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Introduction

Multiple cutaneous neurofibromas (cNFs) are a hallmark of
neurofibromatosis type 1 (NF1). These tumors typically start to
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ABSTRACT

Cutaneous neurofibromas (cNFs) are characteristic of neurofibromatosis 1 (NF1), yet their immune
microenvironment is incompletely known. A total of 61 cNFs from 10 patients with NF1 were
immunolabeled for different types of T cells and macrophages, and the cell densities were
correlated with clinical characteristics. Eight cNFs and their overlying skin were analyzed for T cell
receptor CDR domain sequences, and mass spectrometry of 15 cNFs and the overlying skin was
performed to study immune-related processes. Intratumoral T cells were detected in all cNFs.
Tumors from individuals younger than the median age of the study participants (33 years),
growing tumors, and tumors smaller than the data set median showed increased T cell density.
Most samples displayed intratumoral or peritumoral aggregations of CD3-positive cells. T cell
receptor sequencing demonstrated that the skin and cNFs host distinct T cell populations, whereas
no dominant cNF-specific T cell clones were detected. Unique T cell clones were fewer in cNFs than
in skin, and mass spectrometry suggested lower expression of proteins related to T cell-mediated
immunity in cNFs than in skin. CD163-positive cells, suggestive of M2 macrophages, were abun-
dant in ¢cNFs. Human cNFs have substantial T cell and macrophage populations that may be tumor-
specific.

© 2023 THE AUTHORS. Published by Elsevier Inc. on behalf of the United States & Canadian

Academy of Pathology. This is an open access article under the CC BY-NC-ND license (http://
creativecommons.org/licenses/by-nc-nd/4.0/).

appear in puberty, and their number increases with age.!
Although cNFs are invariably benign and rarely exceed the size
of a few centimeters, their number may exceed hundreds or
thousands,”> and the tumors markedly decrease the quality of life
of the affected individuals.*> NF1 is caused by pathogenic variants
of the tumor-suppressor gene NF1,%7 and it has a prevalence of 1/
3000 to 1/2000.° NF1 is a tumor predisposition syndrome with an
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increased risk for malignant tumors of the central and peripheral
nervous systems, breast, and gastrointestinal tract.’

Plexiform neurofibroma is another benign tumor type typical
for NF1, but in contrast to cNFs, plexiform neurofibromas can
undergo transformation into malignant peripheral nerve sheath
tumors. Both cutaneous and plexiform neurofibromas are
considered to originate from a subpopulation of Schwann cell
precursors with a somatic “second-hit” NF! mutation.'"""> In
addition to Schwann cells, neurofibromas contain a mixed popu-
lation of other cell types of peripheral nerve.'*!> Of immune cells,
mast cells have long been known to be abundant in neurofi-
bromas, and we have recently shown that the subtypes of mast
cells in cNFs are distinct from those seen in unaffected skin.'®

The studies on tumor immunity have focused almost entirely on
malignant tumors, whereas the role of the immune system in
benign tumors has received very little attention.'” Immunity plays a
central and complex role in propagating or inhibiting tumor
growth. Solid malignant tumors contain immune cells that interact
with the surrounding microenvironment, and the characterization
of tumor-infiltrating lymphocytes has been a crucial step in the
successful development of immunotherapies.'® Studies on mela-
nocytic nevi have shown that the numbers of infiltrating lympho-
cytes are increased in the transition from benign melanocytic nevus
to malignant melanoma.'® Benign melanocytic nevi harbor domi-
nantly CD4" inflammatory cells, whereas the relative number of
cytotoxic CD8* cells is increased in regressing nevi.”’ The numbers
of CD25 and FoxP3 expressing regulatory T cells are increased in
atypical nevi, suggesting that they induce immunotolerance early
during malignant transformation to melanoma.”’

Our knowledge of neurofibroma tumor immune microenvi-
ronment is largely derived from animal models of plexiform
neurofibromas.??> An Nf1 haploinsufficient bone marrow fosters
the development of murine plexiform neurofibromas®’ and in-
creases the immune infiltration into plexiform tumors.’* Previous
studies have demonstrated abundant macrophages in mouse
plexiform neurofibromas.’>?® T cells have received little atten-
tion in the context of NF1, yet data from mouse models have
suggested that T cells have an essential role in maintaining the
macrophage population of plexiform neurofibromas.”’ T cells,
positive for CD8, are also known to contribute to the growth of
Nfl-associated low-grade glioma in a murine model.”® Brosseau
and coworkers suggested that despite the predisposition to
benign tumors, Nfl haploinsufficient tumor microenvironment
may act against malignant degeneration via a T cell-mediated
mechanism.??

Human cNFs and their Schwann cells express programmed
death ligand 1 (PD-L1)>**! and malignant peripheral nerve
sheath tumors are associated with increased expression of PD-L1
compared with benign tumors,>>>> which highlights the rele-
vance of the immune system in NF1-associated tumors. Farscht-
schi and coworkers®* have examined the counts of circulating
lymphocytes in patients with NF1 and show generalized lym-
phopenia. The fractions of CD8TCD27~ and CD8*CD57" effector T
cells were increased in NF1 patients with low internal tumor load
and were decreased to levels below controls in patients with high
tumor load.>* Single-cell sequencing of cNFs suggested that all
tumors had a population of resting CD4" memory T cells, in
addition to activated mast cells and M2 macrophages.>> Moreover,
immunohistochemistry of cNFs has shown the presence of cells
positive for CD3, CD4, CD8, CD68, and FoxP3.>%>! However, the T
cell population of human cNFs has not been previously investi-
gated in quantitative detail, even though the characterization and
quantification of different cell types in cNFs have been identified
as a key to developing better therapies.>®

T cell receptor (TCR) can be used to characterize T cell pop-
ulations present in tissues (for review see Frank et al’’). TCRs
recognize protein epitopes displayed by antigen-presenting cells.
These receptors play an essential role in regulating the selection,
function, and activation of T cells, and they also allow the identi-
fication of a single cell’s clonal ancestry or clonotype.

