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ABSTRACT

Granular cell tumours (GCTs) are infrequent submucosal growths, presumed to arise from Schwann cells,
distinguished by large polygonal cells containing numerous lysosomes. This study sought to explore whether
GCTs display features of antigen-presenting cells (APCs) or neural crest cells (NCCs) using
immunohistochemistry and to contrast their expression patterns with Schwannomas. Expression of APC-
associated markers (CD68, HLA-DR, CD163, CD40, CD11c¢) and NCC-associated markers (S100, SOX10,
NSE, GAP43) was analyzed in 23 GCTs and 10 Schwannomas. Furthermore, RT-qPCR was conducted on 6
GCT cases to assess a possible NCC developmental signature. GAP43 emerged as a novel NCC marker for
GCTs, while CD68 and HLA-DR staining provided limited support for an APC-like profile. RT-qPCR did not
detect an NCC developmental program in GCTs, likely due to technical constraints.
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Introduction

Granular cell tumours (GCTs) are uncommon soft
tissue lesions whose origin has been widely debated,
with current evidence suggesting derivation from
neural crest cells, particularly Schwann cells, based
largely on immunohistochemical similarities with
schwannomas. Typically, GCTs present as solitary
benign growths, though multifocal and malignant
forms have been reported [1]. Around half of all cases
occur in the head and neck region, most frequently on
the tongue, accounting for 23%-28% of all GCTs and
65%—-85% of intraoral cases [1], with Allon et al.
reporting that GCTs constitute 9.6% of benign oral
mucosal tumours [2]. They generally appear in
individuals in their fourth to sixth decades, with a
female-to-male ratio of approximately 2:1 [3], and
multiple lesions are observed in 2—10% of patients [4].

GCTs are slow-growing, painless sub-epithelial
nodules that are firm and round [5]. In the oral cavity,
lesions typically measure around 2 cm at diagnosis,
with most being treated before reaching 3 cm [1].
Imaging is often non-specific, and larger lesions may
mimic invasive growths on CT or MRI scans [6], while
tumours exceeding 5 cm raise suspicion for
malignancy [7]. Surgical excision with narrow margins
is the standard treatment, and recurrence occurs in
roughly 20% of incompletely excised cases and 2—8%
of lesions with clear margins, likely due to residual
satellite cells or tumour extensions [8, 9].

Macroscopically, GCTs appear as tan to pale, rubbery
nodules lacking a capsule. Histologically, they consist
of large polygonal or lozenge-shaped cells with
abundant eosinophilic cytoplasmic granules and small
eccentric nuclei. These granules are PAS-positive,

diastase-resistant [10], and stain with Luxol fast blue
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[1]. Cells are arranged in sheets or clusters, separated
by thin connective tissue bands, with poorly defined
tumour margins that may blend with overlying
epithelium or underlying skeletal muscle, giving an
infiltrative appearance. Detached clusters of cells,
likely representing extensions rather than independent
lesions, are often present [1]. Small nerves at the
tumour periphery suggest a relationship with perineural
cells, possibly linked to axonal injury [1].
Pseudoepitheliomatous hyperplasia is seen in nearly
50% of cases, which may be misinterpreted as
squamous cell carcinoma (SCC) due to the rarity of
GCTs and the relatively high frequency of SCC [11,
12].

GCTs were initially described by Weber and Virchow
in 1854 [6], and Abrikossoff later proposed a myogenic
origin, coining the term myoblastoma [1]. Subsequent
electron microscopy and immunohistochemical studies
excluded myogenic differentiation and suggested
alternative origins, including histiocytic lineage, a
common
undifferentiated mesenchymal fibroblast precursors
that had phagocytosed cellular debris [13—17]. Several
investigations have supported differentiation from
neural sheath cells [9, 16—-19].

In addition to evidence supporting a neural origin,
some studies have proposed an endomesenchymal
derivation for GCTs. Gurzu reported that GCTs
express macrosialin (CD68), CD117 (c-kit), and RET
[9]. Other studies have identified expression of CD63,
LC3 (microtubule-associated protein 1 light chain 3, a
marker of autophagy), and the antigen-presenting cell
(APC) marker HLA-DR in GCTs [20-22], with HLA-
DR and CD68 immunoreactivity indicating a potential
APC phenotype. Pareja et al. recently described
inactivating mutations in ATP6AP1 and ATP6AP2,
genes involved in endosome acidification, in 72% of
GCTs, suggesting that altered endosomal function may
modify cellular signaling and confer oncogenic
properties, further supporting a link to an APC-like
phenotype [23]. Despite these findings, it remains
unclear whether GCTs represent true neoplasms or
reactive lesions based on
immunohistochemical evidence.

precursor  with  schwannomas, or

current

Proteins such as HLA-DR, CD68, CD163, CD40, and
CDl1c are characteristic of APCs and are involved in
their functional activities [24-31], whereas S100,
SOX10, NSE, and GAP43 are typically associated with
neural tissues, neural-derived tumours, and neural
crest—derived cells [32—-36]. Growth-associated protein
43 (GAP43, also known as neuromodulin) plays a
crucial role in axonal guidance, neural cytoskeleton
organization, neurite growth, and synapse formation
following nerve injury [35]. To date, GAP43
expression in GCTs has not been reported.

