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ABSTRACT

Background Immunotherapy has transformed cancer
treatment, highlighting the importance of effective
antitumor immunity to fight cancer. However, its success in
pediatric cancer remains limited, underscoring the urgent
need to identify new immunotherapeutic targets. In this
study, we explored the clinical relevance of B cells and
tertiary lymphoid structures (TLS) in neuroblastoma (NB), a
pediatric tumor with a heterogeneous immune landscape.
Methods We analyzed 87 treatment-naive NB specimens,
spanning both localized and metastatic disease previously
characterized for T-cell and dendritic cell (DC) infiltration. B
cells were detected by immunohistochemistry, and plasma
cells were quantified using multiple immunofluorescence.
Spatial organization and functional status of immune cells
within TLSs were assessed by imaging mass cytometry
using a 29-antibody panel. In parallel, gene expression
profiles were obtained through NanoString PanCancer
Immune Profiling and further validated using publicly
available bulk and single-cell RNA-sequencing data from
untreated and treated NB samples. These transcriptomic
datasets were used to support protein-level findings and to
identify prognostic gene signatures.

Results B-cell infiltration in NB tumors strongly correlated
with the presence of T cells and DCs at both protein and
transcriptomic levels, and was associated with improved
prognosis. Similar to other solid tumors, B cells in NB
were either scattered throughout the tumor or organized
into TLSs of varying maturity. Spatial proteomic and
transcriptomic analyses revealed that localized tumors
often contain mature TLSs, with functional B cells able

to antigen presentation and immunoglobulin expression,
alongside high cytotoxic T cells. In contrast, metastatic
tumors primarily exhibited immature TLSs, with evidence
of B-cell and T-cell dysfunction. Importantly, we identified
gene signatures associated with B cells and TLSs that not
only predicted survival in NB but were also prognostic in
multiple adult cancers.

Conclusions Our findings highlight a central role for B
cells and TLSs in shaping the immune microenvironment
of NB. Their presence and maturation status are linked to

WHAT IS ALREADY KNOWN ON THIS TOPIC

= Immunotherapy has transformed cancer treatment
by enhancing antitumor immunity, but its benefits in
pediatric cancers such as neuroblastoma (NB) remain
limited. Previous studies have demonstrated that tumor-
infiltrating T cells, dendritic cells (DC), and natural killer
cells are associated with improved clinical outcomes in
NB. However, the role of B cells and tertiary lymphoid
structures (TLSs) in NB's immune microenvironment
and their clinical relevance had not been fully explored.

WHAT THIS STUDY ADDS

= This study reveals that B-cell infiltration and the pres-
ence of TLSs correlate positively with T-cell and DC infil-
tration and are linked to better prognosis in patients with
NB. We provide evidence that localized NB tumors con-
tain mature TLSs with activated B cells capable of anti-
gen presentation and strong cytotoxic T-cell responses,
whereas metastatic tumors primarily harbor immature
TLSs with dysfunctional immune cells. Importantly, we
identified novel gene signatures related to B cells and
TLSs that predict patient survival in NB and other adult
cancers, representing new prognostic markers.

HOW THIS STUDY MIGHT AFFECT RESEARCH,
PRACTICE OR POLICY

= Qur findings highlight the critical role of B cells and TLS
maturation in shaping NB’s immune landscape, sug-
gesting their potential as prognostic biomarkers and
targets for novel immunotherapeutic strategies in pe-
diatric oncology. This work supports more personalized
approaches to immunotherapy by identifying patients
likely to benefit from current and future treatments, and
may guide the development of B cell- and TLS-focused
therapies in NB.

clinical outcome, suggesting their potential as prognostic
biomarkers and targets for novel immunotherapeutic
strategies in pediatric oncology.
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BACKGROUND

Immune checkpoint inhibitors (ICIs) have revolution-
ized adult cancer treatment, but their efficacy in pedi-
atric tumors remains limited, mainly due to lower tumor
immunogenicity.1 A deeper understanding of the tumor
immune microenvironment (TIME) in pediatric tumors
is essential to identify new immunotherapeutic targets
and predictive biomarkers.

Neuroblastoma (NB), the most common extracranial
solid tumor in children and responsible for 10% of child-
hood cancerrelated deaths despite intensive therapy,2
offers a unique model to address immunotherapy chal-
lenges.” This is due to (1) its high rate of spontaneous
regression, likely driven by immune activation,” and
(2) encouraging preclinical results showing enhanced
immunotherapy responses in aggressive NB models.* °
We previously demonstrated that high CD8" T-cell infil-
tration correlates with better prognosis in patients with
NB.® However, a T-cell-centric view does not fully explain
the prognostic and predictive significance of tumor-
infiltrating lymphocytes (TILs). We observed that T
cell-rich NB samples also contain abundant dendritic
cells (DC) and natural killer (NK) cells, associated with
greater cytotoxic T-cell activity and increased expres-
sion of programmed cell death protein-1 (PD-1) and
programmed death-ligand 1 (PD-L1).”® Notably, DCs in
localized NBs frequently cluster with T cells and other
lymphocytes than NK cells.”

Tumor-infiltrating B cells retain active immune func-
tions, such as antigen recognition, clonal expansion,
phenotypic differentiation, and production of hypermu-
tated antitumor antibodies.”"" Consistently, B cells have
demonstrated prognostic value in various adult malig-
nancies and are involved in response to ICIs."* ™ Within
the TIME, B cells interact with other immune cells in
structures ranging from lympho-myeloid aggregates to
more organized tertiary lymphoid structures (TLSs)."* "
TLSs develop at sites of inflammation and resemble the
secondary lymphoid organs, comprising central CD20" B
cells, surrounded by DCs and a T-cell mantle including
CD4%, CD8" T cells and regulatory T cells (Treg).'® TLSs
have been identified in several adult solid tumors, where
their presence often correlates with better prognosis and
improved responses to ICIs." However, their prog-
nostic role in NB remains unexplored.

In this study, we addressed the clinical relevance of
tumor-infiltrating B cells and TLSs in NB. We show
that their presence correlates with favorable prognosis
and enhanced T-cell cytotoxicity. Using single-cell RNA
sequencing (scRNA-seq) and spatial proteomics, we
demonstrate that localized NBs harbor mature TLSs that
support efficient antibody response, mediated by antigen-
presenting B cells, plasma cells, and functional CD8" T
cells. Additionally, through our NanoString and public
RNA-seq datasets, we identified two gene signatures, one
for B cells and one for TLSs, that strongly predict the
survival in patients with NB, and validated them across
multiple adult cancer types.

