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Abstract

The tumor microenvironment (TME) is crucial for tumor formation and progression, but its specific impact on
NF2-related tumors has not been well described. The aim of this study was to analyze the differences in the TME
among NF2-related schwannomatosis (NF2-SWN) patients with different clinical phenotypes, explore the reasons
for these differences, and identify targets for treatment while gaining a deeper understanding of the pathogenesis
of the disease. 20 vestibular schwannomas (VSs) from 20 clinically diagnosed NF2-SWN patients, including 11
milder patients (Gardner) and 9 severe patients (Wishart), were analyzed. Single-cell sequencing, TCR sequencing,
spatial transcriptomics analysis, multiplex immunofluorescence, immunohistochemistry, and cell experiments

were performed to compare the TME of Gardner and Wishart and to elucidate the mechanisms underlying these
differences. Our results revealed that NF2-VS consist of 12 significant cell subpopulations, with Gardner and Wishart
presenting distinct TME. Wishart exhibited more pronounced immune suppression. Conversely, CD8* T cells from
Gardner demonstrated potential for clonal proliferation. In macrophages, a subtype exhibited higher capacity of
angiogenesis and high inflammatory cytokine activity was identified in Wishart, suggested its role in promoting
tumor progression. Moreover, we found fibroblasts in Wishart showed excessive stromal deposition, potentially
indicated the existence of immunologic barrier. Receptor-ligand pair analysis revealed that Schwann cells in
Wishart regulate immune cell activity via pleiotrophin (PTN), PTN positivity promotes anti-inflammatory cytokine
activity, contributing to the formation of an immunosuppressive microenvironment to promaote tumor progression.
In summary, our study provides an in-depth analysis of the TME of NF2-VS, revealing the differences between
Wishart and Gardner. Our study explains how Schwann cells influence the immune landscape to promote tumor
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development and clarifies the role of the TME in NF2-SWN progression, establishing a theoretical and experimental
foundation for future immunotherapeutic strategies for NF2-SWN.

Keywords NF2-associated vestibular schwannoma, TME, Cell-cell interaction, Single-cell multiomics

Introduction

NF2-related schwannomatosis (NF2-SWN) [1] is a rare
autosomal dominant disorder characterized by multiple
tumors in the nervous system, with bilateral vestibular
schwannomas(NF2-VS) as a hallmark feature [2]. NF2-
related tumors are benign, but their high risk of surgical
removal [3, 4] and frequent occurrence of multiple recur-
rent tumors [5, 6] urgent need new and effective treat-
ment options.

Years of tumor research have demonstrated that
genetic alterations are essential but not sufficient for
the initiation and progression of tumors. TME cells and
their secreted molecules are now recognized as play-
ing crucial roles in the pathogenesis of tumor and thus
represent attractive therapeutic targets. Our previous
findings suggest that NF2-SWN patients are in an immu-
nosuppressed state [7], targeting PD-L1 may restore the
function of tumor-infiltrating lymphocytes and induce
apoptosis to inhibit tumor proliferation [8]. This possibil-
ity highlights the need for a comprehensive exploration
of the TME in the development of NF2-VS, which will
be crucial for development of effective anti-tumor treat-
ments for NF2-SWN patients.

To obtain a comprehensive understanding of the TME
in the development of NF2-VS, we carefully analyzed
11 NF2-VS samples from Gardner and 9 samples from
Wishart. We comprehensively characterized the tran-
scriptomic features of malignant cells, immune cells,
and stromal cells in the TME of NF2-VS among Gardner
and Wishart, as well as the dynamic changes in cell pro-
portions, the heterogeneity of cell subtypes, and inter-
cellular interactions. This study contributes to a better
understanding of the TME composition of NF2-VS, the
differences in the TME of Gardner and Wishart, and the
effects of these differences on tumor progression and the
potential mechanisms involved. These findings provide a
foundation for further understanding the pathogenesis of
this disease and developing better treatment strategies.

Results

Single-cell transcriptomic profiling of NF2-VS

To systematically analyze the role of TME in the devel-
opment of NF2-SWN, we conducted scRNA-seq and
paired T-cell receptor sequencing (scTCR-seq) on a
comprehensive set of 20 VSs collected from 20 NF2-
SWN patients who underwent surgical intervention. This
cohort included 11 Gardner and 9 Wishart (Supplemen-
tary Table 1). Furthermore, we processed two fresh VS
samples from two NF2-SWN patients—one Gardner and

one Wishart—utilizing spatial transcriptomics to explore
spatial characteristics (Fig. 1A-B).

Following rigorous filtering, we retained 145,771 high-
quality individual cells for subsequent analysis. These
cells underwent normalization of gene expression, fol-
lowed by principal component analysis (PCA), and were
subsequently partitioned into 29 distinct subgroups
(Supplementary Fig. 1A-B). We manually annotated
these clusters, assigning them to 12 known cell lineages
(Fig. 1C and Supplementary Fig. 1C-D), including smooth
muscle cells, cycling cells, B cells, mast cells, fibroblasts,
neutrophils, dendritic cells (DCs), monocytes, Schwann
cells, T and NK cells, macrophages, and endothelial
cells. The distribution of each cell type is illustrated in
a bar chart (Supplementary Fig. 1E). All cell types were
present across the 20 patients; however, the proportions
of each lineage varied significantly among individuals,
highlighting the tumor heterogeneity inherent in NF2-
VS. Furthermore, we subclustered the proliferating cells
and identified three distinct types: T cells, myeloid cells,
and Schwann cells (Fig. 1C and Supplementary Fig. 1F).
Through comparative analysis, we discovered that the
proportion of cycling cells in Gardner was significantly
greater than that in Wishart across all three cell popu-
lations. These findings may reflect immune turnover or
homeostatic activation in Gardner. Moreover, to further
elucidate the multicellular ecosystems of Gardner and
Wishart, we conducted six-plex immunohistochemi-
cal staining and further supported the observations.
(Fig. 1D).

