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Figure S1. The single-cell landscape of neuroblastoma, related to figure 1. (A) UMAP of identified cell clusters, main cell types and
sample distribution. Dotted circles highlight the tumor cell clusters. Right panel: number of total cells, tumor cells and immune cells
per sample. (B) UMAP with expression of typical neuroblastoma genes (extension of Figure 1D). (C) Copy number profile of the
samples, generated using inferCNV, to confirm tumor cell identity. The identified cell clusters (Figure S1A) were used as cell groups,
in which immune and endothelial cell clusters were used as reference. *Clusters annotated as tumor cells based on gene expression
profile. (D) Volcanoplot of differentially expressed genes (padj<0.05) between tumor cells (malignant) and all other cells (non-
malignant). (E) Violin plot showing the modulescore of HLA class | genes HLA-A, HLA-B, HLA-C, HLA-E, HLA-F and B2M in the main
cell types. Kruskall-Wallis + Dunn’s. °p<0.0001 versus all non-malignant clusters except mesenchyme, which was not signficant.
*p<0.0001 versus all non-malignant clusters. (F) Correlation between MYCN expression and HLA class | gene score for the three
tumor clusters. (G) Cell proportion in MYCN-A versus MYCN-NA samples. (H) UMAP of mesenchyme clusters and sample
distribution. (1) Proportion of different mesenchymal clusters per sample. “T1” and “T2” refer to paired samples before and after
treatment, respectively. *Proportion significantly differs pre vs post treatment over all samples (p<0.05; Mann-Whitney U test).
HProportion significantly differs pre- vs post-treatment in paired samples (p<0.05; Wilcoxon matched-ranks test). (J) Annotation of
mesenchyme clusters with signatures from human protein/cell atlas (HPCA), GSEA using signatures of CAF states and fibroblast
types?, signatures of adrenal cell types?, and signatures of follicular dendritic cells (FDC)3. Distribution pre- vs post-treatment (Tx)
per cluster and top differentially expressed gene per cluster. NES = normalized enrichment score. (K) Pathway analysis (Reactome;
Bonferroni p-value<0.05) of combined clusters CO-8 of genes which were significantly upregulated (p<0.05) pre-treatment vs post-
treatment using all samples.
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Figure S2. The immune environment of neuroblastoma, related to figure 2. (A) UMAP of sample distribution in immune
compartment. (B) UMAP of sample distribution in myeloid cell (left) and lymphoid cell (right) compartments. (C) Flow cytometry
gating strategy to identify cell populations in the tumor microenvironment. Merged data from 5 individual tumor samples are
shown. (D-E) Gene set enrichment analysis comparing the identified non-immune (D) and myeloid (E) populations in our dataset
to identified populations in the datasets of Costa et al. and Verhoeven et al.*>. Gene signatures were derived from FindAllMarkers
analysis in Seurat (genes with padj<0.05). NES=normalized enrichment score. (F) Heatmap of genes representing antigen
presenting/co-stimulatory capacity. Genes are included in module score shown in Figure 2C. (G) Heatmap with secreted factors
which were 1) specifically upregulated in myeloid cells compared to all other cells (padj<0.05) and 2) among the differentially
expressed genes between the myeloid clusters (padj<0.05).
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Figure S3. Neuroblastoma is characterized by immunosuppressive and dysfunctional lymphoid populations, related to figure 3.
(A) Gene set enrichment analysis comparing the identified lymphoid populations in our dataset to identified lymphoid populations
in the datasets of Costa et al. and Verhoeven et al.*>. Gene signatures were derived from FindAllMarkers analysis in Seurat (genes
with padj<0.05). NES=normalized enrichment score. (B) Immunohistochemical staining of hematoxylin & eosin (H&E), CD3 and
SOX10 showing T cell infiltration in a representative neuroblastoma lesion. (C) Expression of effector Treg marker genes which are



significantly upregulated (padj<0.05 in FindAlIMarkers analysis among lymphocytes) in neuroblastoma-infiltrating Tregs. (D)
Pathway analysis (Reactome; Bonferroni-corrected p-value<0.05) of differentially expressed genes (padj<0.05) between the
DUSP4" and TPT1M CD4* T cell populations. (E) Percentage of T cells expressing proliferation marker MKI67. (F) Dotplot with
selected differentially expressed genes (padj<0.05 in FindMarkers analysis) between the two CD4* T effector populations. (G) Flow
cytometric analysis of the two neuroblastoma-infiltrating CD4* T cell subsets showing memory, activation and exhaustion markers.
