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Abstract

Apart from the anti-GD2 antibody, immunotherapy for neuroblastoma has had limited success

due to immune evasion mechanisms, coupled with an incomplete understanding of predictors

of response. Here, from bulk and single-cell transcriptomic analyses, we identify a subset

of neuroblastomas enriched for transcripts associated with immune activation and inhibition

and show that these are predominantly characterized by gene expression signatures of the
mesenchymal lineage state. By contrast, tumors expressing adrenergic lineage signatures are

less immunogenic. The inherent presence or induction of the mesenchymal state through
transcriptional reprogramming or therapy resistance is accompanied by innate and adaptive
immune gene activation through epigenetic remodeling. Mesenchymal lineage cells promote T cell
infiltration by secreting inflammatory cytokines, are efficiently targeted by cytotoxic T and natural
killer cells and respond to immune checkpoint blockade. Together, we demonstrate that distinct
immunogenic phenotypes define the divergent lineage states of neuroblastoma and highlight the
immunogenic potential of the mesenchymal lineage.

Derived from the developing neural crest, neuroblastoma is a common solid tumor

of childhood that manifests as extracranial masses arising in the adrenal medulla

or sympathetic ganglia. Approximately half of all patients have high-risk features—

age >18 months, distant metastases and unfavorable histologic and biological factors
including amplification of the MYCN oncogene—which are associated with an adverse
prognosis?. Dinutuximab, a monoclonal antibody that promotes immune cell-mediated
cytotoxicity against neuroblastoma cells by targeting the disialoganglioside GD2 (ref. 2),
has substantially improved survival rates in high-risk patients3. While adoptive natural killer
(NK) cells in combination with dinutuximab have shown promising clinical results®, these
cells do not provide long-term immunological memory, thereby calling for strategies that
lead to more durable responses. However, active immunotherapy approaches involving T
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cells, including checkpoint inhibition®7 or adoptive transfer of chimeric antigen receptor
(CAR)-modified T cells®9, have also had limited clinical success.

The major impediments to achieving significant clinical benefit in neuroblastoma include
both tumor-intrinsic mechanisms that contribute to immune evasion (IE) and the presence of
an immunosuppressive tumor microenvironment (TME)0. These include a low mutational
burden leading to a paucity of neoepitopes that can be recognized by cytotoxic T
lymphocytes (CTLs)1, downregulation of major histocompatibility complex (MHC) genes
and defects in antigen processing and presentation (APP) that render cells resistant to
CTLs!2, downregulation of cell-surface ligands required for NK cell activation!3 and
upregulation of checkpoint proteins that protect against NK cell-mediated lysis'* and
macrophage-mediated phagocytosis'®. Additionally, infiltration of suppressive immune
cells, such as T regulatory (Tyeg) cells1®, tumor-associated macrophages!” and myeloid-
derived suppressor cells'8, and secreted immunosuppressive factors contribute to the
generation of a TME that hinders an effective immune response.

Amplification of the MYCN oncogene poses another distinct challenge to immunotherapy
against neuroblastoma. This transcription factor is amplified in approximately 50% of
high-risk cases and is associated with aggressive disease and a poor clinical outcomel®,
MYCN-amplified tumors consistently evade immune destruction by downregulating MHC
class | molecules!? and are associated with poor infiltration of cytotoxic CD8* T cells?? and
reduced expression of NK cell ligands?L. Approximately half of high-risk neuroblastomas do
not express amplified MYCN, and their capacity to induce a productive immune response
remains unclear.

Thus, although many of the mechanisms of IE in neuroblastoma are known, further
understanding of tumor-host interactions will be crucial to enhancing the ability of
immunotherapy to target and eliminate tumor cell populations. Especially challenging is

the genetic and biologic heterogeneity of neuroblastoma, which makes it difficult to identify
factors that indicate the likelihood of an effective immune response and thereby select
patients who are most likely to benefit from immunotherapy. Hence, we undertook an
unbiased analysis of gene expression signatures across diverse clinical subtypes of primary
neuroblastomas and identify the existence of distinct immunogenic phenotypes based on cell
lineage state.

A subset of neuroblastomas expresses immune response genes.

To determine whether neuroblastomas are capable of eliciting an immune response, we
began by first quantifying tumor-to-tumor gene expression variability in RNA-sequencing
(RNA-seq) data from 498 well-annotated primary human tumors representing diverse
clinical and genetic subtypes (SEQC-498; GSE49711/GSE62564; Methods). Clustering
analysis based on similar tumor transcription profiles yielded four distinct clusters (Fig.
1a, Extended Data Fig. 1a—c and Supplementary Table 1). Cluster 1 (C1, ‘Hi-MYCN’;
n=103, 20%) was enriched for MYCN target genes involved in cell proliferation and
biosynthesis (Fig. 1a—c, Extended Data Fig. 1d and Supplementary Table 2), and not
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surprisingly, segregated primarily with M YCN-amplified tumors (Fig. 1d and Extended Data
Fig. 1e). The remaining clusters consisted mainly of MYCN-nonamplified tumors of which
cluster 2 (C2, ‘neuronal’; n=241), making up the largest proportion (48%), was enriched
for genes involved in nervous system development (Fig. 1a—c and Extended Data Fig. 1d).
Cluster 3 (C3, n=140), forming 28%, was enriched for tumors that expressed genes
involved in immune function—interferon-y (IFN-vy) response and T cell inflammation and
activation—and hence was designated ‘immunogenic’. Cluster 4 (C4, ‘metabolic’; n= 14,
3%), clearly distinct, consisted of International Neuroblastoma Staging System (INSS) stage
4S tumors that expressed fatty acid and cholesterol homeostasis transcripts. The neuronal
and metabolic tumors arose predominantly in children <18 months of age with INSS stages
1-3 and 4S disease, while tumors within the immunogenic cluster were associated with age
>18 months and metastatic disease (7= 66, 47%) (Fig. 1d and Extended Data Fig. 1e). To
ensure that these results were not confined to one dataset, we analyzed a 394-neuroblastoma
tumor cohort (GSE120572) and similarly noted an immunogenic cluster, again denoting the
presence of immune response gene expression in a subset of primary tumors (Extended Data
Fig. 1f,g and Methods).

To pursue the immune genes that were differentially enriched in the immunogenic cluster,
we generated an immune activation (1A) score based on the relative expression of a
curated set of 41 genes with major roles in tumor cell-intrinsic immune function, such

as regulation of MHC expression, APP, NK cell recognition and T and NK cell infiltration
(Supplementary Table 3). Among the MYCN-nonamplified tumors, a significant number
with the highest IA scores fell within the immunogenic and metabolic clusters, while
those with intermediate or lower scores were associated with the neuronal and Hi-MYCN
clusters, respectively (Fig. 1e, Extended Data Fig. 1h and Supplementary Table 4).
Because a cytotoxic immune response is generally accompanied by immune suppression
or evasion?2:23 we determined whether immune suppression was also represented in these
tumors using an IE score based on the relative expression of 19 genes, most of which were
markers of T cell dysfunction (Supplementary Table 3). Again, the immunogenic tumor
cluster had significantly higher IE scores compared to those of the neuronal and metabolic
clusters (Fig. 1f and Extended Data Fig. 1i). We also observed enrichment for 1A and IE
scores in the immunogenic tumor cluster in the second dataset (GSE120572) (Extended Data
Fig. 1j). Consistent with the known poor immunogenicity of A YCN-amplified tumors16:20,
tumors within the Hi-MYCN cluster generally had the lowest IA and IE scores, although
a small subset (13 of 103 (12.6%)) had scores that were comparable to those within

the immunogenic cluster (Extended Data Fig. 1h,i). Therefore, taken together, while the
majority of neuroblastomas do not possess an immune response gene signature, a subset,
comprising mainly MYCN-nonamplified tumors, have gene expression profiles that are
closely linked to immune responsiveness.

Immune signatures are associated with the mesenchymal lineage.

Having identified subsets of neuroblastomas with the potential for immunogenicity,
we next sought a biomarker that might consolidate the complex interactions between
the immune system and the tumor cells. Therefore, we performed a modular gene
coexpression analysis of the 140 tumor transcriptomes within the immunogenic cluster
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to identify biologically relevant pathways based on similar gene expression patterns24.

Of the five modules identified (Extended Data Fig. 2a), M1, with the highest number of
coexpressed genes, contained gene sets enriched for epithelial-to-mesenchymal transition,
inflammatory response and interferon signaling, suggesting an association between
epithelial-to-mesenchymal transition and the preponderance of immune gene expression
within the immunogenic cluster (Fig. 2a and Extended Data Fig. 2b). Integration of the
coexpression data in module M1 with protein—protein interaction (PPI) data (STRING 11.0
database) identified mesenchymal lineage and immune markers as top regulatory hubs
(Extended Data Fig. 2c), leading us to hypothesize that neuroblastoma immunogenicity may
be related to lineage state. Two distinct lineage states have been described in neuroblastoma,
a differentiated, sympathetic neuron-like adrenergic and a mesenchymal, ‘neural crest cell-
like’ phenotype2>:26, To test our prediction, we first quantified the tumor adrenergic and
mesenchymal identities based on lineage-specific gene expression, assigning adrenergic

(A) or mesenchymal (M) scores to each tumor within the four clusters in the SEQC-498
dataset. The tumors in the immunogenic and metabolic clusters had significantly higher
mesenchymal scores, whereas those in the Hi-MYCN and neuronal clusters had higher
adrenergic scores (Fig. 2b and Extended Data Fig. 2d—e). However, consistent with the
known heterogeneity of neuroblastoma, both lineage signatures were observed in each
tumor, and the relative mesenchymal lineage enrichment of each tumor (M minus A

(M - A) score) showed the strongest correlation with immunogenicity in terms of both

IA (Pearson’s correlation coefficient = 0.71) and IE (#=0.51) (Extended Data Fig.

2f,g). In agreement, tumors with high M — A scores were represented at a significantly
higher proportion within the immunogenic cluster compared with those with low scores,

a result that was duplicated in our second dataset (GSE120572) (Extended Data Fig.