METHODS

Patients and samples

A total of 87 patients with NB diagnosed between 2002
and 2017 at the Bambino Gesu Children’s Hospital
(Rome, Italy) were enrolled. Samples were collected at
diagnosis, prior to any therapy. Frozen material was avail-
able for 36 patients for gene expression. Clinical data are
summarized in online supplemental table SI1. Diagnosis
and tumor classification were performed according to
INRG, INSS and INPC systems.”’ MYCN amplification
and chromosome 1p deletion were evaluated following
established protocols.”” Patients received standard
risk-adapted protocols.%_26 The samples were classi-
fied according to the INRG system as follows: stage L1
includes locoregional tumors without image-defined risk
factors (IDRFs); stage 1.2 includes locoregional tumors
with one or more IDRFs; stage M refers to tumors with
distant metastases (excluding MS); and stage MS denotes
L1 or L2 tumors with metastases confined to the skin,
liver, and/or bone marrow.

Antibodies for immunostaining

Antibodies used for immunohistochemistry (IHC) and
immunofluorescence (IF) staining optimized on normal
tonsils, are listed in online supplemental table S2. Isotype-
matched mouse monoclonal antibodies were used as
negative controls.

Immunohistochemistry and acquisition

Formalin-fixed paraffin-embedded (FFPE) sections
(2pm) were deparaffinized and pretreated in PT-Link
(DAKO) with pH 6 target retrieval buffer. After peroxi-
dase blocking (5 min), sections were incubated overnight
at 4°C with primary antibodies. EnVision HRP-labeled
polymer and 3,3'-diaminobenzidine (DAB) substrate
were used for detection. Slides were counterstained with
hematoxylin, dehydrated, mounted, and scanned using
a NanoZoomer S60 scanner. The immune cell density
was determined by two blinded examiners as positive
cells/mm® normalized to tumor cellularity (ranging
from 400 to 700 cells per field). The average density
from 10 fields/sample was log-transformed using In
(x+1/(14x)) for statistical analysis.

Double immunofluorescence

FFPE sections (2pm) were deparaffinized, antigen
retrieved (pH 6),"® blocked with 1% Bovine Serum
Albumin (BSA)/5% goat serum and incubated with
anti-CD20 antibody overnight. After secondary anti-
body incubation (Alexa Fluor-594 goat anti-mouse IgG,
lhour) anti-CD138 antibody was applied overnight
followed by Alexa Fluor Plus 647 Donkey anti-Rat-IgG.
Hoechst was used for nuclear staining. Confocal imaging
was performed with a Leica TCS-SP8X laser-scanning
confocal microscope (Leica Microsystems) using 40x
oil immersion objective CD20"CD138" plasma cells were
counted in five fields/sample.
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Antibody optimization and imaging mass cytometry

Ten NB samples with TLSs were selected, covering
all INRG stages (4 L1, 3 L2 and 3 M). A 29-antibody
panel (online supplemental table S3) was used, with
18 commercial antibodies and others conjugated using
Maxpar X8 Labeling Kits. Antibodies were validated on
control tissues (tonsil, colon cancer) by IHC. Conjugated
antibodies were stored in phosphate-buffered saline 2°
(0.05% NaN3).

Tissue labeling and imaging mass cytometry acquisition
FFPE sections were deparaffinized, antigen retrieved
(Tris/EDTA pH 9.0) and blocked with 2% BSA. Slides
were incubated with the antibody panel overnight at
4°C, followed by iridium DNA staining (0.5 pM, 30 min).
After washing, 10 TLS-containing regions of interest
(ROIs) (850x850 pm2) per sample were selected from
H&E scanned slides. Imaging mass cytometry (IMC)
was performed with the Hyperion system (Standard
BioTools), ablating tissue at 1 pm resolution and quan-
tifying isotypes via time-of-flight mass spectrometry.

Imaging mass cytometry data analysis

IMC image analysis of raw data (.mcd files) was performed
using the Steinbock toolkit (V.0.16.1) and analysis pipe-
line previously reported by Windhager et al*” Detailed
information on data analysis is reported on online supple-
mental material.

NanoString gene expression profiling

36 NB samples (online supplemental file 22) were
analyzed using the NanoString PanCancer Immune
Profiling Panel (730 immune-related+40 housekeeping
genes), as previously described.” RNA was extracted
with the Total RNA Purification Plus kit (Norgen, Biotek
Thorold) and purified with RNA Cleanup and Concen-
tration kit (Norgen, Biotek Thorold). Integrity was
confirmed by Bioanalyzer kit (Agilent Technologies)
and quantified with NanoDrop. Data were normalized
and processed per NanoString guidelines.7 Genes were
grouped into 11 immune cell type signatures (cytotoxic
and helper T cells, DC, NK, macrophages, neutrophils,
memory T cells, gamma delta, Treg, eosinophils and
mast cells) following Bindea et al’® for downstream
comparisons, as previously performed.7

Single-cell RNA sequencing analysis

Two public NB scRNA-seq datasets (GSE147766 and
GSE218003) were analyzed. The first includes 10
untreated patients with NB (10X Genomics), the second
19 patients (pre-chemotherapy and post-chemotherapy,
INlumina NextSeq). Only samples containing B cells
were retained (n=17). Datasets were initially aligned
using Conos 1.2.1 (k=15, kself=5, principal component
analysis (PCA) rotation space, angular distance).”
Uniform Manifold Approximation and Projection
(UMAP) visualization revealed continuous bridges
connecting major populations.™ For subtype analysis of
myeloid, T, NK, or B cells, we extracted respective cells,

removed low-quality samples (<50 cells), and realigned
with Conos default parameters. Refined clusters were
identified using Leiden clustering in Conos for higher
resolution. Additional clustering results (walktrap
and multilevel) are available at https://github.com/
shenglinmei/NB.imzmune.atlas. To prevent overclu-
stering, cell type/state-specific genes were evaluated.
Final annotations were based on literature and cluster-
specific markers. Differentially expressed genes were
identified using Conos’ getDifferentialGenes function.
Immunotherapy response (anti-GD2, HR2 protocol)
was evaluated in 13 cases; 4 were excluded due to
protocol deviation or early mortality. Differential gene
expression was assessed with FindMarkers between
pre/post chemotherapy (n=7/10) and progression/no
event groups (n=5/8).