This study aimed to distinguish between an APC
phenotype and a neural tissue phenotype in GCTs using
immunohistochemistry (HLA-DR, CD68, CD163,
CD40, and CDI11c for APC markers) and polymerase
chain reaction techniques, while comparing expression
patterns with schwannomas. RT-qPCR was performed
to assess RNA expression of nestin, SOX2, SOX9,
SOX10, NF2, beta tubulin-III, and glial fibrillary acidic
protein (GFAP)—proteins variably expressed in
neural-crest-derived tissues and Schwann cells—
alongside CD68, beta tubulin-3 (a neural tissue
marker), and beta-actin as a control [37—43].

Results and Discussion

Demographics

The mean age of patients with biopsy-confirmed GCTs
was 41.4 + 13.1 years, with most cases occurring in the
fourth to sixth decades: six cases in the fourth and fifth
decades and seven in the sixth decade. In contrast,
patients with schwannomas had a mean age of 25 + 9
years, with the highest incidence in the third decade.
Among GCT cases, 14 were female and 9 male,
resulting in a female-to-male ratio of 1.56:1, while
schwannomas showed a male predominance (8 males,
2 females; male-to-female ratio 4:1). The dorsal tongue
was the most frequent site for GCTs (16/23 lesions,
69.5%). Lesion sizes ranged from 5 to 20 mm, with a
mean diameter of 10.1 mm. All GCTs were managed
with excisional biopsy, and although many cases had
positive deep margins, no recurrences or relapses were
observed. Schwannomas showed no clear site
predilection (Table 1).

Table 1. Demographics and site of biopsy.

Granular Cell Tumours

Case No. Age Sex Site
1 41 Female midright dorsum of tongue
2 33 Female dorsum of tongue
3 15 Female dorsum of tongue
4 43 Male dorsum of tongue
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5 20 female right tongue
6 36 Male dorsum of tongue
7 48 female left posterior hard palate
8 50 Male dorsum of tongue
9 37 female left lateral border of tongue
10 55 female right palatal mucosa
11 39 female dorsum of tongue
12 21 female right dorsum of tongue
13 52 male right lateral border of tongue
14 48 male right dorsum of tongue
15 46 male right dorsum of tongue
16 35 female right dorsum of tongue
17 63 female left dorsum of tongue
18 55 female left dorsum of tongue
19 37 male dorsum of tongue
20 21 female right lateral border of tongue
21 56 male dorsum of tongue
22 58 male right lateral ventral tongue
23 43 Female left dorsal tongue
Schwannomas
Case No. Age Sex Site
1 28 Male buccal mucosa 37
2 21 Male left dorsum of tongue
3 23 Male right tip of tongue
4 41 Male left buccal mucosa
5 16 Female **% oral cavity
6 37 Female lower lip mucosa
7 22 Male lower lip mucosa
8 15 Male left buccal vestibule
9 16 Male dorsum of tongue
10 31 Male Upper lip
*** Site of biopsy was unspecified, anatomically from the oral cavity.
Immunohistochemistry 4 gl g R ~y "\?ly;' 2 |
The outcomes of the immunohistochemical analyses ~ * 24w Aﬁ", ; ‘{‘&5‘ !&
v

are presented in Figures 1 and 2.

5



Souza et al., Molecular Characterization of Granular Cell Tumors and Oral Cavity Schwannomas

Figure 1. Immunohistochemical expression of
neural markers in GCTs and Schwannomas,
visualized using DAB (brown staining). Images
were captured at 200x magnification, with a 100
um scale bar indicating relative size. (A) S100 in
GCT; (B) S100 in Schwannoma; (C) NSE in GCT;
(D) NSE in Schwannoma; (E) SOX10 in GCT; (F)
SOX10 in Schwannoma; (G) GAP43 in GCT; (H)
GAP43 in Schwannoma.

e)
Figure 2. Immunohistochemical expression of
antigen-presenting cell (APC) markers in GCTs
and Schwannomas, visualized using DAB (brown
staining). Images were captured at 200x

magnification. (A) HLA-DR in GCT; (B) HLA-DR
in Schwannoma; (C) CD68 in GCT; (D) CD68 in
Schwannoma; (E) CD163 in GCT; (F) CD163 in
Schwannoma.

S100 staining: S100 immunoreactivity was observed in
both the cytoplasm and nuclei of GCTs and
Schwannomas, with nuclear staining generally stronger
than cytoplasmic staining. In Schwannoma spindle
cells, staining was punctate with bands of higher
intensity near the nucleus, while GCT cytoplasmic
staining appeared more diffuse. Nearly all granular
cells in GCTs and spindle cells in Schwannomas were
positive, showing minimal variability in intensity
(Figures 1a and 1b).