3a,b). Finally, a positive relationship between tumor cell-intrinsic immunogenicity and

the mesenchymal state was also observed in the subset of MYCN-amplified tumors that
expressed immunogenic signatures (Fig. 2c). Together, these results suggest that the relative
abundance of a mesenchymal signature is associated with immune gene expression in
neuroblastoma.

The preferential overexpression of tumor cell-intrinsic immune genes in the mesenchymal
phenotype suggested that these tumors may support increased immune cell infiltration into
the TME. To test this prediction, we used two orthogonal approaches. First, we assessed

the presence of established signatures of immune cell infiltration228 in the tumors arranged
according to increasing M — A scores, observing significant enrichment in mesenchymal
tumors (Extended Data Fig. 3c—e). Significantly higher expression of not only CTLs and NK
cells but also IE markers was seen in high M — A (mesenchymal)-compared with low M

- A (adrenergic)-scoring tumors (Extended Data Fig. 3c,e). Second, we used CIBERSORT
(Cell type Identification By Estimating Relative Subsets Of known RNA Transcripts)?® as

a deconvolution approach to estimate the fraction of tumor-infiltrating leukocytes (TILS) in
tumors within the four clusters. Both immune activatory (naive and memory CD4, cytotoxic
CD8, NK) and inhibitory (Treg, M2 macrophage) cell markers were highly enriched in

the immunogenic cluster compared with the other clusters (Fig. 2d). Quantification of the
average immune cell content in tumors from the upper and lower M — A score quartiles
(n=100 each) revealed significantly higher enrichment of activatory and inhibitory TILs
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in mesenchymal compared with adrenergic tumors (Extended Data Fig. 3f), indicating
that tumor cell-intrinsic immune gene expression in mesenchymal tumors is paralleled by
immune cell infiltration into the TME.

To determine whether the association between tumor lineage state and immunogenicity
observed in bulk RNA-seq data was seen at the single-cell level, we analyzed

recently published single-cell RNA-sequencing (SCRNA-seq) data from 14 primary
neuroblastomas30. Clustering analyses of gene expression was performed on each tumor
individually, and the data were visualized using uniform manifold approximation and
projection (UMAP). Nonmalignant cells clustered separately from the malignant cells

and were excluded from further analysis (Extended Data Fig. 4a). Within individual

tumors, the malignant cells clustered as distinct populations expressing both adrenergic and
mesenchymal signatures (Extended Data Fig. 4a—c), in keeping with the known /ntratumoral
heterogeneity in neuroblastoma3®. Moreover, the /ntertumoral heterogeneity observed in our
bulk RNA-seq analysis was also replicated at the single-cell level (Extended Data Fig. 4d).
Finally, a significant correlation was observed between tumor enrichment for mesenchymal
lineage signatures and inflammatory gene expression at the single-cell level, similar to our
findings in bulk RNA-seq analysis (Fig. 2e—g, Extended Data Fig. 5a—c and Methods).

Next, to determine whether the relationship between lineage state and immune response
gene expression was recapitulated histologically, we analyzed T cell infiltration in seven
primary neuroblastomas for which matched bulk RNA-seq data were available (https://
www.stjude.cloud)3! (Supplementary Table 5). Consistent with the observed intratumoral
and intertumoral heterogeneity, these tumors exhibited a wide range of M — A scores
(Extended Data Fig. 5d). Tumors with low M — A scores (relatively more adrenergic),
represented by sample SINBL013763_D1, showed abundant expression of the adrenergic
lineage marker PHOX2B and sparse staining with the mesenchymal marker vimentin and,
importantly, lacked CD8* T cell infiltration (Fig. 2h). By contrast, samples with moderate
and high M — A scores (relatively more mesenchymal), represented by SINBL031802_D2
and SINBL031246_ D1, respectively, showed fewer PHOX2B-positive but abundant
vimentin-positive tumor cells and were infiltrated by CD8* T cells. In essence, these
histological findings, in concert with gene expression data at both bulk and single-cell
levels, suggest that tumor cell lineage state is associated with immunogenicity and reveal
that heterogeneity among constituent tumor cells is associated with differential immune cell
infiltration into the TME.

Transition to the mesenchymal state promotes immunogenicity.

To identify representative models with which to further evaluate the association of tumor
cell-intrinsic immunogenicity with lineage state, we analyzed adrenergic and mesenchymal
human neuroblastoma cell line data (GSE28019)25:26 noting a positive correlation between
mesenchymal lineage marker and IA gene expression (Fig. 3a,b and Extended Data Fig.
6a,b). We focused on the SH-SY5Y and SH-EP subclones of the MYCN-nonamplified
SK-N-SH cell line32 that were determined to be adrenergic and mesenchymal, respectively2%
(Fig. 3a,b and Extended Data Fig. 6¢). We noted that immune regulatory genes, especially
those involved in APP, activation of MHC expression, type-I interferon signaling and
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encoding ligands for the activating NK cell receptor, NKG2D (NK cell lectin-like receptor,
KLRKI), were differentially upregulated in mesenchymal SH-EP compared with adrenergic
SH-SY5Y cells (Fig. 3c and Extended Data Fig. 6¢,d). We next questioned whether
acquisition of the mesenchymal phenotype would be sufficient to render adrenergic cells
immunogenic. One of the top overexpressed genes in SH-EP cells is the homeobox
transcription factor, PRRX1, a core lineage-specific marker of the mesenchymal state25:26
(Extended Data Fig. 6e). Overexpression of doxycycline (dox)-inducible PRRX1 in
adrenergic SH-SY5Y cells, but not that of its DNA-binding mutants (harboring individual
deletions of the three a-helices, AH1, AH2 and AH3, within the PRRX1 homeodomain),

led to gradual loss of the adrenergic marker PHOX2B, together with increased fibronectin
(FN1) and YAP mesenchymal marker expression (Fig. 3d). Concurrent with this phenotypic
switch, wild-type (WT) PRRX1 induction led to the increased expression of tumor cell-
intrinsic immune genes involved in APP (TAPIL, TAPZ, LMPZ, L MP?) and innate immune
recognition of mislocalized DNA (/F/16 and STING/TMEM173) (Fig. 3d,e and Extended
Data Fig. 6f), which were also differentially upregulated in mesenchymal SH-EP cells (Fig.
3b,c and Extended Data Fig. 6¢). These changes were accompanied by a sustained increase
in cell-surface MHC expression (Fig. 3f), and that of MICA and MICB, ligands for the
NKG2D receptor, in a minor population of cells (Fig. 3g). These findings suggest that
conversion from the adrenergic to the mesenchymal cell state may be sufficient to induce the
expression of tumor cell-intrinsic immune genes.

Transition from the adrenergic to the mesenchymal state in neuroblastoma is thought to
accompany chemotherapy resistance and relapse2. Whether this transition in the face of
treatment pressure might include the acquisition of a proinflammatory signature is unclear,
leading us to compare adrenergic neuroblastoma cells that had gained mesenchymal features
during the development of treatment resistance against their therapy-sensitive, adrenergic
counterparts. We used an isogenic pair of cell lines: adrenergic SH-SY5Y neuroblastoma
cells that express the ALK"2174L mutation and are sensitive to the ALK inhibitor ceritinib
(LDK378) (5Y-par.; half-maximum inhibitory concentration (ICsg) = 215 nM), and their
ceritinib-resistant derivatives33® (5Y-res.; 1Cso = 1,310 nM) (Extended Data Fig. 6g) that
had acquired mesenchymal features during resistance development, including PRRX1
overexpression (Fig. 3h and Extended Data Fig. 6h,i). We noted that the transition to a
more mesenchymal state was accompanied by the upregulation of various immune-related
pathways—those engaged in MHC expression, APP, NKG2D-mediated NK cell activation
and Toll-like receptor 3 (TLR3) signaling (Fig. 3h,i and Extended Data Fig. 6i,j).

We next determined whether such resistance-associated lineage state switching and the
accompanying immune gene upregulation observed in cells in culture was also true in
primary patient samples. Therefore, we analyzed the transcriptomic profiles of seven
matched neuroblastoma tumor pairs obtained at diagnosis and relapse3* (Extended Data
Fig. 7a—c and Methods). Two matched pairs had acquired mesenchymal features at relapse
(Extended Data Fig. 7d,e) and showed elevated expression of cytotoxic T and NK cell
signatures and checkpoint markers, PD1 and CTLA4 (Extended Data Fig. 7f-h). In addition,
scRNA-seq analysis of an independent pair of matched diagnosis and relapsed tumors3®
revealed a lower adrenergic score in the relapsed tumor (Extended Data Fig. 8a—c) and,
consistent with our hypothesis, increased immune cell infiltration compared with the tumor
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at diagnosis (Extended Data Fig. 8d). Thus, resistance or relapse that is associated with a
lineage state switch from an adrenergic to a mesenchymal phenotype is accompanied by
increased immune cell infiltration.

Immune genes are epigenetically regulated during lineage switching.

As lineage plasticity in neuroblastoma is epigenetically driven2°:26:36.37 \we next questioned
whether the altered immune response gene expression observed in the individual lineage
states could be due to changes in chromatin organization. Indeed, increased active H3K4me3
and loss of repressive H3K27me3 histone binding were seen at immune genes that were
upregulated upon PRRX1 induction in adrenergic SH-SY5Y cells (Fig. 4a and Extended
Data Fig. 9a). To understand the epigenetic modifications that occur during spontaneous
transition between the two lineage states, we compared adrenergic (5Y-par.) cells with

those that had acquired mesenchymal characteristics with drug resistance (5Y-res.), using
SH-EP cells as a typical example of the mesenchymal state (Fig. 3h). As expected, super-
enhancers, identified by H3K27ac occupancy at enhancer regions, were associated with
genes that conferred mesenchymal identity in 5Y-res. cells, while those in 5Y-par. cells
were at adrenergic lineage genes (Extended Data Fig. 9b). Despite the higher expression

of genes associated with immune responsiveness in mesenchymal lineage cells, these genes
were not associated with super-enhancers. Rather, significantly higher enrichment of the
H3K27ac and H3K4me3 active marks was seen at the promoters of cell-intrinsic immune
genes (transcription start site (TSS) + 2 kilobases (kb)) in 5Y-res. and SH-EP compared with
5Y-par. cells (Fig. 4b,c). On the other hand, adrenergic 5Y-par. cells showed significantly
higher occupancies of the H3K27me3 repressive mark at immune gene promoters such

as those encoding the NKG2D ligands M/CB and ULBP3 (Fig. 4d—f). These immune
response genes were also highly occupied by the Polycomb repressive complex 2 (PRC2)
subunits EZH2 and SUZ12, which promote H3K27me3 deposition at repressed chromatin38,
(Extended Data Fig. 9¢), suggesting that immune gene repression is an active phenomenon
in this lineage state.