This study was initiated to increase understanding of the
development and characteristics of cNFs and to elucidate potential
therapeutic targets in the T cell immunity for cNFs. We have
immunolabeled 61 cNFs from 10 patients using markers for T cells
and macrophages. Intratumoral T cells were further characterized
by TCR sequencing, and immunologic processes were surveyed
using mass spectrometry. The study is thus designed to provide an
overview of the immune cell microenvironment in cNFs.

Materials and Methods

The study is based on cNF samples from patients visiting the
NF1 clinic operative in Turku University Hospital, Turku, Finland.
All sample donors fulfilled the National Institutes of Health diag-
nostic criteria for NF1.383° The cNFs were excised using a CO; laser
on the patient’s initiative, typically because of itching, pain,
growth, abrasion, or visual obtrusiveness. The study adhered to
the principles of the Declaration of Helsinki and was approved by
the Ethics Committee of the Hospital District of Southwest Finland
and Turku University Hospital. All participants provided their
written informed consent.

Immunohistochemistry

A total of 61 formalin-fixed cNFs from 5 men and 5 women
with a median age of 33 years (24-52 years), stored in 32 paraffin
blocks, were immunolabeled for T cell and macrophage markers.
The CD3, CD4, and CD8 immunolabeling was performed using the
Ventana Benchmark Ultra system (Roche) in the accredited Pa-
thology Laboratory of Turku University Hospital. The samples,
fixed in 10% neutral formalin immediately after excision, were cut
into 3-um sections. Primary antibodies were preceded by antigen
retrieval with Cell Conditioning Solution CC1 (Roche) for 64 mi-
nutes in the CD3 and CD4 immunolabeling and 52 minutes in the
CD8 immunolabeling. Details of the primary antibodies are shown
in Supplementary Table S1. The primary antibodies were incu-
bated for 32 minutes. The labeling was detected with 3,3'-dia-
minobenzidine (DAB) as a chromogen (ultraView Universal DAB
Detection Kit, Roche, for CD3 and CDS8; OptiView DAB IHC
Detection Kit, Roche, for CD4). All sections were counterstained
with hematoxylin.

The samples were immunolabeled for FoxP3, CD68, and
CD163 in the Histology core facility of the Institute of Biomedi-
cine, University of Turku. Microwave antigen retrieval was per-
formed twice for 7 minutes in Dako Target Retrieval Solution
(Agilent), in pH 9 for FoxP3 and CD163 and pH 6 for CD68. After
pretreatment with 3% hydrogen peroxide to block endogenous
peroxidase activity, the samples were incubated with the pri-
mary antibodies (Supplementary Table S1) diluted in Dako
Antibody Diluent solution (Agilent) for 1 hour. The primary an-
tibodies were followed by BrightVision+ postantibody blocking
solution (ImmunoLogic) for 20 minutes, BrightVision+ Anti-IgG
poly-HRP (ImmunoLogic) for 30 minutes, and detection with
DAB as a chromogen using Dako DAB+ Substrate Chromogen
System (Agilent) for 10 minutes. The slides were counterstained
with hematoxylin.
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A subset of samples was immunolabeled for S100 using the
Benchmark Ultra system (Roche) to detect cNF Schwann cells. The
samples were pretreated with Cell Conditioning Solution CC1
(Roche) for 52 minutes and incubated with the anti-S100 primary
antibody (Supplementary Table S1) for 32 minutes. The ultraView
Universal DAB Detection Kit (Roche) was used for detection.

The immunohistochemical slides were digitized using the
Pannoramic 250 and Pannoramic Midi FL slide scanners
(3DHistech Ltd).

Immunofluorescence Labeling

For the further characterization of the immune microenvi-
ronment in cNFs, 12 fresh-frozen tumors from 6 patients were
labeled for interleukin-25 (IL-25), 5 formalin-fixed, paraffin-
embedded tumors from 5 patients were labeled for cytotoxic T-
lymphocyte-associated protein 4 (CTLA4), and 8 fresh-frozen tu-
mors from 5 patients were double-labeled for FoxP3 and CD25.

Indirect immunofluorescence labeling with monoclonal anti-
body to IL-25 (Supplementary Table S1) was carried out overnight
at 4 °C on acetone-fixed frozen sections following a previously
described protocol.*® Goat anti-mouse IgG (H+L) conjugated to
Alexa Fluor 488 (A-11029) diluted 1:500 was used for detection,
and Hoechst 33342 diluted 1:10,000 was used for the visualiza-
tion of nuclei (both reagents from Thermo Fisher Scientific), and
the samples were incubated for 1.5 hours at room temperature.

Labeling for CTLA4 was preceded by 2 x 5 minutes of
microwave-assisted antigen retrieval at pH 9. The labeling was
carried out on formalin-fixed, paraffin-embedded tissue sections
using a polyclonal anti-CTLA4 antibody (Supplementary Table S1)
overnight at 4 °C.*° Goat anti-rabbit IgG (H+L) linked with Alexa
Fluor 568 (A-11011; Thermo Fisher Scientific) diluted at a ratio of
1:1000 was used as the secondary antibody, and the nuclei were
detected with Hoechst 33342 diluted 1:10,000. The secondary
antibody was incubated with the samples for 1.5 hours at room
temperature.

For FoxP3 and CD25 double labeling, frozen sections were fixed
with ice-cold acetone and first incubated with anti-FoxP3 anti-
body (Supplementary Table S1) overnight at 4 °C, and goat anti-
rabbit IgG (H+L) linked with Alexa Fluor 568 (A-11011) diluted
1:1000 for 1.5 hours at room temperature. The sections were then
fixed with 10% neutral formalin for 10 minutes and incubated with
monoclonal antibody for CD25 (Supplementary Table S1) over-
night at 4 °C. Goat anti-mouse IgG (H+L) linked with Alexa Fluor
488 (A-11029) diluted 1:500, and Hoechst 33342 diluted 1:10,000
were used for detection with incubation for 1.5 hours at room
temperature.

