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Integrative analysis of neu
roblastoma by single-cell
RNA sequencing identifies the NECTIN2-TIGIT axis
as a target for immunotherapy
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In brief

Wienke et al. analyze the immune

landscape of neuroblastoma pre- and

post-chemotherapy and identify the

NECTIN2-TIGIT axis as a crucial immune

checkpoint, which correlates with

dysfunction of T/NK cells. TIGIT (+PD-L1)

blockade induces numerous complete

responses (CR) in vivo, even against

chemotherapy-resistant neuroblastoma,

highlighting TIGIT blockade as promising

immunotherapy for neuroblastoma.
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SUMMARY
Pediatric patients with high-risk neuroblastoma have poor survival rates and urgently need more effective
treatment options with less side effects. Since novel and improved immunotherapies may fill this need, we
dissect the immunoregulatory interactions in neuroblastoma by single-cell RNA-sequencing of 24 tumors
(10 pre- and 14 post-chemotherapy, including 5 pairs) to identify strategies for optimizing immunotherapy ef-
ficacy. Neuroblastomas are infiltrated by natural killer (NK), T and B cells, and immunosuppressive myeloid
populations. NK cells show reduced cytotoxicity and T cells have a dysfunctional profile. Interaction analysis
reveals a vast immunoregulatory network and identifies NECTIN2-TIGIT as a crucial immune checkpoint.
Combined blockade of TIGIT and PD-L1 significantly reduces neuroblastoma growth, with complete re-
sponses (CR) in vivo. Moreover, addition of TIGIT+PD-L1 blockade to standard relapse treatment in a chemo-
therapy-resistant Th-ALKF1174L/MYCN 129/SvJ syngeneic model induces CR. In conclusion, our integrative
analysis provides promising targets and a rationale for immunotherapeutic combination strategies.
Cancer Cell 42, 283–300, February 12, 2024 ª 2023 The Authors. Published by Elsevier Inc. 283
This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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INTRODUCTION
 identified the NECTIN2-TIGIT axis as promising target for neuro-
Immunotherapy has revolutionized cancer treatment in adults

and holds great promise for pediatric solid tumors.1 Its potential

is exemplified by the increased survival of patients with high-risk

neuroblastoma following implementation of anti-GD2 antibody

therapy into standard care.2,3 Neuroblastoma, themost common

extracranial pediatric solid tumor, accounts for 10% of pediatric

cancer-related deaths.4 Patients are stratified into risk groups

based on disease presentation and genomic alterations like

MYCN amplification, which is an important driver of poor prog-

nosis.5 High-risk neuroblastoma patients receive an intense

multimodal treatment regimen, consisting of induction chemo-

therapy, surgical tumor resection, consolidation with high-dose

chemotherapy followed by autologous stem cell transplantation,

radiotherapy and anti-GD2 immunotherapy. Introduction of anti-

GD2 has improved high-risk neuroblastoma event-free survival

rates by �15%.2,3 Still, overall 5-year survival rates are below

60%, particularly due to the high relapse rate.3 Chemoimmuno-

therapy with temozolomide, irinotecan and anti-GD2 is likely to

be selected as the backbone treatment for relapse/refractory

neuroblastoma patients in Europe.6 Due to the intense treatment,

the majority of survivors suffer of debilitating (long-term) side ef-

fects.7 Taken together, there is an urgent need for more effective

treatments with less side effects.

The success of anti-GD2 therapy has provided a clear ratio-

nale for immunotherapy in neuroblastoma treatment. Yet, as

the survival benefit is still modest, improving immunotherapy ef-

ficacy will be crucial. T cells and natural killer (NK) cells are

considered essential effectors in the context of immunotherapy,

but their function is compromised in many cancers.8,9 Efforts to

improve immunotherapy efficacy focus on reinvigorating T and

NK cell function, e.g., with immune checkpoint inhibition or by

introducing cellular immunotherapies like chimeric antigen re-

ceptor (CAR) T cells.1,10 Until recently, these approaches

showed relatively limited efficacy in clinical trials for neuroblas-

toma, but the recent CAR-T trial by Del Bufalo et al. provided

promising results.11–20 The overall limited success may be due

to intra-tumoral factors hampering efficacy, such as immuno-

suppressive cells and a plethora of immune checkpoints.10,21 Ef-

forts to optimize immunotherapies for neuroblastoma are

currently hampered by a lack of information on these intra-tu-

moral factors. The detailed composition and function of T and

NK cells in the neuroblastoma tumor-microenvironment (TME)

is still largely unexplored and only few immunosuppressive

factors have so far been identified.22 To guide further immuno-

therapy development—and enhancement—it is essential to

gain better insights into neuroblastoma’s immune environment

and the immunoregulatory mechanisms at play. Moreover,

such insights may fuel an educated approach to design

combination immunotherapy strategies overcoming immune

resistance.22

To unravel the immune environment of neuroblastoma and

identify targets for immunotherapy enhancement, we generated

a single-cell transcriptomic atlas of 24 tumors, with samples

taken before and after induction chemotherapy. We provide a

detailed view of neuroblastoma’s immune landscape pre- and

post-chemotherapy and reveal a vast immunoregulatory interac-

tion network. Subsequent functional validation experiments
284 Cancer Cell 42, 283–300, February 12, 2024
blastoma immunotherapy.

RESULTS

The single-cell landscape of neuroblastoma
To provide an in-depth view of neuroblastoma’s TME, tumor sam-

pleswere analyzed by single-cell RNA sequencing. Freshmaterial

was processed from 24 tumors of 19 patients, 10 taken pre-treat-

ment and 14 after induction chemotherapy, including five paired

samples. Seventeen patients had high-risk neuroblastoma and

two had intermediate risk neuroblastoma. Six out of 19 patients

hadMYCN amplified (MYCN-A) tumors (Figure 1A; Table S1). Sin-

gle-cell RNA sequencing using the Cel-Seq2 protocol yielded

22,418 high-quality cells. We identified 24 cell clusters, which

were annotated as five main cell types, i.e., tumor, immune cells,

endothelium, mesenchyme, and Schwann cell precursor cells

(Figures 1B, 1C, and S1A), confirming previous findings.23,24 The

three tumor clusters highly expressed CDK4, CCND1, and

MYCN, respectively (Figure 1C). Cluster 1 containedCDK4 ampli-

fied cells andcluster 3 containedMYCN-Acells (TableS1). In addi-

tion, the tumor clusters expressed previously described neuro-

blastoma markers genes, including CHGB, PHOX2B, and TH

(Figures 1D and S1B).25 Tumor cell identity was confirmed by

copy number variation inference, showing typical chromosomal

aberrations (e.g., 1p loss, 11q loss, and 17q gain; Figure S1C).25

HLA class I expression was significantly lower in tumor than non-

tumor cells, particularly in those with high MYCN expression

(Figures S1D–S1F), highlighting neuroblastoma’s low immunoge-

nicity.26 Nonetheless, the cellular (immune) fractions of MYCN-A

tumors did not significantly differ from MYCN-non amplified tu-

mors (Figure S1G). Distinct changes in the cellular composition

were observed upon induction chemotherapy (Figures 1E–1G).

The tumor content decreased from 47% (range 9–96%) pre-treat-

ment to 3% (0–20%) post-treatment, while themesenchymal frac-

tion increased from 11% (0–43%) to 49% (1–87%) (both p < 0.05,

Figures 1F and 1G). The mesenchymal fraction consisted of (can-

cer-associated) fibroblasts (CAF) with phenotypes ranging from

myofibroblasts to inflammatory/adipogenic fibroblasts, one popu-

lation enriched for follicular dendritic cells (FDC) derived from

lymph node biopsies (C8), and one population of healthy adrenal

cells (C9; Figures S1H–S1J). CAFs displayed functional and

compositional differences before and after treatment (Fig-

ures S1I–S1K). C0 and C8, containing myofibroblasts and inflam-

matory CAF/FDC, were the most prominent CAF clusters pre-

treatment, while clusters C2, C5, and C6 were more enriched

post-treatment. The other main cell fractions, including immune

cells, did not change upon treatment (Figure 1F).

Neuroblastoma is populated by immunosuppressive
macrophages
To unravel the composition and function of neuroblastoma-infil-

trating immune cells we performed an in-depth analysis of the

PTPRC+ (CD45+) immuneclusters. Amonga total of 6,012 immune

cells, we identifiedmyeloid and lymphoid populations (Figures 2A,

S2A, and S2B). Themyeloid cells, key regulators of anti-tumor im-

munity due to their roles in antigen presentation, T cell polarization

and immunosuppression,27 consisted ofmast cells, plasmacytoid

dendritic cells (pDC), conventional DC (cDC), S100A8/A9hi
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Figure 1. The single-cell landscape of neuroblastoma

(A) Overview of patients and samples.

(B) UMAP of main cell types.

(C) Heatmap of top 5 differentially expressed genes per main cell type.

(D) UMAP showing expression of neuroblastoma-associated genes.

(E) Proportion of different cell types per sample. *Only cells which were sorted with an unbiased FACS sorting strategy were included, which led to exclusion of

M761AAA_T, M241AAE_T, and M259AAA_T. ‘‘T1’’ and ‘‘T2’’ refer to paired samples before and after treatment, respectively.

(F) Average cellular composition of samples before and after induction chemotherapy.Mixed-effects analysis with Sidak’s multiple comparisons test. *p < 0.005.

(G) Proportion of mesenchymal and tumor cells in five paired pre- and post-treatment samples. Mann-Whitney U-test. Also see Figure S1.

ll
OPEN ACCESSArticle
undifferentiated monocytes (Mo), and four differentiated macro-

phage populations (IL10hi, CCL2hi, APOhi, and MAFhi macro-

phages [M4; Figure 2B]). We confirmed their presence by flow cy-

tometry and established their similarity with previously identified

populations in neuroblastoma (Figures S2C–S2E).23,24

cDC, and IL10hi, APOhi and MAFhi M4 had the highest expres-

sion of HLA and costimulatory molecules (p < 0.0001 versus

S100hi Mo), rendering them the most potent interaction partners

for T cell co-stimulation (Figures 2C and S2F). Compared to the

undifferentiatedS100hiMo, allmacrophagepopulations displayed

an M2-like signature, associated with immunosuppressive and

pro-tumorigenic properties (p < 0.0001; Figure 2D),28,29 which

was confirmed by protein expression of M2-associated marker

CD163 (Figure 2E). The IL10hi and CCL2hi M4 populations had a

mixed profile, expressing M1-like (pro-inflammatory) features

next to M2-like characteristics (p < 0.0001; Figure 2D). The immu-

noregulatory nature of the myeloid populations was further sub-

stantiated by their expression of soluble factors with acknowl-
edged immunosuppressive roles in tumors, such as IL10,

LGALS3, and MMP9 (Figure S2G).30–32 These results indicate,

and confirm previous reports,23,24 that macrophages in neuro-

blastoma have immunosuppressive features which may tune

lymphoid responses.

Lymphocyte subsets in neuroblastoma display features
of dysfunctionality
The lymphoid compartment consisted of NK cells, T cells, and

(plasma) B cells (Figure 3A). NK cells expressed genes encoding

cytotoxic molecules (GNLY, GZMA, GZMB, and PRF1) and gdT

cells expressed their T cell receptors (TCR; TRDC, TRGC1/2).

Among abT cells, we identified CD8+, CD4+, CD4+FOXP3+ regu-

latory T cells (Tregs), and naive(-like) T cells. These populations

were largely equivalent to previously identified clusters in neuro-

blastoma (Figure S3A).23,24 Histological assessment revealed

that T cells were present in tumor-rich areas (Figure S3B).

CD8+ T cells expressed CD8A, cytotoxic effector molecules
Cancer Cell 42, 283–300, February 12, 2024 285
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(A) UMAP of immune cells.
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differentiated macrophage (M4) populations showing a selection of their marker genes.