Mann-Whitney U test; MFI = median fluorescent intensity. (H) Flow cytometric analysis of proliferation marker Ki-67 in
neuroblastoma-infiltrating T cell subsets. (1) Flow cytometric analysis of tissue-resident T cell marker CD69 in neuroblastoma-
infiltrating T cell subsets compared to their counterparts in healthy donor peripheral blood. TPT1" CD4 were gated as IL-7R"PD-1"°
CD4* cells and DUSP4" CD4 were gated as IL-7R°PD-1" CD4* cells, as shown in figure 3F. 2-way ANOVA. ****pP<0.0001.



A Pre-treatment
M264AAB_T Il

o

re-treatment

264AAB_T Il L . e Mast
MO17AAB_T1 W I I ., DC
28AAATT 1 I —
ME0SAAA T I I I~ PDC
993AAAT1 I N B - S100" Mo
M348AAB"T1 Bl EEN N —— B o (10" MO
MZE;AAB' T [ N [ EN-NL Mo
M260AAB_T e CCL2" MO
M1 — T M124AAATT I I IR == MAF" M
MOS3AAA T2 Post-treatment st-treatment = NK
hi
M34BAAE T2 I— MITBAART2 e — o ™ "T1" CD4 T
MEOOAAAT? HE ... \|ast cells MOOOAAAT ] IEEEEEE— T DUSP4" CD4 T
MO17AAB_T2 I B MO17AAB_T2 I e == Treg
M228AAA T2 I == cDC & M® \228AAA—T2 I s N = CDS T
M481AAA_T I I pDC M481AAA T N s s 1
M313AAB_T I M313AAB_T [ B Bl V6T
M315AAATT i I == T & NK M315AAA_T - == Naive T
MIAIAAA T s ey ™ 5 cells  MOZIAMT e = B
| DO I
M694AAA_T I == Plasma B M634AAA—T I ol T - lasma B
50 100 - 50 100
of total immune cells % of total immune cells
D o mMast % cDC % S100" Mo~ % IL10"M® % APO"M® % MAF"M® % CCL2"M®
ns ns ns ns ns ns p=0.0261
o 8] e ® 12.5
é 6 40 '
E 4 3
T I
E 2 (“7—? 20
X0 @ 3 0 ' 0.0 2
Pre Post Pre Post Pre Post Pre Post Pre Post
E % CD8 % Naive voT NK TPT1"CD4  DUSP4" CD4 Tregs % PlasmaB % Bcells
ns ns p=0.0687 ns ns ns s
o . o .
5
E 20 e.... .
g o = 10] &7 o
£ ey
X ol _Fds v ol
Pre Post Pre Post Pre Post Pre Post Pre Post
Min mm Max
e NKPB .o.oqo.o ce
® NK———¢+ -0 - 0000 LN J
® CytotoxTPB-]e - ¢ - c 00 - @ @ - -
o VWOTTum——o~ - - - - - @ ¢ 000
® CD8TTum— - - - - - e -0 @ - - -
® CDATPB—] - - - - - .
" ® TPT1" CD4—] - -
{ » DUSP4"CD44 - -
;@ Tregs Tum— - -
Naive TPB— - -
© Naive T Tum~ - -
AT YL T LRI P 0 S g e
CorRe2esral9>5n
253gL0g20¥E2028
0085 B BTS
NK cells pre vs post-treatment UP Pre UP Post H PRF1 GZMB GNLY lls
Int?rferr?n akpha/beta signalin 100 FDR NK cell mediated cytotoxicity (KEGG Q0o
nterfero; RN nalin ‘ T cell mediated cytotoxicity (GO o0 o
) " Intérferon Signalin c 0<0.05 d Cy y
Cell sugace_mteéactlons at the vascular wal s O <025 FCy-Receptor activation (Reactome)1 0 @ © ©
ytokine |gr;\?l|ntg |nr=,r|n(rjnune syist,em = 080 5 >02 NK cell activation (GO){@ O © ©
eutiophil €& ﬁg”lg}igﬂ - o 7 Activated vs resting NK cells %GSE22919 1900 o
SUMO E3 ligases sumgxlﬁg r%et foteins — £60 NES .Mature vs immature NK cells (GSE13229) 1@.0.© .0 .