We next sought to determine whether immune response gene activation during the transition
from sensitivity to resistance represented a switch from repressive to active chromatin

or a de novo gain of active chromatin marks. Compared with adrenergic 5Y-par. cells,
mesenchymal 5Y-res. and SH-EP cells gained significant deposition of the active histone
marks at immune response genes, which corresponded with their increased expression in
these cells (H3K4me3, 60% (68 of 114) and 62% (71 of 114); H3K27ac, 58% (66 of

114) and 67% (76 of 114), respectively) (Fig. 4d,e and Extended Data Fig. 9d-f). Such

gain was accompanied by a concomitant loss of H3K27me3 binding at immune genes in
5Y-res. and SH-EP cells (25% (29 of 114) and 35% (40 of 114), respectively), as represented
by the NKG2D ligands M/CB and ULBP3 (Fig. 4d—f and Extended Data Fig. 9d-f). At

the same time in these cells, several immune genes, including the IFN-regulated factors
IFIT3and STING, gained either one or both active marks without changes in occupancy

of the repressive mark (48% (55 of 114) and 41% (47 of 114), respectively). Overall,
mesenchymal cells showed a higher ratio of active to repressive histone occupancy at the
TSSs of immune-related genes (Extended Data Fig. 9g), which, importantly, also correlated
with their increased expression in this cell state (Fig. 4g).
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Mesenchymal neuroblastoma cells induce NK cell degranulation.

We next investigated whether the observed association of cell lineage state with tumor
immunogenicity was borne out in functional studies of NK cell activity. Since the interaction
of an NK cell activating receptor with its cognate ligands on target cells is the first step
toward a cytotoxic response (Fig. 5a), we compared the ability of mesenchymal 5Y-res. and
SH-EP cells to bind to the recombinant NKG2D receptor fusion (NKG2D-Fc) protein. In
keeping with their increased expression of NKG2D ligands (Fig. 5b), increased binding was
observed in both cell types, compared with adrenergic 5Y-par. cells (Fig. 5¢). Using cell-
surface CD107a as a marker of degranulation, we next determined that coculture of 5Y-res.
and SH-EP cells with healthy human NK cells resulted in increased NK cell degranulation
compared to that with 5Y-par. cells (Fig. 5d). Blockade of NKG2D receptor activity using an
anti-NKG2D monoclonal antibody abrogated the increased NK cell degranulation in 5Y-res.
and SH-EP cells (Fig. 5e), signifying that the modest but robust increase in degranulation
was NKG2D receptor-specific. Coculture with the mesenchymal lineage cells also led to
significant downregulation of NK cell-surface-associated NKG2D receptor expression (Fig.
5f), consistent with its internalization and degradation upon interaction with its cognate
ligands39. Finally, cytotoxicity assays with human NK cells showed that cell killing in
mesenchymal SH-EP cells was reduced with the anti-NKG2D antibody, whereas such
inhibition had no effect on adrenergic 5Y-par. cells (Fig. 5g). Such NKG2D-dependent
cytotoxicity was seen also in another mesenchymal cell line, GI-ME-N, which serves as an
excellent NK cell target owing to its lack of surface MHC expression (Fig. 59).

The observation that genes encoding NKG2D ligands are repressed by the PRC2 complex
in adrenergic 5Y-par. cells (Extended Data Fig. 9¢c) prompted us to examine whether PRC2
inhibitors could induce the expression of these transcripts and influence NK cell function.
Treatment of SH-SY5Y cells with EED226, an allosteric PRC2 complex inhibitor4?, led

to increased expression and surface localization of the NKG2D ligands which, in turn, led
to their increased binding to the NKG2D-Fc protein and a modest increase in NK cell
degranulation compared with cells treated with DMSO alone (Fig. 5h—j). Finally, coculture
of EED226-treated adrenergic SH-SY5Y cells with primary human NK cells led to loss

of surface NKG2D receptor expression (Fig. 5k). Overall, these results suggest that the
lineage-specific expression of NKG2D ligands in mesenchymal lineage neuroblastoma has
a functional impact on NK cell activity and that pretreatment of adrenergic cells with
PRC2 inhibitors could upregulate NKG2D ligand expression and lead to increased NK cell
activation.

Mesenchymal neuroblastoma cells can induce a T cell response.

We next investigated the lineage-specific induction of a T cell response using CTLs

directed against an HLA-A*02-restricted peptide, SLLQHLIGL, derived from the PRAME
cancer testis antigen that functions as an immunogenic target in neuroblastoma®l. HLA-
A2-expressing, adrenergic (SK-N-DZ, NLF) and mesenchymal (CHP-212, GI-ME-N)
neuroblastoma cell lines that express PRAME (Fig. 6a) were utilized for this experiment. As
negative controls, we used genotypically HLA-A2-positive IMR-32 cells that lack HLA-A2
and PRAME expression and HLA-A2-negative SMS-KAN cells that express PRAME. We
first asked whether IFN signaling was utilized to engage PRAME-specific CTLs. IFN-y
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acted in a nondiscriminatory manner to upregulate surface HLA and increase cell kill against
both adrenergic and mesenchymal but not control cells (Fig. 6b,c). Owing to the prominence
of TLR3 gene signatures in the mesenchymal lineage (Extended Data Fig. 6j) and their

role in regulating neuroblastoma growth through both tumor cell-autonomous and immune-
mediated mechanisms?2, we next analyzed this signaling pathway. Interestingly, while both
adrenergic and mesenchymal cells with an HLA-A*02 genotype expressed PRAME, only
mesenchymal cells were responsive to the TLR3 ligand poly(l:C), as seen by HLA-A2

and HLA-ABC upregulation (Fig. 6b). In agreement, coculture with PRAME CTLs led

to significantly higher cytotoxicity in poly(l:C)-treated mesenchymal cells compared with
their adrenergic counterparts or the two negative control cell lines (Fig. 6¢). Moreover,
CXCL10, a major driver of T cell infiltration in solid tumors, was upregulated in conditioned
media from all five mesenchymal neuroblastoma cell lines, compared with only one of

five adrenergic cells (Fig. 6d). Mesenchymal cells also showed a differential increase in
CCLJ5, IL4, Eotaxin (CCL11) and MCP1 (CCL2) chemotactic factors which guide T and
other immune cells to the tumor site (Fig. 6e). Finally, we measured the ability of Jurkat

T cells engineered to express CXCR3, the cognate receptor for CXCLs 9, 10 and 11
(CXCR3-Jurkat), and primary human CD8* T cells to infiltrate neuroblastoma spheroids
following poly(1:C) stimulation, observing significantly increased recruitment of these cells
into mesenchymal compared with adrenergic tumor spheroids (Fig. 6f,g). Collectively, these
results suggest that evoking the innate immune response through TLR3 stimulation in
mesenchymal cells enables antigen recognition and cytotoxicity, in contrast to adrenergic
cells that are refractory to such activation.

Mesenchymal neuroblastomas are amenable to checkpoint therapy.

We next determined whether the ability of mesenchymal neuroblastoma cells to induce a T
cell response translated to in vivo models. To this end, we utilized the murine neuroblastoma
cell line NB-9464, derived from tumors arising in the TH-MYCN genetically engineered
mouse model“3. This model was generated in immunocompetent C57BL/6 mice, and the
tumors recapitulate the genetic and immunological features of human neuroblastoma®3:44,
Interestingly, we observed that NB-9464 cells could be sorted on the basis of surface MHC
class | H-2Kb expression into high (H-2Kb")- or low (H-2Kb!°)-expressing populations
(Fig. 7a and Extended Data Fig. 10a,b), both of which expressed transgenic human MYCN
(Fig. 7b). Consistent with our hypothesis, H-2Kb"i cells were enriched for mesenchymal
markers including Prrx1 (Fig. 7b), and showed enhanced migration and invasion, as might
be expected from their neural crest cell-like state (Extended Data Fig. 10c,d). We determined
that H-2Kb"i cells, in comparison with H-2Kb!'© cells, were capable of exogenous antigen
presentation using the well-characterized chicken ovalbumin-derived peptide (OVA257_264
or SIINFEKL) (Fig. 7c). Next, we determined whether such antigen presentation enabled
H-2Kbhi mesenchymal cells to be recognized by OT-1 CD8" T cells from C57BL/6 mice
that express a transgenic T cell receptor (TCR) that specifically recognizes the H-2Kb-
SIINFEKL complex. H-2Kb" cells loaded with the SIINFEKL peptide led to increased OT-1
cell activation compared with adrenergic H-2Kb!© cells, as determined by the expression

of cell surface CD69, an early marker of T cell activation (Fig. 7d). We next investigated
whether the ability of mesenchymal H-2Kb"i cells to engage CTLs might license them to
respond to immune checkpoint blockade (ICB). Both H-2Kb'° and H-2Kb"i cells formed
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tumors in syngeneic C57BL/6 (H-2Kb haplotype) mice, with persistently higher H-2Kb and
Prrx1 expression seen in H-2Kb" tumors (Fig. 7e and Extended Data Fig. 10e). Treatment
with anti-PD1 and anti-CTLA4 antibodies resulted in more pronounced reductions in tumor
growth and prolongation of survival in H-2Kb" compared with H-2Kb!® models (Fig. 7f,g
and Extended Data Fig. 10f). In agreement, the CD8 to Tyeq and conventional T cell to Tyeg
ratios, indices of a favorable ICB response, were higher in H-2Kb" tumors, although this
difference did not achieve statistical significance (Extended Data Fig. 10g). Together, these
results suggest that the immunogenicity of mesenchymal neuroblastoma cells translates into
functional engagement with CTLs and confers responsiveness to checkpoint therapy.