(C) Antigen presenting/co-stimulatory capacity score as constructed with genes in Figure S2F.
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(E) Flow cytometry of CD163 in myeloid populations. Also see Figure S2.
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(PRF1, GZMA, and GZMB), and significantly increased levels of

PDCD1 (encoding PD-1) and LAG3 compared to other T/NK cell

clusters (Figures 3A and 3B). Since PD-1 and LAG-3 are typically

regarded as markers of T cell dysfunction/exhaustion, their

expression indicated the presence of a dysfunctional cell fraction

among CD8+ cells.33,34 Tregs expressed high levels of their

signature genes FOXP3, CTLA4, TIGIT, and IL2RA, in addition

to transcription factors IKZF2, BATF, PRDM1, and MAF and

checkpoint receptors TNFRSF1B (TNFR2), TNFRSF4 (OX-40),

and TNFRSF18 (GITR) (Figures 3A, 3C, and S3C). Expression

of these transcription factors and checkpoint receptors is sug-

gestive of an activated and effector Treg profile, which is typi-

cally identified in tumor-infiltrating Tregs and associated with

enhanced suppressive capacity.35–39

Among non-TregCD4+ T cells we identified two distinct subsets

with functional differences. One subset highly expressed DUSP4,

a signal repressor preventing T cells from over-activation, which

has been related to premature T cell aging causing senescence/

exhaustion (Figure 3D).40DUSP4hi CD4 indeedhad amixedprofile

of activation and regulation, with on the one hand TCR signaling

and expression of proliferation marker MKI67, and on the other

hand expression of co-inhibitory receptors PDCD1, TIGIT,

CTLA4 and high PD-1 signaling (Figures 3D and S3D–S3F).

Expression of these co-inhibitory receptors by non-Treg T cells

is associated with T cell dysfunction.34,41 Indeed, the DUSP4hi

CD4+ cluster had significantly increased expressionof a published

signature fordysfunctional tumor-infiltratingTcells (Figure3E).33 In

contrast, TPT1hi CD4+ T cells had higher translational activity and

expressed receptors IL7R and CCR7, cytotoxic markers (KLRB1,
286 Cancer Cell 42, 283–300, February 12, 2024
GNLY), as well as CCR6 and RORA, associated with Th17 polari-

zation (Figures 3D and S3F). We confirmed the presence of these

distinct CD4+ T cells in neuroblastoma by flow cytometry (Fig-

ure 3F), including high expression of co-inhibitory receptors and

Ki-67 in theDUSP4hi cluster (Figures S3G and S3H). These results

suggest thatDUSP4hiCD4containedahigherproportionof tumor-

reactive cells, whereas TPT1hi CD4 likely consisted of tissue-resi-

dent bystander cells (Figure S3I). This premise was further sup-

ported by gene set enrichment analysis (GSEA) utilizing published

gene signatures specific for either tumor-infiltrating T cells or

blood/normal tissue-associated T cells.42 GSEA showed that

DUSP4hi CD4 corresponded largely with previously identified tu-

mor-infiltrating T cell clusters—including those with exhausted

profiles—whereas TPT1hi CD4 corresponded more with blood/

normal tissue-associatedTh17cell clusters (Figure3G).Bystander

TPT1hi CD4 may have been attracted to tumors by CCR6 ligand

CCL20, which was highly expressed by IL10hi M4 (Figure S2F).

Taken together, the neuroblastoma immune environment is char-

acterized by lymphocyte subsetswith various features of dysfunc-

tionality, and highly immunosuppressive effector Tregs.

NK cells in pre-treatment neuroblastoma tumors are
dysfunctional
Nearly all annotated immune subsets were detected in each indi-

vidual tumor sample, albeit in varying proportions (Figures S4A

and S4B). To assess the effect of induction chemotherapy on tu-

mor immunity we compared the immune composition before (at

diagnosis) and after induction chemotherapy (at surgical resec-

tion) (Figure 4A). While the total proportion of immune cells was
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Figure 3. Neuroblastomas are characterized by lymphoid populations with differing degrees of dysfunctionality

(A) UMAP and dotplot of T and natural killer (NK) cell subclusters with a selection of their marker genes.

(B) Expression of LAG3 and PDCD1 in T/NK cell clusters. *padj < 0.0001 in FindAllMarkers analysis among lymphocytes.

(C) Transcription factors associated with effector Treg profile. *padj < 0.0001 in FindAllMarkers analysis among lymphocytes.

(D) Volcano plot of differentially expressed genes between the two CD4 T cell populations.

(E) Expression of a previously published signature for CD4 T cell dysfunction in melanoma. Mann-Whitney U test.33

(F) Flow cytometric identification of two CD4 T cell populations by expression of PD-1 and IL-7R.

(G) GSEA comparing neuroblastoma immune cell clusters (in rows) to previously published gene signatures which identify T cell clusters isolated from either

blood, healthy tissues (‘‘normal’’) or tumors (in columns).42 The color scale indicates for each neuroblastoma cluster the degree of similarity (NES) with published

signatures. Also see Figure S3.
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constant (Figure 1F), we observed a trend of a decreased

lymphoid/myeloid ratio upon treatment, suggesting a reduction

of lymphoid or an influx/expansion of myeloid cells (p = 0.13;

Figures 4B and S4A–S4C). The strongly M2-differentiated CCL2hi

M4 significantly increased after treatment, while B cells

decreased (both p < 0.05; Figures 4C, 4D, S4D, and S4E). We
also observed a trend of NK cell reduction after treatment

(p < 0.1; Figures 4D and S4E).

Since NK cells are considered essential cytotoxic effectors

in neuroblastoma,43 we assessed whether their functionality

changed upon treatment, and compared them to reference NK

cells from healthy donor blood (Figures S4F and S4G). Since NK
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Figure 4. The immune cell composition and functional profile before and after induction chemotherapy

(A) Schematic illustration of the high-risk neuroblastoma treatment plan. Arrows indicate sampling timepoints for single-cell RNA sequencing.

(B–D) Average immune (B), myeloid (C), and lymphoid (D) cell composition before and after induction chemotherapy. #0.05 < p < 0.1 pre versus post; *p < 0.05 pre

versus post; Mann-Whitney U test.

(E) Downregulated genes in NK cells in pre-treatment tumors compared to either NK cells post-treatment or reference peripheral blood (PB) NK cells (padj < 0.05).

(F) Expression of cytotoxic genes by NK cells in tumors and peripheral blood (PB). ****padj < 0.0001, *padj < 0.05.

(G) Flow cytometric analysis of granzyme B and perforin expression in neuroblastoma-infiltrating NK cells compared to reference blood NK cells (PB). **p < 0.01;

Mann-Whitney U-test, mean ± SD.

(H) Pearson correlation of TGF-b1 downstream signaling45 and tumor-infiltrating NK cell cytotoxicity (modulescore ofGZMA,GZMB, PRF1,GNLY, NKG7,CST7,

CCL5, and IFNG).

(I and J) 24-h killing assay of luciferase-transduced neuroblastoma tumoroid AMC691B by IL-2/IL-15 primed healthy donor blood-derived NK cells with or without

rhTGFb or anti-TGFb antibody. Two-way ANOVA, *p < 0.05. (I) %Killing = 100-normalized luciferase signal (normalized to tumoroid only). (J) Multiplex immu-

noassay on supernatant.

(K) Pearson correlation of cytotoxic gene expression with expression of activating and inhibitory receptors in tumor-infiltrating NK cells.

(L) TIGIT/CD226 and CD96/CD226 gene expression ratios in NK cells from pre-/post-treatment tumors and from reference blood (PB). Dashed lines indicate

ratios in NK PB.

(legend continued on next page)
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cell function could be affected by micro-environmental effects

induced by tumor cells, which weremost abundant pre-treatment

(Figure1F),weprimarily focusedonNKcell functionpre-treatment.

Compared to NK cells post-treatment or reference NK cells, NK

cells in pre-treatment tumors had significantly reduced expression

of essential cytotoxic effector genes (GNLY, GZMB, PRF1;

Figures 4E, 4F, and S4H). We confirmed low granzymeB and per-

forin expression, suggesting an impaired cytotoxic function, by

flow cytometry (Figure 4G). GSEA further confirmed their reduced

cytotoxicity and indicated a dysfunctional immature, resting state

in pre-treatment NKcells (Figure S4I), as also observed in other tu-

mor types.44 Signaling by TGF-b1, a well-known immunosuppres-

sive factor, correlated negatively with NK cell cytotoxicity (Fig-

ure 4H).45 TGF-b downstream signaling was observed in all TME

cell types and correlated stronglywith TGF-b receptor expression,

supporting the presence of active TGF-b in neuroblastoma

(Figures S4J and S4K). Intriguingly, NK cells themselves ex-

pressed the highest levels of TGF-b1 (Figure S4J). Addition of re-

combinant TGF-b1 to in vitro co-cultures of neuroblastoma tumor-

oids and primed healthy donor NK cells significantly reduced

tumor killing and granzyme B production by NK cells, whereas

blockade of TGF-b increased cytotoxicity (Figures 4I and 4J).

These observations strongly implicate TGF-b1 signaling in NK

cell dysfunction in neuroblastoma.

Since NK cell activity is additionally regulated by a delicate

balance of activating and inhibitory receptors, we assessed

expression of these receptors and evaluated their correlation

with NK cell cytotoxicity (Figure S4L). Overall, activating receptor

expression was lower in tumor than blood NK cells (Figure S4M).

Expression of activating receptors CD226 (DNAM-1), FCGR3A

(CD16), KLRC2 (NKG2C), KLRD1 (CD94) and NCR1 (CD335)

positively correlated with cytotoxic genes, while the inhibitory

KLRB1 (CD161), CD96 and TIGIT negatively correlated with

cytotoxic genes (Figure 4K). The activating CD226 and inhibitory

CD96 and TIGIT belong to the same checkpoint receptor family

competing for ligands. TIGIT/CD226 and CD96/CD226 gene

expression ratios were substantially increased in tumor-infil-

trating NK cells pre-treatment (Figures 4L and S4N), indicating

a disturbed balance shifted toward NK cell inhibition. We

confirmed significantly increased CD96 expression, and a trend

of increased TIGIT expression in neuroblastoma-infiltrating NK

cells by flow cytometry (Figure S4O). These results implicate

TGF-b1 and the inhibitory checkpoint receptors KLRB1, TIGIT,

and CD96 in NK cell dysfunction in neuroblastoma.

T cells in post-treatment neuroblastoma tumors are
dysfunctional
In contrast to NK cells, T cells did not have reduced cytotoxicity

pre-treatment (Figure S5A). Pathway analysis showed that gd

and CD8+ T cells had higher IL-12 signaling pre-treatment than

post-treatment (Figures S5B and S5C), suggesting activation.

CD8+ and DUSP4hi CD4+ T cells additionally had increased inter-

feron and TCR signaling pre-treatment (Figures S5C and S5D),
(M) Venn diagram of shared upregulated genes (padj < 0.05) in CD4 and CD8 T c

(N) GSEA of exhaustion and effector signatures (1 + 4: GSE84105, 2 + 5,78 333) in C

(O) Dotplot of immune checkpoint receptor genes in CD4 and CD8 T cells.