Immunofluorescence labeling was imaged using a Zeiss Axi-
olmager M1 microscope (Carl Zeiss AG).

Quantification of Cells Positive for CD3, CD4, CD8, or FoxP3

QuPath software version 0.1.2*! was used to quantify positively
labeled cells in digitized slides. The tumor area was manually
annotated to separate the tumor from the surrounding dermis.
Artifacts, such as ruptures and damaged border areas, were
excluded.

Each slide labeled for CD3, CD4, CD8, and FoxP3 was inde-
pendently scored by 2 raters (R.A.K. and E.M.) for the overall un-
even spatial distribution of positive cells, peritumoral clustering of
positive cells, and intratumoral clustering of positive cells. The
raters discussed the assessment criteria with examples of different

patterns of positive cell distribution before commencing the
scoring task. Each variable was considered positive if at least one
rater reported cell clustering of interest. The percent agreement
between the 2 raters was 77% to 88% for the different markers in
the case of uneven distribution, 76% to 87% in the case of peritu-
moral clustering, and 72% to 93% in the case of intratumoral
clustering.

Cells positive for CD3, CD8, or FoxP3 and the total number of
cells within the annotated tumor area were counted using the
positive cell detection functionality of the QuPath software appli-
cation. Optical density sum was used as the detection image. The
counts of positive cells were divided by the annotated tumor area to
obtain positive cell density as cells/mm? Tumor cellularity was
computed as the ratio of the total number of cells and tumor area,
and the average of the values determined from CD3, CD8, and FoxP3
immunolabeled sections was used in the analyses. Similarly, the
average tumor area in the different sections was used as a surrogate
for tumor size. Although the tumor area of the formalin-fixed sec-
tions does not correspond to the original size of the tumor, the area
serves as a measure of relative tumor size within the data set.

The spatial distribution patterns of positive cells and log-
transformed positive cell densities were compared with respect
to tumor size, cellularity, and various clinical characteristics. The
clinical characteristics were recorded by the physician performing
the tumor excision (S.P. and P.R.) and included sex, age at tumor
excision, tumor location (trunk vs other), the presumed growth
status of the tumor (growing vs no evidence of recent growth;
estimated by an experienced clinician based on the patient’s
report), and the estimated total cNF number of the individual
(<500 vs >500). For age, cellularity, and tumor size, cNFs below
the data set median were compared with those above the data set
median. In addition to the plain positive cell densities, the ratio of
the densities of CD3- and CD8-positive cells was studied. Linear
mixed-effects regression was used for the comparisons of positive
cell densities, and generalized linear mixed-effects regression
with binomial distribution was used for analyzing the spatial
distribution patterns. A random intercept for each patient was
included to account for the correlation of tumor features within
individuals. The R software for statistical computing (version
4.0.0) was used for the statistical analyses.

Quantification of Cells Positive for CD68 or CD163

Due to the relatively irregular shape of the cells positive for
CD68 or CD163, automated cell counting was not possible. The
annotated tumor area was divided into tiles of 1 x 1 mm, and 5
tiles per tumor were randomly chosen for manual cell counting.
The number of positive cells in these tiles was divided by the area
of the tiles to obtain the average density of positive cells in the
tumor. The statistical comparisons of the densities of cells positive
for CD68 or CD163 with respect to clinical characteristics and
tumor properties were performed analogously to those of cells
positive for CD3, CD8, and FoxP3. In addition, the densities of cells
positive for CD68 or CD163 were correlated with the density of
cells positive for CD3 and the previously reported density of cells
positive for the mast cell marker CD117'® using linear mixed-
effects regression with a random intercept for each patient.

Mass Spectrometry

The protein levels in cNFs and the overlying skin were compared
using a mass spectrometry (MS) data set reported elsewhere
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(Kallionpaa et al, unpublished data). Data from matched cNF and
skin samples were available from 15 tumors from 1 male and 3
females with NF1. The data were based on peptides isolated from
fresh-frozen tumors using pressure-based lysis and trypsin diges-
tion, followed by liquid chromatography-electrospray ionization-
MS/MS (Kallionpaa et al, unpublished data). The data contained
imputed values for proteins whose absence was likely due to low
expression levels in either tissue type (Kallionpaa et al, unpublished
data). The data set covered 2461 proteins, 99.96% of which were
detected in both cNF and skin. Each protein was linked to the
associated gene ontology (GO) terms (release 2021-07-02) using
the UniProt identifier as a key.***>

The log-transformed normalized protein levels associated with
immune-related GO terms were compared between cNFs and skin
using linear mixed-effects regression models allowing for a random
intercept for each protein and nested random intercepts for each
patient and sample. Only GO terms with data from more than 4
proteins were analyzed. In the case of model nonconvergence, the
random intercept for each patient was first omitted, and if neces-
sary, the random intercept for each sample was then removed from
the model. Bonferroni correction was applied to the P values. A
small set of proteins (STAT6, CD14, CD39, CD73, and CD163) was
also analyzed at the protein level following the same protocol but
without a random intercept for each protein. The analyses were
performed using R software for statistical computing, version 4.0.0.

T Cell Receptor Sequencing

For TCR sequencing, 9 cNFs from 3 patients with NF1 were
collected. The skin overlying the tumor was separated immedi-
ately after tumor removal. Venous blood sample was taken at the
same patient visit. Genomic DNA was freshly isolated from tumor
and skin samples using phenol-chloroform isoamyl alcohol
extraction and from blood using Illustra Nucleon BACC3 kit
(Cytiva). The DNA was quantified using a QIAxpert spectropho-
tometer. One cNF sample yielded insufficient DNA for further
analysis. The DNA samples were diluted to 30 ng/uL and sent to
Adaptive Biotechnologies where the sequencing of the CDR3 re-
gion of TCR was carried out. The somatically rearranged human
CDR3 was amplified from genomic DNA using a two-step, ampli-
fication bias-controlled multiplex PCR approach.***> The first PCR
consisted of forward and reverse amplification primers specific for
every known V and ] gene segment and amplified the hypervari-
able CDR3 of the immune receptor locus. The method amplified
only recombined TCR genes because of a large intron between V
and ] genes.** The second PCR added a proprietary barcode
sequence and Illumina adapter sequences.*® In addition, reference
gene primers were included in the PCR reaction to quantify total
sequencable nucleated cells and accurately measure the fraction
of T cells in each sample. CDR3 and reference gene libraries were

sequenced on an Illumina instrument according to the manufac-
turer’s instructions.