Discussion

Despite the therapeutic success of dinutuximab in neuroblastoma3, the factors that enable
such a response are less clear, as is the extent to which this immunogenic landscape could
be leveraged for favorable outcome. Here, we demonstrate that each neuroblastoma lineage
state is characterized by distinct cell-intrinsic and -extrinsic immune gene expression, with
the mesenchymal lineage state having the capacity to elicit an anti-tumor immune response.
The inherent presence or induction of this state in tumor cells is accompanied by the
activation of innate and adaptive immune genes through epigenetic remodeling at gene
promoters. We demonstrate that mesenchymal cells promote T cell infiltration by secreting
inflammatory cytokines, are efficiently targeted by cytotoxic T and NK cells and respond to
ICB in an immunocompetent mouse model, thereby signifying the role of tumor cell lineage
in shaping immune response in neuroblastoma.

The intimate link between tumor cell lineage and the propensity of eliciting an

immune response is substantiated by studies showing that diverse cellular states strongly
influence the engagement of innate and adaptive immune pathways#°. Inhibition of
cancer cell-intrinsic pathways that promote T cell exclusion, for example, sensitizes
melanomas to immunotherapy through cell state switching6. In agreement with our
findings, recent analyses of bulk gene expression signatures from the Therapeutically
Applicable Research to Generate Effective Treatments (TARGET) and Gabriella Miller
Kids First (GMKF) neuroblastoma cohorts indicate that transcriptional programs driven
by adrenergic transcription factors are enriched in non-T-cell-inflamed tumors without
MYCN amplification*’. In addition, the recent identification of immunologically cold
neuroendocrine and highly inflamed non-neuroendocrine mesenchymal subtypes in small
cell lung cancer (SCLC), another neural crest-derived tumor#849, suggests that coregulation
of tumor-intrinsic immunogenicity and mesenchymal gene expression programs may be a
conserved feature of neuroendocrine tumors.

Our studies highlight the molecular mechanisms that drive inflammatory gene expression
in mesenchymal neuroblastoma cells. First, we observe that lineage-specific transcription
factors that constitute the mesenchymal core regulatory circuitry (CRC) regulate immune
gene expression. We show that PRRX1, a component of the mesenchymal CRC, leads

to transcriptional upregulation of MHC class | and APP genes. Similar to PRRX1, other
transcription factors of the mesenchymal CRC, including interferon regulatory factors
1-3 and /F/16, have been shown to function as major drivers of tumor cell-intrinsic
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innate and adaptive immune responses®%°1. The upregulation of DNA damage sensor
proteins such as STING in mesenchymal lineage neuroblastomas could also contribute

to the increased abundance of TILs in these tumors, as seen in SCLC52, Second, we

have established that the changes in immune gene expression that accompany adrenergic-
to-mesenchymal transition are epigenetically regulated. Unlike lineage identity genes that
are regulated by super-enhancers, tumor cell-intrinsic immune genes involved in diverse
immune functions such as the inflammatory response, IFN-y signaling and NK cell
recognition are governed by changes in promoter structure, achieved by either de novo
acquisition of permissive chromatin or epigenetic switching from PRC2-mediated repression
to a permissive chromatin landscape. Future studies will address how PRRX1 and other
mesenchymal transcription factors drive epigenetic changes to support immune gene
expression.

We demonstrate that while the mesenchymal state promotes upregulation of MHC class |
expression and CTL infiltration, this lineage state is also characterized by the activation

of immune checkpoints—T g cells and exhaustion markers linked to immune suppression.
The presence of both 1A and suppression markers suggests that patients with mesenchymal
tumors may benefit from ICB therapy, as checkpoint inhibitors are likely to be most
effective in those with a pre-existing but dampened anti-tumor immune response?2:23,

In agreement with this notion, our results show that mesenchymal H-2Kb"i tumors are
susceptible to PD1 and CTLA4 inhibition, although there are several caveats toward clinical
realization of these findings. Our data need to be validated in additional immunocompetent
neuroblastoma models. Reduced tumor burden following dual antibody treatment has been
observed in Neuro2a and NB3TL models®3:54, although the extent to which they represent
the intratumoral heterogeneity of human neuroblastomas and TH-MYCN tumors is not
known. It may be important to consider the status of the Food and Drug Administration
(FDA)-approved predictive biomarkers of ICB response while enrolling patients with
mesenchymal tumors to ICB trials, although neuroblastomas in general are known to lack
these indices®®. The small numbers of neuroblastoma patients included in early-phase ICB
trials render analysis of tumor cell lineage in responders versus nonresponders challenging.
However, the recent demonstration of the predictive power of mesenchymal lineage-specific
responsiveness in a retrospective analysis of over 400 SCLC patients treated with ICB48
supports our conclusions. Additionally, our observation that relapsed neuroblastomas with
mesenchymal features exhibit increased immunogenicity, including elevated expression

of checkpoint markers, suggests that ICB therapy may be more effective at relapse.

Indeed, it is noteworthy that combination therapy with dinutuximab and the anti-PD1
antibody, nivolumab, resulted in partial remission in two recently reported cases of relapsed
neuroblastoma®®,

A pertinent point highlighted by our study is the concept that triggering an innate immune
response in mesenchymal neuroblastoma cells enables CTL activity. This is important
because simultaneous targeting of innate and adaptive immune regulators in neuroblastoma
results in complete remission and anti-tumor memory®’. Specifically, we demonstrate that
TLR3 activation in mesenchymal cells induces proinflammatory chemokines, promotes T
cell migration and accentuates Killing by PRAME-specific CTLs. Together with a recent
study that also highlights a lineage-specific function of TLR3 in neuroblastoma®8, it is
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plausible that TLR3 activation in mesenchymal tumor cells, alone or in combination with
adoptively transferred CTLs or checkpoint inhibition, could lead to immune-mediated tumor
regression.

Our data also suggest that lineage-restricted immune gene expression is epigenetically
regulated, thus adding to the growing body of evidence for tumor cell-autonomous function
of PRC2 as a barrier to anti-tumor immunity®°. Similar to the reports demonstrating
Polycomb-mediated suppression of MHC class | gene expression in neuroblastoma®0, our
finding of PRC2 deposition at genes that encode activating NK cell receptor ligands in
adrenergic neuroblastoma cells suggests the possibility of utilizing PRC2 inhibitors to
augment NK cell responses against these cells. That said, it is possible that such reactivation
of immune genes could be accompanied by the acquisition of other mesenchymal features
such as therapy resistance or invasiveness. However, the critical effector function of NK
cells in anti-tumor immunity against neuroblastoma®*, coupled with the promising responses
in patients with other solid tumors to NKG2D-directed CAR NK cell therapy, imply that
PRC2 inhibition in combination with NK cell therapy may be beneficial. In conclusion,

our study uncovers an unappreciated link between immunogenicity and tumor lineage

state in neuroblastoma and rationalizes future interrogations into avenues through which

the vulnerability of mesenchymal cells to immune-mediated targeting could be harnessed
clinically.

Ethical approvals.

Cell culture.

Human NK cells were isolated from blood collars of healthy donors obtained under
Institutional Review Board-approved protocols of the Dana-Farber Cancer Institute (DFCI)
and Boston Children’s Hospital. All human tumor specimens were obtained under an
Institutional Review Board-approved protocol of St Jude Children’s Research Hospital, and
informed consent was obtained from all subjects. All mouse experiments were performed
with approval from the DFCI Institutional Animal Care and Use Committee (IACUC).

Human neuroblastoma cell lines (Kelly, NBL-S, CHP-212, SH-SY5Y, SH-EP, CHLA-20,
NB69, SK-N-FI, SK-N-BE2, SMS-KAN, IMR-32) were obtained from the Children’s
Oncology Group biobank. ACN, GI-ME-N, NB-EbC1, SK-N-DZ and NLF were gifts
from A. Thomas Look and Kimberly Stegmaier at DFCI, and murine NB-9464

cells were from To-Ha Thai at Beth Israel Deaconess Medical Center, Boston, MA,

USA. Cell lines were authenticated through short tandem repeat analyses and were
routinely tested for mycoplasma. Neuroblastoma cells were grown in RPMI-1640 medium
(Invitrogen) supplemented with 10% FBS (Invitrogen) and 1% penicillin/streptomycin (Life
Technologies). HEK293T cells obtained from the American Type Culture Collection were
grown in DMEM (Invitrogen) with 10% FBS and 1% penicillin/streptomycin. SH-SY5Y
cells resistant to ceritinib (LDK378) were described previously33 and were grown in
complete RPMI-1640 containing 1.5 uM LDK378.
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Compounds.

Ceritinib (LDK378) and EED226 were purchased from Selleck Chemicals, and dox and
dimethylsulfoxide from Sigma-Aldrich.

Generation of PRRX1-inducible cells.

Complementary DNAs encoding WT and DNA-binding mutants of human PRRX1A were
cloned into the pInducer20 lentiviral plasmid (gift from Stephen Elledge, Addgene no.
44012). The DNA-binding mutants harbor individual deletions of the three a-helices within
the homeodomain: AH1 (aa 103-116); AH2 (aa 121-131); AH3 (aa 135-151). The lentivirus
was packaged by cotransfection of pinducer20 plasmid with the helper plasmids, pCMV-
deltaR8.91 and pMD2.G-VSV-G, into HEK293T cells using the TransIT-LT1 Transfection
Reagent (Mirus Bio) and supernatants collected 48 hours after transfection. SH-SY5Y cells
were transduced with the supernatant and selected using neomycin (5 pg ml=1). Gene
expression was induced with dox (200 ng mI~1) in RPMI-1640 medium supplemented with
10% tetracycline-negative FBS and 1% penicillin/streptomycin.

Derivation of NB-9464 cell lines.

NB-9464 cells were sorted based on H-2Kb expression using fluorescence-activated cell
sorting (FACS) analysis. A threshold logscale expression value of 103 was used to

gate H-2Kb!° (<103) and H-2Kb" (=103) cell populations which were then expanded to
NB-9464-H-2Kb!° and NB-9464-H-2Kb"i cell lines.