(P) Fraction of cells expressing proliferation markerMKI67 (Ki-67), cytokine IL2 (IL

and S5.
indicating that at least a fraction of those cells may be tumor-reac-

tive, corroborating our findings in Figure 3G. All four effector T cell

subsets shared pathways related to TCR signaling in the top 50

of upregulated pathways pre-treatment (Figure S4E). GSEA

confirmed increased TCR signaling in all T cell subsets pre-treat-

ment compared to post-treatment (Figure S4F). After treatment

however, ab (CD8+ and CD4+) T cell subsets shared a significantly

increased expression of eight genes (Figures 4M, S5G, and S5H),

of which transcription factors MAF and TSC33D3, as well as

MYADM and ZFP36 were previously associated with dysfunction

of T cells in tumor-microenvironments and/or repression of T cell

activation.33,46–50 GSEA confirmed a significant enrichment of

gene signatures for dysfunction in post-treatment compared to

pre-treatment ab T cells, whereas ab T cells in pre-treatment sam-

ples had a higher effector signature (Figure 4N). ab T cells post-

treatment were particularly enriched for signatures associated

with ‘‘terminal exhaustion’’ as opposed to ‘‘progenitor exhaus-

tion,’’ the latter being associated with some level of retained func-

tionality and tumorcontrol.51However, compared tohealthydonor

blood-derived T cells, both pre- and post-treatment tumor-infil-

trating T cells showed a significant enrichment of dysfunction/

exhaustion signatures (Figure S5I). The co-inhibitory receptors

LAG3 (LAG-3), CTLA4 (CTLA-4), PDCD1 (PD-1) and HAVCR2

(TIM-3), extensively linked to T cell exhaustion/dysfunction,33,34

were among the core enriched upregulated genes post-treatment

(Figures 4O and S5J). Lower fractions of MKI67 (Ki-67) and IL2

(IL-2) expressing cells and increased fractions of TNFRSF9

(4-1BB) expressing cells confirmed reduced (proliferative) activity

and suggested prolonged antigen stimulation post-treatment (Fig-

ure 4P).53,54 Taken together, these results imply that a fraction of

T cells is tumor-reactive and becomes more exhausted/dysfunc-

tional after treatment, possibly due to prolonged antigen stimula-

tion. The high expressionof co-inhibitory receptors in combination

with overall low TOX/TOX2 expression (Figure 3A) however sug-

gests potentially retained responsiveness to immune checkpoint

blockade (ICB).

Immunoregulatory interactions in neuroblastoma
Lymphocyte dysfunction in tumorsmay result from prolonged an-

tigen stimulation, but also from suppressive microenvironmental

cues. Tounravel thesecues,weanalyzed the interactionsbetween

T/NK cells and other cells in the tumor using the prediction tool

CellChat.52 The combinedpopulation of T/NKcells (defined in Fig-

ure 2A) displayed a multitude of interactions with other cells, of

which those with myeloid cells were most abundant (Figures 5A,

S6A, and S6B). To specifically identify therapeutically targetable

immunomodulatory interactions, we focused on interactions be-

tweenT/NKcells and four immunoregulatory interactionspartners,

i.e.,myeloidcells, tumorcells,mesenchymalcells andTregs. Inter-

actions with these partners included, among others, interactions

involved incellular adhesion, chemoattractionand immune regula-

tion (Figures 5B and S6A–S6F). Among these we identified a num-

ber of cellular interactions with a known immunosuppressive role
ells post-treatment versus pre-treatment.

D4 and CD8 T cells pre-/post-treatment. NES = normalized enrichment score.

-2) and antigen-stimulated T cell marker TNFRSF9 (4-1BB). Also see Figures S4

Cancer Cell 42, 283–300, February 12, 2024 289



Myeloid (91)
Endothelial (53)

Tumor (46)
Schwann (40)

Mesenchyme (48)

Mast (28)
B + plasma B (27+27)

Number of unique
interactions with T/NK

B

Endothelial
Mast

Mesenchyme

Myeloid

Schwann
T►NK

Tumor

B

Endothelial
MastMesenchyme

Myeloid

Schwann

T/NK

Tumor

B

Endothelial
Mast

Mesenchyme

Myeloid

Schwann

T/NK

Tumor
T/NK (19)

NECTIN2►TIGIT

HLA−E►KLRC1
LGALS9►HAVCR2

CD274►PDCD1

CD80►CTLA4
CD86►CTLA4

CCL4L2►VSIR

CLEC2D►KLRB1
SELL►SELPLG

TNF►VSIR

HLA−E►KLRC1
NECTIN3►TIGIT

TNF►VSIR
MIF►CD74

MDK►SORL1
NECTIN1►CD96

CLEC2D►KLRB1

HLA−E►KLRC1
LGALS9►HAVCR2

NK

TPT1 C
D4

DUSP4 C
D4
CD8

γδ
T

M
yeloid ►

T/N
K

Tum
or 

Treg

Cell ►T/NK

min max

Probability

HLA−E►KLRC1
NECTIN2►TIGIT

MDK►SORL1

M
es

γδT
CD8

DUSP4 CD4
TPT1 CD4

NK

H
LA

−E
►

K
LR

C
1

H
LA

−E
►

KL
R

C
2

C
LE

C
2B

►
KL

R
F1

SO
R

L1
►

M
D

K
IC

AM
1►

AR
EG

LG
A

LS
9►

H
A

VC
R

2
TN

FR
SF

10
B►

FA
SL

G
TN

FR
SF

14
►

TN
FS

F1
4

PE
C

AM
1►

C
D

38
TN

F►
N

O
TC

H
1

C
AD

M
1►

C
R

TA
M

TN
FR

SF
1A

►
FA

SL
G

TN
FS

F1
3B

►
TF

R
C

AL
C

AM
►

C
D

6
TN

F►
IC

O
S

C
C

L4
►

C
C

R
5

LT
BR

►
LT

B
C

XC
L1

2►
C

XC
R

3
C

XC
L1

6►
C

XC
R

6
C

C
L5

►
C

C
R

5
C

D
86

►
C

D
28

C
C

L2
0►

C
XC

R
3

C
C

L3
►

C
C

R
5

N
EC

TI
N

2►
TI

G
IT

TN
FR

SF
10

B►
TN

FS
F1

0
TN

F►
FA

S
FA

M
3C

►
PD

C
D

1
C

D
86

►
C

TL
A

4
TN

FS
F1

2►
TN

FR
SF

25
N

EC
TI

N
3►

TI
G

IT

C
C

L2
0►

C
C

R
6

R
IP

K1
►

TN
FS

F1
0

C
C

L2
1►

C
C

R
7

C
D

55
►

AD
G

R
E5

C
O

PA
►

C
D

74
AD

G
R

E5
►

C
D

55
G

R
N

►
TN

FR
SF

1B
C

D
74

►
C

O
PA

TG
FB

1►
TG

FB
R

3
IC

AM
1►

IT
G

AL
IC

AM
1►

SP
N

LG
AL

S9
►

SO
R

L1
PL

XN
B2

►
SE

M
A4

D
LG

AL
S9

►
C

D
44

M
D

K
►

SO
R

L1
H

BE
G

F►
C

D
44

LG
AL

S9
►

C
D

47
FA

M
3C

►
C

LE
C

2D
SE

LL
►

SE
LP

LG
TN

F►
TN

FR
SF

1B
TG

FB
R

3►
TG

FB
1

AP
P►

C
D

74
C

LE
C

2D
►

K
LR

B
1

C
5A

R
1►

R
PS

19
SI

R
PA

►
C

D
47

TN
FS

F1
3B

►
H

LA
−D

PB
1

SE
LP

LG
►

SE
LL

TN
F►

VS
IR

# predicted
interaction
partners

1−5
6−10
10−22

min max

Probability

Interactions with: NK T T/NK

C
D

27
4►

PD
C

D
1

A

B

C

Figure 5. Immunoregulatory interactions in neuroblastoma
(A) Interaction network of main cell types in neuroblastoma constructed with CellChat.52
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and potential for therapeutic intervention, including CLEC2D—

KLRB1, LGALS9—HAVCR2, CD274—PDCD1, NECTIN2—TIGIT

and CD80/CD86—CTLA4 and NECTIN1—CD96 (Figure 5C). This

multitude of immunoregulatory interactions highlights a rationale

for ICB combination therapy as opposed to ICB monotherapy.

Immunosuppressive interactions with potential for
therapeutic intervention
ICB has revolutionized cancer therapy and may restore activity

of exhausted/dysfunctional T cells.1 We therefore sought to

identify specifically which interactions with tumor-reactive

T cells were associated with disturbed T cell function, to thera-

peutically target exactly those interactions. We assessed the

correlation between T cell dysfunction and all predicted interac-

tions (not selected for known immunosuppressive interactions)

with an unbiased approach outlined in Figure 6A, using a

dysfunction score with established markers (Figures S7A–

S7C).55 We focused our analysis on CD8+ and DUSP4 CD4+

T cells since these proved to contain most tumor-reactive cells

and had the highest dysfunction scores (Figure S7C). The anal-

ysis revealed multiple targets which positively correlated with

T cell dysfunction (Figure 6B). Among the most frequent targets

and those with the highest correlations with T cell dysfunction,
290 Cancer Cell 42, 283–300, February 12, 2024
we identified NECTIN2, a well-known interaction partner of the

co-inhibitory receptor TIGIT (Figures 6B, S7D, and S7E). NEC-

TIN2 on cDC, endothelium, mesenchyme, IL10hi M4 and APOhi

M4 was predicted to interact with TIGIT on CD8 and DUSP4hi

CD4 T cells (Figures 6C, S7F, and S7G). We confirmed expres-

sion of NECTIN2 by flow cytometry (Figure 6D). Expression of

TIGITwas increased in tumor-infiltrating T cells, especially inDU-

SP4hi CD4 and CD8 T cells, compared to reference T cells from

blood (Figures 6E and S7H). We confirmed expression of NEC-

TIN2 and TIGIT by these cells in previously published neuroblas-

toma datasets (Figures S7I and S7J), and confirmed the positive

correlation between NECTIN2 expression and T cell dysfunction

in bulk-RNAseq data of 498 neuroblastomas (SEQC cohort

GSE49710; Figure 6F).56 Taken together, the NECTIN2-TIGIT

axis may regulate T cell function in neuroblastoma and repre-

sents a promising target for therapeutic intervention.

Combined TIGIT/PD-L1 blockade enhances immune
responses against neuroblastoma
To investigate the therapeutic potential of TIGIT blockade in neu-

roblastoma, we explored its functional role in tumor killing. To

consider the possible benefit of ICB combination therapy—based

on the abundance of immunoregulatory interactions including
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(A) Graphical representation of analysis strategy for Figure 6B: selection of genes (‘‘B’’) expressed by population ‘‘X’’ which are involved in a significant ligand-

receptor interaction between population ‘‘X’’ and T cell subset ‘‘Y’’, of which the expression by population ‘‘X’’ also significantly correlates with the dysfunction

score of T cell subset ‘‘Y’’. Genes with at least one significant correlation, with either DUSP4hi CD4 or CD8 T, were included.

(B) Heatmap showing Pearson correlation of expression of genes ‘‘B’’ by populations ‘‘X’’ with dysfunction score of T cell subsets ‘‘Y’’.

(C) All predicted NECTIN2-TIGIT interactions with DUSP4hi CD4 and CD8 T cells in neuroblastoma.

(D) Flow cytometric validation of nectin-2 protein expression on neuroblastoma tumor samples. Mean ± SD.

(E) Flow cytometric validation of TIGIT protein expression on T cell populations infiltrating neuroblastoma, compared to reference T cells from blood (PB). TPT1hi
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(F) Correlation ofNECTIN2 gene expression with dysfunction score in bulk-RNAseq dataset of SEQC cohort consisting of 498 neuroblastomas (r2.amc.nl; Tumor

Neuroblastoma–SEQC–498–RPM–seqcnb1; GSE49710). Also see Figure S7.
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CD274-PDCD1 (Figure 5C)—we also tested combined TIGIT/PD-

L1 blockade. PD-L1 was highly expressed by myeloid cells,

particularly IL10hi M4 (Figures S8A and S8B). Moreover, neuro-

blastoma-infiltrating T cells, particularly DUSP4+ CD4 T cells

and CD8 T cells, displayed active downstream TIGIT and PD-1

signaling (Figure S8C). TIGIT blockade in vitro resulted in signifi-

cantly enhanced killing of neuroblastoma tumoroids by immune

cells, when combined with PD-L1 blockade (Figures 7A, 7B, and

S8D–S8F). The rationale for this ICB combination was further sub-

stantiated by upregulation of nectin-2 and PD-L1 by tumor cells

during co-culture (Figure 7C). To elucidate which immune cells

contributed to the ICB-enhanced tumor-reactivity, we performed

killing assays with isolated immune subsets: CD4, CD8, gdT, NK

cells, and full peripheral blood mononuclear cells (PBMC) lacking

eachof these populations (FigureS8G). A trend of increased killing

by the ICB combination was conserved in 3/3 donors in cultures

with each of the four separate populations andwith PBMC lacking

CD4 or gdT cells. However, in cultures with PBMC lacking CD8 or

NK cells, the enhanced killing efficacy was lost in 2/3 donors. CD8

T cells and NK cells might thus contribute to the ICB-induced
response, and cultures/tumors without CD8 T cells and/or NK

cells might benefit less from combined anti-TIGIT/PD-L1 therapy.