To gain deeper insights into the spatial characteristics
of NF2-VS, we conducted spatial transcriptome sequenc-
ing on two fresh samples—one from Gardner and one
from Wishart (Fig. 1E and Supplementary Fig. 1G). Cell
types were obtained through deconvolution based on
sc-RNAseq data. The results demonstrate that the abun-
dances of the cell types we identified were also validated
at the spatial level. T cells, macrophages, and fibroblasts
account for a relatively large proportion and exhibit het-
erogeneity across regions and different phenotypes. The
above results present the overall composition of the TME
in both Gardner and Wishart and suggest that the TME
exhibits significant heterogeneity.

GZMK* and GZMB* CD8 T-cell subsets are enriched in
Gardner

We sub-clustered 30,889 T cells and NK cells into 18
distinct subgroups based on the expression of common
markers including naive T subtype, 3 CD4 subtypes, 7
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CD8 subtypes, NKT subtype, two non-common T sub-
types (gdT and MAIT) and two NK subtypes (Fig. 2A-
B, Supplementary Fig. 2A and Supplementary Table
2). Confused subtypes were excluded with dowstream
analysis (T_Macrophage, T_Schwann). Intriguingly,
the proportion of the CD8_GZMK_TXNIP subpopula-
tion (p=0.046) was significantly enriched in Gardner
(Fig. 2C, Supplementary Fig. 2B-C), additionally, the
cytotoxic CD8_GZMB subpopulation is also enriched
in Gardner (Fig. 2C). Two GZMK'CD8 T subtypes
were identified, differential expressed genes showed that
CD8_GZMK_TXNIP exhibited higher expression of
cytotoxicity-associated genes (e.g., GNLY) compare to
subtype CD8_GZMK_CD74(Supplementary Fig. 2D).
Further functional enrichment analysis revealed that
CD8_GZMK_TXNIP subpopulation was associated
with cytokine production, cell killing and cytotoxicity,
consistent with the limited or intermediate cytotoxic
potential reported for GZMK* CD8 T cells (Supplemen-
tary Fig. 2E). Pseudotime analysis further confirmed that
CD8_GZMK_TXNIP cells were in the terminal differen-
tiation stage compare to CD8_GZMK_CD74, which indi-
cated higher cytotoxic potential. Whereas the CD8" T
cell subpopulations with increased abundance in Wishart
(CD8_naiveT and CD8_SOX4) were enriched in the early
stages of differentiation (Supplementary Fig. 2F-G), sug-
gesting that Gardner lesions may harbor a relatively more
activated CD8 T-cell immune context and potentially
more favorable immune surveillance.

We then evaluated the transcriptional shifts of T cells
from Gardner and Wishart by measuring their transcrip-
tional similarity using the Bhattacharyya distance. We
found large differences in the CD8_naive and CD4_naive
cell subgroups (Fig. 2D-@), suggesting that naive T cells
gain distinct cellular functions throughout tumor pro-
gression. Further analysis reveals that the downregulated
genes in the CD8_naive subgroup from Wishart were
enriched in pathways related to T-cell activation, dif-
ferentiation, and cytokine production (Fig. 2E), whereas
those in the CD4_naive subgroup were enriched in apop-
tosis regulation pathways (Fig. 2G). These findings sug-
gest that, the naive T cells in Gardner and Wishart exhibit
distinctly different patterns and naive T cells in Gardner
showed higher shift capacity from naive to active effector
state.

We also analyzed TCR sequences from scRNA-seq and
identified TCRs in 12,792 T cells, including 5302 with
clonal expansion and 7490 with unique TCRs (Fig. 2H).
Notably, T cells from Gardner exhibited a remarkable
capacity for clonal expansion, particularly CD8_GZMK _
TXNIP cells, which presented a greater diversity of TCR
clones (Fig. 2I and ] and Supplementary Fig. 2H). Clone
size correlation analysis of the shared TCRs across each
pair of CD8" T-cell clusters confirmed significant and
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abundant sharing of TCR clonotypes within the CD8_
GZMK_CD74 and CD8_GZMK_TXNIP subgroups,
indicating dynamic transitions among these clusters
in NF2-VS (Fig. 2K). The top TCR clone types in the
CD8_GZMK_TXNIP subtype are listed in Supplemen-
tary Fig. 21. Collectively, these results indicate significant
differences in CD8 T-cell composition between Gardner
and Wishart, with Gardner exhibiting higher proportions
of GZMK* and GZMB* CD8 T-cell subsets.