The immunoSEQ analyzer tool (Adaptive Biotechnologies) was
used to compute the numbers of TCR rearrangements and tem-
plates, the fraction of productive templates, ie, templates that can
produce a functional protein receptor, maximum productive fre-
quency, and productive Simpson clonality for each sample. Pro-
ductive Simpson clonality was calculated as the square root of
Simpson’s diversity index for all productive rearrangements.*’ The
values of productive Simpson clonality can range from 0 to 1, with
1 indicating the predominance of one or a few clones. These
metrics were summarized over samples as means and standard
deviations (SD) and compared between different tissues using
linear mixed-effects regression with a random intercept for each
patient. The numbers of rearrangements were log-transformed,
and Simpson clonality values were square-transformed to
ensure the normality of residuals. In addition, Morisita’s overlap
index was used to study the overlap of rearrangements between
pairs of samples.*® Morisita index values near 0 indicate little
overlap between samples, and values near 1 indicate high overlap.
The mean Morisita index values between pairs of certain tissues
were compared using two-sided t tests.

To further examine the overlap of productive rearrangements
between different samples, rearrangements present in the blood
of a patient were excluded from the respective cNF and skin
samples. Circulating T cells or tissue cross-contamination during
surgical operation could cause the detection of blood T cells not
present in the tissue and therefore lead to artificially extensive
overlaps between the tissue types. The results were visualized
using Venn diagrams. For statistical analysis and visualization, we
used the R software for statistical computing, version 4.0.0, and
packages ImerTest, version 3.1-2, and gplots, version 3.1.3.

Results
Immunolabeling of T Cell Populations in Cutaneous Neurofibromas

A total of 61 cNFs from 10 individuals with NF1 (3-16 cNFs per
individual) were immunolabeled (Table 1). The majority of the
cNFs displayed uneven spatial distribution of cells positive for the
T cell markers (Table 1). The immunolabeling patterns suggested
the presence of the following 3, partly overlapping categories of T
cell distribution (Fig. 1; Table 1): (1) mostly uniform scattering of T
cells throughout the tumor (14.8% of cNFs immunolabeled for
CD3), (2) clustering of immune cells inside the tumor (61.1% of
cNFs), and (3) clustering of immune cells at tumor border (68.5% of
cNFs). Even in tumors with clear clustering of T cells at the tumor
border, or deeper inside the tumor, there were also scattered in-
dividual cells positive for the T cell markers throughout the tumor
mass. The percentages of samples exhibiting each pattern varied

Table 1
The quantification results of immunolabeling for various markers for T cells and macrophages
CD3 CD4 CD8 FoxP3 CD68 CD163
n, samples 54 58 61 60 60 60
n, patients 10 10 10 10 10 10
Peritumoral clustering, n (%) 37 (68.5) 37 (63.8) 35(57.4) 26 (43.3) — —
Intratumoral clustering, n (%) 33 (61.1) 40 (69.0) 16 (26.2) 4(6.7) - -
Neither peri- nor intratumoral clustering, n (%) 8(14.8) 6(10.3) 16 (26.2) 31(51.7) - -
Density of positive cells/mm?, mean (SD) 397 (435) — 190 (234) 24 (33) 375 (184) 705 (249)
Density of positive cells/mm?, median (range) 171 (20-1870) - 87 (4-1254) 7 (1-121) 378 (5-774) 689 (119-1253)

2 The density of cells positive for CD4 could not be counted due to the dense mass of positive cells.
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Figure 1.

O

Representative examples of immune cell distribution in cutaneous neurofibromas. The first 2 columns show an example of a relatively uniform distribution of T cells. The middle
columns represent T cell clustering at the epidermal tumor border, and the last 2 columns show intratumoral clusters. The black squares delineate the area shown in greater

magnification. Scale bars 1 mm.

somewhat across markers (Table 1). However, the pattern
observed for CD3-positive cells generally corresponded to the
patterns seen in CD4- and CD8-positive cells. When compared
with HE staining and S100 immunolabeling, it was evident that
the immune cells located at the tumor border were predominantly
within the tumor instead of the surrounding dermis. Among the
tumors with clustering of CD3-positive cells at the tumor border,
the clustering was nearly always located in the area directly under
epidermis (97% of cNFs) and only rarely at other borders of the
tumor (5.4% of cNFs).

The peritumoral clustering of CD3-positive cells was observed
in 88% of cNFs from individuals with a total of >500 cNFs and in
48% of cNFs from individuals with fewer than 500 tumors (P =
.016; Supplementary Table S2). The difference was statistically
significant also in the case of CD4-positive cells (P = .045) and
borderline nonsignificant for CD8-positive cells (P = .077). Tu-
mors with cellularity above the data set median of 3486 cells/
mm? had fewer intratumoral clusters of CD4-positive cells (50%)
compared with the cNFs with cellularity below the data set
median (87%; P=.033). The proportion of cNFs with intratumoral
clusters of cells positive for CD4 was also borderline significantly
higher in large tumors (87%) compared with smaller tumors
(50%; P =.046). The presumed growth status of the tumor, tumor
location, or patient age at tumor excision showed no statistically
significant association with the spatial distribution of T cells
(Supplementary Table S2).