RNA sequencing and validation

A publicly available (GSE62564) independent cohort of
498 patients with NB transcriptionally profiled by RNA-
seq from the Sequencing Quality Control (SEQC) project
(SEQC-NB) was employed for validation of NanoString
data. Gene expression data, previously preprocessed7 o
and stored on Gene Expression Omnibus (GEO) in the
online supplemental file GSE49711_SEQC_NB_MAV_
G_l0g2.20121127.txt.gz, were downloaded from GEO,
together with patients’ phenotypes, and used for down-
stream analyses. Additional validation was performed on
The Cancer Genome Atlas (TCGA) cohorts accessed via
UCSC Xena.

Statistical analysis

False discovery rate (FDR) was controlled at <5% using
Benjamini-Hochberg correction. Hierarchical clustering
used Euclidean distance and Ward linkage on log2-
transformed data, visualized as scaled heatmaps. Kruskal-
Wallis and Dunn’s post hoc tests were used for group
comparisons. Gene correlations were assessed via robust
linear models, with R? and F-statistics reported. Overall
survival (OS) and event-free survival (EFS) curves were
generated using Kaplan-Meier and compared by log-rank
test. Cox models estimated HRs, if the proportionality
hypothesis is not met, average HRs were estimated by a
weighted Cox regression model. Prognostic improvement
by the B-cell gene (BCG) signature-NB was tested using
logistic regression models with or without the signature.
Predictive performance (Matthews Correlation Coeffi-
cient (MCC), sensitivity, specificity) was evaluated with
fivefold cross-validation (10 iterations), with class downs-
ampling. Random label permutation served as a negative
control. All analyses were conducted in R using CRAN/
Bioconductor libraries.
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RESULTS

Tumor-infiltrating B cells predict clinical outcome in human
neuroblastoma

To explore the immune cell landscape of NB, we
reanalyzed scRNA-seq data from 17 patients with NB
(GSE147766),” focusing on primary treatment-naive
tumors. Using the CONOS algorithm®’ and canon-
ical markers,go we identified 10 immune cell clusters,
including T, B, NK and myeloid cells (figure 1A).
Among 15,432 immune cells, T cells were the most
abundant (n=8,933), followed by myeloid cells
(n=2,426), B cells (n=2,173), NK cells (n=1,494), type
3innate lymphoid cells (ILC3, n=261) and plasma cells
(n=145). T cells included T helper (CD4", n=4878), T
cyto (CD8', n=3308) and Tregs (n=747).

Given the abundance of B cells (figure 1A) and their
established prognostic role in adult cancers,” we inves-
tigated their significance in NB and their relationship
with T-cell and DC lineages previously analyzed in the
same cohort.” We found that B cells were enriched in
localized (L1 and L2) compared with metastatic (M) NB
(figure 1B).

To evaluate their clinical relevance in a larger cohort
of NB, we analyzed MS4A1 (CD20) expression in 498
patients with NB from the SEQC-NB (GSE62564).
High MS4A1l expression correlated with better survival
(logrank p value: 2x10™) and non-amplified MYCN
status  (Kruskal-Wallis rank-sum p value: l.28><10_7)
(figure 1C,D). These findings were validated by IHC for
CD20 on an independent cohort of 87 treatment-naive
NB cases (online supplemental table S1), previously
characterized for tumor-infiltrating T, DC and NK-cell
lineages, and expression of human leukocyte antigen
(HLA) class I and the immune checkpoint molecules
(PD-1, lymphocyte-activation gene 3 (LAG3), PD-L1)."®
CD20" B cells appeared as single cells or forming an orga-
nized aggregate (figure 1E), and consistent with tran-
scriptomic data, high CD20" cell density was associated
with improved OS and EFS (log-rank p values: 6.7x107*
and 3.76x107%, respectively) (figure 1F,G) and more
frequent in localized (L1, L.2) and MYCN non-amplified
NBs (logrank p values: 6.3x10™°, 2x107%, 8x10°7%, respec-
tively) (figure 1H,I).

To define a transcriptional B-cell infiltration signa-
ture, we analyzed NanoString data from 36 patients
with NB’ (online supplemental table S4). Among 730
immune genes, 33 were upregulated with high MS4AI
(fold change (FC)>2, and Q or p<0.05), 28 of which
predicted better outcome (HR<I, FDR<0.05) (figure 1],
online supplemental data 1). The Primary Cell Atlas data-
base from BioGPS revealed that 10 out of the 28 genes
were primarily expressed by B, T and/or DCs (figure 1K
and online supplemental figure S1) and formed a BCG
signature, able to predict survival in the SEQC-NB cohort
(figure 1L).

We then tested whether the BCG signature added prog-
nostic power beyond classical predictors such as INSS
stage, MYCN status, age, and T-cell infiltration. Logistic

regression models showed improved performance when
BCG was included (MCC: 0.50 — 0.56; sensitivity: 0.69
— 0.75; specificity: 0.79 — 0.81) (online supplemental
figure S2A and online supplemental data 2). Finally, the
BCG signature was validated across multiple adult tumors,
demonstrating its broader clinical relevance (https://
www.cancer.gov/ tcga, online supplemental figure S2B,C).
High expression of the BCG signature was associated with
improved OS in various cancer types, including head and
neck squamous cell carcinoma (HNSC), lung adenocarci-
noma (LUAD), skin cutaneous melanoma (SKCM), adre-
nocortical carcinoma (ACC), breast carcinoma (BRCA),
cervical carcinoma (CESC), colon adenocarcinomas
(COAD, COADREAD), and sarcoma (SARC). These find-
ings highlight the potential clinical significance of the
BCG signature across a wide range of cancers.