Pofential therape-ut(i) %reg)\% _ ) g » = Resting vs activated NK cells $G8E22919§ (4]
e‘lularr Sponse 0, ?]at stress{  mn) =40 VI348AAB -1 01 Immature vs mature NK cells (GSE13229)1© @ @ @
HSP90 chap. cycle for steroid horm rec. { s MO93AAA Hmmm
| ~ Fod Eotchment (FE)| -0-5 0 5 10 QG QG oS 8% 5%
FE/-Log10(P) SRR 250 g
TGF-B1 expression{e e @00 - 0000000 :0°000 ¢ Min Max K 5 o o =0-772, p<0.0001 a g ;x
TGF-B signaling (WikiPathways 00300 | >20.25 0 C ¥x =3z
TGF-B1 targetsignaling Karlsson ‘.‘.Oa % EXp. 2 £0.20 5 Zx
TGF-B receptor signaling (WikiPathways){® - . E g’ 80.154 o oz z
Sign. by TGF-{ family members (Reactome e 50 © o 0.10 o °
TGF- signaling I:EHaIImark ° ® 75 500.054 °
Sign. by TGF-B1 rec. complex (Reactome @ 100 ® 50‘00 °
PDOTFLE0089XQEX B H 583 P 0 20406080
E0gS 5522223290208 >2 I Min Max % of cells expressing
8 3 994°L8 5% £© ZEEE TGFBR1/TGFBR2
o0 asy (] 55,5
L o g 3<O—Ew @ o FFRF (o)
= 3 F NK cell receptors TIGIT/ CD96/ TIGIT  CD96
o Activating  Inhibitory 2oCD226C226 20 ns 40,
Activating receptors Of e . :ns 1 3
NK Preq « co00@® - ceo - ol
NK Post o000 . . © B3| 2
KPB{e: -0 - @@®:-¢-00 e .
i Max IPSO POL PS X R L OSS 5\, 100,
l\ollln Max NONRE [ rer TISOoSSErn -3 MOSIAAA
Aexpr DOQ(D—'Q—"'! 2255_'_'0
0625 O OoXpX¥Xy 7 Q§°é<2@°9\ QQ'{\)& Q?&\"@
e50075  * J g SR NS




Figure S4. The immune cell composition and function in neuroblastoma before and after induction chemotherapy, related to
figure 4. (A) Composition of overall immune cells per patient before and after induction chemotherapy. “T1” and “T2” indicate
paired samples before and after treatment. (B) Composition of detailed immune cell clusters per patient before and after induction
chemotherapy. “T1” and “T2” indicate paired samples before and after treatment. (C) Lymphoid:myeloid ratio before and after
chemotherapy. Dotted lines indicate paired samples. Mann-Whitney U test. (D) Myeloid cell percentages before and after induction
chemotherapy. Dotted lines indicate paired samples. Mann-Whitney U test. (E) Lymphoid cell percentages before and after
induction chemotherapy. Dotted lines indicate paired samples. Mann-Whitney U test. (F) UMAP and dotplot of integrated T/NK
subsets from both tumor and reference peripheral blood (PB) of adult healthy donors showing a selection of their differentially
expressed and marker genes. (G) Pathway analysis of NK cells with differentially expressed genes pre- versus post-treatment
(nominal p<0.05; Reactome, Bonferroni-corrected p-values<0.05). (H) PRF1, GZMB and GNLY expression in two paired samples
before and after treatment. The other 3 paired samples did not have sufficient NK cells for a reliable analysis. (I) Gene set
enrichment analysis of NK cells in pre-treatment tumors compared to NK cells from post-treatment tumors and blood. NK tumor =
pre- and post-treatment NK cells combined. NES=normalized enrichment score. (J) DotPlot of TGF-B1 expression and modulescores
of curated signatures for TGF-B downstream signaling in the neuroblastoma TME®. (K) Pearson correlation between expression of
signature for downstream signaling by the TGF-B receptor (TGFBR) complex (Reactome) in each population shown in figure S4J and
the percentage of cells expressing a modulescore of TGF-B receptor 1/2 in those respective populations. (L) Dotplot of NK cell
activating and inhibitory receptor expression. (M) Modulescore of NK cell activating and inhibitory receptors shown in Figure S4L.
Kruskall-Wallis with Dunn’s, ****P<0.0001 vs NK PB, ns=not significant. (N) The TIGIT/CD226 and CD96/CD226 gene expression
ratio in two paired samples before and after treatment. The other 3 paired samples did not have sufficient NK cells for a reliable
analysis. (0) Flow cytometric analysis of TIGIT and CD96 expression in neuroblastoma-infiltrating NK cells compared to blood NK
cells. Mann-Whitney U test; ns=not significant.