NSE: In GCTs, NSE staining was confined to the
cytoplasm, whereas  Schwannomas  exhibited
predominantly cytoplasmic staining with some nuclear
positivity in many cells. Nearly all granular cells of
GCTs showed strong staining, while more than 50% of
Schwannoma spindle cells were positive (Figures 1c
and 1d).

SOX10: SOX10 staining was exclusively nuclear in
both GCTs and Schwannomas, with high intensity in
all cells (Figures 1e and 1f).

GAP43: GAP43 immunoreactivity was cytoplasmic in
both tumours. In GCTs, two distinct staining patterns
were observed: diffuse with sparse punctate staining or
predominantly punctate with minimal diffuse
cytoplasmic staining. Within a section, granular cells
typically displayed one pattern over the other.
Schwannomas differed markedly, showing diffuse
cytoplasmic staining in all positive spindle cells,
without a punctate pattern. Antoni A areas exhibited
strong staining, while Antoni B areas showed weak or
absent staining in fewer than 50% of cells, producing a
patchy appearance (Figures 1g and 1h).

HLA-DR: Both GCTs and Schwannomas displayed
similar HLA-DR staining, primarily cytoplasmic with
occasional nuclear positivity in GCTs. Staining was
punctate over a diffuse background, with nearly all
cells showing high intensity and minimal variability
(Figures 2a and 2b).

CD68: CD68 staining was cytoplasmic in both tumour
types. GCT cells exhibited light, diffuse punctate
staining, while Schwannoma staining varied: one case
showed no appreciable staining, and the remaining nine
cases had low to moderate intensity (Figures 2¢ and
2d).

CD163: Schwannomas were positive for CD163 with
strong punctate cytoplasmic staining in all sections,
whereas GCTs were negative (Figures 2e and 2f).
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CD40 and CDl11c: Neither GCTs nor Schwannomas
showed immunoreactivity for CD40 or CD1Ic.

Semiquantitative analysis: Table 2 summarizes
cumulative scores for the percentage of cells stained
and staining intensity in both GCTs and Schwannomas.
A contingency table was constructed using percentage
of cells stained (x-variable) and staining intensity (y-

variable), followed by a linear-by-linear association
test. The p-value (<2 x 107'¢) indicated a near-perfect
correlation between the two variables, leading to
rejection of the null hypothesis of no association.
Based on this correlation, subsequent analyses focused
on staining intensity, which could be extrapolated to
the percentage of cells stained.

Table 2. Mean DAB stain intensity and percentage of cells staining in GCTs and schwannomas.

IHC 0 1 2
Absent L Medi High
Antibody sen ow edium '8 0%)  (>0<50%) (>50%)
GCT - - - 23 - - 23
S100
Schwannoma - - - 10 - - 10
GCT - - 3 20 - - 23
NSE
Schwannoma - 4 6 - - - 10
GCT 1 - - 22 1 - 22
SOX10
Schwannoma - - - 10 - - 10
GCT - - 2 21 - - 23
GAP43
Schwannoma - - 4 6 - 3 7
GCT - - 6 17 - - 23
HLA-DR
Schwannoma - - 4 6 - - 10
GCT - - 17 6 - - 23
CD68
Schwannoma 1 6 3 - 1 6 3
GCT * 22 % - - - 22 * - -
CD163
Schwannoma - - 1 9 - - 10
GCT 23 - - 23 - -
CD40
Schwannoma 10 - - 10 - -
GCT 23 - - 23 - -
CDll1c
Schwannoma 10 - - 10 - -

* Case 2 of GCT did not have a section for CD163 THC.

For each antibody assessed, chi-squared tables were
created using staining intensity as an ordinal x-variable
and cell type as a nominal y-variable, with a Bonferroni
correction applied to account for multiple testing.
Staining scores for CD40, CD1lc, and S100 were
identical in GCTs and Schwannomas. No significant
differences were found for SOX10 (p =0.5), GAP43 (p
= 0.03), or HLA-DR (p = 0.4), whereas NSE (p =
0.000008) and CD68 (p = 0.0001) exhibited higher
intensity in GCTs, and CD163 was more strongly
expressed in Schwannomas (p = 0.00000007).

A Cochrane-Armitage test comparing overall staining
intensities across all markers confirmed a significant
difference between GCTs and Schwannomas (o= 0.05,
p = 0.000004). Marker expression did not correlate
with clinical features such as tumour size or location.
Digital Q-score analysis using QuPath identified
positively stained cells, which were categorized into

low, medium, and high intensity. H-score distributions
suggested a non-Gaussian pattern, but the small sample
size limited variance analysis. Both Student’s t-test and
Welch’s t-test were applied, with a Bonferroni-
adjusted  significance  threshold of  0.0125
(a_bonferroni = 0.05/4). H-score comparisons for
GAP43, HLA-DR, CD68, and CD163 between GCTs
and Schwannomas are shown in Figure 3.