Tumor-infiltrating B cells correlate with increased T-cell and
DC infiltration and improved survival in human neuroblastoma
Beyond their role in humoral immunity, B cells
contribute to antitumor responses.” Consistently, in the
SEQC-NB cohort, high MS4Al expression correlated
with transcripts linked to T-cell trafficking and cytotox-
icity (eg, CCL5, CXCLY, CXCL10, GZMA, GZMB, GZMK,
ICOS and PRFI online supplemental figure S3A). Simi-
larly, the BCG signature mirrored MS4Al expression
patterns (figure 2A). scRNA-seq revealed that CD3" T
cells from MS4AI™" patients (high B-cell levels) over-
expressed genes involved in interferon signaling, adap-
tive and innate immunity, cytokine signaling in immune
system, and immunoregulatory interactions between
lymphoid and non-lymphoid cells (figure 2B,C). Using
validated immune gene signatures,” we found a signif-
icant correlation between MS4AIl and Bindea’s BCG
signature in both NanoString-NB and SEQC-NB cohorts
(online supplemental figure S3B). Similar results were
obtained with our BCG signature (online supplemental
figure S3B). Interestingly, we found that NB samples
with high levels of MS4AI or CD3E (median split) were
enriched in Bindea’s T-cell gene (TCG) and BCG signa-
tures, respectively, in both NanoString-NB and SEQC-NB
cohorts (figure 2D), and that transcript levels of MS4Al
and CD3E were strongly correlated (figure 2E). Of note,
high B-cell levels were significantly associated with better
clinical outcome independently of T-cell abundance (log-
rank p values: 1.5><10717) (figure 2F). These results were
confirmed at the protein level by IHC staining for CD20
and CD3, both in terms of correlation and survival anal-
ysis (log-rank p values: 8.6x10™* and 3.9x107 for OS and
EFS, respectively) (figure 2G-I and online supplemental
figure S3C). Similar data were observed for CD4" and
CDS8" T-cell subsets (online supplemental figures S4 and
S5).

Given the mutual activation between B cells and
DCs,”® * we explored their interaction in NB. High
MS4A1 and BCG expression correlated with markers of
DC activation and maturation (CD40, CD83 and CD86)
in SEQC-NB (online supplemental figure S6A). DCs
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Figure 1 Tumor-infiltrating B cells are associated with favorable prognosis in patients with neuroblastoma. (A) UMAP
showing the immune landscape of primary, treatment-naive NB samples (GSE147766), comprising 15,432 single cells. Each
cell is color-coded based on the annotated cell type. (B) UMAP as in (A), here highlighting the distribution of CD20* B cells in
patients with localized (L1, L2) versus metastatic (M) NB. (C) Kaplan-Meier survival curves showing OS of patients with NB
(SEQC-NB, n=498) stratified by MS4A1 (CD20) gene expression. Log-rank test with Miller and Siegmund p value correction
was used. (D) Box plots of MS4A1 expression in patients with SEQC-NB according to MYCN amplification status. The boxes
show the 25" to 75" percentile; the horizontal lines inside the box represent the median; the upper whisker extends to the
largest data point, no more than 1.5 times the IQR from the box; the lower whisker extends to the smallest data point at

most 1.5 times the IQR from the box; the dots are individual samples. Data were analyzed by Kruskal-Wallis rank-sum test
(two-sided). (E) Representative IHC images showing CD20* B cells in primary NB lesions. CD20-expressing cells are either
sparsely distributed within tumor nests (left) or clustered within irregular (middle) or regular (right) aggregates. Brown, CD20-
expressing cells. Blue: hematoxylin nuclear counterstain. Original magnifications, x20. Scale bars, 30 um. (F-G) Kaplan-Meier
curves of OS (F) and EFS (G) of patients with NB (n=87) according to the density of CD20" cells. Log-rank test with Miller and
Siegmund p value correction was used. (H-1) Box plots showing CD20" cell density in patients with NB according to INRG
stages (H) and MYCN ampilification status (I). Dunn’s multiple comparisons post hoc tests (two sides) with Benjamini-Hochberg
p value adjustment and Kruskal-Wallis rank-sum test (two-sided) were employed in h and i, respectively. (J) Volcano plot
showing differentially expressed immune genes associated with MS4A71"9" expression. Genes with FC>2and Q value<0.05are
shown in red. (K) Heatmap of selected immune genes expressed by B cells and/or T cells and DCs with FC>2 and HR<1.

(L) Kaplan-Meier survival curves of patients with SEQC-NB (n=498) based on the BCG signature. Log-rank test with Miller and
Siegmund p value correction was used. BCG, B-cell gene; DC, dendritic cell; EFS, event-free survival; FC, fold change; IHC,
immunohistochemistry; OS, overall survival; NB, neuroblastoma; SEQC, sequency quality control; UMAP, uniform manifold
approximation and projection.
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Figure 2 Intratumoral B cells correlate with increased T-cell infiltration and improved survival in patients with neuroblastoma.
(A) Box plots showing expression levels of key genes involved in immune cell recruitment (CCL5, CXCL9 and CXCL10) and
cytotoxic activation (GZMA, GZMB, GZMK, ICOS and PRF1), in patients with NB with high and low BCG signature in the
SEQC-NB (n=498) cohort. The boxes show the 25th to 75th percentile; the horizontal lines inside the box represent the median;
the whiskers extend to the most extreme data point, which is no more than 1.5 times the IQR from the box; and the dots are
individual samples. P values are indicated. (B) Volcano plot showing differential gene expression in CD3* T cells (scRNA-seq,
GSE147766) from patients with high B-cell levels (MS4A1"9"). Genes significantly upregulated (FC>2, p value<0.05) are in red,
downregulated (FC<-2, p value<0.05) are in blue. (C) Gene Ontology term enrichment analysis (via DAVID, https://david.ncifcrf.
gov/) of upregulated genes in CD3* T cells from MS4A1"9" patients (p value<0.05). Top 15 significantly enriched pathways are
shown. (D) Box plots showing Bindea’s TCG (left) and BCG (right) signatures®® in patients with NB stratified by high/low MS4A1
and CD3E expression (median split) in NanoString-NB (n=36) and SEQC-NB (n=498) cohorts. The boxes show the 25th to
75th percentile; the horizontal lines inside the box represent the median; the upper whisker extends to the largest data point, no
more than 1.5 times the IQR from the box; the lower whisker extends to the smallest data point at most 1.5 times the IQR from
the box; the dots are individual samples. Data were analyzed by Kruskal-Wallis rank-sum test (two-sided). (E) Correlation plots
showing a positive association between MS4A1 and CD3E expression in both NanoString-NB (n=36) and SEQC-NB (n=498)
cohorts analyzed by robust F-test (two-sided). (F) Kaplan-Meier curves showing OS of patients with NB (n=498) according to
MS4A1 and CD3E expression levels. Log-rank test with Miller and Siegmund p value correction was used. (G) Representative
IHC images of CD20 and CDS3 staining on serial sections of NB tumors. Brown, CD20-expressing and CD3-expressing cells.
Nuclei were counterstained with hematoxylin (blue). Tissue regions include tumor nests, surrounding septa, with organized
aggregates. Original magnifications, x2. Scale bars, 30 ym. (H) Scatter plot showing a positive correlation between CD20" and
CD3" cell densities in patients with NB (n=87), analyzed by robust F-test (two-sided). () Kaplan-Meier curves showing that high
density of both CD20" and CD3* cells is associated with improved OS in patients with NB (n=87). Log-rank test with Miller and
Siegmund p value correction was used. BCG, B-cell gene; FC, fold change; IHC, immunohistochemistry; NB, neuroblastoma;
OS, overall survival; scRNA-seq, single-cell RNA-sequencing; SEQC, sequency quality control; TCG, T-cell gene.
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from MS4A ™" tumors overexpressed genes in the B-cell
receptor signaling pathway (online supplemental figure
S6B,C). Interestingly, tumors enriched in THBD gene
expression, encoding the CD141 marker of intratumoral
DCs, exhibited high levels of BCG signatures (both ours
and Bindea’s), in both the NanoString-NB and SEQC-NB
cohorts (online supplemental figure S6D). Similarly,
tumors with MS#A I"'8" exhibited increased expression of
DCG gene (DCG) signature’ (online supplemental figure
S6D).