The ability of macrophages to promote angiogenesis is
greater in Wishart

We identified a total of 59,127 macrophages, which were
further categorized into 11 distinct subgroups (Fig. 3A)
irrespective of patient origin (Fig. 3B and Supplementary
Fig. 3A). The genes highly expressed by different macro-
phage subgroups are detailed in Fig. 3C and Supplemen-
tary Table 3. Interestingly, the distributions of different
subpopulations of macrophages revealed distinct pat-
terns in Gardner and Wishart (Supplementary Fig. 3B-C).
The Macro_GIMAP4 and Macro_NR4A1l subgroups
were more prevalent in Gardner, whereas the Macro_
EMP3 subgroup was enriched in Wishart (Fig. 3D-E).
Pathway comparative analysis shows that the Macro_
EMP3 subpopulation exhibits higher levels of activation
in the VEGF pathway, and these cells displays high activ-
ity of inflammatory mediators such as IL1A, IL1B, IL6
and TNFa, suggesting that this subgroup may promote
an immunosuppressive microenvironment and angio-
genesis to facilitate tumor progression (Fig. 3F). Further
analysis of HALLMARK pathways (Fig. 3G) revealed that
the Macro_EMP3 subgroup displayed increased activity
in signaling pathways associated with the Wnt signaling
pathway, angiogenesis, and the MTORC]1 signaling path-
way, further suggesting that this subgroup plays a pivotal
role in promoting tumor progression. Conversely, cell
populations such as Macro_GIMAP4, Macro_GPNMB,
and Macro_TNF, which are more abundant in Gardner,
exhibit enhanced antigen presentation, robust immune
response activation, and cytokine regulation (Supple-
mentary Fig. 3C). These findings imply that macro-
phages in Gardner tend to promote antitumor immunity,
whereas those in Wishart tend to promote angiogenesis.
In addition, we identified the active regulons in these
macrophage subpopulations, distinct regulons showed
activations in different subpopulations, for example, the
IKZF1, a proinflammatory factor, showed higher activa-
tion in Macro_TNF (Supplementary Fig. 3D).

The promotion of angiogenesis is a crucial mecha-
nism through which macrophages influence tumor pro-
gression. Further comparison of VEGFA expression and
immunofluorescence staining (Fig. 3H-I) confirmed
elevated levels of VEGF expression in Wishart, provid-
ing compelling evidence for the potential efficacy of
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Fig. 1 Overview of cell atlas of NF2-VS patients. A Study design and downstream analysis workflow of this cohort. Matched scRNA-seq and scTCR-seq
were performed from 11 Gardner and 9 Wishart. B Clinical information of patients. C UMAP plot showing the cell profiling from the NF2-VS tissue. D Mul-
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Fig. 3 A macrophage subtype showing the potential capacity in angiogenesis. A and B UMAP plot of macrophages, color-coded by subtypes (A)
and stratified by disease severity (B). C Expression patterns of subtype specific genes and top 10 genes were labeled. D and E Proportion of macro-
phage subtypes between Gardner and Wishart. F Pathway enrichment score calculated by progeny (left) and cytokines activation inferred by CytoSig
in Macro_EMP3 population (right) (G) The log2 fold change of HALLMARK gene set activity was calculated using a one vs. rest comparison strategy, and
statistical significance was assessed using the Wilcox.test. Padjust less than 0.05 were considered statistically significant and were marked with asterisks.
H Vinplot showing the expression levels of genes associated with angiogenesis between Gardner and Wishart. | Representative images of multiplex
fluorescence showing the co-localization of macrophages and VEGFA expression (19003-1-AP, proteintech). Macrophages identified by CDé8 staining

(sc-20060, Santacruz)

antiangiogenic therapy in NF2-VS [9-12]. Spatial tran-
scriptomic analysis showed that the co-localization of
VEGFA and VEGER was almost absent in Gardner but
commonly present in Wishart (Supplementary Fig. 3E).
Featureplot also showing the expression of VEGFA and
MMP19 across macrophages (Supplementary Fig. 3F).
Moreover, we evaluated the developmental potential of
each macrophage subpopulation and found that those
in Wishart presented significantly greater developmen-
tal capabilities (Supplementary Fig. 3G-H). In the TME,
macrophages with enhanced developmental potential
are more likely to engage in critical processes such as
angiogenesis and inflammatory responses, thereby driv-
ing tumor development and progression. Therefore, these
findings underscore the role of macrophages in Wishart
as key facilitators of tumor progression, particularly
through the activation of angiogenic pathways.

Fibroblasts are blocked at an early developmental stage
and promote collagen deposition in Wishart