GAPY 3 Students t-1est

GAP 43: Waelch’s t-1est

24



Souza et al., Molecular Characterization of Granular Cell Tumors and Oral Cavity Schwannomas

HLA- DR Studcdents 1-Lest

HLA-DR; Welchs t-eit

GGTe Botwannoma

e) f)

COHGE: Students t-test

L
5
-
o
g |
: 204 b
o aci
* - I
[ e———
g) h)

Figure 3. H-score comparisons between GCTs and
Schwannomas for various antibodies. For GAP43,
statistical analysis using Student’s t-test (o =
0.0125) yielded p=0.0108 (A), and Welch’s t-test
gave p = 0.0201 (B); significance threshold: # p <
0.0125. For HLA-DR, Student’s t-test (C) and
Welch’s t-test (D) both resulted in p = 0.646. For
CD163, Student’s t-test (E) showed p =0.0012,
and Welch’s t-test (F) gave p = 0.0062;
significance thresholds: # p < 0.0125, ## p < 0.005.
For CD68, Student’s t-test (G) gave p <0.0001,
and Welch’s t-test (H) gave p = 0.0006;
significance threshold: ### p < 0.001.

H-scores obtained via digital analysis were compared
with manually scored cell staining intensities using
Pearson’s correlation coefficient and t-tests for
continuous variables. Results, summarized in Table 3,
demonstrated an almost perfect correlation between
manual scoring and QuPath-derived H-scores. A
Bonferroni correction was not necessary because all p-
values were extremely low.

Table 3. Summary of the comparison of cell stain
intensity using manual semiquantitative scoring and
H-score derived from QuPath.

GCTs only 0.903  0.767-0.961  0.00000005
Srfll;:vzz?yo 0.9 0.759-0.960  0.00000007
GAP43 0.92 0.689-0.981  0.0002
HLA-DR 0961  0.841-0.991  0.000009
CD68 0989 0.951-0.997 0.00000007
CD163 0979  0.911-0.979  0.0000008

Summary of Cq values from RT-qPCR

RT-qPCR was employed to assess mRNA expression,
and the results are presented descriptively without
statistical analysis. Six samples successfully amplified
the housekeeping gene and were subsequently used to
measure target gene expression. Cases 18 and 23
exhibited the lowest Cq values, indicating relatively
higher expression levels, whereas Cases 1, 3, 8, and 15
displayed lower expression.

CD68 transcripts were detected in 5 of the 6 samples
analyzed; Case 1 lacked detectable CD68 mRNA
despite strong immunohistochemical staining in all
granular cells. The remaining samples showed
measurable CD68 expression.

Aside from Case 23 and the no-template control
(NTC), no samples exhibited detectable expression of
SOX2, SOX9, SOX10, NF2, or nestin. BTub3
expression was observed only in Cases 18 and 23,
while all other samples were negative. SOX2 and
GFAP mRNA were undetectable in all cases (Tables 4
and 5).

Table 4. Summary of RNA concentration and B-actin
and CD68 amplification cycles.

RNA B-Actin CD68
Case Concentration Reactivity Reactivity
(ng/mL) (Cq Value) (Cq Value)
1 6.5 34.70 -
3 17.4 37.38 37.15
6 4.24 *
7 2.88 %
8 5.7 36.94 35.96
15 7.4 34.53 37.12
16 Low *
17 22%
18 10 29.71 32.53
22 4.16 *
23 6.5 28.89 25.60

NTC - -

Antibody Correlatio 95% CI b-Value
n(r)
All tumours 0.906 0.827-0.949 0.00000000

0000001

* = RNA concentration insufficient to proceed with RT-qPCR. - =
no amplification.
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Table 5. Summary of Cq values for Case 23.

Gene Cq Value
CD68 29.60
Nestin 39.02
SOX2 -
SOX9 36.18
SOX10 38.01
NF2 37.14
GFAP -
Beta Actin 28.89
Beta TUB3 36.72

- =no amplification.

GCTs are currently understood to originate from
Schwann cells or to differentiate toward a Schwann cell
phenotype [1], although other potential origins have
been proposed, including myoblasts [1], fibroblasts
[13], histiocytes [14], and endomesenchymal cells [9].
Evidence supporting Schwann cell differentiation
includes the similarity of GCTs and Schwannomas in
their immunohistochemical profiles for neural crest
cell (NCC) and neuroectodermal markers such as
SOX10, S100, and NSE.

GCTs and Schwannomas show marked differences in
lysosomal marker CD68  expression: GCTs
demonstrate  strong, diffuse staining, whereas
Schwannomas show weak staining in only a small
subset of cells. CD68 positivity supports a potential
antigen-presenting cell (APC) phenotype. The granular
appearance of GCTs has been linked to lysosome
accumulation, consistent with mutations in H*-ATPase
accessory protein genes ATP6AP1 and ATP6AP2,
highlighting abnormal lysosomal content in granular
cells [23]. These genetic findings suggest that GCTs
are genuine neoplasms rather than reactive lesions.