In vivo, combined TIGIT/PD-L1 blockade significantly improved

survival and led to sustained CR in 2 out of 6 animals in two

immunocompetent syngeneic murine models (N1E-115 and

Neuro2a), a partial response in Neuro2a, and 1 transient CR

and 1 sustained CR in a third model (N18) (Figures 7D–7G,

S8H, and S8I). Moreover, the combination treatment significantly

improved survival compared to anti-PD-L1 monotherapy in 2/3

models, suggesting a significant benefit of TIGIT blockade.

None of the treatments led to changes in body weight or other

toxicities (Figure S8J).

To understand the immunobiology of ICB in vivowe performed

high-dimensional flow cytometry on the treated tumors. The

percentage of CD45+ tumor-infiltrating immune cells was not

affected by ICB treatment (Figure S8K). CD11b+ myeloid

cells were highly abundant across models and treatments

(Figures 7H and S8L–S8N). Intriguingly, infiltration of CD8+

T cells, NK cells and DC correlated with a lower tumor volume

in 2 out of 3 models, while infiltration with potentially
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(legend continued on next page)
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immunosuppressive CD11b+ myeloid cells and, specifically,

Ly6G+ myeloid-derived suppressor cells, correlated with a

higher tumor volume (Figure 7I). The combination treatment

significantly increased the percentage of T cells, specifically

CD8+ T cells, leading to an increased CD8/Treg ratio (Figure 7J).

A trend of increased NK cells and DC was also observed. On the

other hand, the percentage of total CD11b+ myeloid cells was

decreased, with a trend of reduced Ly6G+ MDSC (Figure 7J).

Taken together, these results imply that TIGIT+PD-L1 blockade

may engage CD8 T cells and NK cells, and may significantly

modulate the immune microenvironment of neuroblastoma into

a less immunosuppressive milieu. In conclusion, we identified

combined TIGIT+PD-L1 blockade as a relevant intervention for

neuroblastoma with therapeutic potential in vivo.

TIGIT blockade improves survival in a chemotherapy-
resistant neuroblastoma model
Tumor relapses are the major cause of death in patients with

neuroblastoma, and more effective treatments are especially

urgent for these patients. We therefore investigated the

added effect of TIGIT blockade in an immunologically cold,

chemotherapy-resistant syngeneic model mirroring relapsed/re-

fractory patients. The model was generated by allograft of

neurospheres derived from Th-ALKF1174L/MYCN 129/SvJ trans-

genic spontaneous tumors subjected to repeat chemotherapy

(Figures S9A–S9F).57 TIGIT ± PD-L1 blockade was added to te-

mozolomide and irinotecan (TEM/IRI) + anti-GD2 treatment,

which is favored as the standard backbone treatment for

relapsed/refractory patients in Europe (Figures 8A and 8B). The

combination of TEM/IRI+anti-GD2 with ICB significantly

improved survival compared to the vehicle control (Figure 8C).

Remarkably, TEM/IRI+anti-GD2 was already highly efficacious,

and addition of ICB did not significantly improve survival

compared to this backbone. Addition of TIGIT ± PD-L1 blockade

did however result in three sustained (>150 days) CR (Figures 8C

and 8D). Notably, addition of anti-TIGIT to anti-PD-L1 signifi-

cantly reduced tumor growth and effectuated a trend of

increased survival, while PD-L1 blockade by itself did not effec-

tuate a clear survival benefit, possibly due to relatively low

expression of PD-L1 in the tumor (Figure S9G). This highlights

the relevance of TIGIT as immune checkpoint in these tumors.

None of the treatments led to toxicities (Figure S9H).

Since the tumors in this studywere relatively small (<50mm3 at

start of treatment), we also tested TIGIT blockade in animals with

larger tumors (50–200 mm3; Figure S9I). In these animals, TEM/

IRI+anti-GD2 treatment alone was less efficacious, and addition

of TIGIT blockade significantly improved animal survival
(B) Percentage of tumoroid killing (=100-normalized luminescence; normalized a

with Tukey.*p < 0.05; **p < 0.01, ***p < 0.001, ****p < 0.0001.

(C) Flow cytometric analysis of Nectin-2 and PD-L1 expression on tumoroids cu

(D) Graphic representation of in vivo study. TIL = tumor-infiltrating leukocytes.

(E and F) Tumor volumes in N1E-115, Neuro2a and N18 mouse models (n = 6 per g

80 of follow-up (F). Treatment was discontinued after 3 weeks. Linear Mixed-Effe

(G) Survival analysis of N1E-115, Neuro2a and N18 models (n = 6 per group) trea

< 0.05.

(H–J) Flow cytometric analysis of the TME in vivo in n = 3 mice per treatment con

cells in the three models, all treatment conditions combined. (I) Pearson correla

CD45+ cells). (J) Fraction of each immune cell population (of CD45+ cells) and CD8

of n = 3 mice from each model is shown. Kruskal-Wallis with Dunn’s. Also see Fi
compared to the backbone treatment alone (p = 0.0299;

Figures 8E–8G, S9J, and S9K). To understand the immunobiol-

ogy of the different responses in small and large tumors, we

compared their tumor-microenvironments. Smaller tumors had

significantly higher CD45+ immune cell infiltration (Figure 8H), re-

sulting in significantly higher CD8+ and CD8�CD4� (possibly gd)

T cell fractions, higher CD11b+ myeloid fractions, including F4/

80+ M4, and a trend of higher B cells and M2-like M4 as fraction

of total cells in the tumor (Figures 8I, 8J, and S9L). The higher

presence of effector cells might explain why the ICB treatment

induced CR in a number of animals with small tumors, but not

in large tumors.

Lastly, to investigate whether TIGIT ± PD-L1 blockade could

add value in the context of adoptive cell therapies, we analyzed

single-cell RNA sequencing data from a recent clinical trial with

anti-GD2 CAR-NKT cells in neuroblastoma. This publication

included analyses of isolated CAR-NKT cells pre-infusion and

post-infusion.58 TIGIT expression significantly increased on

CAR-NKT cells post-infusion and was highest in patients not re-

sponding to the treatment, while PDCD1 expression did not

differ (Figure 8K). This finding could provide a rationale to

combine adoptive cell therapies with TIGIT blockade in neuro-

blastoma. Taken together, TIGIT blockade may add a survival

benefit in the context of chemotherapy resistance in patients

with neuroblastoma, when combined with the currently favored

relapse treatment protocol.

DISCUSSION

In this study we have generated a comprehensive single-cell

atlas of the neuroblastoma immune environment, revealing the

detailed composition and functional profile of immune cells in

neuroblastoma. We exposed a vast immunoregulatory network

affecting T and NK cell function and identified TGF-b1, CD161,

PD-1, and TIGIT as potential targets for immunotherapy. With

in vitro and in vivo studies, we demonstrated a significant benefit

of anti-TIGIT/PD-L1 combination therapy in three models, a

significant contribution of anti-TIGIT to this response, and a

significant benefit of adding anti-TIGIT to the treatment of

large chemotherapy-resistant tumors. These results nominate

TIGIT(+PD-L1) blockade as a treatment option for patients with

neuroblastoma, even in the context of chemotherapy resistance.

Our analyses revealed that effector lymphocytes in neuroblas-

toma are dysfunctional, as also observed in other tumors.8,9,42

NK cells in neuroblastoma had reduced cytotoxicity, particularly

pre-chemotherapy. This resting, immature profile of NK cells

recapitulates their previously described state of ‘‘arrested
gainst tumoroid only) by healthy donor PBMC. n = 3 donors. Two-way ANOVA

ltured with PBMC at different E:T ratios. Gating strategy in Figure S8D.

roup) treated with anti-TIGIT and/or anti-PD-L1 from day 0–5 (E) and up to day

cts Models. t = trend (0.05 < p < 0.1).

ted with anti-TIGIT and/or anti-PD-L1. Matched log rank (Mantel-Cox) test. *p

dition, treated with anti-TIGIT and/or anti-PD-L1 for 7 days (H) TSNE of CD45+

tions between tumor volumes and fraction of each immune cell population (of

/Treg ratio. Data were combined for each treatment condition; the mean value

gure S8.
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Figure 8. TIGIT blockade improves survival in a chemotherapy-resistant neuroblastoma model

(A) Graphic representation of study setup, adding anti-TIGIT and/or PD-L1 to the standard relapse backbone treatment (Temozolomide/Irinotecan (TEM/IRI) +

anti-GD2) in a chemotherapy-resistant, immunologically cold model.

(legend continued on next page)
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development’’ in other tumors.44 NK cell dysfunction in neuro-

blastoma is not limited to the tumor but has also been observed

in peripheral blood of patients, throughout the treatment

course.59 A recently published phase II trial adding anti-GD2,

considered to rely at least partly on activity of NK cells,43 to in-

duction chemotherapy, demonstrated improved early responses

and event-free survival in comparison with historic reference co-

horts.60 This added value of anti-GD2 during the induction

phase—despite the dysfunctionality of NK cells in pre-treatment

tumors—suggests that immunotherapy may be able to reverse

or at least ameliorate the arrested state of NK cells,60 as also pre-

viously observed in peripheral blood of patients.59 Another

explanation could be that not NK cells, but rather myeloid popu-

lations are the main effector cells mediating anti-GD2 efficacy.61

While T cells in neuroblastoma showed signs of tumor reac-

tivity pre-treatment, they exhibited features of dysfunction

post-treatment.8,62 T cell dysfunction may result from chronic

stimulation of T cells and/or immunomodulatory signals.1,63

Considering the high expression of antigen-experienced T cell

marker 4-1BB post-treatment, prolonged antigen exposure

likely contributed to the development of T cell dysfunction53,54;

months of induction chemotherapy may have increased tumor

cell immunogenicity, eliciting chronic T cell activation with sub-

sequent exhaustion.64 However, we cannot rule out that chemo-

therapy may have also directly contributed to induction of

dysfunctional features in T cells post-treatment.65 Yet, the

overall low TOX/TOX2 expression suggests potential retained

responsiveness to ICB.

We revealed an abundance of immunomodulatory interactions

between T/NK cells and other cells in the TME, which included

suppressive macrophages and effector-differentiated Tregs.

Effector-differentiation of Tregs, observed in various tumors,

has been related to enhanced suppressive capacity, which nom-

inates Tregs as targets for immunotherapeutic interventions.35,36

The identified M2-like-differentiated macrophages have recently

moved into the spotlight of immunotherapy: combined anti-GD2/

CD47 therapy to activateM4 resulted in highly promising anti-tu-

mor activity, accompanied by recruitment of M1-like M4 and

reduced M2-like M4.28,29,61 Taken together, the abundance of

immunosuppressive cells warrants exploration of immuno-

therapy combination strategies.
(B) Treatment schedule for mice with small tumors.

(C) Survival analysis in mice with small tumors. T/I = TEM/IRI, aGD2 = anti-GD2, aT

log rank (Mantel-Cox) test.

(D) Tumor volumemeasured over time in mice with small tumors. N = 7mice per g

on days 0–5.

(E) Treatment schedule for mice with large tumors.

(F) Survival analysis in mice with large tumors treated with vehicle (n = 3), TEM/IRI

log rank (Mantel-Cox) test.