As for T cells, MS4A1 and THBD transcript levels were
strongly correlated in both NanoString-NB and SEQC-NB
cohorts (online supplemental figure S6E), and high B-cell
infiltration predicted better survival in DC-enriched NB
(log-rank p value: 3.46x10™*) (online supplemental figure
S6F). These data were confirmed at the protein levels
by IHC staining for CD20 and CD141 on serial tissues
sections of NB in terms of correlation analysis (online
supplemental figure S6G,H). Notably, high CD20 levels
were prognostic regardless of DC abundance (log-rank p
value: 1.6x107) (online supplemental figure S6I).

Taken together, these data indicate that B cells, T cells
and DCs form a cooperative immune network in NB, asso-
ciated with enhanced antitumor responses and improved
patient outcome.

Tertiary lymphoid structures are associated with a favorable
prognosis in neuroblastoma

In our study, B cells were organized in TLSs in 68% (59 of
87) of NB samples, with 15% of these (9 of 59) being meta-
static. We explored how TLS localization, morphology,
cell composition, spatial distribution, and function vary
across NB stages and their prognostic significance.

TLS density analysis showed that 82% of deceased
patients (red dots) lack TLSs (online supplemental figure
S7A). While survival analysis stratified by TLS presence
revealed no significant effect on EFS (log-rank p value:
5.7x107%, online supplemental figure S7B), TLS distri-
bution significantly differed by INRG stage and MYCN
amplification, with higher densities in localized and
MYCN non-amplified NBs (figure 3A,B).

TLSs were observed either within the tumor nests or at
the tumor periphery,” ”* herein referred to as intra-nest
and peri-nest, respectively (figure 3C and online supple-
mental figure S7C). Intra-nest TLSs were more common
in stages L1 and L2 NBs, whereas peri-nest TLSs predom-
inated in stage M NBs (figure 3D).

Morphologically, TLSs ranged from a preliminary
mixture of T and B cell clusters to germinal center (GC)-
like structures (figure 3E). GClike TLSs were signifi-
cantly more abundant in localized stages and associated
with better EFS (log-rank p value: 2.4x107%) (figure 3F,G).
Interestingly, GC-like TLSs exhibit greater enrichment
of B cells, CD4" and CD8" T cells, and DCs compared
with non-GC-like TLSs (figure 3H and online supple-
mental figure S7D). scRNA-seq and NanoString analyses
further revealed increased expression of two chemok-
ines involved in TLS formation, that is, lymphotoxin B

(LTB) and CXCL13,>** in NBs with better prognosis
(figure 3LL).

These findings highlight the important role of TLS
characteristics, such as localization, morphology, and
cellular composition, in shaping the TIME and influ-
encing NB prognosis.

Mapping TLSs in neuroblastoma by spatial proteomics

To analyze the composition, spatial organization, and
functional status of B cells and other immune cells within
TLSs in localized and metastatic NBs, we performed
spatial proteomic using IMC. We designed a multiplexed
panel of 29 antibodies to profile tumor and immune cell
subtypes at subcellular resolution (online supplemental
figure S8 and online supplemental table S3). From 10
NB specimens containing TLS (both localized and meta-
static NBs, online supplemental table S5), we acquired
100 high-dimensional histopathology images. Using a
deep-learning algorithm,” we were able to perform cell
segmentation, identifying 812,491 single cells.

Immune cells were identified using the pan-immune
marker CD45 and clustered based on protein expression,
resulting in the classification of 15 immune and 5 non-
immune major cell phenotypes (online supplemental
figure S9). Among the non-immune cells, populations
expressing CD71, TIM3, HLA-DR and IL7RA, or CD71
plus IL7RA were detected (online supplemental figure
S9C). Previous studies have reported expression of CD71,
TIM3 and HLA-DR on NB cells.””™ Notably, HLA-DR*
non-immune cells were significantly less frequent in
stage M NB, whereas clusters expressing CD71, IL7RA
and CD71/IL7RA exhibited an opposite trend (online
supplemental figure S10A and online supplemental table
S$6). Within immune cells, distinct B-cell subsets were
identified (CD79°CD3"), including memory (CD79°C-
D3 CD20°CD27"), naive (CD79°CD3 CD20°CD27) and
plasma cells (CD79°CD3 CD20 CD27") (online supple-
mental figure S9). Among naive B cells, two clusters were
distinguished based on IL7RA expression (online supple-
mental figure S9). T-cell subsets (CD79"CD68 CD14 HLA-
DR™CD3") were classified into cytotoxic (CD8"), helper
(CD4"), and Treg cells (CD4'FOXP3") (online supple-
mental figure S9). An example of segmentation for
B-cell and T-cell populations is shown in online supple-
mental figure S10B. Additionally, two immune cell
populations co-expressing high levels of HLA-DR and
either CD4 or CDS8, but lacking CD3, were identified
(online supplemental figures S9 and S10C). Macro-
phages (M1-like: CD68"CD163"; M2-like: CD68'CD163"),
monocytes (CD68°CD14") and DCs (CD68 CD14 HLA-
DR'CD11c¢"CD11b") were also reported (online supple-
mental figures S9 and S10C).