FACS analysis.

Adherent cells were disassociated using Accutase (Invitrogen). For each staining reaction,
1 x 106 live cells were placed in a 12 x 75-mm? polystyrene round-bottom tube (Falcon),
resuspended in 100 pl of 1 x PBS and stained with Zombie near-infrared (Zombie NIR)
viability dye (BioLegend) at 1:1,000 dilution for 15 min at room temperature. Cells were
then washed once in FACS buffer (0.5% BSA in 1 x PBS), resuspended in 100 pl of
FACS buffer and incubated in 5 ul of Human TruStain FcX (Fc receptor blocking solution,
BioLegend) for 10 min at room temperature. Next, appropriate volumes of conjugated
fluorescent primary antibodies at predetermined optimum concentrations (Supplementary
Table 7) were added and incubated on ice for 20 min. Cells were then washed once in 2
ml of FACS buffer by centrifugation at 435¢ for 5 min. All samples were analyzed on an
LSRFortessa or FACSCanto Il cytometer (Becton Dickinson) using FACSDiva and FlowJo
software (Becton Dickinson). A minimum of 10,000 events were counted per sample. The
histograms for the isotype controls in Fig. 3g are the same as those in the day 24 panel in
Fig. 3f, as MICA/B and HLA-A/B/C data were obtained from the same experiment.

Cell viability assay.

Cells were seeded into 96-well plates at 2 x 103 cells per well. After 24 hours, cells were
treated with increasing concentrations of LDK378 (1 nM to 10 uM) in dimethylsulfoxide.
Dimethylsulfoxide solvent served as a negative control. After 72 hours, cell viability

was analyzed using the CellTiter-Glo Luminescent Cell Viability Assay (Promega). Drug
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concentrations that inhibited cell growth by 50% (IC50) were determined using a nonlinear
regression curve fit with GraphPad Prism 8 software.

Cell migration and invasion assays.

NB-9464-H-2Kb'® or NB-9464-H-2Kb" cells in serum-free medium (0.5 x 10° cells per ml)
were added to the upper chamber of Transwell chambers (Falcon), and inserts (8 um) were
placed in the lower chamber containing medium with 10% FBS. Following incubation at 37
°C for 8 hours, cells in the lower chamber were fixed with methanol and stained with crystal
violet (Sigma-Aldrich), then photographed with a light microscope at x100 magnification
and migration quantified as the number of cells per high-power field. Cell invasion was
measured using the fluorometric QCM ECMatrix Cell Invasion Assay (Millipore) according
to the manufacturer’s instructions.

RNA extraction and RT—-qPCR.

Total RNA was isolated using the RNeasy Mini kit (Qiagen) and reverse transcribed using
Superscript IV VILO master mix (Thermo Fisher Scientific) following the manufacturer’s
protocol. Quantitative polymerase chain reaction with reverse transcription (RT-gPCR)
was performed using conventional methods on a ViiA 7 (Thermo Fisher Scientific) or
StepOnePlus (Applied Biosystems) real-time PCR system®1. Primer sequences are listed in
Supplementary Table 6.

Synthetic RNA spike-in and RNA-seq.

Biological duplicates (5 x 108 cells per replicate) were homogenized in 1 ml of TRIzol
Reagent (Invitrogen) and purified using the mirVANA miRNA isolation kit (Ambion)
following the manufacturer’s instructions. Total RNA was treated with DNA-free DNase

I (Ambion), spiked-in with ERCC RNA Spike-In Mix (Ambion) and analyzed on an Agilent
2100 Bioanalyzer (Agilent Technologies) for integrity. Sequencing libraries were prepared
using LP-KAPA mRNA Hyper Prep and sequenced using Illumina HiSeq for 40 bases.

Western blotting.

Cells were homogenized in NP40 lysis buffer (Life Technologies) containing 1 x complete
EDTA-free protease inhibitor cocktail and 1 x PhosSTOP (Roche). Protein concentration
was measured using the DC Protein Assay (Bio-Rad). Total protein was denatured in

LDS sample buffer (Invitrogen), and immunoblotting performed as previously described®®.
Antibodies are listed in Supplementary Table 7.

ChIP—gPCR analysis.

Soluble chromatin was prepared from SH-SY5Y cells without or with dox-inducible
PRRX1 expression (200 ng mI~1 dox for 10 days) as previously described®1:62. Chromatin
immunoprecipitation (ChlP) was performed using various antibodies (Supplementary Table
7), followed by qPCR (ChIP—gPCR) on purified ChIP DNA for the genomic regions of
interest (ROIs). Relative enrichment was quantified using the percentage input method.
Primer sequences are listed in Supplementary Table 6.
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ChlP-seq analysis.

Soluble chromatin was prepared from approximately 4 x 107 cells as previously
described61,62. Chromatin equivalent of 1 x 107 cells was used in each
immunoprecipitation reaction. Antibodies are listed in Supplementary Table 7. Purified ChIP
DNA was used to prepare Illumina multiplexed sequencing libraries using the NEBNext
Ultra Il DNA Library Prep kit and the NEBNext Multiplex Oligos for lllumina (New
England Biolabs) according to the manufacturer’s protocols. Libraries with distinct indices
were multiplexed and run together on the Illumina NextSeq 500 (SY-415-1001, IHlumina)
for 75 base pairs.

NKG2D binding assay.

Cells were stained with the Zombie NIR (or Zombie Violet) viability dye and incubated
with 10 pg mI~1 recombinant human NKG2D-Fc chimeric protein (R&D Systems) or

an equivalent concentration of human IgG (BioLegend) for 1 hour on ice, following
which they were washed and stained with an AlexaFluor 647-conjugated anti-human 1gG
(Supplementary Table 7) for 30 min and analyzed by flow cytometry as described above.

NK cell degranulation assay.

Human peripheral blood NK cells were isolated from blood collars using a RosetteSep
human NK cell enrichment cocktail (STEMCELL Technologies) followed by Ficoll density
gradient centrifugation (20 min, 800g). NK cells were cultured overnight in RPMI-1640
supplemented with 10% FBS, 1% penicillin/streptomycin and 2.5 ng ml~1 IL-15 (R&D
Systems) and cocultured for 4 hours with confluent monolayers of neuroblastoma cells at

a 1:2 effector to target (E:T) ratio with CD107a PerCP-Cy5.5 antibody. At the endpoint,
NK cells were collected; stained with Zombie Yellow (BioLegend), CD56-FITC (or NKp46-
AlexaFluor 647) and NKG2D-PE (or mouse 1gG1-PE) antibodies; and fixed with 1%
paraformaldehyde (Polysciences). For the NKG2D blocking assay, NK cells were incubated
with purified anti-NKG2D antibody or mouse 1gG1 isotype control for 30 min at 37 °C,
following which the degranulation assay was performed. NK cells were analyzed by flow
cytometry as described above. Gating strategy is shown in Supplementary Data Fig. 1a.
Antibodies are detailed in Supplementary Table 7.

NK cell killing assay.

Human NK cells were cultured overnight in RPMI-1640 supplemented with 10% FBS, 1%
penicillin/streptomycin and 1 ng mI~! recombinant human IL-15 (Miltenyi Biotec) and then
incubated with purified anti-NKG2D antibody or isotype control as described above. Target
cells were labeled with 5 pM CellTrace Violet (Thermo Fisher Scientific) in PBS for 20
min at 37 °C. Antibody-treated NK and CellTrace Violet-labeled target cells were washed
twice with RPMI-1640 and cocultured at the indicated E:T ratios for 18-24 hours at 37

°C. At the endpoint, cells were spun down, trypsinized and stained with Annexin V-PE and
7-AAD (both BD Biosciences) in Annexin V binding buffer (BioLegend) for 15 min, and
cytotoxicity was analyzed by flow cytometry. Gating strategy is shown in Supplementary
Data Fig. 1b. Antibodies are detailed in Supplementary Table 7.
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T cell cytotoxicity assay.

ELISA.

Human peripheral blood CD8" T cells were isolated using Ficoll isopaque density

gradient centrifugation followed by CD8 selection using magnetic bead separation (Miltenyi
Biotech) and lentivirally transduced with a TCR specific for the PRAME#25-433 peptide,
SLLQHLIGL®3, as previously described*1:64. PRAME-TCR-positive cells were sorted based
on VB1 expression using a FACSAria Il (Becton Dickinson) and were stimulated once
every other week using a feeder cell mixture comprising irradiated allogenic peripheral
blood mononuclear cells and lymphaoblastoid cell lines in Glutamax-supplemented RPMI
media (Gibco) containing 10% pooled human serum, 1% penicillin/streptomycin, 50 U
mi~1 1L-2 and 1 pg mI~1 phytohemagglutinin (both Miltenyi Biotec). Target cells were
untreated or cultured overnight in the presence of 100 U mI~1 IFN-y (R&D Systems) or 10
g mi~1 poly (1:C) (Thermo Fisher Scientific), then MHC class | and HLA-A2 expression
was assessed and then cells were washed and cocultured overnight with PRAME-specific

T cells at an E:T ratio of 10:1. At the endpoint, cells were spun down, trypsinized and
stained with fixable viability dye (eFluor780, Thermo Fisher Scientific). Cytotoxicity was
analyzed using the high-throughput sampler of the LSRFortessa. Standardized killing was
calculated by normalizing target cytotoxicity to target cell control. Gating strategy is shown
in Supplementary Data Fig. 1c. Antibodies are detailed in Supplementary Table 7.

Adrenergic and mesenchymal cells (1 x 106 each per well) were plated into six-well
plates and, 24 hours later, treated with or without 1 pg mI~1 poly(1:C) for 24 h. Cell-free
supernatants were stored at —20 °C until further use. CXCL10 in cell-free supernatants
was measured using a human CXCL10 ELISA kit (R&D Systems, DIP100) per the
manufacturer’s instructions and concentration (pgml=1) analyzed using linear regression.
Samples above the limit of detection were diluted 40-fold and re-analyzed.