(G) Tumor volume measured over time in mice with large tumors treated with vehic

Linear Mixed-Effects Models. Right panel: detailed view of tumor volumes on day

condition). N = 4 animals per condition.

(H-J) High-dimensional flow cytometry comparing immune environment in large

cells. Mann Whitney U test.

(I) Detailed immune cell, macrophage, and T cell composition in small and large tum

Two-way ANOVA.

(J) Immune cell populations as percentage of total live cells (vehicle condition). M

(K) TIGIT and PDCD1 expression in single-cell RNA sequencing data (extracted

CAR-NKT cells (infusion products) pre- and post-infusion into neuroblastoma pa

0.001, *p < 0.05. Boxplot represents mean, min, and max. Also see Figure S9.
We identified the immunoregulatory NECTIN2—TIGIT axis as a

target with high potential for therapeutic intervention. NECTIN2—

TIGIT interaction has been reported in other solid tumors,66,67

underlining its universality in tumor microenvironments. Blockade

of TIGIT may not only increase T cell, but also NK cell antitumor

immunity, which is likely partly mediated by decreasing the sup-

pressive capacity of Tregs.68–71 Moreover, combined TIGIT/PD-

L1 blockade enhanced antitumor responses in various solid can-

cers in vitro and in vivo and the observed in vivo responses shared

high similarity with ours, resulting in CR in a part of the ani-

mals.68,69,71 This heterogeneous response to ICB in syngeneic an-

imal models has been previously related to M4-driven ICB resis-

tance,72 which again highlights the potential of therapeutic

interventions directed at M4 to increase responses to ICB. More-

over, it underscores the importance of identifying biomarkers for

treatment response to select eligible patients. Since the patient

numbers in our study were too small to perform patient subgroup

analyses, this would be a valuable additional analysis in future

studies. Importantly, combining TIGIT+PD-L1 blockade with

anti-GD2 was recently shown to be effective also in other neuro-

blastoma models, and recent clinical trials combining TIGIT and

PD-1/PD-L1 blockade have produced encouraging results in

advanced solid tumors in adults.71,73–75

Our ultimate effort of translation toward an early phase clinical

trial, mimicking relapsed/refractory patients with chemotherapy-

resistant tumors in vivo, demonstrated a survival benefit of adding

TIGIT blockade to the currently favored relapse backbone treat-

ment consisting of TEM/IRI+anti-GD2. This paves the way toward

clinical development of TIGIT blockade as an alternative ICB in

pediatric solid cancers. Moreover, the vast immunoregulatory

network in neuroblastoma which we identified provides a

rationale anddirection for immunotherapy combination strategies.

The number and complexity of the immunosuppressive

signaling axes offers a likely explanation for the lacking efficacy

of mono-immunotherapies.19,20 To overcome immunosuppres-

sive signaling in T and NK cells, a combination of immunother-

apies targeting multiple immunosuppressive pathways simulta-

neously may be required. For example, the synergistic effect

of TIGIT/PD-L1 blockade may be effectuated by their converging

restoration ofCD226 signaling.76 The already described anti-GD2/

CD47 combination, and a case report of two refractory
IG = anti-TIGIT, aPD-L1 = anti-PD-L1. N = 7mice per group.Matched analysis,

roup. Linear Mixed-Effects Models.Right panel: detailed view of tumor volumes

+ anti-GD2 (n = 6) or TEM/IRI + anti-GD2 + anti-TIGIT (n = 4).Matched analysis,

le (n = 3), TEM/IRI + anti-GD2 (n = 6) or TEM/IRI + anti-GD2 + anti-TIGIT (n = 4).

s 0–5. (H–J) Flow cytometric analysis of TME in small and large tumors (vehicle

and small tumors. (H) TNSE representation of TME and percentage of CD45+

ors. *p < 0.05 between small and large, #0.05<p < 0.1 between small and large.

ann Whitney U test.

from R2 (r2.amc.nl; Metelitsa–124509–Seurat_cp10k–GSE223071), of isolated

tients, in responding and non-responding patients58. Two-way ANOVA. ***p <
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neuroblastoma patients treated with anti-GD2/PD-1 combination

therapy illustrate the potential of such combinations.61,77 Impor-

tantly, future clinical studies investigating combination strategies

will have tobalance immunotherapy efficacywith the risk of immu-

notoxicity, and consider biomarkers to predict treatment

response.

In conclusion, we have constructed a comprehensive atlas of

the neuroblastoma immune environment and identified function-

ally relevant targets, including theNECTIN2-TIGIT axis, for (com-

bination) immunotherapies.
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tory solid tumours: Arm G of AcSé-ESMART, a trial of the European

Innovative Therapies for Children With Canc. Eur. J. Cancer 150, 53–62.
19. Geoerger, B., Kang, H.J., Yalon-Oren, M., Marshall, L.V., Vezina, C.,

Pappo, A., Laetsch, T.W., Petrilli, A.S., Ebinger, M., Toporski, J., et al.

(2020). Pembrolizumab in paediatric patients with advanced melanoma

or a PD-L1-positive, advanced, relapsed, or refractory solid tumour or

lymphoma (KEYNOTE-051): interim analysis of an open-label, single-

arm, phase 1-2 trial. Lancet Oncol. 21, 121–133.

20. Davis, K.L., Fox, E., Merchant, M.S., Reid, J.M., Kudgus, R.A., Liu, X.,

Minard, C.G., Voss, S., Berg, S.L., Weigel, B.J., and Mackall, C.L.

(2020). Nivolumab in children and young adults with relapsed or refrac-

tory solid tumours or lymphoma (ADVL1412): a multicentre, open-label,

single-arm, phase 1-2 trial. Lancet Oncol. 21, 541–550.

21. Huang, A.C., and Zappasodi, R. (2022). A decade of checkpoint

blockade immunotherapy inmelanoma: understanding themolecular ba-

sis for immune sensitivity and resistance. Nat. Immunol. 23, 660–670.

22. Wienke, J., Dierselhuis, M.P., Tytgat, G.A.M., K€unkele, A., Nierkens, S.,

and Molenaar, J.J. (2021). The immune landscape of neuroblastoma:

Challenges and opportunities for novel therapeutic strategies in pediatric

oncology. Eur. J. Cancer 144, 123–150.

23. Verhoeven, B.M., Mei, S., Olsen, T.K., Gustafsson, K., Valind, A.,

Lindström, A., Gisselsson, D., Fard, S.S., Hagerling, C., Kharchenko,

P.V., et al. (2022). The immune cell atlas of human neuroblastoma. Cell

Rep. Med. 3, 100657.

24. Costa, A., Thirant, C., Kramdi, A., Pierre-Eugène, C., Louis-Brennetot, C.,

Blanchard, O., Surdez, D., Gruel, N., Lapouble, E., Pierron, G., et al.

(2022). Single-cell transcriptomics reveals shared immunosuppressive

landscapes of mouse and human neuroblastoma. J. Immunother.

Cancer 10, e004807.

25. Cheung, N.-K.V., and Dyer, M.A. (2013). Neuroblastoma: developmental

biology, cancer genomics and immunotherapy. Nat. Rev. Cancer 13,

397–411.

26. Wölfl, M., Jungbluth, A.A., Garrido, F., Cabrera, T., Meyen-Southard, S.,

Spitz, R., Ernestus, K., and Berthold, F. (2005). Expression of MHC class

I, MHC class II, and cancer germline antigens in neuroblastoma. Cancer

Immunol. Immunother. 54, 400–406.

27. Duraiswamy, J., Turrini, R., Minasyan, A., Barras, D., Crespo, I., Grimm,

A.J., Casado, J., Genolet, R., Benedetti, F., Wicky, A., et al. (2021).

Myeloid antigen-presenting cell niches sustain antitumor T cells and li-

cense PD-1 blockade via CD28 costimulation. Cancer Cell 39, 1623–

1642.e20.

28. Cheng, S., Li, Z., Gao, R., Xing, B., Gao, Y., Yang, Y., Qin, S., Zhang, L.,

Ouyang, H., Du, P., et al. (2021). A pan-cancer single-cell transcriptional

atlas of tumor infiltrating myeloid cells. Cell 184, 792–809.e23.

29. Biswas, S.K., and Mantovani, A. (2010). Macrophage plasticity and inter-

action with lymphocyte subsets: cancer as a paradigm. Nat. Immunol.

11, 889–896.

30. Lamichhane, P., Karyampudi, L., Shreeder, B., Krempski, J., Bahr, D.,

Daum, J., Kalli, K.R., Goode, E.L., Block, M.S., Cannon, M.J., and

Knutson, K.L. (2017). IL10 Release upon PD-1 Blockade Sustains

Immunosuppression in Ovarian Cancer. Cancer Res. 77, 6667–6678.

31. Gilson, R.C., Gunasinghe, S.D., Johannes, L., and Gaus, K. (2019).

Galectin-3 modulation of T-cell activation: mechanisms of membrane re-

modelling. Prog. Lipid Res. 76, 101010.

32. Juric, V., O’Sullivan, C., Stefanutti, E., Kovalenko, M., Greenstein, A.,

Barry-Hamilton, V., Mikaelian, I., Degenhardt, J., Yue, P., Smith, V.,

and Mikels-Vigdal, A. (2018). MMP-9 inhibition promotes anti-tumor im-

munity through disruption of biochemical and physical barriers to T-cell

trafficking to tumors. PLoS One 13, e0207255.

33. Li, H., van der Leun, A.M., Yofe, I., Lubling, Y., Gelbard-Solodkin, D., van

Akkooi, A.C.J., van den Braber, M., Rozeman, E.A., Haanen, J.B.A.G.,

Blank, C.U., et al. (2019). Dysfunctional CD8 T Cells Form a

Proliferative, Dynamically Regulated Compartment within Human

Melanoma. Cell 176, 775–789.e18.

34. Wherry, E.J., Ha, S.-J., Kaech, S.M., Haining, W.N., Sarkar, S., Kalia, V.,

Subramaniam, S., Blattman, J.N., Barber, D.L., and Ahmed, R. (2007).
Cancer Cell 42, 283–300, February 12, 2024 297