TLSs exhibit a mature state with dense accumulations of
diverse B- and T-cell subtypes in localized NBs

UMAP analysis revealed that the 15 immune cell clusters
were unevenly distributed across stages, being gener-
ally less abundant in metastatic NBs (figure 4A, online
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Figure 3 Clinical relevance of tumor-infiltrating TLSs in neuroblastoma. (A-B) Box plots showing the number of TLSs stratified
by INRG stages (A) and MYCN amplification status (B) in NB lesions (n=87). Dunn’s multiple comparisons post hoc tests (two
sides) with Benjamini-Hochberg p value adjustment and Kruskal-Wallis rank-sum test (two-sided) were employed in (A) and
(B), respectively. (C) Schematic illustrating spatial organization of TLSs: intra-nest TLSs, located within the tumor nest, and
peri-nest TLSs, positionated in the tumor septa (top). Representative CD20 immunostaining images of both TLS types are
shown (bottom). Brown, CD20-expressing cells; nuclei counterstained with hematoxylin (blue). Original magnifications, x10.
Scale bars, 30um. (D) Bar chart showing distribution of intra-nest versus peri-nest TLSs across different INRG stages in TLS*
patients (n=42). (E) Representative CD20 staining of GC-like and non-GC-like TLSs in primary NB specimens. Brown, CD20-
expressing cells, nuclei counterstained with hematoxylin (blue). Original magnifications, x20. Scale bars, 30 um. (F) Box plots
comparing the frequency of GC-like and non-GC-like TLSs across INRG stages. Dunn’s multiple comparisons post hoc tests
(two sides) with Benjamini-Hochberg p value adjustment were employed. (G) Kaplan-Meier curves of EFS of patients with NB
(n=87) according to GC-like TLS density. Log-rank test with Miller and Siegmund p value correction was used. (H) Scatter
plots showing correlations between GC-like TLSs and densities of CD20*, CD4*, CD8* or CD141* immune cells in patients
with NB (n=87), analyzed by robust F-test (two-sided). () Density plots of LTB expression in B cells from patients with localized
versus metastatic NB (scRNA-seq, GSE147766) analyzed by Mann-Whitney U test. (L) Density plots of CXCL13 expression in
NanoString-NB (n=36) stratified by TLS presence and evaluated using the Mann-Whitney U test. EFS, event-free survival; GC,
germinal center; LTB, lymphotoxin B; NB, neuroblastoma; scRNA-seq, single-cell RNA-sequencing; TLSs, tertiary lymphoid
structures.
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Figure 4 Distinct spatial immune composition of TLSs in localized and metastatic neuroblastoma. (A) UMAP plots of immune
cells identified by IMC across NB lesions, showing 15 clusters according to INRG stages. (B-D) Representative ROIs from TLSs
in localized and metastatic NB visualized by IMC, showing spatial distribution of B-cell and T-cell subsets. Scale bar=170pm.
Box plots compare immune subset frequency by INRG stage. Dots represent individual ROls. Kruskal-Wallis test followed

by Dunn’s multiple comparisons was used. (E) Immunofluorescence staining of CD20 (red) and CD138 (white) in TLSs from
localized and metastatic tumors. Nuclei stained with Hoechst. Magnification x40, scale bar 30 pm. The right panel shows
quantification of plasma cells (n=19). Kruskal-Wallis test was used. (F) Density plots of Ig gene expression in B cells from
patients with localized and metastatic NB (scRNA-seq, GSE147766). Mann-Whitney U test was used. IMC, imaging mass
cytometry; NB, neuroblastoma; ROls, regions of interest; scRNA-seq, single-cell RNA-sequencing; TLSs, tertiary lymphoid

structures; UMAP, uniform manifold approximation and projection.
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supplemental figure S10D). In localized NBs, TLSs
feature a core of proliferating (Ki67") B cells surrounded
closely by CD4" T cells, and CD8" T cells expressing
PD-1, resembling GC (GC-like TLS) (figure 4B,C, online
supplemental figure SIOE). In contrast, metastatic NBs
display disorganized TLSs (non-GC-like TLS) with scat-
tered T and B cells or T-cell aggregates surrounded by few
B cells (figure 4B,C, online supplemental figure S10F),
positioned towards the periphery of the tumor nest
(peri-nest). The B cells that populate the center of TLSs
in localized NBs are mostly memory and naive, whereas
plasma cells reside outside these structures (figure 4D).
The localization of plasma cells was confirmed by IF
(CD20°CD138"" in a larger cohort (n=19) (figure 4E,
online supplemental table S7). Quantitative analysis
revealed significantly fewer memory B cells, IL7RA"
naive B cells, and plasma cells in TLSs of metastatic NBs
(figure 4D,E). In line, scRNA-seq showed an enrichment
ofimmunoglobulin (Ig) transcripts (/GHM, IGHD, IGHG1
and IGHG3) in B cells from localized NBs (figure 4F,
online supplemental figure S11A). Regarding T-cell
subsets, all but Treg were significantly less abundant in
metastatic NBs (figure 4C). DCs and HLA-DR'CD4" and
HLA-DR'CD8" (CD3") populations localized mainly in
the TLS, regardless of maturity, and were more abundant
in stages L1 and L2 (online supplemental figure S11B,C).
Other myeloid cells, including macrophages and mono-
cytes, were absent in TLSs and less represented in stage M
NBs (online supplemental figure S11D).

Taken together, these results indicate that TLSs in local-
ized NBs are more mature and display greater diversity in
B-cell and T-cell subtypes compared with those in meta-
static NB, further supporting that the organization and
diversity of the TIME is essential for a more effective anti-
tumor immune response.