Multiplexed cytokine profiling.

Multiplexed cytokine profiling of cell-free supernatants treated with or without poly(I:C) (1
or 10 pg mi~1) was performed using the Human Cytokine/Chemokine Magnetic Bead Panel
(Millipore, HCYTMAG-60K-PX30) on a Luminex MAGPIX system (Merck Millipore).
The concentration of each protein (pg mI~1) in conditioned media was derived using a
five-parameter curve-fitting model. Fold-changes relative to the corresponding control were
calculated and plotted as log2 fold-change (log2FC). Lower and upper limits of quantitation
were imputed from standard curves for cytokines/chemokines above or below the limit of
detection.

Three-dimensional T cell migration assay.

The T cell migration assay was performed as previously described®®. Briefly, cells were
plated at a density of 5 x 10° cells per well of a six-well plate and transfected with 1 pg mi~1
poly(I:C) (Invitrogen) using the X-tremeGENE HP DNA Transfection Reagent (Roche) for
24 hours. Spheroids were generated by seeding 5 x 10° poly(I:C)-transfected or control

cells on an ultra-low attachment dish (Corning) for 24 hours and labeled with eFluor 450
(Invitrogen) per the manufacturer’s instructions. Spheroids were pelleted and resuspended
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in type-1 rat tail collagen (Corning) at a final concentration of 2.5 mg ml~2 following

the addition of 10 x PBS containing phenol red on ice. The pH of the resulting spheroid
suspension was adjusted to 7.0-7.5 using NaOH and confirmed using PANPEHA Whatman
paper (Sigma-Aldrich). The spheroid—collagen suspension was then introduced into the
central channel of the three-dimensional (3D) microfluidic cell culture chamber (AIM
Biotech and ref. 66). Collagen hydrogels containing cancer cell spheroids were incubated

for 40 min at 37 °C in humidity chambers, following which RPMI-1640 medium containing
either (1) 6 x 104 CXCR3-overexpressing Jurkat cells5® or (2) 6 x 10% primary human CD8*
T cells supplemented with 1L-2 (10 ng mI~1), at an E:T ratio of 2:1 was perfused through
one of the side channels located next to the central channel. CD8* T cells were isolated from
peripheral blood mononuclear cells using manufacturer protocols (EasySep Human T Cell
Isolation Kit, STEMCELL Technologies) and expanded using T Cell Activation/Expansion
Kit (Miltenyi Biotech, purity >90%). Both CXCR3-overexpressing Jurkat and primary
human CD8* T cells were labeled with Cell Tracker Red (Thermo Fisher Scientific) before
coculture. The cancer cell spheroids and T cells were cocultured for 3 days, following which
T cell migration into the collagen hydrogel was visualized through images captured on a
Nikon Eclipse 80i fluorescence microscope equipped with Z-stack (Prior) and a CoolSNAP
CCD camera (Roper Scientific), and analyzed using NIS-Elements AR software package.
Quantification of T cell infiltration into the central channel was performed by measuring the
total area occupied by the Cell Tracker Red-positive cells located in ROIs (at least 6 ROIs
per microfluidic cell culture chamber).

Antigen presentation assay.

Approximately 1 x 106 NB-9464-H-2Kb!° or NB-9464-H-2Kbhi cells were seeded onto
10-cm plates, treated with recombinant mouse IFN-y (BioLegend) (100 ng mI~1) for 24
h and pulsed with 100 ng mI~1 SIINFEKL peptide at 37 °C for 2 hours. Cells were
subsequently washed with 1 x PBS to remove unbound peptide and processed for FACS
analysis of H-2Kb-SIINFEKL complex (antibodies in Supplementary Table 7).

T cell activation assays.

OT-I TCR transgenic mice were purchased from the Jackson Laboratory. Splenocytes were
collected and T cells isolated from the mononuclear layer using Ficoll separation and
directly used in coculture assays. Successful enrichment of CD8" T cells was confirmed

by FACS analysis. Adherent NB-9464-H-2Kb!® and NB-9464-H-2Kb" cells were pulsed
with 100 ng mI~1 SIINFEKL at 37 °C for 2 h, washed with 1 x PBS and cocultured

with unstimulated OT-1 T cells at a ratio of 1:1 for 24 h. OT-I cells were then collected,
sequentially stained with the Zombie NIR viability dye and CD8-FITC and CD69-PE
antibodies, fixed with 1% paraformaldehyde (Polysciences) and analyzed by flow cytometry.
Gating strategy is shown in Supplementary Data Fig. 1d. Antibodies are detailed in
Supplementary Table 7.

In vivo experiments.

For the pilot study, approximately 1 x 106 NB-9464-H-2Kb'® or NB-9464-H-2Kb"i cells
were resuspended in growth factor-reduced Matrigel and injected subcutaneously in a 100-
ul volume into the right flanks of 6-9-week-old female C57BL/6 mice (Charles River
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Laboratories; 7= 7 mice per group). Mouse weights and tumor volumes were measured
every 2-3 days, beginning on day 6 after injection. Tumor measurements were obtained
using electronic calipers and volumes calculated using the modified ellipsoid formula: %2
(length x width)®7. Animals were euthanized when tumors reached 2 cm in any dimension
based on IACUC criteria for maximum tumor burden. Tumors were collected, snap-frozen
in liquid nitrogen and stored at —80 °C for downstream analysis. For the immunotherapy
studies, subcutaneous NB-9464-H-2Kb!° and NB-9464-H-2Kb" tumors were generated as
above except that the cells were resuspended in PBS before injection. Tumor-bearing mice
(n =15 per group) were treated with either (1) 100 pg each of InVivoMAD anti-PD1
(BioXCell, clone 29F.1A12) and InVivoMADb anti-CTLA4 (BioXCell, clone 9H10) or (2)
100 pg each of isotype-matched control antibodies (InVivoMAb Rat 1gG2a (BioXCell
0089) and InVivoMADb Syrian hamster polyclonal 1gG (BioXCell 0087)) via intraperitoneal
administration on days 7, 10 and 13 after inoculation. Tumor volumes were monitored and
measured as above. Tumors from five mice per group were collected on day 36 for FACS
analysis, and the remaining ten mice per group monitored for tumor growth and survival
until endpoint. The following animals from the remaining ten mice per group were omitted
from the final analysis because they (1) did not form palpable tumors (7= 1, H-2Kb!©
anti-PD1 + anti-CTLA4), (2) formed palpable tumors that were not measurable when alive
(found to be growing inwards when euthanized for body condition score and weight-loss
endpoints; 7= 1, H-2Kb!® anti-PD1 + anti-CTLA4; n= 1, H-2Kb"i isotype), (3) formed
tumors that became ulcerated before reaching the volume endpoint (7= 2, H-2Kb!® isotype;
n= 1, H-2Kb" isotype) or (4) had tumors that exhibited substantially different growth
characteristics compared with the other animals in the cohort (7= 1, H-2Kb!° anti-PD1 +
anti-CTLA4; n= 2, H-2Kb" anti-PD1 + anti-CTLA4). The data in Fig. 7f,g and Extended
Data Fig. 10f reflect these events.

FACS analysis of tumor-infiltrating immune cells.

Tumors from five mice per group were collected on day 36 after injection. Resected tumors
were weighed (15-4,840 mg) and sequentially treated with GentleMACS and Collagenase |
(Worthington Biochemical) at 2 mg mI~1 in 1 x DPBS containing calcium and magnesium,
followed again by GentleMACS treatment. The resulting single-cell suspensions were
filtered through a 70-um filter, supplemented with ice-cold PBS containing 2% FBS and
centrifuged at 350¢ for 5 min at 4 °C. TILs were isolated from the cell pellets using

CD45" MACS positive selection. CD45* cells were blocked with MACS buffer containing
2% anti-mouse CD16/32 (BioLegend) and 5% mouse and rat sera, and surface stained

with antibodies (Supplementary Table 7) in Brilliant Stain Buffer (BD Biosciences) for

30 min at 4 °C. Dead cells were excluded using NIR live dead cell stain (1:1,000,
Invitrogen). For intracellular staining, all samples were fixed using eBioscience Foxp3/
Transcription Factor Staining Buffer Set (Thermo Fisher) for 20 min at 4 °C, washed

with 1 x MACS buffer and left overnight at 4 °C, followed by blocking as above and
Foxp3 staining. Spherotech AccuCount Fluorescent particles were added to all samples

for cell quantification followed by FACS analysis. Single-color compensation controls and
fluorescence-minus-one thresholds were used to set gate margins. Absolute cell counts were
normalized to the total tumor weight before calculating ratios between distinct immune cell
populations.
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Immunofluorescence (IF) and immunohistochemistry (IHC) analyses are included in the
Supplementary Information.

Analysis of RNA-seq data.

RNA-seq data processing and identification of differentially expressed genes.
—Single-end RNA-seq samples with 40-base-pair read lengths were mapped to the human
genome (GRCh38) and External RNA Controls Consortium (ERCC) spike-in sequences.
Reads were mapped to the genome using Bowtie2 (v.2.3.4.3) and default parameters. Reads
that overlapped with the genomic locations for exonic regions were used to calculate gene
counts with the FeatureCounts package (Subread package of v.1.6.3). Spike-in read counts
for each sample were used to normalize library sizes. These read counts were used to
calculate the sample-specific size factor by using the function estimateSizeFactors (DESeq2)
available in R. Normalized sample coverage profiles were then created from previously
determined size factors by using bamCoverage (DeepTools v.3.1.1) and parameters *--
scaleFactor --skipNonCoveredRegions’. To check the reproducibility of biological replicates
for each condition, principal component analysis (PCA) and correlation (Spearman’s

rank coefficient) were assessed from the sample coverage profiles at genome-wide scale
and visualized using scatterplots and heat maps. Because these analyses showed a high
correlation of sample coverage profiles between replicates, replicates were merged using
samtools merge and processed again as described for the individual replicates. Next,
differential gene expression analysis was performed using the DESeq2 in R. To detect
differentially expressed genes (DEGS) in each sample, raw read counts from RNA-seq data
were imported to the DESeq2 and the size factors calculated using the estimateSizeFactors
function. A transcript with an absolute log2FC = 1.5 and an adjusted < 0.01 was
considered significant.