http://refhub.elsevier.com/S1535-6108(23)00436-1/sref3
http://refhub.elsevier.com/S1535-6108(23)00436-1/sref3
http://refhub.elsevier.com/S1535-6108(23)00436-1/sref4
http://refhub.elsevier.com/S1535-6108(23)00436-1/sref4
http://refhub.elsevier.com/S1535-6108(23)00436-1/sref4
http://refhub.elsevier.com/S1535-6108(23)00436-1/sref4
http://refhub.elsevier.com/S1535-6108(23)00436-1/sref5
http://refhub.elsevier.com/S1535-6108(23)00436-1/sref5
http://refhub.elsevier.com/S1535-6108(23)00436-1/sref5
http://refhub.elsevier.com/S1535-6108(23)00436-1/sref5
http://refhub.elsevier.com/S1535-6108(23)00436-1/sref6
http://refhub.elsevier.com/S1535-6108(23)00436-1/sref6
http://refhub.elsevier.com/S1535-6108(23)00436-1/sref6
http://refhub.elsevier.com/S1535-6108(23)00436-1/sref6
http://refhub.elsevier.com/S1535-6108(23)00436-1/sref6
http://refhub.elsevier.com/S1535-6108(23)00436-1/sref7
http://refhub.elsevier.com/S1535-6108(23)00436-1/sref7
http://refhub.elsevier.com/S1535-6108(23)00436-1/sref7
http://refhub.elsevier.com/S1535-6108(23)00436-1/sref7
http://refhub.elsevier.com/S1535-6108(23)00436-1/sref7
http://refhub.elsevier.com/S1535-6108(23)00436-1/sref8
http://refhub.elsevier.com/S1535-6108(23)00436-1/sref8
http://refhub.elsevier.com/S1535-6108(23)00436-1/sref9
http://refhub.elsevier.com/S1535-6108(23)00436-1/sref9
http://refhub.elsevier.com/S1535-6108(23)00436-1/sref9
http://refhub.elsevier.com/S1535-6108(23)00436-1/sref10
http://refhub.elsevier.com/S1535-6108(23)00436-1/sref10
http://refhub.elsevier.com/S1535-6108(23)00436-1/sref10
http://refhub.elsevier.com/S1535-6108(23)00436-1/sref11
http://refhub.elsevier.com/S1535-6108(23)00436-1/sref11
http://refhub.elsevier.com/S1535-6108(23)00436-1/sref11
http://refhub.elsevier.com/S1535-6108(23)00436-1/sref11
http://refhub.elsevier.com/S1535-6108(23)00436-1/sref12
http://refhub.elsevier.com/S1535-6108(23)00436-1/sref12
http://refhub.elsevier.com/S1535-6108(23)00436-1/sref12
http://refhub.elsevier.com/S1535-6108(23)00436-1/sref12
http://refhub.elsevier.com/S1535-6108(23)00436-1/sref12
http://refhub.elsevier.com/S1535-6108(23)00436-1/sref13
http://refhub.elsevier.com/S1535-6108(23)00436-1/sref13
http://refhub.elsevier.com/S1535-6108(23)00436-1/sref13
http://refhub.elsevier.com/S1535-6108(23)00436-1/sref13
http://refhub.elsevier.com/S1535-6108(23)00436-1/sref14
http://refhub.elsevier.com/S1535-6108(23)00436-1/sref14
http://refhub.elsevier.com/S1535-6108(23)00436-1/sref14
http://refhub.elsevier.com/S1535-6108(23)00436-1/sref14
http://refhub.elsevier.com/S1535-6108(23)00436-1/sref14
http://refhub.elsevier.com/S1535-6108(23)00436-1/sref15
http://refhub.elsevier.com/S1535-6108(23)00436-1/sref15
http://refhub.elsevier.com/S1535-6108(23)00436-1/sref15
http://refhub.elsevier.com/S1535-6108(23)00436-1/sref15
http://refhub.elsevier.com/S1535-6108(23)00436-1/sref16
http://refhub.elsevier.com/S1535-6108(23)00436-1/sref16
http://refhub.elsevier.com/S1535-6108(23)00436-1/sref16
http://refhub.elsevier.com/S1535-6108(23)00436-1/sref16
http://refhub.elsevier.com/S1535-6108(23)00436-1/sref17
http://refhub.elsevier.com/S1535-6108(23)00436-1/sref17
http://refhub.elsevier.com/S1535-6108(23)00436-1/sref17
http://refhub.elsevier.com/S1535-6108(23)00436-1/sref17
http://refhub.elsevier.com/S1535-6108(23)00436-1/sref17
http://refhub.elsevier.com/S1535-6108(23)00436-1/sref18
http://refhub.elsevier.com/S1535-6108(23)00436-1/sref18
http://refhub.elsevier.com/S1535-6108(23)00436-1/sref18
http://refhub.elsevier.com/S1535-6108(23)00436-1/sref18
http://refhub.elsevier.com/S1535-6108(23)00436-1/sref18
http://refhub.elsevier.com/S1535-6108(23)00436-1/sref18
http://refhub.elsevier.com/S1535-6108(23)00436-1/sref19
http://refhub.elsevier.com/S1535-6108(23)00436-1/sref19
http://refhub.elsevier.com/S1535-6108(23)00436-1/sref19
http://refhub.elsevier.com/S1535-6108(23)00436-1/sref19
http://refhub.elsevier.com/S1535-6108(23)00436-1/sref19
http://refhub.elsevier.com/S1535-6108(23)00436-1/sref19
http://refhub.elsevier.com/S1535-6108(23)00436-1/sref20
http://refhub.elsevier.com/S1535-6108(23)00436-1/sref20
http://refhub.elsevier.com/S1535-6108(23)00436-1/sref20
http://refhub.elsevier.com/S1535-6108(23)00436-1/sref20
http://refhub.elsevier.com/S1535-6108(23)00436-1/sref20
http://refhub.elsevier.com/S1535-6108(23)00436-1/sref21
http://refhub.elsevier.com/S1535-6108(23)00436-1/sref21
http://refhub.elsevier.com/S1535-6108(23)00436-1/sref21
http://refhub.elsevier.com/S1535-6108(23)00436-1/sref22
http://refhub.elsevier.com/S1535-6108(23)00436-1/sref22
http://refhub.elsevier.com/S1535-6108(23)00436-1/sref22
http://refhub.elsevier.com/S1535-6108(23)00436-1/sref22
http://refhub.elsevier.com/S1535-6108(23)00436-1/sref22
http://refhub.elsevier.com/S1535-6108(23)00436-1/sref23
http://refhub.elsevier.com/S1535-6108(23)00436-1/sref23
http://refhub.elsevier.com/S1535-6108(23)00436-1/sref23
http://refhub.elsevier.com/S1535-6108(23)00436-1/sref23
http://refhub.elsevier.com/S1535-6108(23)00436-1/sref24
http://refhub.elsevier.com/S1535-6108(23)00436-1/sref24
http://refhub.elsevier.com/S1535-6108(23)00436-1/sref24
http://refhub.elsevier.com/S1535-6108(23)00436-1/sref24
http://refhub.elsevier.com/S1535-6108(23)00436-1/sref24
http://refhub.elsevier.com/S1535-6108(23)00436-1/sref25
http://refhub.elsevier.com/S1535-6108(23)00436-1/sref25
http://refhub.elsevier.com/S1535-6108(23)00436-1/sref25
http://refhub.elsevier.com/S1535-6108(23)00436-1/sref26
http://refhub.elsevier.com/S1535-6108(23)00436-1/sref26
http://refhub.elsevier.com/S1535-6108(23)00436-1/sref26
http://refhub.elsevier.com/S1535-6108(23)00436-1/sref26
http://refhub.elsevier.com/S1535-6108(23)00436-1/sref27
http://refhub.elsevier.com/S1535-6108(23)00436-1/sref27
http://refhub.elsevier.com/S1535-6108(23)00436-1/sref27
http://refhub.elsevier.com/S1535-6108(23)00436-1/sref27
http://refhub.elsevier.com/S1535-6108(23)00436-1/sref27
http://refhub.elsevier.com/S1535-6108(23)00436-1/sref28
http://refhub.elsevier.com/S1535-6108(23)00436-1/sref28
http://refhub.elsevier.com/S1535-6108(23)00436-1/sref28
http://refhub.elsevier.com/S1535-6108(23)00436-1/sref29
http://refhub.elsevier.com/S1535-6108(23)00436-1/sref29
http://refhub.elsevier.com/S1535-6108(23)00436-1/sref29
http://refhub.elsevier.com/S1535-6108(23)00436-1/sref30
http://refhub.elsevier.com/S1535-6108(23)00436-1/sref30
http://refhub.elsevier.com/S1535-6108(23)00436-1/sref30
http://refhub.elsevier.com/S1535-6108(23)00436-1/sref30
http://refhub.elsevier.com/S1535-6108(23)00436-1/sref31
http://refhub.elsevier.com/S1535-6108(23)00436-1/sref31
http://refhub.elsevier.com/S1535-6108(23)00436-1/sref31
http://refhub.elsevier.com/S1535-6108(23)00436-1/sref32
http://refhub.elsevier.com/S1535-6108(23)00436-1/sref32
http://refhub.elsevier.com/S1535-6108(23)00436-1/sref32
http://refhub.elsevier.com/S1535-6108(23)00436-1/sref32
http://refhub.elsevier.com/S1535-6108(23)00436-1/sref32
http://refhub.elsevier.com/S1535-6108(23)00436-1/sref33
http://refhub.elsevier.com/S1535-6108(23)00436-1/sref33
http://refhub.elsevier.com/S1535-6108(23)00436-1/sref33
http://refhub.elsevier.com/S1535-6108(23)00436-1/sref33
http://refhub.elsevier.com/S1535-6108(23)00436-1/sref33
http://refhub.elsevier.com/S1535-6108(23)00436-1/sref34
http://refhub.elsevier.com/S1535-6108(23)00436-1/sref34


ll
OPEN ACCESS Article
Molecular signature of CD8+ T cell exhaustion during chronic viral infec-

tion. Immunity 27, 670–684.

35. Cretney, E., Xin, A., Shi, W., Minnich, M., Masson, F., Miasari, M., Belz,

G.T., Smyth, G.K., Busslinger, M., Nutt, S.L., and Kallies, A. (2011). The

transcription factors Blimp-1 and IRF4 jointly control the differentiation

and function of effector regulatory T cells. Nat. Immunol. 12, 304–311.

36. De Simone, M., Arrigoni, A., Rossetti, G., Gruarin, P., Ranzani, V.,

Politano, C., Bonnal, R.J.P., Provasi, E., Sarnicola, M.L., Panzeri, I.,

et al. (2016). Transcriptional Landscape of Human Tissue Lymphocytes

Unveils Uniqueness of Tumor-Infiltrating T Regulatory Cells. Immunity

45, 1135–1147.

37. Levine, A.G., Arvey, A., Jin, W., and Rudensky, A.Y. (2014). Continuous

requirement for the TCR in regulatory T cell function. Nat. Immunol. 15,

1070–1078.

38. Haskett, S., Ding, J., Zhang, W., Thai, A., Cullen, P., Xu, S., Petersen, B.,

Kuznetsov, G., Jandreski, L., Hamann, S., et al. (2016). Identification of

Novel CD4+ T Cell Subsets in the Target Tissue of Sjögren’s Syndrome
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41. Seo, H., Chen, J., González-Avalos, E., Samaniego-Castruita, D., Das,
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NeuroCult dissociation kit Stemcell� Technologies Cat# 05707

DAPI Miltenyi Biotec Cat# 130-111-570

DRAQ5 Sigma Aldrich Cat# GE17-1440-03

Ficoll-Paque Sigma Aldrich Cat# GE17-1440-03

Accutase Sigma Aldrich Cat# A6964-100ML

RPMI 1640 Gibco Cat# 21875091

L-Glutamine ThermoFisher Cat# 25030

D-luciferin Perkin Elmer Cat# 122799

Temozolomide Sigma-Aldrich Cat# #T2577

Irinotecan Sigma-Aldrich Cat# #I1406

Vincristine sulfate Sigma-Aldrich Cat# V8879
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Foxp3/Transcription Factor

Staining Buffer Set
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org/datasets/EGAD00001009766

Experimental models: Cell lines
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N1E-115 cell line Hamprecht RRID: CVCL_0451
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Center Utrecht; Bate-Eya et al.;

Kholosy et al.81,82

N/A
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Amsterdam University Medical
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Experimental models: Organisms/strains

Mouse: A/Jax-000646 The Jackson Laboratory RRID: IMSR_JAX:000646

Mouse: Th-ALKF1174L/MYCN 129/SvJ ICR57 N/A

Software and algorithms

Sharq pipeline Candelli et al.84 N/A

STAR version 2.6.1 http://code.google.com/p/rna-star/;

Dobin et al.100
RRID: SCR_004463

GENCODE version 26 https://www.gencodegenes.org;

Harrow et al.101
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DecontX Yang et al.85 N/A

R version 4.0.2 http://www.r-project.org/;

Dessau et al.102
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Seurat version 3.2.2 http://seurat.r-forge.r-project.org/ RRID: SCR_007322
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packages/ggplot2/index.html
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Reactome https://reactome.org;
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Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Judith

Wienke ( j.wienke-4@prinsesmaximacentrum.nl).

Materials availability
This study did not generate new unique reagents.

Data and code availability
Single-cell RNA-seq data have been deposited at GEO and EGA and are publicly available as of the date of publication. EGA only

includes the patient samples, GEO also includes the healthy control data. Accession numbers are listed in the key resources table.