Cells positive for CD4 were clearly more abundant than cells
positive for CD3, CD8, or FoxP3 (Fig. 1). The cells positive for CD4
were too densely packed to allow reliable quantification of the cell
number, and a subpopulation of CD4-positive cells showed
morphology consistent with that of macrophages. Thus, we
decided to quantify the densities of CD3-, CD8-, and FoxP3-
positive cells only (Table 1). We observed an average of 397
CD3-positive cells/mm?, corresponding to an average of 9.3% (SD,
9.2; 0.61%-40%) of all the cells in cNFs. The average densities of
cells positive for CD8 and FoxP3 were 190 and 24 cells/mm?,
respectively. The CD8-positive cells represented an average of 5.0%
(SD, 5.4; 0.21%-27%), and cells positive for FoxP3 represented an
average of 0.55% (SD, 0.69; 0.018%-2.5%) of all the cells in cNFs. The
density of CD8-positive cells was, on average, 34% (SD, 14; 4.7%-
61%) of the density of CD3-positive cells, and the density of FoxP3-
positive cells was 5.5% (SD, 5.2; 1.0%-31%) of the density of CD3-
positive cells. The densities of positive cells were generally
higher in the samples with peritumoral clustering of positive cells.

Tumors from individuals younger than the median age of
participants (33 years) harbored higher densities of cells positive
for CD3, CD8, or FoxP3 than tumors from older individuals (Fig. 2).
In addition, growing tumors and tumors smaller than the data set
median of 8.7 mm? showed increased T cell density. The T cell
density showed no significant associations with patient sex, tu-
mor location, patient’s total number of cNFs, or tumor cellularity.
A similar pattern of associations with clinical characteristics was
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The associations of clinical and tumor characteristics with the densities of cells positive for CD3, CD8, or FoxP3.

observed in our previous study on mast cells in cNFs.'® The density
of cells positive for the mast cell marker CD117'® was, indeed,
positively correlated with the density of cells positive for CD3 (P <
.001), CD8 (P < .001), and FoxP3 (P < .001). The ratio of CD3-
positive cells to CD8-positive cells ranged from 1.6 to 21 (mean
3.9, median 3.0) and was smaller in tumors from individuals with
more than 500 cNFs (P =.032).

To further characterize the immune cell populations in cNFs, we
performed immunofluorescence labeling of cells positive for both
CD25 and FoxP3. The double-positive cells were few, yet present in
cNFs (Supplementary Fig. S1). We also observed scattered IL-25-
positive cells and CTLA4-positive cells (Supplementary Fig. S1).

Immunolabeling of Macrophages in Cutaneous Neurofibromas

Cells positive for the macrophage markers CD68 and CD163
were abundant in cNFs. The mean density of CD163-positive cells,
705 cells/mm?, was clearly higher than the density of 397 CD3-
positive cells/mm? (Table 1). CD68 positivity was also common
in cNFs with a mean density of 375 cells/mm?. The density of cells
positive for CD68 or CD163 was not associated with the presence
of peritumoral clusters of cells positive for CD3 or CD4, yet the
intratumoral clusters of CD3-positive cells were associated with
increased densities of cells positive for CD68 (P =.062) and CD163

(P =.011). The density of cells positive for CD68 or CD163 seemed
to be negatively associated with the density of cells positive for the
T cell marker CD3 (P = .044 and P = .026, respectively), yet the
result was largely influenced by high T cell densities in the tumors
of 2 patients (Supplementary Fig. S2). Interestingly, tumors with a
relatively low density of CD3-positive cells could harbor various
densities of CD68- and CD163-positive cells. The mast cell marker
CD117 also showed a negative correlation with the density of cells
positive for CD68 or CD163 (P < .001 and P = .016, respectively),
yet the variation was large (Supplementary Fig. S2).

Larger tumors had a higher density of cells positive for CD68
(P =.041), but such an association was not observed in the case of
CD163-positive cells (P =.331; Fig. 3). The density of cells positive
for CD163 was significantly lower in the tumors from individuals
with >500 cNFs compared with cNFs from individuals with fewer
tumors (P =.007). The density of cells positive for CD68 or CD163
was not associated with patient sex or age or tumor growth status,
location, or cellularity (Fig. 3).

Mass Spectrometry Analysis of Immunologic Processes in
Cutaneous Neurofibromas

The mass spectrometric analysis of tissue protein content
enabled a comparison of 15 cNFs with their overlying skin.
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The associations of clinical and tumor characteristics with the densities of cells positive for CD68 or CD163.

Although numerous immune-related GO-terms scored comparably
for both cNFs and skin, several differences were noted (Table 2;
Supplementary Table S3). The cNFs showed significant increases in
processes related to complement activation, B cell activation, and
immunoglobulins. For example, proteins associated with comple-
ment activation displayed a 14% (95% Cl, 9%-20%) increase, and
proteins associated with the B cell receptor signaling pathway
showed a 16% (95% CI, 8%-25%) increase in cNFs compared with the
skin. On the contrary, processes related to T cell-mediated immu-
nity were decreased in cNFs compared with the skin (Table 2).

When individual proteins were examined in the MS data, the
anti-inflammatory proteins associated with regulatory T cells,
CD39 and CD73, showed 53% (95% CI, 11%-76%; P = .145) and 38%
(95% CI, 19%-52%; P = .013), respectively, decreases in expression
in cNFs compared with skin. The transcription factor STAT6
involved in the differentiation of T-helper type 2 cells also showed
lower levels in cNFs compared with skin (0.65, 95% CI, 0.52-0.81;
P =.009). The monocyte/macrophage marker CD14 was higher by
59% (95% CI, 18%-114%; P = .028) in cNFs compared with skin;
however, the expression of CD163 showed no difference between
the 2 tissue types (0.94; 95% CI, 0.67-1.32; P = 1.000).

Characterization of Tumor T Cell Population by T Cell Receptor
Sequencing

The analysis of 8 cNFs from 3 patients with NF1 revealed an
average of 1473 (SD, 599) TCR rearrangements per cNF. These

yielded an average of 2885 (SD, 1956) templates per cNF,
reflecting the number of T cells in the samples. The mean
numbers of TCR rearrangements were significantly higher in the
skin (6428; SD, 3048) and blood (28,807; SD, 10,472) than in cNFs
(P < .001 in both comparisons). An average of 80.6% (SD, 7.1) of
templates was productive in cNFs, whereas the respective pro-
portions were 81.5% (SD, 6.1) in the skin and 83.7% (SD, 4.3) in the
blood. The average productive Simpson clonality was 0.062 (SD,
0.012) in cNFs. The mean values of productive Simpson clonality
of 0.070 (SD, 0.018) in skin and 0.092 (SD, 0.103) in blood did not
significantly differ from that of ¢NFs (P = .185 and P = .174,
respectively).