TLSs in metastatic neuroblastomas exhibit dysfunctional
B-cell and T-cell subpopulations

The functional properties of the B-cell and T-cell subtypes
infiltrating TLSs were assessed by the expression of differ-
entiation and exhaustion markers (figure 5A-D, online
supplemental figure S12A-E). B cells of metastatic NB
tissues exhibited a phenotype characteristic of dysfunc-
tional populations (figure 5A,B, online supplemental
figure SI2A-C). Memory and naive B cells (both IL7RA"
and IL7RA") showed reduced HLA-DR levels, suggesting
diminished antigen-presenting capacity'® (figure 5A,
online supplemental figure S12C). Additionally, memory
B cells expressed low CCR6 and PD-1, which are essen-
tial for effective antigen responses*' ** (figure 5B, online
supplemental figure S12B,C). T cells in metastatic TLSs
also showed dysfunction, with CD4" and CD8" T-ell
subsets expressing high TIM3 and IL7RA, but reduced
granzyme B (figure 5C and online supplemental figure
S12D,E). Inducible T-cell costimulator (ICOS) and PD-1
were downregulated in CD8" and CD4" T cells, respectively
(figure 5C and online supplemental figure S12E). This
phenotype was accompanied by increased proliferating

Treg cells or expressing T-box transcription factor (Tbet)
(figure 5D), known to suppress cytotoxic T-cell activity.*’
Non-immune cells also exhibited increased proliferation
in metastatic NB (online supplemental figure S12F).

Next, to gain insight into the tumor architecture, we
compared the strength of spatial interactions across L1,
L2 and M NB samples (figure 5E, online supplemental
data 3). In metastatic NBs, TIM3" non-immune cells inter-
acted more strongly with CD8" T cells, but less with M1
macrophages compared with localized tumors (figure 5E,
online supplemental data 3). HLA-DR" non-immune cells
had reduced interactions with CD4" T cells and naive B
cells (figure 5E, online supplemental data 3). Immune
cell interactions were generally weaker (figure 5E), with
IL7RA™ naive B cells showing decreased interaction with
memory B cells, CD4" and CD8" T cells and M1 macro-
phages. Similarly, plasma cells and IL7RA" naive B cells
had reduced interaction with CD4" T cells and memory
B cells, respectively (figure 5E, online supplemental data
3). CD4" and CD8" T cells interacted less with each other
and with M1 macrophages, whereas DCs engaged less with
CD4" T cells, HLA-DR" CD4" cells and M1 macrophages.

This multitude of immunoregulatory interactions
underscores TLSs as hubs of immune coordination, with
CD4" T cells and IL7RA™ naive B cells as central inter-
acting players in the TIME of localized NB, a network
disrupted in metastatic disease.

TLS gene signature and immunoglobulin expression predict
prognosis and treatment response in neuroblastoma

To assess the prognostic significance of TLSs in NB,
we developed a TLS gene signature (TLSG) based on
NanoString profiling of patients with NB with TLS pres-
ence confirmed by IHC. Genes were selected using the
following criteria: FC>2or <-2 and p value<0.05, strong
prognostic value (HR<lor >1), and expression by TLS
components, that is, B cells, T cells and DCs (online
supplemental data 4).

Out of 730 immune-related genes, 11 were upregu-
lated in TLS-positive samples, 9 of which were correlated
with favorable prognosis. Six of these were expressed
in B, T and/or DCs (figure 6A,B, online supplemental
figure S13 and data 4). Unsupervised clustering based on
these six TLS genes revealed a distinct patient group with
improved survival in the SEQC-NB dataset (figure 6C,
online supplemental figure S14A). The derived TLSG
signature was validated across adult cancers (online
supplemental figure S14B-D). High expression of the
TLSG signature was associated with improved OS in
several cancer types, including BRCA, CESC, COAD,
COAD-READ, HNSC, LUAD, SARC, SKCM and uterine
carcinosarcoma (https://www.cancer.gov/tcga). Notably,
this TLSG signature outperformed a previously published
TLSG signature™ (online supplemental figure S14D).

To explore the predictive value of the TLSG signature
for therapy response, we analyzed scRNA-seq data from
13 patients with metastatic NB treated with the HR2
protocol, including anti-GD2 immunotherapy (online
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supplemental table S1 in*). Five patients progressed,
while eight showed no disease events. The expression of
these genes did not differ significantly between patients
that had no event during immunotherapy and those
that had progression of disease during or shortly after

immunotherapy (online supplemental figure S15A).
These genes were either low or undetectable in both
groups (online supplemental figure S15B), suggesting
the TLSG signature has prognostic but not predictive
value for immunotherapy response.
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Given the reported link between TLSs and Ig-producing
plasma cells in other tumors,”*” we examined Ig gene
expression after induction chemotherapy. scRNA-seq
data from 7 untreated and 10 treated patients with NB
showed a shift from B cells to plasma cells post-treatment
(online supplemental figure S15C,D). Chemotherapy-
treated patients had higher levels of IGHGI-4 and
IGHAI, and lower IGHM and IGHD, consistent with
class switching from naive/memory B cells to antibody-
producing plasma cells (figure 6D and online supple-
mental figure S15E). This pattern likely reflects the fact
that /JGHM and IGHD are primarily expressed by naive B
cells and, to some extent, memory B cells, both of which
are proliferating and chemotherapy-sensitive. In contrast,
IGHGI-4and IGHA1 are expressed by plasma cells, which
are differentiated and chemotherapy-resistant. Interest-
ingly, we observed that the expression of IGHM and IGHD
genes was higher in patients with progressive disease
during or shortly after immunotherapy with anti-GD2
compared with those without an event during immuno-
therapy, while IGHGI, IGHG3 and IGHG4 were lower in
patients with progressive disease (figure 6E, and online
supplemental figure S15F).

Collectively, these findings highlight that the TLSG
signature serves as a strong prognostic marker in NB,
while the expression levels of Ig genes may provide addi-
tional insights into response to anti-GD2 immunotherapy.

DISCUSSION

In this study, we provide evidence for the prognostic
relevance, spatial organization, and functional role of
tumor-infiltrating B cells and TLSs in NB, using both
a well-characterized patient cohort and publicly avail-
able bulk and scRNA-seq datasets.”® *** Our transcrip-
tomic and proteomic analyses demonstrate that tumors
enriched in B cells are associated with improved patient
outcomes, particularly when B cells co-occur with CD4"
and CD8" T cells as well as DCs, underscoring the impor-
tance of a coordinated immune response.