Protein expression supporting an NCC origin of GCTs
Polyclonal S100 antibodies are widely used to help
differentiate spindle cell lesions of NCC versus non-
NCC origin, with the SI00B isoform being highly
specific. Neural and glial cells normally express high
levels of S100, particularly S100B [44], and most
benign and malignant NCC-derived tumours also
express S100 [44]. However, S100 expression can be
induced in a range of tumours from all germ layers,
particularly under oxidative stress or inflammatory
conditions, including ST00A8, S100A9, S100A12, and
S100B [45].

The strong nuclear staining observed with SOX10
provides further support for an NCC origin or
differentiation and is increasingly recognized as a more
specific NCC marker than S100. Interestingly, one case

in this study lacked SOX10 immunoreactivity while
showing strong S100 positivity. Repeat staining
confirmed the absence of SOX10, and the tissue was
retained for analysis. This absence may reflect loss of
SOX10 during tumorigenesis or a technical artifact
such as freezing during transport. Although SOX10 is
expressed in nearly all benign peripheral nerve sheath
tumours (BPNSTs), it is absent in approximately 30%
of malignant peripheral nerve sheath tumours
(MPNSTs), which can complicate pathological
diagnosis [46]. No previous reports describe peripheral
GCTs that are SOX10-negative but S100-positive.
Interestingly, central nervous system GCTs, believed
to arise from astrocytes, are SOX10-negative despite
histologic similarity to peripheral GCTs [47].
Conversely, some GCTs have been reported as S100-
negative but SOX10-positive, termed primitive GCTs,
though it remains unclear whether these arise from a
distinct NCC-derived mesenchymal lineage or have
lost S100B expression [48].

Both GCTs and Schwannomas were positive for NSE,
supporting an NCC origin. Notably, GCTs exhibited
higher NSE staining intensity in a larger proportion of
cells than Schwannomas, which may reflect higher
metabolic activity. Previous studies have shown NSE
upregulation in both NCC-derived and non-NCC
tumours under conditions of inflammation or hypoxic
stress [34, 49-51].

This study is the first to demonstrate GAP43
immunoreactivity in GCTs. GAP43 is a relatively
newly identified protein considered highly specific for
neural and glial tissues, though its function in glial cells
is not fully understood. Evidence indicates it facilitates
neurite extension during development and after nerve
injury by promoting growth cone formation [36].
GAP43 is present in repair Schwann cells and Schwann
cell precursors but absent in mature Schwann cells,
appearing several weeks after nerve injury during
Wallerian degeneration once myelin debris is cleared
[7]. Unlike S100 and SOX10, GAP43 expression
persists in MPNSTs and has been proposed to have
higher sensitivity and specificity for NCC-derived
spindle cell malignancies [52]. Additional studies have
detected GAP43 cancers [53-55],
suggesting it may have broader roles in tumorigenesis.
Its presence in GCTs provides new evidence for a
neural crest origin and supports the hypothesis that
GCT granular cells resemble repair Schwann cells or
precursors more than mature Schwann cells.

A further novel observation concerns the distribution
of GAP43 in Schwannomas. High-intensity staining
was observed in the cellular Antoni A regions, while
the less dense Antoni B regions exhibited low staining
in fewer than half of the spindle cells. Antoni B areas

in various
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are typically considered degenerative zones,
characterized by fibrosis, hyalinisation, mucin
deposition,  thrombosis, and infiltration by
macrophages and lymphocytes [56, 57]. This pattern
suggests that GAP43 expression decreases as
Schwannoma cells transition from Antoni A to Antoni
B areas, and indicates that GCT granular cells are more
comparable to the spindle cells in Antoni A regions
than those in Antoni B regions.

Protein expression suggesting an APC phenotype
Overall, the findings of this study provide only limited
support for an antigen-presenting cell (APC)
phenotype in GCTs. At the start of the investigation,
the functional significance of the abundant lysosomes
in granular cells was unclear, and it remained uncertain
whether GCTs were reactive lesions or true neoplasms.
Consistent with previous reports, strong CD68 staining
was observed in most granular cells, confirming that
the granules are lysosomes. CD68 is widely recognized
as a marker for phagocytic cells, including histiocytes,
monocytes, giant cells, Kupffer cells, and osteoclasts,
with its expression regulated by a macrophage-specific
promoter gene [26, 27]. It had been hypothesized that
lysosomes in GCTs might indicate a phagocytic role
following nerve injury.

The work of Pareja et al. has since clarified that the
accumulation of lysosomes in GCTs results from
mutations in ATP6AP1 and ATP6AP2, which encode
V-ATPase accessory proteins involved in endosome
acidification and transport [23]. This provides a genetic
explanation for the strong CD68 immunoreactivity,
demonstrating that lysosome accumulation reflects
altered lysosomal function rather than a phagocytic
activity. HLA-DR immunoreactivity also showed
strong staining in GCTs. HLA-DR is typically
associated with APCs, including B cells, activated T
cells, and professional APCs such as monocytes,
macrophages, and dendritic cells [24]. Initially, it was
hypothesized that HLA-DR in combination with CD68
could indicate an antigen-presenting role for GCTs;
however, the non-functional lysosomes and lack of
CD40 expression argue against T-cell activation
capacity [58].