Morisita’s overlap index showed negligible overlap of rear-
rangements between samples from different patients with values
ranging from O to 0.005. The overlap of rearrangements between
the different cNFs of a patient was similar to the overlap between
the skin samples of a patient (P =.192) or to the overlap between
cNFs and skin (P =.654; Fig. 4A). Interestingly, the mean Morisita
index was 0.139 between cNFs and blood and 0.049 between skin
and blood (P =.003), suggesting greater involvement of blood T
cells in cNFs than in skin. The tumor and skin samples of patient 3
showed exceptionally high values of the Morisita index (Fig. 4A).
Patient 3 also showed the highest maximum productive frequency
of 20% of a single rearrangement.

To further examine productive rearrangements shared by
different cNFs, we excluded the rearrangements present in the
blood, since blood may have cross-contaminated the cNF and skin
samples during tumor excision. Only a few productive
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Table 2

The immune-related GO terms differing significantly between cutaneous neurofibromas and overlying skin after Bonferroni correction

GO term

Proteins Estimate (95% CI) Corrected P value

Antigen processing and presentation of peptide or polysaccharide antigen via MHC class 11 (GO:0002504))

Inflammatory response to antigenic stimulus (GO:0002437))

MHC class II protein complex (GO:0042613))

Negative regulation of T cell proliferation (GO:0042130))

B cell differentiation (GO:0030183))

Peptide antigen binding (GO:0042605)

Negative regulation of interferon-gamma production (G0:0032689)

7 0.22(0.14-0.36)  <.001
5 0.25(0.14-0.45)  .001

9 0.27 (0.19-0.40)  <.001
5 0.36 (0.29-045)  <.001
6 0.37(0.21-0.65)  .047

6 0.49 (0.43-0.57)  <.001
7 0.52(0.43-0.62) <.001

Antimicrobial humoral immune response mediated by antimicrobial peptide (GO:0061844) 19 0.52 (0.41-0.67) <.001
Negative regulation of activated T cell proliferation (GO:0046007) 5 0.55 (0.44-0.70)  <.001
Antigen processing and presentation of endogenous peptide antigen via MHC class I (GO:0019885) 5 0.59 (0.48-0.73) <.001
Cellular response to interleukin-4 (GO:0071353) 10 0.60 (0.53-0.68)  <.001
Positive regulation of T cell mediated cytotoxicity (GO:0001916) 7 0.62 (0.54-0.71)  <.001
Negative regulation of inflammatory response (GO:0050728) 11 0.65 (0.57-0.74)  <.001
Positive regulation of interleukin-8 production (GO:0032757) 15 0.66 (0.53-0.83) .029
Positive regulation of T cell activation (GO:0050870) 6 0.67 (0.59-0.76)  <.001
Adaptive immune response (G0O:0002250) 36 0.68 (0.60-0.77) <.001
T cell activation (GO:0042110) 9 0.69 (0.60-0.79)  <.001
Inflammatory response (GO:0006954) 54 0.69 (0.62-0.78)  <.001
Cellular response to interleukin-7 (GO:0098761) 8 0.70 (0.63-0.76)  <.001
Leukocyte cell-cell adhesion (GO:0007159) 14 0.70 (0.62-0.78)  <.001
T cell differentiation in thymus (G0:0033077) 6 0.71 (0.62-0.82)  <.001
Negative regulation of cytokine production involved in inflammatory response (GO:1900016) 5 0.72 (0.60-0.85) .017
Complement component C1q complex binding (GO:0001849) 5 0.72 (0.61-0.85) .014
Cellular response to interferon-gamma (G0:0071346) 25 0.73 (0.64-0.83) <.001
Interleukin-12-mediated signaling pathway (GO:0035722)

Antigen processing and presentation (GO:0019882) 17 0.75 (0.67-0.83)  <.001
Positive regulation of interleukin-10 production (G0O:0032733) 8 0.75 (0.66-0.86)  .002
Interleukin-1-mediated signaling pathway (GO:0070498) 47 0.75 (0.69-0.81) <.001
Negative regulation of T cell receptor signaling pathway (G0O:0050860) 6 0.75 (0.67-0.84) <.001
Interferon-gamma-mediated signaling pathway (GO:0060333) 15 0.76 (0.70-0.83)  <.001
Regulation of immune response (GO:0050776) 48 0.77 (0.69-0.86)  <.001
Activation of innate immune response (GO:0002218) 11 0.77 (0.69-0.86)  <.001
Cellular response to interferon-beta (G0:0035458) 5 0.78 (0.69-0.90) .047
MHC class II protein complex binding (GO:0023026) 11 0.79 (0.72-0.86)  <.001
Immunologic synapse (GO:0001772) 15 0.79 (0.72-0.86)  <.001
T cell receptor signaling pathway (G0O:0050852) 56 0.80 (0.76-0.84) <.001

Antigen processing and presentation of exogenous peptide antigen via MHC class I, TAP-dependent (GO:0002479) 50
Antigen processing and presentation of exogenous peptide antigen via MHC class II (GO:0019886) 39

Leukocyte migration (GO:0050900)

Innate immune response (GO:0045087)

Regulation of complement activation (GO:0030449)
Complement activation, classical pathway (GO:0006958)
Complement activation (GO:0006956)

Negative regulation of inflammatory response to antigenic stimulus (GO:0002862)

B cell receptor signaling pathway (GO:0050853)
Antigen binding (GO:0003823)

Immunoglobulin complex, circulating (GO:0042571)
Immunoglobulin receptor binding (G0:0034987)
Positive regulation of B cell activation (GO:0050871)
Immunoglobulin complex (GO:0019814)