All original code has been deposited at Bitbucket and is publicly available as of the date of publication. DOIs are listed in the key

resources table. Any additional information required to reanalyze the data reported in this paper is available from the lead contact

upon request.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Human participants
From the Princess Máxima Center in Utrecht, The Netherlands, 19 patients with neuroblastoma were included between September

2017 and November 2020. Samples were obtained from patients during diagnostic biopsy pre-treatment (n=10) or during surgical

resection after ca. 5 months of chemotherapeutic treatment (n=14). Demographic (e.g. sex, age, race), clinical (e.g. treatment) and

histological information, including tumor staging by INRG, INRGSSand INSSwas collected (Table S1). Information on socioeconomic

statuswasunavailable as this is not regularly recorded inpatient files.Wedid not performseparate analysesbasedonsexor gender as

the relatively small sample size did not allow for this stratification. This might limit the generalizability of our study. The presence of

MYCN amplification was determined by fluorescence in situ hybridization at the pathology department. 5 adult healthy volunteers

donated blood for analysis of healthy immune cells and 8 buffy coats from the blood bank Sanquin were used for in vitro assays.

Studies underlying this paper have received appropriate approval by ethics review boards as per national legislation. Dutch tumor

samples were obtained through an institutionally approved research study by the institutional review board of the Erasmus Medical

Center Rotterdam (MEC-2016-793), the institutional review board for biobank at the University Medical Center Utrecht (TC18-774)

and the biobank committee of the Princess Máxima Center (PMCLAB2020.093, PMCLAB2020.124 and PMCLAB2019.067). The

studies were conducted in patients in accordance with the Declaration of Helsinki. Age-appropriate written informed consent

from patients and/or parents was obtained prior to inclusion of each patient in the study.

Animals
All experiments were approved by the Institute of Cancer Research AnimalWelfare and Ethical ReviewBody and performed in accor-

dance with the UK Home Office Animals (Scientific Procedures) Act 1986, the United Kingdom National Cancer Research Institute

guidelines for the welfare of animals in cancer research and the ARRIVE guidelines.79,80
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For in vivo experiments with syngeneic mouse tumor models Neuro-2a, N1E-115 and N18, approximately six to eight-week-old

female A/Jax-000646micewere ordered from The Jackson Laboratory. The animals had a starting bodyweight of 21±1.7 (mean±SD)

gram.

The chemotherapy-resistant model was generated by allograft of neurospheres derived from Th-ALKF1174L/MYCN 129/SvJ trans-

genic spontaneous tumors into syngeneic animals, which were then subjected to repeat and escalating chemotherapy (VAC –

Vincristine, Adriamycin/Doxorubicin, Cyclophosphamide) (detailed in Figures S9A–S9F). The Th-ALKF1174L mutation was intro-

duced as described previously57 and Th-ALKF1174L founders were derived from CBA3 C57BL/6J mice and genetically crossed

with Th-MYCNmice of the 129/SvJ strain. Mice were bred at ICR. For treatment with ICB, the 129 SVJmouse colony wasmaintained

at UCL ICH Animal Facility. Animals were randomized for treatment using a Latin Square based on tumor volume, as measured by

callipers. Mice were all female, and tumors were engrafted between 6-12 weeks of age.

Animals were housed in autoclaved, individually ventilated cages on racks, with amaximum stocking density of 5 animals per cage,

4 for males. Rooms were light cycled, temperature and humidity controlled, and quarterly health screening was performed to main-

tain a specific-pathogen-free status. Mice were allowed access to sterile food and water ad libitum. For the duration of the treatment

with TEM/IRI, mice were given a damp diet in addition to the standard chow, to minimize the likelihood of chemotherapy-driven

gastrointestinal toxicity. The damp diet was started on the day before TEM/IRI treatment start and terminated on the final day of

TEM/IRI treatment. Animals were then returned to a diet of standard chow only.

Tumoroids
Patient-derived tumoroids (MHC-1+ AMC691T and MHC-1- AMC691B) were generated as described previously81 from a female pa-

tient. In short, tumor pieces were minced, enzymatically digested with collagenase I, II and IV to achieve a tumor digest. This digest

was cultured at 37�C with 5% CO2 in neuroblastoma tumoroid medium, consisting of Dulbecco’s modified Eagle’s medium (DMEM)

with low glucose and Glutamax�, supplemented with 20% Ham’s F-12 Nutrient Mix, B-27 supplement minus vitamin A (503), N-2

supplement (1003), 100 U/mL penicillin, 100 mg/mL streptomycin, 20 ng/mL animal-free recombinant human EGF, 40 ng/mL recom-

binant human FGF-basic, 200 ng/mL recombinant human IGF-I, 10 ng/mL recombinant human PDGF-AA and 10 ng/mL recombinant

human PDGF-BB, until successful sphere formation and expansion of tumor cells. After generation, the tumoroids were frozen inme-

diumwith 10%DMSO until further use. For experiments, tumoroids were thawed and cultured in neuroblastoma tumoroid medium at

37�Cwith 5% CO2 which was refreshed twice per week. Depending on the growth rate, cells were subcultured 1:2 once or twice per

week. Cell authentication was performed regularly by STR profiling. The patient-derived tumoroids AMC691T and AMC691B with

GFP-luciferase constructs were generated from these lines previously and viably frozen until further use.82

METHOD DETAILS

Isolation of cells from tumor biopsies
Tumor material was collected in the operating room by Tru-cut biopsy (at diagnosis) or surgical resection (after induction chemo-

therapy). Preparation of the tumor pieces was started within 4 hours after surgery. The material was minced into pieces <1mm3

and dissolved by enzymatic digestion with collagenase I, II and IV (2.5 mg/mL) at 37�Cwith agitation for max. 1 hour, filtered through

a 70 mm cell strainer and washed in DMEM. Cells were further separated into a single cell suspension with the NeuroCult dissociation

kit according to the manufacturer’s protocol (Stemcell� Technologies, cat#05707), washed and stained with DAPI and DRAQ5.

Some samples were additionally stained with antibodies to enrich for T cells (NB124 and NB125 with CD3-PE; NB124 with

TCRgd-BV421) or for tumor cells (000GGU, 000GXF, NB106, NB107, NB098, NB125, NB125, NB130, NB152 with anti-GD2). Single

live cells were FACS sorted into 384-well plates containing 10 mL of mineral oil, 50 nL of Reverse Transcription primers, deoxynucleo-

tide triphosphates (dNTPs) and synthetic mRNA Spike-Ins on a FACSJazz, FACSAria II or Sony SH800S machine and subsequently

spun down, snap-frozen on dry ice, and stored at -80�C until further use.

Isolation of cells from peripheral blood
For single-cell RNA sequencing, peripheral blood mononuclear cells (PBMC) from 5 healthy young adult donors (mean age 28, 2

male, 3 female) were freshly isolated by Ficoll-Paque density centrifugation and stained with fixable viability dye efluor506, CD3-

PE and CD56-APC antibodies. Live CD3+ T cells and CD56+ NK cells were FACS sorted into 384-well plates containing 10 ml of min-

eral oil, 50 nl of RT primers, deoxynucleotide triphosphates (dNTPs) and synthetic mRNA Spike-Ins on a Sony SH800Smachine. The

plates were spun down, snap-frozen on dry ice, and stored at -80�C until further use.

For killing assays, PBMC from 8 healthy donors (3 for full PBMC, 3 for immune subsets, and 2 for NK cells) were isolated from buffy

coats by Ficoll-Paque density centrifugation. The latter cells were either stainedwith TCRgd-BV421, CD4-FITC, CD8-PE, CD56-APC,

and CD3-APC-Cy7 antibodies (for immune subsets) or with CD3-PE and CD56-APC (for NK cells) and FACS sorted on a Sony

SH800S machine.

Immunohistochemistry
Immunohistochemistry of human neuroblastoma paraffin-embedded tissue slides with hematoxylin & eosine, anti-CD3 and anti-

SOX10 was performed by the pathology department of the PMC. For CD3 and SOX10 staining, tissue slides were pre-treated

with a citrate solution for 20 minutes at 100�C, and incubated with the antibodies for 15 minutes at room temperature. The stainings
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were performed on a BOND immunostainer and visualized with the BOND polymer refine detection kit with a DAB enhancer. The

stained slides were subsequently annotated by our neuroblastoma-specialized pathologist. Immunohistochemical staining of mouse

neuroblastoma tumors was performed using anti-TIGIT, anti-PD1 and anti-PD-L1 antibodies at WuXi Biologics.

CEL-Seq2 library preparation, sequencing & mapping
All samples were processed for total transcriptome amplification, library preparation and sequencing into Illumina sequencing li-

braries as previously described.83 Paired-end 2x75 bp sequencing read length was used to sequence the prepared libraries using

the Illumina NextSeq sequencer. Sharq preprocessing and QC pipeline were applied to process the single-cell RNA-seq data as

described.84 Readmappingwas done using STAR version 2.6.1 (RRID: SCR_004463) on the hg38 Patch 10 human genome. Function

featureCounts (RRID: SCR_012919) of the subread package (version 1.5.2) was used to assign reads based onGENCODE version 26

(RRID: SCR_014966).

CEL-Seq2 quality control
Failed reactions were identified by low levels of ERCC external RNA controls and excluded.84 Furthermore, a liveness threshold was

calculated for each plate based on the wells with no cell added, in order to distinguish live cells from dead and/or apoptotic cells.84

This threshold was set to a minimum of 500 transcripts. Genomic:protein-coding read ratio (GPratio) was calculated based on raw

counts and cells with a GPratio <20 were removed.84

Next, the percentage of transcripts mapping to the mitochondrial genome was calculated and cells with more mitochondrial-en-

coded transcripts over nuclear ones were removed. Mitochondrial and ERCC transcripts were removed from the dataset, as well as

cells with <1000 nuclear-encoded transcripts or <500 genes. In addition, cells with >150.000 nuclear-encoded transcripts were

removed. Pseudogenes were removed, as well as genes with low expression – that is either having less than 5 cells expressing

the gene or less than two cells with less than two transcripts. A distinct cluster of erythroid lineages was identified based on high

levels of hemoglobin complex genes, and was removed. Between-sample variation was minimized by using a standard operating

procedure for sample preparation (described above). To further improve cross-sample comparisons, ambient mRNA contamination

in individual cells was estimated and removed using DecontX.85 DecontX was run for all samples (batches) individually. Removal of

cells with less than 1000 nuclear-encoded transcripts was repeated on the decontaminated counts matrix outputted by DecontX.

Afterwards, one cluster still showed a higher contamination score (>0.2), as compared to the other clusters, and was additionally

removed.

Single-cell RNA sequencing cluster identification
All subsequent analyses were performed using R (version 4.0.2) and the package Seurat (version 3.2.2) with default parameters un-

less stated otherwise. The SCTransform() function was used to normalize and scale the data, and to identify variable genes. To avoid

clustering of cells based on specific cell processes, genes associated with sex (XIST, TSIX, and Y chromosome-specific genes), cell

cycle phase, dissociation stress (heat shock proteins; GO:0006986), and activity (ribosomal protein genes; GO:0022626), were

removed as described before.86

Principal component analyses were performed using the filtered lists of variable genes. To study the main cell types in the tumor,

the first 35 principal components (PCs) were used to calculate dimensionality reduction usingUMAP, and a resolution of 0.5was used

to define clusters using the Louvain method. For immune cell-focused analysis immune cell clusters were subset based on PTPRC

gene expression. For in-depth analyses, the respective clusters were subset andUMAPwas rerunwith an optimal number of PCs and

resolution to define subclusters (T/NK: 45 PCs, resolution 0.6; myeloid: 35 PCs and resolution 0.8; mesenchyme: 40 PCs, resolu-

tion 0.2).

For the peripheral blood healthy control dataset the first 8 PCs were used for dimensionality reduction, and a resolution of 0.5 was

used to define the clusters. For combined analysis of tumor and blood, the two Seurat objects weremerged, after which 50 PCs and a

resolution of 0.4 were used for dimensionality reduction and defining clusters. For in-depth analysis of the T and NK cells the respec-

tive clusters were subset from this combined dataset, UMAP was rerun using 35 PCs and a resolution of 0.5.