Identification of tumor clusters using UMAP.—The log-transformed reads per
million from RNA-seq data from the 498 neuroblastomas were used to identify

tumor subtypes. For clustering, 5,000 highly variable genes were identified using the
FindVariableFeatures function from the Seurat R package (v.4.1.0), with a selection method
‘vst’ (variance-stabilizing transformation)®8, and dimensionality reduction carried out on
the variable genes using PCA. Next, significant principal components (PCs) were identified
with the EIbowPlot function in the Seurat R package, and 20 PCs (from PC1 to PC20)
were selected as significant components for clustering where the percentage change in
consecutive PCs was <0.05%. FindNeighbors and FindClusters functions with a parameter
resolution of 0.4 were used to perform clustering in Seurat. Distinct clusters were identified
with the Louvain graph-based clustering algorithm®® and visualized using UMAP70. Next,
to characterize each cluster, DEGs unique to each cluster were identified. A standard
receiver operating characteristics classifier test was run with the function FindMarkers from
the Seurat R package to identify DEGs in the different clusters, where each cluster was
compared with the other three clusters and DEGs selected only if the average log2FC
difference was =0.25. Gene ontology (GO) analysis of DEGs was performed with the
enrichR package (https://amp.pharm.mssm.edu/Enrichr/). The clinical annotations were
overlaid onto the clusters using the AddMetaData function and the results visualized using
UMAP in the Seurat R package.
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Enrichment analysis.—All GO terms were ranked based on the enrichR combined score,
calculated by multiplying the adjusted P value with the z-score using the Fisher’s exact test.
This test was also used to determine significant overlaps between the queried gene sets and
other publicly available datasets. Enrichment was considered significant for an adjusted P<
0.01, unless stated otherwise.

Gene coexpression analysis.—Gene coexpression analysis was performed on the log2
normalized expression data from the tumors within the immunogenic cluster using the
CEMiTool (v.1.10.2) (coexpression modules identification tool) R packageZ4. Expression
data were processed after filtering out low-expressed genes by using default parameters.
Coexpressed genes were identified as modules. To identify GO terms enriched within

each module, overrepresentation analysis was performed via the clusterProfiler (v.3.14.3)
R package’! using the Kyoto Encyclopedia of Genes and Genomes (KEGG) database.

The hypergeometric test was performed between the coexpressed genes in the modules

and the gene sets in the KEGG database; significant GO terms were listed along with

the —logyg adjusted Pvalue. To identify regulatory genes (hubs) within the M1 module,
PPIs were integrated with coexpression data within this module. Next, coexpressed M1
module genes were searched for within the STRING 11.0 PPI database and all possible
interactions identified. The gene network was created by the ‘plot_interaction’ function
within CEMiTool and the genes with high degrees of connectivity highlighted as hub genes
within both the coexpression module and the PPI network.

Derivation of gene signature scores.—IA and IE scores were calculated from a
curated set of genes (Supplementary Table 3) into a single value for all MYCN-nonamplified
tumors. All genes were ranked based on their expression levels in each tumor. The rank
order was established for all genes, and the percentiles were calculated based on the full

list of genes. The average percentile value was calculated for all 1A and IE signature genes
in a tumor, and, thus, an 1A/IE score was assigned to each tumor. Similarly, adrenergic

(A) and mesenchymal (M) scores were calculated for each tumor from the list of gene
signatures detailed by Groningen et al.2. A total of 6 1A genes were removed from the
485-gene mesenchymal signature genes to ensure that the 1A signature genes did not overlap
with predefined adrenergic and mesenchymal signatures. To further assign a tumor as either
adrenergic or mesenchymal, the M-score was subtracted from the A score (M — A score)
and tumors were arranged according to increasing M — A scores. 1A, A and M scores were
calculated for 24 neuroblastoma cell lines in the same manner.

IA/IE and lineage score correlation.—IA, IE, A, M and M — A score correlation
was assessed using the R (v.4.2.0) corrplot package. Pearson’s correlation coefficients were
calculated for all pair-wise correlations among all parameters.

Estimation of immune cell content in neuroblastoma tumors.—Cell type
identification by estimating relative subsets (CIBERSORT)?? was used to evaluate immune
cell fractions from gene expression data using the R package ‘immunedeconv’ (v.2.0.0).
RNA transcript estimations were generated for all 498 neuroblastoma tumors using the
LM22 signature matrix available for 22 immune cell types. CIBERSORT was run in
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‘Absolute mode’ with quantile normalization disabled as recommended for tumor RNA-seq
data and the overall immune content produced by the algorithm compared among tumors.

sc/single-nucleus (sn)RNA-seq data analysis.—Gene expression count matrices
were downloaded from GSM4186961, GSM4186962 and EGAS00001004388 sc/snRNA-
seq datasets. Quality control was carried out for each sample dataset by removing doublet’?
cells or nuclei with <500 genes and 1,000 unique molecular identifiers, 10% of which
were from mitochondrial genes, using the Seurat R package (v.4.1.0). The top 4,000
highly variable genes were identified using the FindVariableFeatures function with a
selection method “vst’®8 for each tumor. Next, the variable genes were used to perform
PCA, and significant PCs identified with the ElbowPlot function. Twenty significant

PCs for snRNA-seq (7= 14) and 50 PCs for sScRNA-seq (n7= 2) data were used as

input with the FindNeighbors and FindClusters functions in the Louvain graph-based
algorithm®9, and clusters were visualized using UMAP70. Next, to annotate the clusters
based on cell type, previously identified gene expression signatures3%:35 and SingleR"3
were used. Malignant cells within each sample were identified by inferring chromosomal
copy number alterations from gene expression data using inferCNV (https://github.com/
broadinstitute/inferCNV). The nonmalignant immune and endothelial cells were used as
references to estimate copy number alterations in the malignant cells. Next, the SnRNA-seq
data from the 14 samples3C were integrated using Harmony (v.0.1.0)74. In total, 4,000
variable genes were identified across all 14 tumors, and the first 20 PCs analyzed with

the RunHarmony function. FindClusters and RunUMAP functions were used to carry

out dimension reduction and cluster visualization, respectively. Additionally, to determine
the adrenergic, mesenchymal and immune scores (1A and IFN-response signatures) of
each malignant cell, the AddModuleScore function (Seurat R v.4.1.0) was applied using
previously published signatures2®.

Identification of IFN-response signatures.—IFN-response signatures were retrieved
from the 498-tumor cohort and 5Y-par., 5Y-res. and SH-EP cells. DEGs in the immunogenic
cluster were selected from the UMAP clustering analysis if the average log2FC difference
in expression value was >0.25 compared with the other clusters. GO enrichment analysis

of the DEGs was performed with the enrichR package in R and IFN-response-related GO
terms chosen if the adjusted Pvalue was <0.01. In parallel, genes whose expression was
consistently upregulated in the three cell lines were identified. DEGs were selected through
pair-wise comparisons between adrenergic (5Y-par.) and mesenchymal (5Y-res. and SH-EP)
cells using the DESeq?2 package in R. Genes upregulated by 0.5-fold in the mesenchymal
compared with adrenergic cells and associated with IFN-response-specific GO terms were
identified. Finally, the overlapping IFN-response genes in both tumors and cell lines were
selected to derive NB-specific IFN-response signatures.

Analysis of matched diagnosis and relapse samples.—Microarray data from seven
matched diagnosis and relapsed tumor pairs, and four tumors at diagnosis (total = 18
samples)34, were log2 transformed. Using the Loess regression model from the Giotto
package (v.1.0.3)75, 5,264 variable genes were selected for clustering. These variable genes
were used to perform PCA, and PC1 and PC2 that showed the highest transcriptomic
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variability were used to cluster tumors using the Leiden algorithm?8 and clusters were
visualized using UMAP.

ChlP-seq analysis.

Data processing.—All ChIP-seq raw datasets were processed as previously described6?
and using the Fastqc tool (v.0.11.7) to identify possible sequencing errors and biases.

Reads were aligned to the human genome (build hg19, GRCh37.75) using the Bowtie
(v.2.3.4.3) mapper with default parameters. Unique and nonduplicate reads that mapped to
the reference genome were further processed using Samtools (v.1.9) and the MarkDuplicates
(v.2.1.1) command of Picard tools. Next, antibody enrichment in each replicate compared
with input samples was verified using the PlotFingerprint command of deepTools (v.3.1.1).
Peak caller MACS2 (2.1.1) was used to identity peaks. Bigwig files were created for
visualization with bedGraphToBigWig.

Identification of super-enhancer regions.—Super-enhancers were identified using the
ROSE algorithm (https://bitbucket.org/young_computation/rose/src/master/) as previously
described®.

Analysis of histone binding between lineage states.—To analyze the changes in
occupancies of active (H3K27ac and H3K4me3) and repressive (H3K27me3) histone marks
during the transition from adrenergic (5Y-par.) to mesenchymal (5Y-res., SH-EP) states, the
peaks were compared for histone marks identified by MACS2 at the promoter regions. The
promoter regions (TSS 2 kb) of all annotated protein coding genes were identified and

the peaks of the three histone marks retrieved. To analyze the differential binding of each
histone mark between 5Y-par. and 5Y-res. cells, all significant peaks that overlapped by at
least 50% at the promoter regions were first combined. The 50% threshold was used to avoid
merging peaks that had clear and distinct summits. Next, the normalized active or repressive
histone read densities were calculated for each region and a ratio of (log2 (5Y-res./5Y-par.))
derived. Peak regions with =0.75 or <0.75 fold-change of the ratio value were categorized
as 5Y-res.- or 5Y-par.-cell-specific peaks, respectively, while other regions were denoted as
‘shared’ peaks. Shared peaks had a similar enrichment of either active or repressive histone
marks in both the cell types. Similar comparisons were performed for active or repressive
histone marks between 5Y-par. and SH-EP cells. To further compare changes in all histone
marks at the promoters of immune genes, gain of significant H3K27ac and H3K4me3 and
loss of H3K27me3 signals were identified in mesenchymal compared with adrenergic cells.