We identified four primary fibroblast subgroups (Fig. 4A-
B): antigen-presenting CAFs (apCAF), GEM-high expres-
sion CAFs (GEM_CAF), ITIH2-high expression CAF
(ITIH2_CAF), Matrix CAF (matCAF), based on the
expression of canonical gene markers (Supplementary
Fig. 4A), along with pericytes showed specific expres-
sion of RGS5 (Supplementary Fig. 4B and Supplementary
Table 4). Among these four major fibroblast subpopu-
lations, matCAFs were notably enriched in Wishart
(p=0.04) (Fig. 4C-D and Supplementary Fig. 4C-E), and
these cells exhibit high activity of inflammation-related
cytokines, such as FGF2, IL-6, and TGF-p1 (Fig. 4E).
Additional GO enrichment analysis of the marker genes
of these cells revealed associations with epithelial cell
proliferation and wound healing (Fig. 4F and Supple-
mentary Fig. 4F), suggesting that matCAFs may promote
tumor cell proliferation by facilitating an immunosup-
pressive microenvironment and angiogenesis. Fur-
thermore, pathway analysis revealed that, compared
with those in Gardner, matCAFs in Wishart presented
increased expression of genes involved in tumor-related
pathways, such as the MAPK and PI3K-AKT pathways
(Fig. 4G), both of which are critical for the development
and progression of NF2-VS. The highly active transcrip-
tion factors in each fibroblast subpopulation were also
analyzed. (Fig. 4H). To further substantiate our findings,

we also validated the increased proportion of matCAFs
in Wishart by examining the expression of «-SMA
(Fig. 4I). Further spatial transcriptomics data indicated
that COL3A1 also showed higher expression in Wishart
(Fig. 4]). Spatial transcriptomic analysis also showed that
pericyte marker expression was more prevalent in Wis-
hart (Fig. 4K).

Trajectory analysis of fibroblasts was conducted using
Monocle2 combined with scVelo (Fig. 4L). The results
revealed a bifurcation in fibroblast differentiation: one
branch evolves into apCAFs, which are characterized by
their antigen-presenting functions, whereas the other
branch transitions toward GEM_CAFs, which are asso-
ciated with muscle tissue and wound healing functions
(Supplementary Fig. 4G). Notably, the matCAF sub-
group, which was significantly enriched in Wishart with
higher differentiated potential assessed by CytoTRACE
(Supplementary Fig. 4H-I), and represented an earlier
stage of fibroblast differentiation The expression of CD34,
COL15A1, PI16, and DPT, which were identified as the
marker of fibroblasts with early differential stage, further
confirms the above conclusion (Supplementary Fig. 4]).
These findings suggest that the maturation of CAFs in
Wishart is impeded at the matCAF stage, leading to
excessive stromal deposition. Additionally, CytoTRACE
analysis demonstrated that the fibroblast subpopulation
in Wishart possesses heightened developmental poten-
tial, indicating their important role in the TME and their
capacity to promote tumor growth. In summary, these
findings underscore the critical role of matCAFs as an
essential subpopulation of CAFs that not only increase
metastasis but also influence the prognosis of NF2-SWN
patients.

Schwann cells exhibit high transcriptional heterogeneity
and differential enrichment between Gardner and Wishart
We analyzed the Schwann cell cluster and identified the
malignant cell by inferring large-scale copy number vari-
ations (CNVs), using immune cells and stromal cells as
references (Supplementary Fig. 5A). Upon sub-clustering
of the malignant Schwann cells, we identified 8 clusters
(Fig. 5A and Supplementary Fig. 5B) on the basis of the
expression of canonical gene markers (Fig. 5B, Supple-
mentary Table 5).

By comparing the proportions of different Schwann
cell subpopulations, we observed a significant increase
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in the size of the nmSC_FOS subpopulation in Wis-
hart (OR=1.76, p<0.0001) (Fig. 5C-D), which highly
expressed genes associated with stress such as FOS, JUN,
JUNB (Fig. 5B), indicated the significance in promot-
ing tumor growth [13]. Whereas the nmSC_ISG15 sub-
population (OR=1.67, p<0.0001) was predominantly

enriched in Gardner (Fig. 5C-D) and showed the higher
expression of ISG-related genes such as 1SG15, 1SG20,
MX1(Fig. 5B), suggesting the more active interferon
response. Functional enrichment analysis revealed that
nmSCs (stress cells) respond primarily to various factors
in the TME including the oxidative stress. In contrast, the
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nmSC_ISG15 subpopulation is associated primarily with
immune responses and cytokine production (Fig. 5E).
Pseudotime analysis indicated that the Schwann sub-
population, which expressed genes associated with
RNA splicing, served as the starting point of the trajec-
tory. And we found that Schwann cells in Wishart tend
to located in the early stages of differentiation, with the
primary cellular function being energy derivation, sug-
gesting a blockade of their maturation process (Fig. 5F).
Functional enrichment analysis of differentially expressed
genes across the Schwann cell differentiation trajectory
revealed a sequential shift in cellular function: Schwann
cell phenotypes transitioned from states dominated by
mitochondrial activity and oxidative phosphorylation
to those characterized by extracellular matrix deposi-
tion and gliogenesis, ultimately culminating in a pheno-
type associated with immune cell activation (Fig. 5G).
Furthermore, we categorized Schwann cells into two
distinct types, myelinating Schwann cells (myeSCs) and
non-myelinating Schwann cells (nmSCs), and conducted
a comparative analysis between Gardner and Wishart
(Supplementary Fig. 5C-H). Both Mye_SC and nmSC
showed significant differences between Gardner and Wis-
hart patients. In the Mye_SC sub-population, chemokine
expression was higher in Gardner, while matrix-associ-
ated genes such as DCN showed elevated expression in
Wishart. In the nmSC subgroup, antigen presentation—
related genes were highly expressed in Gardner, whereas
APOD, DCN, and PTN exhibited increased expression
in Wishart. The results revealed intriguing differences in
gene expression profiles and function, immune activation
was predominant in the Gardner group, whereas higher
metabolic activation characterized the Wishart group
(Supplementary Fig. 5G-H). These findings underscore
the distinct functional characteristics of Schwann cell
subtypes in different disease phenotypes, shedding light
on their potential contributions to the pathophysiology
of NF2-SWN.