We observed that B cells can either be dispersed
throughout the tumor or arranged within TLSs of vari-
able maturity. Localized NBs were enriched in mature
TLSs resembling GCs. These structures featured central
clusters of naive and memory proliferating B cells,
surrounded by CD4" T cells and peripheral CD8" T cells,
both expressing PD-1. This spatial organization suggests
an active and productive TIME. In contrast, metastatic
NB displayed few, predominantly immature TLSs, in
which B and T cells appeared disorganized and function-
ally impaired.

These findings align with studies in adult cancers, where
TLSs of high maturity often correlate with improved prog-
nosis and evidence of active B-cell differentiation into
antibody-secreting plasma cells.* In many tumors, TLSs
contain highly differentiated B cells capable of producing
tumor-specific antibodies and promoting effective T-cell
responses.*’ Conversely, in renal cell carcinoma, TLSs are

frequently less organized, lack GC-like structures, and
have even been associated with poorer prognosis.””®' Our
observations in NB therefore position this disease closer
to “immunologically active” adult tumors, where the
presence of mature TLSs reflects a functional immune
compartment that supports antitumor activity.

The functional relevance of B-cell activation in TLSs is
further supported by our findings on Ig expression. In
localized NB, we detected high levels of /IGHM, IGHD, and
IGHG, consistent with the presence of naive, memory, and
functional B cells. In adult tumors, such as melanoma,
IgG" plasma cells within TLSs have been associated with
favorable responses to ICIs, likely through the produc-
tion of tumor-specific antibodies and the formation of
immune complexes that enhance antigen presentation
by DCs.” By contrast, tumors with immature TLSs often
display reduced class switching and limited plasma cell
differentiation.’ Thus, our data extend observations from
other cancer types, supporting a model in which TLS
maturity is tightly linked to the differentiation state of B
cells and the functional quality of the immune response.

Beyond antibody production, B cells in NB TLSs
showed robust antigen presentation, with HLA class II
expression in naive and memory B-cell subsets.'* Memory
B cells expressed CCR6 and PD-1, functional markers and
of relevance for B-cell migration and plasma cell differ-
entiation.”” The loss of CCR6 has been shown in other
systems to impair B-cell positioning and terminal differ-
entiation,” further underscoring the role of TLS archi-
tecture in shaping immune responses. Consistent with
these mechanisms, NB patients with high B-cell content
showed enrichment of genes involved in cytotoxic T-cell
recruitment, DC maturation, interferon signaling, and
T-cell activation, all indicators of an active TIME.

In metastatic NB, TLS-infiltrating CD4" and CD8" T
cells exhibited features of exhaustion, with high TIM3
and low granzyme B expression, similar to what has been
observed in immunotherapy-resistant melanoma.** The
TIME was further characterized by proliferating Tregs,
including Thet" subsets known to dampen type 1 helper
responses.*” We also found IL7RA expression, a marker
of long-lived memory T cells, on CD4" and CD8" T cells
in metastatic TLSs, suggesting residual immune poten-
tial even within a dysfunctional microenvironment. This
raises the possibility that immature TLSs, while less effec-
tive than their mature counterparts, may still provide
partial immune protection.

Importantly, TLSs in localized NB contained functional
DCs and PD1" T cells that support B-cell activation and
differentiation,” and correlated with the expression of
lymphoid neogenesis markers such as LTB and CXCL13,
previously reported as predictive of TLS presence in
several cancers.”’ Localized NBs also showed CD4" and
CD8" T cells expressing granzyme B, PD-1, and ICOS,
which can support B-cell activation and TLS function.”
These findings suggest that, in mature TLSs, PD-1 expres-
sion on resident T cells may reflect immune modulation
rather than T-cell exhaustion.”

Melaiu O, et al. J Immunother Cancer 2025;13:¢012860. doi:10.1136/jitc-2025-012860

13

'salbojouyoal Jejiwis pue ‘Buluresy |y ‘Buiuiw elep pue 1xa) 01 parejal sasn 1o} Buipnjour ‘ybLAdod Ag pajoslold
1sanb Aq Gz0z lequiada@ 9z uo wodfwg-ouly/:sdiny wolj papeojumoq ‘GZ0zZ JoqWSAON TT U0 0982T0-S202-oMl/9ETT 0T Se paysiignd 1s.iy 119oue) Jjo Adelay ] ounwwi Joj jeulnor


https://dx.doi.org/10.1136/jitc-2025-012860
https://dx.doi.org/10.1136/jitc-2025-012860
https://dx.doi.org/10.1136/jitc-2025-012860
https://dx.doi.org/10.1136/jitc-2025-012860
https://dx.doi.org/10.1136/jitc-2025-012860

Clinically, TLS density, particularly intratumoral
and GC-like TLSs, strongly correlated with favorable
outcomes.'® % Accordingly, our BCG and TLSG gene
signatures independently predicted prognosis, offering
new biomarkers for NB risk stratification. Of note,
patients with NB responding to anti-GD2 immunotherapy
displayed increased IgG gene expression, echoing reports
in adult tumors where I%G+ plasma cells correlate with
responsiveness to ICIs."* "7 ** Plasma cells may contribute
to therapy efficacy by producing tumor-specific anti-
bodies and forming antigen-antibody complexes that are
internalized by DCs, thereby amplifying T-cell responses
and synergizing with immunotherapy.”

Overall, our study provides a comprehensive view of
B-cell infiltration, TLS composition, and immune inter-
actions in NB. By comparing our data with findings from
other solid tumors, we highlight that TLS maturity and
B-cell differentiation states are crucial determinants of
prognosis and immune functionality. We demonstrate
that the compartmentalization of lymphocytes within
fully developed TLSs supports potent antitumor immu-
nity, whereas immature TLSs are associated with disorga-
nized and exhausted immune populations. Finally, our
identification of BCG and TLSG gene signatures refines
prognostic assessment in NB and underscores the clinical
potential of TLS-associated and B cell-associated features
as biomarkers. These insights support future strate-
gies aimed at remodeling the TIME in metastatic NB,
promoting TLS maturation, and potentially enhancing
the efficacy of immunotherapies in pediatric patients.
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