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Figure S5. T cells in neuroblastoma show increased dysfunctionality post-treatment, related to figure 4. (A) Violin plots of genes
associated with cytotoxicity in y6 T and CD8 T cells pre- and post-treatment compared to cytotoxic T cells in reference blood (Tcyt
PB). ns=not significant. (B-D) Pathway analysis of differentially expressed genes (padj<0.05) in y& T (B), CD8 T (C) and CD4 T (D) pre-
versus post-treatment (Reactome, Bonferroni-corrected p-values<0.05). (E) UpsetR ‘Venn’ diagram of top 50 upregulated pathways
pre-treatment compared to post-treatment in the T cell subsets. (F) Gene set enrichment analysis (GSEA) with gene signatures for



TCR signaling in T cells pre-treatment vs post-treatment (all Reactome signatures). (G) Dotplot of shared upregulated genes
comparing expression in CD4 and CD8 T cells pre- and post-treatment. (H) Analysis of gene expression of the eight shared
upregulated genes post-treatment in af T cells in five paired samples pre-treatment and post-treatment. (1) GSEA of exhaustion
sighatures (terminal & progenitor: GSE84105, exhaustion: 7, dysfunction: &) in indicated CD4 and CD8 T cell clusters versus their
respective counterparts from reference blood. (J) Venn diagram of shared upregulated genes post-treatment versus pre-treatment,
which are present in leading edges (core enriched) of GSEA analysis with exhaustion/dysfunction signatures from Figure 4N.
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Figure S6. Immunoregulatory interactions in the neuroblastoma tumor-microenvironment, related to figure 5. (A) Interaction
network involving interactions between myeloid cells and T/NK cells constructed with CellChat®. (B) Bubbleplot of predicted
interactions between myeloid cells and indicated T/NK subsets. Interactions with each specific T/NK subset and each specific
myeloid subset were evaluated and subsequently merged, with the highest probability of each interaction pair depicted in the plot
(left: myeloid merged; right: T/NK merged) (C) Bubbleplot of predicted interactions between tumor cells and indicated T/NK
subsets. (D) Bubbleplot of predicted interactions between mesenchymal cells and indicated T/NK subsets. (E) Interaction network
of interactions among Tregs and all other T/NK cell subsets. (F) Bubbleplot involving interactions between Tregs and indicated T/NK
cell subsets.
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Figure S7. The NECTIN2-TIGIT axis is associated with T cell dysfunction, related to figure 6. (A) Dotplot with expression of
dysfunction/exhaustion markers CTLA4, LAG3, TIGIT, PDCD1 and HAVCR2 in the indicated T cell subsets. (B) Flow cytometric
analysis of CTLA-4, LAG-3, TIGIT, PD-1 and TIM-3 expression on neuroblastoma-infiltrating T cell subsets. TPT1" CD4 were gated as
IL-7RMPD-1'° CD4* cells and DUSP4" CD4 were gated as IL-7R"°PD-1"" CD4* cells, as shown in figure 3F. Kruskall Wallis + Dunn’s.
*P<0.05, **P<0.01, ***P<0.001, ns=not significant. (C) Modulescore of the dysfunction/exhaustion genes in the indicated T cell
subsets. Kruskall Wallis + Dunn’s. ****P<0.0001. (D) NECTIN2 ‘ranking” among genes “B” from figure 6B which correlate positively
with dysfunction score of T cells, showing the mean sum of correlations of all interactions involving gene “B” in figure 6B, and the
total number of interactions involving gene “B” in figure 6B. (E) Correlation between NECTIN2 expression in IL10hi M¢ and total
cells in the TME with exhaustion scores of DUSP4" CD4 and CD8 T cells. (F) NECTIN2 gene expression in neuroblastoma TME.
*P<0.0001 from Findallmarkers analysis. (G) NECTIN2 gene expression in detailed mesenchyme clusters. *P<0.0001 from
Findallmarkers analysis. (H) TIGIT gene expressing on T cells infiltrating neuroblastoma compared to T cells from healthy donor
blood. *P<0.0001 from Findallmarkers analysis. (1) TIGIT and NECTIN2 expression in dataset of Verhoeven et al.> (J) TIGIT and
NECTIN2 expression in dataset of Costa et al.*
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Figure S8. Combined TIGIT/PD-L1 blockade enhances immune responses against neuroblastoma in vitro and in vivo, related to
figure 7. (A) DotPlot with expression of PD-1 ligands CD274 (PD-L1) and PDCD1LG2 (PD-L2) in neuroblastoma. (B) Flow cytometric
analysis of PD-L1 expression in the neuroblastoma tumor-microenvironment. (C) Gene set enrichment analysis of selected
signatures for PD-1 and/or TIGIT downstream signaling. KO=knock-out, GC-Tfh=germinal center follicular helper T cells.