The PTN pathway is exclusively activated in Wishart and
promotes tumor proliferation

To elucidate the intercellular interactions within NF2-
VS, we performed a comprehensive analysis of ligand-
receptor signaling on the basis of our scRNA-seq data.
Our comparative study revealed that Gardner pre-
sented greater quantities and strengths of cellular inter-
actions (Fig. 6A-B and Supplementary Fig. 6A). These
dynamic connections predominantly originated from
monocytes, smooth muscle cells (SMCs), tumor cells,
and macrophages (Fig. 6C). Euclidean distance analy-
sis revealed significant disparities in signaling path-
way interactions, particularly those involving IGF and
TWEAK, between Gardner and Wishart (Fig. 6D). The
signaling networks showed that the IGF exhibited more
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complex interactions in Gardner via IGF2 - IGF2R, IGFI
- (ITGA6 +1TGB4) and IGF2 - (ITGA6 + ITGB4) (Fig. 6E
and G). Whereas, the pathway exhibited a stronger inter-
action between fibroblasts and tumors in Wishart and
IGF2 - (ITGA6+ITGB4) as the dominant ligand-recep-
tor pair (Fig. 6E and G), suggesting a potential role for
this interaction in tumor promotion. Pathway TWEAK
showed more complex interaction in Gardner and the
TNFSF12-TNFRSFI2A as the only ligand-receptor pair
in Gardner and Wishart (Fig. 6F and H).

Further analysis of the information flow within these
signaling pathways revealed that Gardner exhibited a
greater number of activated pathways. In contrast, Wis-
hart showed suppressed activity across most pathways.
Interestingly, PTN receptor-ligand interactions were
exclusively observed in Wishart (Fig. 61 and Supplemen-
tary Fig. 6B). Moreover, the PDGF pathway displayed
increased interactions between macrophages and fibro-
blasts in Wishart (Supplementary Fig. 6C), which aligns
with the established role of macrophage-derived PDGFB
in promoting the survival and proliferation of stromal
cells, including fibroblasts [14]. Conversely, the IL16
pathway exhibited more complex interactions among
immune cells in Gardner, suggesting a potential antitu-
mor effect (Supplementary Fig. 6D). The results of the
analysis of receptor-ligand pairs for several cell subpopu-
lations with enhanced interactions are presented in Sup-
plementary Fig. 6E-G.

Our results indicate that the PTN pathway is exclu-
sively activated in Wishart, with PTN acting as the
sole ligand and NCL and SDC2 acting as its receptors
(Fig. 6I). Results showed higher PTN expression in Wis-
hart, with colocalization of PTN with SDC2 and NCL
(Fig. 6]-L and Supplementary Fig. 6H). Moreover, we
found that PTN-positive Schwann cells exhibit a higher
cytokine activity, particularly, in Wishart, PTN-positive
Schwann cells show high levels of inhibitory cytokine
activity, such as IL-10 and TGFB1(Fig. 6M). These inhibi-
tory cytokines can further regulate the induction of a
suppressive TME. Additionally, we validated that knock-
ing down PTN expression in cells resulted in a marked
decrease in schwannoma cell proliferation (Fig. 6N). Col-
lectively, these findings suggest that NF2-VS in Wishart
and Gardner exhibit distinct TME. The Gardner phe-
notype displays enhanced cytotoxic functions, whereas
the Wishart phenotype exhibits activated PTN pathway
through Schwann cells to modulate the TME, thereby
promoting angiogenesis and collagen deposition, which
in turn facilitate tumor proliferation (Fig. 60).

Discussion

In this study, we systematically analyzed and compared
the differences in TME between Gardner and Wishart.
We found that Gardner exhibit a more favorable TME,
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whereas Wishart display a tumor progression-promoting
TME. An important finding is that Schwann cells in Wis-
hart can regulate the TME and promote tumor progres-
sion by activating the PTN pathway.

Recent findings indicate that NF2 mutations make
Schwann cells hypersensitive to their microenvironment,
initiating NF2-VS tumorigenesis [15]. These mutated
Schwann cells modulate their surroundings, creating a
supportive niche for tumor growth [16]. An analysis of
the interactions between malignant Schwann cells and
other cells in the TME could lead to new therapeutic
strategies for NF2-SWN patients. In our investigation,
we examined intercellular interactions through recep-
tor-ligand pair analysis, focusing specifically on how
malignant Schwann cells regulate various cell types. Our
findings revealed that these malignant Schwann cells
regulate three key populations: CD8"* T cells, fibroblasts,
and macrophages. Notably, PTN-SDC2 and PTN-NCL
interactions were observed exclusively in Wishart. Fur-
ther analysis and experimental validation demonstrated
that Wishart presented increased expression levels of
PTN, along with pronounced colocalization of PTN with
SDC2 and NCL. These findings indicate that in Wishart,
Schwann cells utilize PTN to regulate CD8" T cells, fibro-
blasts, and macrophages within the TME, thereby pro-
moting an immune landscape that is more conducive to
tumor progression.

