NF1 COMPLETED  Topical NFX-179 Gel MEK inhibition
and cNF

NCT03090971 Use of topical liquid diclofenac following laser COMPLETED  Laser microporation device and Prostaglandin
microporation of cutaneous neurofibromas in topical diclofenac sodium inhibition
patients with NF1

NCT00865644 Topical imiquimod 5% cream for treatment of COMPLETED  Topical imiquimod 5% cream Immunotherapy

cutaneous neurofibromas in adults with
neurofibromatosis 1

NCT00657202 Ranibizumab for neurofibromas associated with COMPLETED  Oral ranibizumab VEGF inhibitor
neurofibromatosis 1

NCTO01031901 Topical rapamycin therapy to alleviate cutaneous COMPLETED  Topical sirolimus or rapamycin mTOR inhibition
manifestations of tuberous sclerosis complex
(TSC) and NF1

NCT02839720 Selumetinib in treating patients with COMPLETED  Oral selumetinib sulfate MEK inhibition
neurofibromatosis type 1and cutaneous
neurofibroma

NCT01682811  Phase | photodynamic therapy (PDT) for benign COMPLETED  Levulan injection or topical, with or Destructive

dermal NF1 without microneedling, with
photodynamic therapy
NCT06120036 Dosing and Tolerability of deoxycholic acid vs. COMPLETED  Kybella injection, or Asclera injection Destructive

polidocanol in the treatment of neurofibromatosis
type 1 cutaneous neurofibromas

NCT02332902 Everolimus for treatment of disfiguring cutaneous COMPLETED  Oral everolimus mTOR inhibition
lesions in neurofibromatosis 1 CRADOO1CUS232T
NCT00921037 First clinical study of erbium - yttrium aluminium ~ UNKNOWN Erbium-YAG laser device Destructive

garnet (YAG) laser vaporization of cutaneous
neurofibromas

VEGF: Vascular endothelial growth factor; mTOR: mammalian target of rapamycin.

three different Mek inhibitors tested within 4 different trials; 2 drugs targeting mTOR, two
immunotherapeutic agents, one prostaglandin inhibitor, and one vascular endothelial growth factor (VEGF)
inhibitor. The remaining trials explore(d) concurrent injectable drugs with laser or photodynamic therapy.
Methods to enhance drug penetration into CNs included laser microporation, microneedling, and direct
intratumoral injection. At the time of writing, two trials were actively recruiting and one had not yet begun
enrollment. None of these approaches had demonstrated a definitive, clinically acceptable reduction in CN
size or number”. Several studies have evaluated patient preferences regarding treatment outcomes.
Unsurprisingly, many patients indicated a willingness to take oral or topical medication over an extended
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period if it could reduce the number of CNs by 30% and prevent the formation of new tumors™.

Emerging data from clinical trials of systemic MEK inhibitors suggest that this drug class may play a role in
slowing or halting the development of new CNs and/or reducing the size of existing CNs™. Special
consideration must be allotted to drug development for this benign tumor, as currently approved MEK
inhibitors (mirdametinib and selumetinib) are designed to treat large, functionally impactful plexiform
neurofibromas, and have a side effect profile that is unlikely to be acceptable for managing cutaneous
manifestations. The primary detriment to quality of life associated with CNs derives from tumor
disfigurement, while over 90% of patients on currently approved MEK inhibitors additionally experience a
conspicuous acneiform rash. This visible adverse effect could exacerbate societal stigmatization and likely
hinder the use of MEK inhibitors for treating CNs, despite potential benefits in tumor reduction. A 2025
study was the first to unequivocally demonstrate that systemic MEK inhibition can reduce CN tumor
burden, achieving a maximum response of a 29% decrease in CN volume. However, similar to other trials,
adverse events such as dry skin and rash were common"?. It is possible that a reduced dose of MEK
inhibitors, administered prophylactically or longitudinally, could mitigate these adverse events while
slowing tumor growth; however, this approach has not yet been explored.

Data released in 2025 provided the most compelling evidence to date for the treatment of CNs using the
topical selumetinib formulation NFX-179""2. At the highest dose tested, CNs exhibited approximately a 50%
reduction in phosphorylated ERK levels, a recognized biomarker of MEK inhibition. Decreases in tumor
volume were observed in all groups, including the control group, but the highest drug dose led to an
additional ~10% average reduction in tumor volume compared with the control. Most notably, around 20%
of CNs treated with the highest dose of the topical formulation exhibited a 2 50% reduction in volume.
Future generations of MEK inhibitors, as well as novel molecularly targeted therapies and topical, biologic,
or injectable treatments, may further expand the arsenal of approaches to address this psychologically and
socioeconomically impactful aspect of NF1. Beyond MEK inhibition, several groups are also investigating
the unique transcriptional and cellular fingerprints of CNs to identify multi-target therapeutic strategies”””.