(
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32 0.75 (0.70-0.80)  <.001
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(

0.80 (0.75-0.85)  <.001
(
(
(
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(
(
(
(
(
(
(
(

0.81(0.74-0.89)  .002
79 0.86 (0.79-0.94) .035
120 0.88(0.83-0.93) <.001
72 1.12(1.07-1.17)  <.001
84 1.12(1.07-1.18)  <.001
56 1.14 (1.09-1.20)  <.001
47 1.15(1.09-1.22)  <.001
39 1.16 (1.08-1.25)  .004
60 1.17 (1.10-1.23)  <.001
36 1.19(1.11-1.28)  <.001
35 1.19 (1.10-1.29)  .001
37 1.20(1.11-1.29)  <.001
28 1.20(1.10-1.31)  .005

All the analyzed GO terms and uncorrected P values are shown in Supplementary Table S3.

GO, gene ontology.

rearrangements were shared by the different tumors of a patient,
and none of these were present in all the tumors from different
patients (Fig. 4B, C). Most rearrangements shared by different
tumors of a patient were also present in the skin (Fig. 4D). To
conclude, the results show that skin and cNF host clearly different
T cell populations. Each cNF has a unique T cell population,
whereas the diversity of tumor T cell population does not differ
from that of skin, suggesting that cNFs do not contain dominant
tumor-specific T cell clones.

Discussion

Immune cell infiltrates other than mast cells are not usually
mentioned in the context of cNFs. However, our current results
reveal abundant T-lymphocyte and macrophage infiltration in
human cNFs. Correlation of T cell densities with the clinical data
indicated that tumors from individuals younger than the median
age of study participants (33 years) harbored higher densities of
cells positive for CD3, CD8, or FoxP3 than tumors from individuals
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The overlap of T cell receptor rearrangements between different samples. (A) The values of Morisita’s overlap index between the different samples of each patient (P1 to P3). Red
shading represents high-index values, and blue shading indicates low values. (B) Productive rearrangements shared between different cutaneous neurofibromas of each patient
with NF1 after excluding the rearrangements present in the blood. (C) Overlap between the productive rearrangements present in all cutaneous neurofibromas of a patient after
the exclusion of the rearrangements present in the blood. (D) Productive rearrangements shared between cutaneous neurofibromas and the overlying skin in each patient with

NF1 after the exclusion of the rearrangements present in the blood.

older than 33 years. Higher T cell densities may also be related to
the growth phase of the cNFs since growing tumors and tumors
smaller than the median size in the data set showed increased T
cell density. We observed no statistically significant associations
between T cell density and patient sex, tumor location, patient’s
total number of cNFs, or tumor cellularity.

The proportion of T cells of all tumor cells varied widely be-
tween tumors, ranging from as low as 0.61% to as high as 40%. This
is consistent with the marked between-tumor variation of cNFs
previously described in terms of, for example, the number of mast
cells,’® PD-L1 expression,>' or expression of hormone re-
ceptors.*>*? Malignant tumors can be considered immunologi-
cally “hot” or “cold” based on the numbers of T cells or their tumor
antigens. The results of the present study indicate that some cNFs
are immunologically “cold” with minimal T-cell presence,

whereas others have a notably high T cell count, potentially rep-
resenting “hot” tumors. The relative numbers of cytotoxic T cells
(CD8-positive) also showed a wide variation between the tumors
with an average proportion of 5% of all tumor cells. However, the
total number of immune cells in the tumor may not be critical
since it has been shown that only a small fraction, maybe 10% of
CD8* cells, can recognize tumor antigens.”'

Cells positive for CD3, CD4, CD8, and FoxP3 were detected in
the following 3 patterns of distribution: uniformly scattered
throughout the tumor, clustered inside the tumor, and clustered in
the tumor border facing the dermis of the overlying skin. These
patterns were partly overlapping. The clustering of T cells was
consistent with a previous study that described patchy distribu-
tion of cells positive for CD3 and CD8 in cNFs.>! These observations
highlight the intratumor heterogeneity in immune cell
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populations within cNFs, despite the relatively uniform distribu-
tion of Schwann cells and the collagenous matrix. Future research
should consider this within-tumor variation especially when us-
ing tissue microarrays or analyzing dissociated cells and tumor
lysates.

The patterns of the spatial distribution of immune cells in
cNFs show a potential analogy with those described in malig-
nant tumors: inflamed tumors display the scattering of immune
cells between the cancer cells and respond well to immuno-
therapy, whereas immune-excluded cancers show the restric-
tion of the immune infiltration to tumor border and rarely
respond to immune therapy.”> We observed that individuals
with more than 500 cNFs had an increased rate of peritumoral
clustering of CD3- and CD4-positive cells. However, the pat-
terns of T cell distribution showed no statistically significant
association with the presumed growth status of the tumor,
tumor location, or patient age. These findings could suggest
some host-related characteristics leading to the accumulation
of immune cells at the peritumoral region instead of the inner
parts of the tumor, thereby allowing the development of a large
number of cNFs. On one hand, T cell infiltrates in the tumor
borders may restrict tumor growth since peritumoral CD8*
cells have been correlated with favorable prognosis in hepa-
tocellular cancer.”> On the other hand, peritumoral infiltrates
may inhibit the contact of effector T cells with tumor cells.>*
The significance of peritumoral T cells in cNFs remains to be
elucidated.