Studies have shown that PTN is crucial for prolifera-
tion, migration, and axonal growth during neural devel-
opment [17, 18]. Moreover, PTN promoted a striking
increase in tumor angiogenesis by binding to SDC2/NCL
[19, 20], as well as a remarkable degree of remodeling of
the microenvironment [21-23]. Additionally, PTN from
Schwann cells may contribute to excessive collagen depo-
sition by fibroblasts in plexiform neurofibromas [24].
Consistent with the above findings, our results show that
fibroblasts in Wishart are arrested at the matCAF stage,
leading to notable stromal deposition. Macrophages
from Wishart exhibit a functional bias toward promot-
ing angiogenesis, accompanied by significantly elevated
levels of VEGF expression. PTN-positive Schwann cells
from Wishart secrete increased amounts of inhibitory
cytokines, thereby modulating the TME. Our cellular
experiments also revealed that the proliferation of tumor
cells was significantly reduced following PTN knock-
down. Collectively, these findings underscore the criti-
cal role of PTN in the progression of NF2-VS. Further
exploration of the regulatory mechanisms of this process
could open new therapeutic avenues for the treatment of
NE2-VS.

With the deepening research on NF2-SWN, an increas-
ing number of scholars have begun to focus on the TME
and the role of immune cells in the occurrence and devel-
opment of NF2-VS. The study by Amit, M. et al. [25]
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showed that T cell immunosenescence may be associated
with the rapid progression of vestibular schwannoma,
providing a theoretical basis for clinical trials evaluating
the efficacy of immunotherapy in patients with rapidly
progressing vestibular schwannoma. Research by Baruah,
P [26]. demonstrated that macrophages are an impor-
tant component of the vestibular schwannoma stroma.
Single-cell RNA sequencing revealed the presence of
three distinct macrophage subpopulations within vestib-
ular schwannoma tissues, which may play different roles
in the pathogenesis of vestibular schwannoma. More
recently, the study by Jones, A.P [27]. used imaging mass
cytometry to describe environment-dependent patterns
of T cell regulation in NF2-SWN-associated vestibular
schwannoma (NF2-SWN VS), proposing that therapies
targeting the microenvironment may have potential effi-
cacy against VS. These findings highlight the complex-
ity of VS, the heterogeneity and functional diversity of
immune cells in its microenvironment, and also provide
support and supplementation for this study’s analy-
sis of the disease from the perspective of the immune
microenvironment.

However, this study has several limitations. First, the
limited sample size restricted our ability to perform
subclustering and functional analysis on all cell popula-
tions, leading to the exclusion of minor populations with
insufficient cell numbers. This constraint hampers our
capacity to comprehensively characterize the roles of
all subclusters and to delineate the corresponding dif-
ferences between Gardner and Wishart. In addition,
the small sample size has also led to some inconsisten-
cies in the data. For example, our single-cell data showed
a higher abundance of pericytes in Gardner, whereas
spatial transcriptomic results revealed more prevalent
expression of pericyte markers in Wishart. This discrep-
ancy may be driven by the abnormally high expression
observed in a single Gardner patient, and expanding the
sample size for further analysis is likely to resolve this
inconsistency. Second, challenges in obtaining normal
tissue samples hindered our ability to conduct compara-
tive analyses of the cellular composition and subgroup
proportions between tumor and healthy tissues. Finally,
while we identified key factors and interaction networks
within the TME through predictive analysis, functional
validation experiments and a deeper exploration of their
underlying mechanisms remain essential for advancing
our understanding. Third, limitations of experimental
techniques. The low proportion of tumor SCs in scRNA-
seq of NF2 vestibular schwannomas, despite them being
the primary tumor component, is mainly due to cell dis-
sociation biases. Tumor SCs are often tightly packed,
fragile, or interconnected, making them less likely to sur-
vive the enzymatic digestion process compared to robust
immune cells, or they may become stuck in cell strainers,
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leading to an overrepresentation of stromal and immune
cells.

In conclusion, this study systematically analyzes the
composition of the TME in different clinical pheno-
types of NF2-VS, compares the differences in the TME of
Gardner and Wishart, and discusses the possible mecha-
nisms underlying these differences. The results of this
study expand our understanding of the TME associated
with different clinical types of NF2 tumors and provide a
theoretical basis for future immunotherapy based on the
TME.

Methods

Clinical samples collection and ethics approval

All procedures involving human participants adhered
to the ethical standards of the institution and/or the
National Scientific Research Council, in accordance
with the 1964 Declaration of Helsinki and its subse-
quent amendments. This study received approval from
the Medical Ethics Committee of Beijing Tiantan Hospi-
tal, and written informed consent was obtained from all
participants.

All patient specimens were derived from individuals
with confirmed NF2-SWN, as diagnosed by neuropathol-
ogists at Beijing Tiantan Hospital. The study included 22
NF2-SWN patients who met the Manchester diagnostic
criteria for NF2-SWN, presenting with bilateral vestibu-
lar schwannomas and meningiomas. Neither patient had
undergone prior drug or radiation therapy.