Alternative explanations for HLA-DR expression in
GCTs include a role analogous to that in melanomas,
where HLA-DR is linked to tumor antigen
presentation, tissue inflammation, and anti-tumor
immune responses, serving as a positive prognostic
marker [59]. Another possibility is that HLA-DR
reflects  epithelial-mesenchymal  transformation,
indicating tissue dedifferentiation rather than genuine
APC function. Finally, HLA-DR expression could
simply reflect tissue inflammation, as it has been

observed in various cell types during inflammatory
responses [60—62]. Interestingly, all Schwannomas in
this study were HLA-DR-positive, a novel observation
for this tumour type; HLA-DR expression has
previously been reported in gliomas and
neuroblastomas, where it is associated with increased
tumor inflammation and poorer outcomes [63].

GCTs were negative for CD163, CD40, and CDllc,
providing no further support for an APC phenotype. An
unexpected finding was the strong CD163
immunoreactivity in Schwannomas, which may reflect
a spindle cell phenotype resembling phagocytic repair
Schwann cells or indicate an inflammatory process. In
GCTs, some dendritic-appearing cells expressed
CD163, suggesting localized inflammation that could
explain HLA-DR positivity but does not substantiate
an APC phenotype.

Interpretation of RT-qPCR data

Unexpectedly, SOX10 mRNA was detected in only
one of six GCT cases (Case 23), with the remaining
five showing no amplification, which conflicts with
prior  studies  reporting  consistent = SOXI10
immunoreactivity and with the IHC results from this
study. Although RT-qPCR is generally considered
more sensitive and precise than IHC, this discrepancy
may be explained by the stability of SOX10 protein,
which may require only minimal mRNA levels to
maintain cellular function, potentially falling below
detection limits over 40 PCR cycles. Alternatively,
SOX10 mRNA might be more prone to degradation
than CD68 or beta-actin, so despite adequate RNA
concentrations measured via Qubit, the transcripts
could have been fragmented. It is also possible that
both very low mRNA abundance and partial
degradation contributed. Without detectable SOX10
transcripts, drawing conclusions regarding nestin,
SOX2, SOX9, SOX10, NF2, and GFAP expression is
challenging.

Study limitations

While digital quantification improves accuracy and
sensitivity compared with manual scoring, whole-slide
analysis using QuPath faces challenges, including the
manual adjustment of parameters and accurate
delineation of nuclei, cytoplasm, and cell boundaries.
Given the strong immunohistochemical evidence for
SOX10 in GCTs, the lack of amplification is
interpreted as likely due to RNA quality issues rather
than true absence of expression.

Future directions
Future studies should consider alternative RNA
extraction methods to investigate the neural crest cell
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developmental phenotype in GCTs. Additional
research is warranted to characterize the range of
granular lesions, including potential mutations
affecting lysosome biogenesis, acidification, and
transport, using sequencing approaches similar to those
applied to identify ATP6AP1 and ATP6AP2 mutations
in GCTs.

Materials and Methods

Case selection

Archived FFPE tissues from 23 consecutive benign
GCTs and 10 schwannomas (2006-2016) were
retrieved from the Department of Pathology, Schulich
School of Medicine and Dentistry, Western University.

No malignant cases were included. Patient data,
including age, sex, and lesion location, were collected
(Table 1).

Immunohistochemistry (IHC)

Neural markers (S100, SOX10, NSE, GAP43) and
APC markers (HLA-DR, CD68, CD163, CD40,
CDl1l1c) were analyzed as listed in Table 6. Five-
micron sections were cut from hydrated FFPE blocks.
Automated THC staining for S100, SOX10, NSE,
HLA-DR, CD68, and CDI163
performed using the Dako Autostainer Link 48, with
each run including a standard positive tissue array and
at least one negative control per tumor type.

antibodies was

Table 6. Summary of the antibodies used for immunohistochemistry of GCTs and schwannomas.