Mutations can produce neoepitopes expressed on trans-
formed cells.”®> Tumor-initiating Schwann cells in cNFs have
double mutations in the NF1 tumor-suppressor gene (NFI’/’
Schwann cells), and the somatic second hit varies between the
cNFs.!1256 NF1-I= Schwann cells could be speculated to ex-
press NF1-related neoepitopes that could be immunogenic, yet
they are not eradicated by the immune system. High mutational
burden is associated with increased tumor immunogenicity,?
and somatic mutations other than the NF1 second-hit are
infrequent in cNFs.”’ The lack of immunogenic neoepitopes,
poor access of immune cells into the tumor, or an immune
suppressive microenvironment may underlie the lack of im-
mune eradication of mutant Schwann cells in cNFs. The previ-
ous reports of PD-L1 expression in cNFs could speak in favor of
immune suppression.>?>! Regulatory T cells are essential in
maintaining tolerance to selffautoantigens,”®>° and they can
also be permissive to tumor growth.'® A subpopulation of the
FoxP3-positive cells observed in the present study also
expressed CD25, suggesting that these were regulatory T cells,
although we did not formally verify the presence of CD4"CD25%
cells nor compute the ratio of cells positive for FoxP3 and CD4.
Cells positive for FoxP3 have also previously been described in
neurofibromas, with slightly smaller density in diffuse dermal
neurofibromas than in diffuse neurofibromas located else-
where° Intratumoral regulatory T cells in cNFs could be
speculated to inhibit the eradication of NF1~/~ Schwann cells
and thus to be permissive or even favor tumor growth. The
presence of FoxP3™ cells, albeit at a relatively low density, and
the abundance of cells positive for the general T cell and
macrophage markers suggest that cNFs might potentially be
amenable to immune therapies.

We have previously studied mast cells in the same tumor
material as analyzed in the current study'® and found that the
density of mast cells correlates with the patient age, tumor size,
and growth status, as described here for T cells. In fact, we
observed positive correlations between the density of mast cells
and the densities of CD3-, CD8-, and FoxP3-positive T cells. This

10

suggests that high densities of both mast cells and T cells may be
present in the small and still-growing cNFs of young individuals.

The current study shows that the number of cells positive for
CD4 exceeded the number of cells positive for CD3, suggesting
that the CD4 population contains also other cell types in addition
to T cells. Since also macrophages can be CD4-positive, we used
macrophage markers CD68 and CD163 and visualized abundant
macrophage populations in cNFs. CD68 is usually considered a
pan-macrophage marker, whereas CD163 can be considered a
marker for M2 macrophages. In the present study, the density of
cells positive for CD163 was higher than the density of cells pos-
itive for CD68, and we do not have an explanation for this
observation. However, the CD163% and CD68" cells have been
reported to constitute distinct macrophage populations in mela-
noma,®® and the presence of CD68~ CD163™ cells has also been
described in, for example, breast cancer.®!

The high density of cells positive for CD163 is in contrast to a
study that reported only a few cells positive for CD163 in plexi-
form neurofibromas.?® The density of macrophages was lower in
cNFs from individuals who had over 500 tumors while it was not
associated with age, sex, tumor growth status, location, or cellu-
larity. Tumor-associated M2 macrophages are considered tumor-
permissive since they can promote tumor growth by releasing
growth factors and cytokines that stimulate the proliferation of
tumor cells, they can suppress anti-tumor immunity, or they may
contribute to tumor growth by promoting angiogenesis.%> A pre-
vious study on a genetically engineered mouse model has shown
that macrophages are abundant in mouse neurofibromas and that
inactivation of Nf1 in Schwann cells leads to the recruitment of
macrophages in peripheral nerves.”” It can be speculated that
there is an interplay between Schwann cells and macrophages
also in human cNFs, but the present study cannot verify a
permissive role of macrophages in cNFs.

The density of immune cells showed considerable variation
both within and across individuals (Supplementary Fig. S2). The
varying numbers of cNFs per patient included in the study were
taken into account by using a patient-specific random intercept in
the statistical analyses. However, many of the clinical variables,
such as patient age, tumor size, and tumor growth status, are
highly intercorrelated. Future studies need to elucidate these in-
terconnections, for example, by restricting the analysis to a spe-
cific age group. A minor proportion of the sample slides was
damaged during the processing, leading to slight discrepancies in
the number of tumors labeled for each marker (Table 1). Never-
theless, the labeling of the same tumors for multiple markers al-
lows a more reliable understanding of the connections between
immune cell types than studying different markers in unrelated
tumors.

Mass spectrometry analysis was carried out to study
immunologic processes in cNFs. The skin overlying the tumors
was used as a point of comparison. The results showed that the
skin is clearly different from the tumor, which should be
considered when planning studies on whole tumor samples
also containing the skin. Skin is the primary interface between
the tissues and the environment, and resident T cells in the
dermis are crucial for immune responses against pathogenic
micro-organisms. Thus, it was not surprising that immunologic
processes related to T cell-mediated immunity were decreased
in cNFs compared with the skin, and the number of TCR rear-
rangements was lower in cNFs than in the skin. Protein
expression associated with complement activation was
increased in cNFs compared with skin. This is interesting
because complement has gained increasing attention in the
context of tumorigenesis and cancer during the past 5 to 10
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years. For example, in the skin, the role of the classical pathway
and several inhibitors have been shown in the regulation of
progression of cutaneous squamous cell carcinoma,®>°® and
complement is being studied to find potential biomarkers and
treatment targets for tumor immunotherapy.®>°”

Sequencing of the CDR3 region of TCR was carried out to
further analyze the T cell population of the tumors. Although the
skin covering the tumor and the tumor itself contained partly
shared T cell populations, each cNF also had a unique T cell pop-
ulation. T cells with specificity for the tumor structures may
therefore exist, yet no dominant cNF-related clones were
observed. It is possible that most of the immune cells in cNFs are
just innocent bystanders, yet it is of interest what has attracted the
cells to the tumor and what their function is.

We believe that the results of this study can be used as a
general resource on the immune cell content of human cNFs. The
results should be seen as an overview of the immune microenvi-
ronment of cNFs partly filling the knowledge gap in the tumor
microenvironment of cNFs, and the results lead to numerous more
detailed questions. Understanding the immunology of malignant
tumors is essential for cancer treatments, yet understanding the
mechanisms of immune escape particularly in benign tumors is
important for elucidating more general mechanisms of tumor
growth. In addition to being useful in the context of cNFs, this
study could also add knowledge more generally on tumor
microenvironment of benign tumors and other heritable cancer
syndromes.
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