Single-cell RNA-seq data preprocessing and annotation of

cell types

To obtain gene expression matrices for cells from
patients, we aligned the FASTQ files to the human
GRCh38 reference (2020-A version) using the count
module of the Cell Ranger pipeline (10X Genomics,
default settings, version 6.1.2). For T-cell receptor (TCR)
alignment, FASTQ files were mapped to the human vdj-
GRCh38 reference (2020-A version) using the vdj module
of the Cell Ranger pipeline. The raw spatial expression
data was obtained from SpaceRanger output on the 10X
Visium platform. Doublets were identified for each sam-
ple and removed using Scrublet [28]module in Python
3.9. The expected doublet rate was set to 8% while run-
ning the model, and the other parameters were set as 30
principal components (default), and a minimum gene
variability of the 85th percentile (default). Cells predicted
to be doublets were removed. Further quality control was
applied to filter out low-quality cells with either (1) > 6000
or <500 expressed genes (2) <500 UMIs (3)>10% mito-
chondrial gene counts. Then, R packages harmony [29]
was used for integrating the scRNA-seq datasets from
multiple samples to remove the batch effects effectively.
In brief, the filtered gene expression matrix was then
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log-normalized and top 3000 highly variable genes were
identified for principal component analysis. 30 PC were
selected for downstream analysis. Using the the Run-
Harmony function in R package harmony [29], we inte-
grated the expression matrix from multiple samples. For
cell clustering, FindClusters function was used and reso-
lution was set to 0.8, resulted in 29 clusters. 2D UMAP
was conducted by RunUMAP function for visualization.
Differential gene expression analysis for each cluster was
conducted through the Wilcoxon rank sum test, using
the FindAllMarkers function. We annotated the resulting
clusters into major cell types based on the expression pat-
terns of canonical marker genes, T and NK cells (CD3D,
CD3E, NKG7), B cells and plasmas(CD79A, CD79B,
MS4A1, MZB1), macrophage cells (C1QA, C1QB, LYZ,
CD68, CSF1R), neutrophils (FCGR3B, SI00A8, S100A9),
monocytes (CD14, FCNI1), schwann cells (MPZ,
NRXN1, GPM6B), fibroblasts (DCN, COL1A2, COL3Al,
COL1A1), and other stromal cells (VWF, PLVAP, ACKRI,
CDH5, MYH11, ACTA?2).

Malignant identification

To distinguish the malignant cells from schwann cells,
the R package Infercnv was used. Prior to running Infer-
CNV [30], macrophages and other myeloid cells were
grouped and renamed as “Myeloid cells’, T cells and other
lymphoid cells as “Lymphoid cells’, and fibroblasts along
with other stromal cells as “Stromal cells” For each group,
1,000 cells were randomly sampled to construct the ref-
erence. All schwann cells were assumed to be potential
tumor cells and therefore not included in the reference
sets. The inferCNV run() function was executed for
each sample with default parameters with the following
exceptions: cutoff=0.1 (recommended for 10X data by
inferCNV documentation), HMM =TRUE, HMM_type
= ‘i3] analysis mode = ‘subclusters; denoise=TRUE.
The resulting CNV profiles of both the reference and
Schwann cells were subsequently subjected to k-means
clustering with the number of clusters (k) set to 7.
Schwann cells that clustered together with normal refer-
ence cells were classified as malignant.

SCENIC analysis

Gene regulatory networks (GRNs) and transcription
factors (TFs) were identified using the pySCENIC [31]
workflow with default parameters (https://github.com/ae
rtslab/pySCENIC). The human TF gene list was sourced
from the same resource. To rank the genome and link
motifs to TF annotations, databases were obtained from
cistargetDBs. Differentially activated TFs were identified
by applying the Wilcoxon test to the area under the curve
(AUC) matrix, allowing the detection of key regulators
across different cellular states. TFs specific to particular
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cellular states were identified by calculating the RSS score
using the R function “calcRSS”

Pathway enrichment analysis

The 50 HALLMARK gene sets for humans were down-
loaded from the GSEA website (https://www.gsea-ms
igdb.org/gsea/msigdb). Pathway activity scores for ma
crophage subtypes were quantified using the R package
AUCell [31]. To compare pathway activity differences
across subtypes, log2 fold changes were calculated using
a one-versus-rest strategy on the basis of AUCell activ-
ity matrix. Statistical significance was assessed using the
Wilcoxon rank-sum test (Wilcox test), and p-values were
adjusted using the false discovery rate (FDR) method.
Gene sets with an adjusted p-value <0.05 and a log2 fold
change>0.25 were considered significantly differentially
active. Moreover, R package progeny [32] were used for
assessing the activaties of signaling pathways including
VEGE MAPK, Hypoxia, NF«B.

Cytokines inference

To infer cytokine and growth factor signaling activities
at the transcriptomic level, we applied CytoSig [33], a
signature-based computational framework that estimates
cytokine response activities from gene expression pro-
files. Average normalized gene expression matrices were
used as input.

Developmental trajectory inference

Trajectory analysis was performed by monocle2 [34].
The raw count was used to create the object by using the
newCellDataSet function and metadata from the Seurat
object were added as the phenoData. The DEGs identi-
fied by FindAllMarkers in Seurat were set to the order-
gene. reduceDimension function was used to reduce
dimension with the method “DDRTree”. RNA velocity
was performed using velocyto and scVelo [35]. We first
obtained the loom files that contained raw spliced and
unspliced counts from each bam files generated from
Cellranger by running the “velocyto run10x” mode based
on the human reference genome GRCh38. Next, we
merged the loom files of each sample into one loom files
and then performed scVelo to calculated the velocity with
default parameters and visualize.Moreover, we also used
the CytoTRACE 2.0 [36] to predict the developmental
potential of cells with the parameter “is_seurat=TRUE”.