DISCUSSION

People with NF1 are hugely impacted by the visual appearance and physical symptoms of CNs, but current
treatment options are largely limited to destructive techniques. Surgical specialties (general surgery, plastic
surgery, dermatology, or neurosurgery) do not generally have the bandwidth to dedicate extensive operating
room time to removing the substantial tumor burden that affects many NF1 patients. Electrodessication,
although effective against small CNs measuring 5 mm or less, cannot treat larger lesions. Moreover, it is
rarely offered, given the need for general anesthesia, specialized training and equipment, and its relatively
low reimbursement rate compared with other procedures. Laser therapies can be very effective, but are
limited by post-procedural pain. All destructive techniques carry the risk of scarring and pigmentation
changes that may ultimately offset the cosmetic benefits. Neurologists and primary care doctors can help
address the need for CN management by training in tumor resection, which can be performed in a clinical
setting without the need for a sterile operating room. A well-vetted training course with certification by a
respected institution such as the Children’s Tumor Foundation could provide the education for doctors and
advanced practice providers, and a recertification course providing continuing medical education credits
could ensure a durable skillset.

The human relevance of preclinical CN models has been improving over the past decade, but still requires
further refinement. Porcine skin closely resembles human skin in cellular morphology, architecture, and the
thickness of the four dermal layers. However, minipigs have additional cell layers in the stratum spinosum
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and granulosum and a higher proportion of apocrine versus eccrine sweat glands, potentially affecting
topical drug diffusion. Indeed, an in vitro porcine skin permeability assay of a lipophilic compound
predicted to have high skin permeability revealed striking differences: no permeability in porcine skin
compared with human skin'”. These physiologic distinctions could influence outcomes and dose
determination in preclinical trials of topical medications. The skin of juvenile minipigs best replicates adult
human skin"*’; however, CNs in minipig models arise in adulthood, when their skin is less biosimilar to that
of humans. Thus, these models may be more appropriate for testing systemic therapies rather than topical
drugs. Further basic research is needed to understand why murine and porcine models fail to spontaneously
and accurately replicate CN morphology and distribution.

ECM is the major component of CNs and can block drug delivery by increasing tumor parenchymal back
pressure against capillary extravasation and physically impeding large molecule diffusion. Additionally, the
ECM may interfere with T cell and antibody-based therapies, as cytotoxic T cells must navigate this dense
“briar patch” of ECM to reach their targets. Collagen turnover is tightly regulated through an interplay
between extracellular zinc-dependent endopeptidase activity and intracellular recycling. MMPs initiate
large-scale collagen breakdown by cleaving a small moiety of extracellular collagen after it binds to cell
surface receptors. Internalization then occurs through phagocytosis, pinocytosis, endocytosis, or
autophagocytosis, with subsequent degradation mainly within phagolysosomes by cathepsin cysteine
proteases. While current CN-directed therapies aim to kill or induce senescence in tumor cells, the bulk of
cutaneous neurofibromas is composed of ECM. Extracellular collagen, in the absence of enzymatic
degradation by MMPs, has a longevity that dwarfs the average human life expectancy due to its dense helical
structure and resistance to proteolysis. In CN tumor cells, MMP expression is downregulated in a
Ras-independent manner via aryl hydrocarbon receptor-induced extracellular signal-regulated kinase (ERK)
phosphorylation. Therefore, blocking Ras signaling with MEK inhibitors is not expected to restore normal
collagen turnover. Hypothetically, even if all tumor cells within CNs were eliminated, the skin bumps
themselves might remain.

Future strategies should consider a dual-targeted or stepwise approach to address both the tumor cells and
the persistent ECM. Potential strategies include the injection of ECM-degrading enzymes or systemic
treatment with small molecules that upregulate lysosomal collagen degradation, either preceding or
concurrent with Ras pathway inhibition. More attention should be given to the role of the ECM in
drug-resistant tumors such as CNs, including studies on diffusion parameters in intact tumors to inform
pharmacotherapy development, and investigations into the tumor’s internal pressure dynamics that could
reduce drug penetration, especially within hypoxic and acidotic tumor cores. Targeting the ECM may not
only improve treatment outcomes but could also serve as a biomarker of treatment efficacy. Annexin A2
mediates collagen secretion and subsequent adhesion to the basement membrane and could potentially be
targeted to prevent COLVI deposition within CNs. Lysosome activators could also be evaluated as a means
to expedite collagen digestion. C6M, a metabolite of COLVI degradation, can be detected in serum and
might serve as a biomarker for the global response to CN-directed therapies targeting the ECM.

CONCLUSION

Developing new and better treatments for CNs is a major priority for the 0.03% of the global population
affected by NF1. CNs induce anxiety and depression, negatively impact careers and relationships, cause pain
and pruritus, and present a constant visual reminder of a relentlessly progressive disease despite our best
current treatments. Fortunately, the NF research community has listened to patient demands, dedicating
funding and focus to addressing CNs. Alongside the laborious development of pharmacotherapies and the
continued refinement of animal models, access to simple surgical resections could be expanded by
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subsidizing and regulating training courses for tumor removal in clinical settings. The ECM represents a

previously untargeted component of CNs and may also play a role in larger tumors and malignancies

associated with NF1. Focusing on drug delivery at the cellular level will be key to understanding why some

pharmacotherapies fail, even when bulk tumor concentrations appear sufficient to elicit a predicted
response.
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