Anti . Ti
ntibod Manufacture/Cat Number Antibody Type CO“Stltu%nt issue and Dilution
y Labelling Targets
. Neural tissues, S100B (strong)
S100 Dako, Santa Clara CA IR50461-2  Rabbit polyclonal S100A1 and S100A6 (weak) Automated
NSE Dako, Santa Clara CA IR61261-2  Mouse monoclonal ~ Neural tissues, y-enolase subunit Automated
SOX10 Santa Cruz Biotech, Dallas TX, Mouse monoclonal Neural tl.ssges, SOX10 Automated
sc-365692 transcription factor
Regenerating neural
Bio-Techne Canada, Oakville On . tissues/growth cones, GAP43
AP4 ’ > Rabbit polyclonal ’ 1
G 3 NB300-143 abbit polyclona intracellular growth /5000
protein/membrane protein
APCs and lymphocytes, Alpha-
HLA-DR Dako, Santa Clara CA Mouse monoclonal chain of HLA-DR cell surface Automated
MO74601
receptor
Dako, Santa Clara CA Macrophage, lysosomal-
D68 M lonal Automated
¢ GA61361-2 ouse monociona associated membrane proteins utomate
Vector laboratories, Burlingame .
CD163 CA Mouse monoclonal Macrophage, hemogélobm- Automated
VP-C374 scavenger receptor
AP 11 surface i i
CD40  Abcam, Toronto ON, ab13545  Rabbit polyclonal Cs. cell surface innate immune 4,
response costimulatory protein
CDll1c Abcam, Toronto ON, ab52632 Rabbit monoclonal APCs, cell surface fibrinogen 1/300

receptor

For the immunohistochemical procedure, sections from
GCTs and schwannomas were used alongside
appropriate  positive controls—schwannomas for
GAP43 and tonsils for CD40 and CDIllc—and
negative controls. Antigen retrieval was performed in a
citrate buffer at pH 6 using a decloaking chamber
(Biocare Medical, Pacheco, CA, USA). After cooling,
the sections were washed with phosphate-buffered
saline (PBS), placed in a humidified chamber, and
blocked with 2.5% horse serum for 30 minutes.
Primary antibodies were then applied: rabbit anti-
human GAP43 (1:5000, NB300-143, Bio-Techne
Canada, Oakville, ON), rabbit anti-human CD40
(1:1000, ab13545, Abcam, Toronto, ON), and rabbit
anti-human CD11c¢ (1:300, ab52632, Abcam, Toronto,

ON), and incubated overnight at 4 °C with negative
control slides.

The following day, sections were rinsed and treated
with secondary antibodies. GAP43 and CD40 slides
were incubated with immPRESS anti-rabbit IgG
(VECTMP540150, MJS Biolynx, Brockville, ON) at
room temperature for 30 minutes, while CD11c slides
were incubated using the VECTASTAIN Elite ABC-
HRP Kit (PK-7200, Vector Laboratories, Burlington,
ON) under the same conditions. Visualization was
achieved using a DAB peroxidase substrate kit
(VECTSK4100, MJS Biolynx, Brockville, ON), and all
slides were counterstained with Harris hematoxylin
(Leica Biosystems, Concord, ON).
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Assessment of immunostaining

Slides were evaluated under light microscopy and
scored via semiquantitative methods. Additionally,
five randomly selected cases of GCTs and
schwannomas were digitally analyzed for GAP43,
CD68, HLA-DR, and CD163 using QuPath (v0.1.2), an
open-source platform validated for accurate and
reproducible bioimage analysis [64, 65], accessible at
https://qupath.github.io/ (accessed 1 June 2020).

Manual scoring

Manual evaluation focused on the large polygonal
granular cells in GCTs and tumor cells within the
capsule for schwannomas. Staining intensity was
assessed relative to positive controls using the
following scale: 0 = negative, 1 = weak, 2 = moderate,
3 = strong. The proportion of stained cells was
categorized as 0 = 0%, 1 = 0-50%, and 2 =>50%.

Digital analysis

High-resolution whole-slide images were captured for
five GCT and five schwannoma cases stained for
GAP43, HLA-DR, CD163, and CD68. Images for the
same antibody were grouped into multi-slide projects
in QuPath. Automated detection of cell nuclei relied on
hematoxylin optical density and size criteria, while
positive staining was determined by mean DAB optical
density. A detection classifier was trained by visually
selecting representative cells for low, medium, and
high intensity. Outcomes were expressed as both the
percentage of positive cells and as H-scores, calculated
as: H-score = (3 X % strong) + (2 x % moderate) + (1
x % weak), ranging from 0 to 300.

RT-qPCR protocol

RNA was extracted from FFPE tissue blocks of GCTs,
and complementary DNA (cDNA) was synthesized for
the detection of CD68, nestin, SOX2, SOX9, SOX10,
NF2, GFAP, beta-actin, and B-Tub3.

Tissue selection and preparation

Eleven FFPE blocks were identified as having
sufficient tumor volume for RNA extraction.
Corresponding H&E-stained slides were examined
under light microscopy to locate areas representative of
GCTs, avoiding non-tumor tissue. A 1 mm-diameter
punch biopsy was taken from each block at a depth of
1 mm and collected in 1.5 mL tubes. To confirm the
representativeness of the biopsy, 5 pm sections from
the FFPE blocks were H&E-stained and visually
inspected under a microscope, verifying that the punch
samples consisted solely of tumor tissue in all 11 cases.