NES=normalized enrichment score. (D) Gating strategy for flow cytometric expression analysis of Nectin-2 and PD-L1 expression on
GFP-positive tumoroids as shown in Figure 7C. (E) Flow cytometric analysis of PD-1 and TIGIT expression on healthy donor PBMC
cocultured with neuroblastoma tumoroids for 6 days. ‘PBMC w/o tumor’ was measured at timepoint 0 before coculture. (F)
Percentage of tumoroid (AMC691T) killing (=100-normalized luminescence) in vitro after 6 days of co-culture with PRAME-TCR
transduced T cells at E:T ratio 1:300. Luminescence values were normalized against condition with untreated tumoroids only. n=4-
5 technical replicates. Kruskall-Wallis with Dunn’s. *p<0.05; ns=not significant. (G) Percentage of tumoroid (AMC691T) killing (=100-
normalized luminescence) in vitro after 6 days of co-culture with FACS-sorted immune subsets from healthy donor peripheral blood
at E:T ratio 1:3. Luminescence values were normalized against condition with untreated tumoroids only. n=3 donors. Two-way
ANOVA with Sidak. *p<0.05; ns=not significant. w/o=without. (H) Tumor volumes at treatment start per condition for the three in
vivo models. (I) Immunohistochemical staining of TIGIT, PD-1 and PD-L1 in the three in vivo models (vehicle condition). (J) Body
weight of N1E-115, Neuro2a and N18 mouse models (n=6 per group) treated with anti-TIGIT and/or anti-PD-L1 up to day 15 of
treatment. (K-N) Flow cytometric analysis of the TME in vivo in n=3 mice per treatment condition, treated with anti-TIGIT and/or
anti-PD-L1 for 7 days. (K) Percentage of CD45+ immune cells of total live cells. (L) Total immune cell composition across treatments.
Models were pooled. *P<0.05 versus combination, ****P<0.0001 versus combination. 2-Way ANOVA. (M) T cell composition across
treatments. Models were pooled. *P<0.05 versus combination. 2-Way ANOVA. (N) Macrophage composition across treatments.
Models were pooled. 2-Way ANOVA.
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Figure S9. TIGIT blockade improves survival in a chemotherapy-resistant neuroblastoma model, related to figure 8. (A)
Generation of chemotherapy-resistant neuroblastoma model from Th-ALK™Y74L/MYCN 129/Sv) models repeatedly treated with VAC
(Vincristine, Adriamycin/Doxorubicin, Cyclophosphamide). (B) Summary of dose escalation treatment schedule to achieve
resistance. Red arrows indicate when single dose VAC was administered. The number of days taken for the tumor to relapse is
indicated below each cycle. At the end of each cycle, the allograft tumor was re-passaged into another animal before treatment
started. (C) Percentage relative tumor volume change 7 days after treatment with single dose of VAC at 32 mg/kg or 80 mg/kg. (D)
Time taken for allograft tumor to relapse after treatment with single high dose of VAC (80 mg/kg VAC) in Cycle 5 and Cycle 6. Tumor
cells after Cycle 6 were used to establish allografts for therapeutic studies. (E) Macroscopic confirmation of tumor presence for
small tumors. (F) Histological confirmation of tumor cell presence for small tumors. (G) TSNE representation of flow cytometric
analysis of PD-L1 and Nectin-2 expression in the TME of small tumors (vehicle condition). (H) Body weight of mice with small tumors
(n=7 per group) treated with TEM/IRI, anti-GD2 and/or anti-TIGIT and/or anti-PD-L1 up to day 80 of treatment. (1) Tumor volumes
at start of treatment per treatment condition for mice with large and small tumors. (J) Survival analysis comparing response to
TEM/IRI (T/I) +anti-GD2 (aGD2) in small and large tumors. (K) TSNE representation of flow cytometric analysis of Nectin-2
expression in the TME of large tumors (vehicle condition). (L) Flow cytometric analysis of immune cell subsets as a fraction of total
live cells in the tumor. Mann Whitney U test. N=4 animals per condition.
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