Cluster annotation
Cluster annotation was performed with R package SingleR (version 1.2.4),87 using the HumanPrimaryCellAtlas reference dataset for

main cell types, and the NovershternHematopoieticData88 andMonacoImmuneData89 reference datasets for immune cell (sub)clus-

ters. Cell annotations were further refined by consulting cluster-specific (up-regulated) differentially expressed marker genes using

Seurat’s FindAllMarkers function. The resulting genes were compared to known cell-type specific marker genes from previous

studies.33,90–93 Malignant and non-malignant cells were distinguished according to three criteria: (1) their inferred CNV profiles

(see below);94 (2) under-expression or absence of different non-malignant cell type marker genes; and (3) high expression of pub-

lished neuroblastoma-associated genes (Figures 1D and S1B). For tumor cell identification by copy number variation inference

the R package inferCNV was run (with default settings except cutoff=0.1, denoise=T and HMM=F) using the immune and endothelial

cell clusters as a reference.

To mirror our identified subsets against the subsets of Costa et al. and Verhoeven et al., we used gene signatures from their data-

sets (see Table S2) and performed gene set enrichment analysis with the differentially expressed genes between subsets in our data-

set (Findallmarkers with adjusted parameters, see code).
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Differential gene expression analysis
Cluster-specific genes were identified using the Findallmarkers function in Seurat (RRID:SCR_007322) and genes with padj<0.05

were considered differentially expressed. Differentially expressed genes between two groups were identified using the Findmarkers

function and genes with padj<0.05 were considered differentially expressed, as indicated in the figure legends. Volcanoplots were

created with the R package EnhancedVolcano.

Cellular composition analysis
For analyses determining the composition of cell types of the individual tumor samples, we only included samples which were sorted

in an unbiased manner (DAPI & DRAQ5 for total cells, overall immune cells, and myeloid cells; DAPI & DRAQ5 or anti-CD3 for T cell

subsets). For immune cell composition analyses, samples with <10 immune cells were excluded. Barplots were generated using

ggplot2 (version 3.3.2). Differences in composition between treatment-naive and treatment-exposed tumor samples were statisti-

cally tested using the Wilcoxon rank-sum test.

Pathway and gene set enrichment analysis
Pathway enrichment analysis was conducted with the online Reactome portal (https://reactome.org) using differentially expressed

genes with padj<0.05. Pathways with >10 identified genes and Bonferroni-corrected P<0.05were considered statistically significant.

For GSEA, differential expression analysis was performed with Findmarkers for two groups, or Findallmarkers for >2 groups, using

adjusted parameters (see code). Genes were pre-ranked by their Fold Change and GSEA was performed using Broad Institute soft-

ware, by 1000 random permutations of the phenotypic subgroups to establish a null distribution of enrichment score, against which a

normalized enrichment scores and multiple testing FDR-corrected q values were calculated.95 Gene sets with an FDR<0.25 were

considered significantly enriched, as recommend by Broad Institute. Gene sets were either obtained from MSigDB, from provided

data in publications or by analyzing raw data using GEO2R (NCBI tool).96 An overview of used signatures is provided in Table S2.

Interaction analysis
The CellChat algorithm was applied to perform an unbiased ligand-receptor interaction analysis, using the curated ligand-receptor

database of CellPhoneDB.52 To identify functionally relevant interactions, we overlaid 1) genes B expressed by cell subset X which

were predicted to be membrane-expressed or secreted in the Human Protein Atlas database97 and had a significant correlation

(p<0.05) with the cytotoxicity score or exhaustion score of T/NK cell subset Y and 2) were predicted to have a significant interaction

(p<0.05) between cell subset X and T/NK cell subset Y.

Flow cytometry of neuroblastoma tumors
Tumor samples were minced, enzymatically digested as described above, but only with collagenase IV to preserve surface marker

expression, and stored as cellular digest in FCS with 10% DMSO in liquid nitrogen until further use. Samples were thawed, washed

twice with PBS, stained for 20 minutes at -4�C with Fixable viability dye eFluor 506 (eBioscience) subsequently washed in PBS,

stained with the surface antibodies (see key resources table) for 20 minutes at 4�C, washed in staining buffer (PBS with 2% FCS

and 2mM EDTA) and fixed and permeabilized with the Foxp3/Transcription Factor Staining Buffer Set (eBioscience) according to

manufacturer’s instructions. Cells were then stained with the intracellular and intranuclear antibodies for 30 minutes at 4�C, washed

and measured on an Aurora (Cytek) instrument.

In vitro tumor killing assays
Cultured tumoroids were dissociated into single cells with Accutase (Sigma) andmechanical dissociation by pipetting. 5000 cells per

well were seeded in 100 ml tumoroid medium in a white flat-bottom TC-treated 96-well plate (Corning, cat#3917) and rested for 2-

3 days to reform spheres at 37�C and 5% CO2. Effector cells from healthy donors, i.e. isolated allogeneic PBMCs, immune subsets,

NK cells or PRAME-TCR transduced T cells (the latter were kindly provided by the Nierkens group98), were added to the tumoroids at

the indicated effector:target (E:T) ratios in RPMI 1640 (Gibco) supplemented with 10% FBS, 100 U/mL Penicillin/Streptomycin and

2mM% L-Glutamine, with or without anti-TIGIT (clone 10A7) and anti-PD-L1 (clone 6E11; both kindly provided by Roche; 10 ng/mL),

recombinant human TGF-b (10 ng/mL), or anti-TGF-b antibody (1 mg/mL). NK cells were primed before the co-culture with IL-2 (1000

IU/mL) and IL-15 (50 ng/mL) overnight. After 6 days (PBMC, immune subsets and PRAME TCR-T cells) or 24 hours (NK cells), super-

natants were collected formultiplex immunoassay (formeasurement of granzymeB expression byNK cells)99 andD-luciferin (150 mg/

mL) was added to the culture and incubated for 5 minutes at 37�C. The produced luminescence signal was detected with the

FLUOstar Omega microplate reader and normalized against an untreated tumoroid only control to calculate the percentage of tumor

killing.

TIGIT and PD-L1 blockade in vivo

In vivo experiments were carried out in Neuro-2a, N1E-115 and N18 syngeneic tumor models. Neuroblastoma cells were routinely

subcultured twice weekly. The cells growing in an exponential growth were subcutaneously inoculated at 1x106 cells/ml in 0.1 ml

PBS for tumor development, and tumors were grown for 7 (N1E-115), 6 (Neuro2a) and 5 (N18) days before start of treatment, until

average tumor volume was �100 mm3. On day 0 of treatment, body weight and tumor volume were measured, and mice were ran-

domized into study groups with nine animals per arm. Mice were dosed IP with anti-mu-TIGIT (10 mg/kg, first dosing done i.v.) and
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anti-PDL1 clone 6E11 (10mg/kg), supplied by Roche. Both molecules were administrated 3 times per week for 3 weeks. For TIL anal-

ysis tumors were harvested, weighed, and processed to obtain single-cell suspensions; tumor tissues were dissociated usingMACS

Dissociator (Miltenyi-130-093-235). All samples were analyzed by flow cytometry (BD FACS LSR Fortessa) and >10,000 CD45+ cells

were recorded for further analysis.

The chemotherapy-resistant model was generated by allograft of neurospheres derived from Th-ALKF1174L/MYCN 129/SvJ trans-

genic spontaneous tumors into syngeneic animals, which were then subjected to repeat and escalating chemotherapy (VAC –

Vincristine, Adriamycin/Doxorubicin, Cyclophosphamide). These chemotherapy-resistant tumors were subsequently allografted

into untreated syngeneic animals which underwent treatment with TEM/IRI (Temozolomide: 3.2 mg/kg IP; Irinotecan: 1.6 mg/kg

IP; daily on days 1 through 5:) + anti-GD2 (14G2a, 0.8 mg/kg IP on day 1 and day 5) with or without anti-TIGIT and/or anti-PD-L1

(10 mg/kg IP; twice weekly for three weeks). Mice with tumor volumes <50 mm3 (small tumors) or tumor volumes 50-200 mm3 (large

tumors) at the start of treatment (day 10 after engraftment for small tumors and day 14-20 after engraftment for large tumors) were

included in the analysis. For TME analysis, mice were culled by humane methods, tumors were harvested and dissected, and tumor

pieces were cut by scalpel, washed twice with PBS, and put on a rotator in 5 mL accumax for 10 minutes. Cells were then pressed

through a cell strainer and washed twice with PBS. The pellet was resuspended in 1mL K lysis buffer for 5 minutes and washed twice

with PBS. The cells were then counted using a CellCountess and stained according to manufacturer’s instructions with antibodies,

and run on a BD Symphony cytometer and matched software.

QUANTIFICATION AND STATISTICAL ANALYSIS

Apart from the differential gene expression analysis described above, comparisons between two groups (e.g. for signatures) were

made by Mann-Whitney U test. Comparisons between 3 or more groups were analyzed by Kruskal-Wallis with Dunn’s post hoc

test for multiple comparisons or by 2-way ANOVA for multi-level analyses, as indicated in the figure legends. For heatmap analysis,

normalized gene expression was extracted from DotPlot analysis in Seurat, and hierarchical clustering was performed with Ward’s

method and Euclidian distance. For correlation analyses, Pearson correlation coefficients were computed. FACS data were analyzed

using FlowJo V10.8.1 software (LLC). Statistical analysis of FACS data was performed with Graphpad Prism (GraphPad Software).

For survival analysis, matched analysis using the log-rank (Mantel-Cox) test was performed. Differences in tumor volumes between

treatment groups in in vivo studies were calculated by linear mixed-effects models analysis (see code).
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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 I genes HLA‐A, HLA‐B, HLA‐C, HLA‐E, HLA‐F and B2M in the main 
cell types. Kruskall‐Wallis + Dunn’s. ᵒp<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 I 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. (I) 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). 
¤Proportion 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 
types1, signatures of adrenal cell types2, 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 C0‐8 of genes which were significantly upregulated (p<0.05) pre‐treatment vs post‐
treatment using all samples.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 



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.4,5. 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). 
   



 

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.4,5. 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  FindAllMarkers  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 

DUSP4hi and TPT1hi 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.  (I) 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. TPT1hi CD4 were gated as IL‐7RhiPD‐1lo 

CD4+ cells and DUSP4hi CD4 were gated as IL‐7RloPD‐1hi CD4+ cells, as shown in figure 3F. 2‐way ANOVA. ****P<0.0001.  



 



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‐β1 expression and modulescores 
of curated signatures for TGF‐β downstream signaling in the neuroblastoma TME6. (K) Pearson correlation between expression of 
signature for downstream signaling by the TGF‐β receptor (TGFBR) complex (Reactome) in each population shown in figure S4J and 
the percentage of cells expressing a modulescore of TGF‐β 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. (O) 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. 
 
 
 
 
 
 
 



 
Figure S5. T cells in neuroblastoma show increased dysfunctionality post‐treatment, related to figure 4. (A) Violin plots of genes 
associated with cytotoxicity in γδ 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 γδ 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 αβ T cells in five paired samples pre‐treatment and post‐treatment. (I) GSEA of exhaustion 
signatures (terminal & progenitor: GSE84105, exhaustion: 7, dysfunction: 8) 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. 



 



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  CellChat9.  (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. 
   



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. TPT1hi CD4 were gated as 
IL‐7RhiPD‐1lo CD4+ cells and DUSP4hi CD4 were gated as  IL‐7RloPD‐1hi 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 Mφ and total 
cells  in  the TME with exhaustion scores of DUSP4hi 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.  (I) TIGIT and NECTIN2 expression  in dataset of Verhoeven et al.5  (J) TIGIT and 
NECTIN2 expression in dataset of Costa et al.4   



 



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.  
 
   



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‐ALKF1174L/MYCN 129/SvJ 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. (I) 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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