Immune repertoire analysis

The R package scRepertoire [37] was utilized to iden-
tify TCR clonotypes in T cells. To ensure accurate clo-
notype assignment, only cells containing at least one
TCR a-chain (TRA) and one TCR B-chain (TRB) were
retained. For T cells with multiple a or B chains, the
chain with the highest expression level (based on UMI
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or read counts) was designated as the dominant o or f3
chain. A unique clonotype was defined by each dominant
a-p chain pair, incorporating both the CDR3 nucleotide
sequence and the corresponding rearranged V(D)] genes.
T cells sharing the exact same clonotype were considered
part of the same T cell clone. Clonotype overlap across
different T cell subtypes was visualized using the UpSetR
package.

Deconvolution of spatial transcriptome data

To infer the spatial distribution and abundance of dif-
ferent cell types within tissue sections from spatial tran-
scriptomics, we employed the Bayesian-based integration
method cell2location. To construct the reference matrix
based on scRNAseq data, genes were selected by filter
genes function with the parameters cell_count_cutoff=5,
cell_percentage_cutoff2=0.03, and nonz_mean_cut-
off=1.12 and 13,663 genes remained. For reference
model training, 250 iterations were performed. Next,
cell2location was performed based on the constructed
reference matrix, common genes between reference and
spatial transcriptome data were retained for model fit-
ting. Abundance matrix of cell types for each spot was
generated following 15,000 iterations.

Cell-cell interactions

To construct the intercellular communication network
across different cell types, CellChat [38] analysis was
performed. Briefly, a log-normalized expression matrix
and metadata with cell type labels generated from Seurat
were used to create the CellChat object. CellChatDB,
a curated database of ligand-receptor interactions in
humans and mice, was employed to infer cell-cell com-
munication. Overexpressed ligands and receptors among
cell types were identified using the functions identify-
OverExpressedGenes and identifyOverExpressedInterac-
tions. The communication probabilities at the signaling
pathway level were inferred using the computeCommun-
ProbPathway function.

Multiplex IHC staining

For comprehensive characterization of cell subsets within
the TME, we performed multiplex immunofluorescence
staining using the PANO 6-plex IHC kit (Panovue, Bei-
jing, China; catalog #0004100100). The staining proto-
col involved sequential application of different primary
antibodies (CD3(ab135372, Abcam), CD31(CST3528,
CST), CD68(CST76437, CST), FAP (ab207178, Abcam),
S100B (ab52642, Abcam)), followed by incubation with
horseradish peroxidase (HRP)-conjugated secondary
antibodies and tyramide signal amplification (TSA).
Between each TSA cycle, slides underwent microwave
treatment to ensure proper antigen retrieval. Follow-
ing complete labeling of all human antigens, nuclei were
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counterstained  with
(DAPI; Sigma-Aldrich).

4',6-diamidino-2-phenylindole

Cell experiments

In our cell experiments, we used an immortalized ves-
tibular schwannoma cell line (NF2-VS- Llab-1) derived
from NF2-SWN patients, which was developed in our
laboratory. PTN gene knockdown was performed using
PTN shRNA. Cells were cultured in DMEM medium
supplemented with 10% FBS. For the control group, we
used NF2-VS-Llab-1 cells transfected with scramble
shRNA.

Cell viability assay
Cell viability was measured using the Cell Counting Kit-8
(CCK-8; Dojindo, Kumamoto, Japan). In brief, cells were
seeded at a density of 1x10* cells per well in 96-well
plates. After incubation, 10 puL of CCK-8 solution was
added to each well and further incubated at 37 °C for
2 h. Absorbance was then measured at 450 nm using a
SpectraMax M5 microplate reader (Molecular Devices,
Sunnyvale, CA, USA).

For data normalization, cell viability was calculated as
a percentage relative to control cells cultured in lithium-
free medium (set as 100%). All experiments were per-
formed in triplicate to ensure reproducibility.

Immunohistochemistry (IHC)

Fresh vestibular schwannoma tissues from NF2-SWN
patients were fixed in 4% paraformaldehyde, followed by
sequential dehydration in ethanol and paraffin embed-
ding. Tissue Sect. (5 pm thick) were prepared and
processed through standard histological procedures,
including deparaffinization, rehydration, blocking, and
endogenous peroxidase inactivation. For immunohisto-
chemical staining, sections were incubated with primary
antibodies overnight at 4 °C. After PBS washing, samples
were treated with appropriate secondary antibodies for
1 h at room temperature. Diaminobenzidine (DAB) was
used for chromogenic development. Finally, sections
were counterstained with hematoxylin and dehydrated
through graded ethanol solutions. Stained tissue sections
were examined under a light microscope (Olympus Cor-
poration, Tokyo, Japan) at 200x and 400x magnification
for histological evaluation.

Statistics

We used R to perform the statistical analysis, Wilcoxon
rank-sum test, Pearson, and Fisher’s exact test and
P<0.05 was considered statistically significant.
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