RNA extraction

Deparaffinization of the tissue plugs was performed,
followed by RNA isolation using the High Pure FFPE
RNA Micro Kit (Roche, Mannheim, Germany; Cat.
No. 04823125001). Tissue plugs were incubated with
lysis buffer containing 10% SDS and proteinase K at
55 °C for 3 hours. The lysates were applied to RNA-
binding spin columns and centrifuged, discarding flow-
through. DNase treatment was performed for 15
minutes at room temperature to remove genomic DNA.
RNA was then purified through sequential washes with
buffer solutions, each followed by centrifugation at
8,000 x g for 5 minutes, discarding the supernatant.
RNA was finally eluted with buffer and collected by
centrifugation at 8,000 x g for 1 minute for downstream
quantification.

RNA quantification

RNA concentrations were measured using the Qubit
Quan-iT RNA BR Assay Kit (Thermo Fisher
Scientific, Carlsbad, CA, USA; Cat. No. Q10210) and
a Qubit fluorometer. The Qubit reagent was diluted
1:200 in buffer, and 198 pL of working solution was
combined with 2 pL of RNA in 0.5 mL tubes.
Calibration was performed using two Qubit standards
prepared with 10 pL standard and 190 pL working
solution. RNA concentrations were calculated using
the formula: RNA concentration = QF x (200/x), with
QF representing the fluorometer reading and x the
sample volume in pL.

c¢DNA synthesis and RT-qPCR

Six of the eleven samples yielded sufficient RNA for
cDNA synthesis. Reverse transcription was performed
using the iScript ¢cDNA Synthesis Kit (Bio-Rad,
Hercules, CA, USA; Cat. No. 1708890). For each
reaction, a 20 pL mixture was prepared containing 4
pL 5% iScript reaction mix with reverse transcriptase,
100 ng RNA, and nuclease-free water to volume. RT-
gPCR reactions were set up in 96-well plates (Hard-
Shell® Low-Profile Thin-Wall, Bio-Rad, HSP-9601),
with each well containing 10 pL RT2 SYBR Green
gPCR Mastermix (Bio-Rad, 330501), 2 pL primers, 1
puL ¢cDNA, and 7 pL nuclease-free water. No-template
controls (NTCs) included 8 puL nuclease-free water in
place of cDNA. Arrays were organized by case number
on the y-axis, and amplification was performed for 40
cycles using the CFX Connect system (Bio-Rad,
Mississauga, ON, Canada). Details of primers and
assay conditions are provided in Table 7.
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Table 7. Summary of primers employed in RT-qPCR.

Gene Assay Vendor Cat Number Amplicon Length Exon-Spanning
CD68 QIAGEN QT00037184 73 bp Y
NESTIN QIAGEN QT01015301 75 bp Y
SOX2 QIAGEN QT00237601 64 bp N
SOX9 QIAGEN QT00001498 111 bp Y
SOX10 QIAGEN QT01670326 145 bp Y
NF2 QIAGEN QT00030191 148 bp Y
GFAP QIAGEN QT00081151 96 bp Y
Beta-Actin QIAGEN QT01680476 104 bp Y
Beta-TUB3 QIAGEN QT00083713 78 bp Y

Statistical analysis

Since both the percentage of cells stained and staining
intensity are ordinal variables, a linear-by-linear
association test was performed to evaluate the
correlation between these two parameters across the
combined GCT and schwannoma data, revealing an
almost perfect correlation. Due to this strong
association, subsequent analyses focused solely on
staining intensity, with findings inferred to reflect the
proportion of positive cells. To compare overall
staining intensities between GCTs and schwannomas
for the nine IHC markers, a Cochrane-Armitage trend
test using a generalized chi-squared approach was
applied, treating intensity as an ordered variable and
cell type as a nominal variable. A Bonferroni correction
was implemented to account for multiple testing. Three
markers—S100, CD40, and CDIllc—showed no
variation between GCTs and schwannomas and were
therefore excluded from the Bonferroni calculation,
yielding m=6 and aBonferroni=0.5/6.

For the digital analysis data, comparisons of H-scores
between GCTs and schwannomas were performed
using both Student’s t-test and Welch’s t-test, with a
Bonferroni  adjustment applied for —m=4tests
(aBonferroni=0.5/4). Pearson correlation coefficients
were calculated to evaluate the relationship between H-
scores and manual staining intensity for each antibody.

Conclusion

The findings of this study reinforce the concept that
GCTs likely originate from neural crest cells, most
plausibly along the Schwann cell lineage, as supported
by significant GAP43 immunoreactivity alongside
S100, SOX10, and NSE expression. The presence of
HLA-DR and CD68 indicates induction of an antigen-
presenting cell-like phenotype in this peripheral nerve
sheath tumor. Based on the accumulated
immunophenotypic evidence, we propose that GCTs

be formally classified within the peripheral nerve
sheath tumor category. The designation “granular cell
nerve sheath tumor” may better reflect the nature of this
rare entity, and we recommend that diagnostic workup
includes a comprehensive immunohistochemical and
molecular panel, incorporating markers such as
GAP43.
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