Integrated analysis of histone binding and gene expression.—Cell type-specific
differential enrichment of H3K27me3 and H3K4me3 binding in 5Y-par., 5Y-res. and SH-EP
cells was determined by calculating the log2 (H3K4me3 + 1/H3K27me3 + 1) ratios at
the promoters of immune genes. To examine the association between gene expression
and differential enrichment of H3K27me3 and H3K4me3 binding in immune genes in
these cells, genes were ranked based on their expression values and plotted against the
calculated ratios between the histone marks. For each cell line, a loess regression curve was
computed for the ratio values. Similarly, cell-specific differential enrichment of H3K27me3
and H3K27ac binding in the cells was determined and a loess regression curve fitted for the
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ratios of log2 (H3K27ac + 1/H3K27me3 + 1) and gene expression values at immune gene
promoters.

Statistics and reproducibility.—No statistical method was used to predetermine sample
sizes, but our sample sizes were similar to those reported in previous publications?3:60.61,
All experiments (except where noted in figure legends) were performed in at least two
independent replicates with reproducible results. Data exclusions for the in vivo studies are
explained in the Reporting Summary and in the Methods section. The experiments were
not randomized. The investigators were not blinded to allocation during experiments and
outcome assessment. Statistical analyses were performed in GraphPad Prism (v.8.4.3) or

R (v.4.2.0). For all experiments, normality and equal variances were formally tested using
Shapiro-Wilk test and ~test or Brown—Forsythe test, respectively. In general, comparisons
of non-normal data points between groups were carried out with nonparametric approaches.
Normally distributed samples were analyzed using Student’s #test or analysis of variance
(ANOVA).
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Extended Data
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Extended Data Fig. 1 |. Tumorswithin theimmunogenic cluster express both |A and |E markers.
a, Distribution of the 498 primary NB tumors in the data set (SEQC-498; GSE49711)

within the indicated prognostic categories. Risk stratification was based on the Children’s
Oncology Group risk classification. INSS, International Neuroblastoma Staging System32.
b, Scatter plot of the standardized variance in expression of all protein coding genes within
the 498 tumors. Red dots indicate the top 5000 variably expressed genes. ¢, Elbow plot
representing the percentage variance for the top 20 principal components, PCs (n = 20).

d, Violin plots showing the expression of representative marker genes across the four
clusters in 498 tumors. e, Stacked bar plots showing the distribution of tumors within the
defined prognostic features within each cluster. Amp, amplified; Nonamp, nonamplified.

f, Two-dimensional UMAP representations of the gene expression profiles in 394 NB
tumors (GSE120572). Each dot represents a tumor. The top 3000 highly variable genes
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were selected based on the variance-stabilizing method33 and 20 significant principal
components (PCs) selected and processed in UMAP to generate three clusters representing
three NB subtypes. The DEGs were identified for each cluster using the receiver operating
characteristics (ROC) curve to compare one cluster with others (log, FC > 0.25). g, Heat
map of expression values of 10 representative DEGs within each cluster in (f). Rows are
z-score scaled average expression levels for each gene in all three clusters. h, i, Box plots
comparing IA (h) and IE (i) scores within the four clusters (n = 103 tumors in Hi-MYCN,
241 in neuronal, 140 in Immunogenic and 14 in metabolic) from the SEQC-498 tumor data
set. All box plots are defined by center lines (medians), box limits (251" and 75t percentiles)
and whiskers (minima and maxima; the smallest and largest data range). Significance

was determined by the two-tailed Wilcoxon rank-sum test. j, UMAP visualization of the
distribution of IA and IE scores among the three tumor clusters derived from the 394 NBs
in the GSE120572 dataset. Color bar represents normalized z-scores. Values <2.5 and >2.5
were set to —2.5 and +2.5, respectively, to reduce the effects of extreme outliers.
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Extended Data Fig. 2 |. Cell lineageis significantly associated with immune gene signaturesin
NB.

a, Bar plots representing the numbers of co-expressed genes within each module. b, GO
analysis of co-expressed genes associated with indicated modules (KEGG database). The
vertical dashed lines indicate the adjusted P-value of 0.05, two-tailed hypergeometric test. c,
Gene network representing all possible interactions in module M1. The topmost connected
genes (hubs) are indicated. Hubs derived from module M1 are colored blue (co-expression)
and those from the STRING database are indicated in red (interaction). The size of each
node corresponds to the degree of interaction. d, Summary of the overlap between the DEGs
associated with the four tumor clusters and the adrenergic or mesenchymal signature genes
as per Groningen et al., 201738, Significance determined by two-tailed Fisher’s exact test.

e, Box plots comparing the expression of adrenergic and mesenchymal scores within the
four clusters (n = 498 tumors [Hi-MYCN (n = 103), neuronal (241), immunogenic (140),
metabolic (14)] derived from the SEQC-498 tumor data set. All box plots are defined by
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center lines (medians), box limits (251 and 75t percentiles) and whiskers (minima and
maxima; the smallest and largest data range). The immunogenic cluster was compared with
the other three clusters and significance determined by the two-tailed Wilcoxon rank-sum
test. f, Scatter plot of the 498 primary NB tumors ranked based on increasing M-A scores.
g, Pearson correlation matrix showing pairwise correlation values among the indicated
parameters. The colors and sizes of the circles indicate the correlation coefficient values,
with the least (smaller blue circles) to the most (larger brown circles) degree of association
between the parameters shown.

Extended Data Fig. 3 |. The relative mesenchymal score (M-A score) is positively correlated with
an immunogenic signature.
a, Dot plots showing the distribution of MYCN-nonamplified tumors (n = 400) within

each of the clusters based on ranked M-A scores. Tumors from the upper (high M-A) and
lower (low M-A) M-A score quartiles are shown (n = 200 tumors; £=0.0011 for C3).
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Statistical significance assessed by the two-tailed Fisher’s exact test. b, UMAP visualization
of the distribution of adrenergic, mesenchymal, and M-A scores among the three tumor
clusters derived from 394 NBs in the GSE120572 dataset. Color bar represents normalized
z-scores. Values <2.5 and >2.5 were set to —2.5 and +2.5, respectively, to reduce the

effects of extreme outliers. ¢, Left, Heat map of the indicated immune cell signatures

in MYCN-nonamplified tumors (n = 401), ranked by increasing M-A scores. Log, gene
expression values were z-score transformed for heat map visualization. Right, violin plots
comparing the quantitative scores of the indicated immune cell signatures in 100 tumors
each from the upper (mesenchymal) and lower (adrenergic) quartiles of the tumor M-A
scores using the two-sided K-S test. Box plots within the violin plots are defined by center
lines (medians), box limits (25t and 75™ percentiles) and whiskers (minima and maxima;
1.5X the interquartile range). d, e, Heat maps depicting IA (d) and IE (e) signatures in
MYCN-nonamplified tumors, ranked by increasing M-A score. Log, gene expression values
were z-score transformed for visualization. Violin plots comparing the distribution of 1A (d)
and IE (e) signatures in 100 tumors each from upper (mesenchymal) and lower (adrenergic)
quartiles of the tumor M-A scores are shown next to the heat maps. Significance determined
by the two-sided K-S test. Box plots within the violin plots are defined as in (c). f, Bar
diagram comparing the CIBERSORT-estimated fractional content of the indicated tumor-
infiltrating leukocytes between MYCN-nonamplified adrenergic and mesenchymal tumors.
Adrenergic and mesenchymal tumors were assigned as in (c). Data represent the mean, n =
100 tumors, P determined by the two-tailed Welch’s t-test.
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Extended Data Fig. 4 |. Cellular heterogeneity predictsimmune gene expression in NB tumors.
a, UMAP embedding of 691 (fgp left) and 6498 (bottom left) cell signatures derived

from two representative MY CN-amplified and honamplified tumors (NB11 and NBO7),
respectively. Clusters of transcriptionally similar cells are colored by cell type. UMAP
representation of 573 (Zop right) and 6299 (bottom right) malignant cell signatures from
the same samples as in left panel. b, UMAP representation of the distribution of malignant
cells in 12 NB tumors. Cells are colored based on the score calculated from the average
expression of genes per cell38. ¢, Ridge plot representing the distributions of the ADR and
MES scores of the malignant cells within the indicated clusters. d, Box plot representing
ADR and MES scores of 56,597 malignant cells from 14 primary NB tumor samples based
on transcriptional diversity (n = 4543 cells in NBO1, 66 in NB02, 4429 in NB03, 3914

in NBO4, 3769 in NBO05, 7782 in NB06, 6047 in NBO7, 10675 in NB08, 2353 in NB09,
587 in NB10, 568 in NB11, 3596 in NB12, 1024 in NB13 and 7244 in NB14). Box plots
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are defined by center lines (medians), box limits (25t and 75t percentiles) and whiskers
(minima and maxima; 1.5X the interquartile range).
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Extended Data Fig. 5|. NB tumors are highly heterogeneous at the inter- and intra-tumoral level.
a, b, ¢, UMAP visualization of 63,291 cells from 14 NB tumors*2, colored by samples (a),

cells (b) and cell type (c). d, Scatter plot of M-A scores derived from bulk RNA-seq data
from 16 NB tumors (St Jude Cloud*3). Samples are arranged based on increasing M-A
scores. The samples analyzed by IHC are colored in red.
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Extended Data Fig. 6 |. Tumor cell-intrinsicimmune marker genes are upregulated in

mesenchymal NBs.

a, Heat maps of lineage marker (b/ue, adrenergic; red, mesenchymal) and MHC and

Page 32

APM gene (black) expression in the indicated adrenergic and mesenchymal cells (n= 2
independent experiments). Rows are z-scores calculated for each transcript in each cell
type. b, FACS analysis of cell surface HLA expression in the cells depicted in a. Numbers
on bottom right indicate isotype-normalized HLA gMFI values expressed as mean + SD,

n = 3 independent experiments. ¢, Heat map of lineage marker (b/ue, adrenergic; red,

mesenchymal), MHC and APM gene (b/ack) expression in SH-SY5Y and SH-EP adrenergic
and mesenchymal cells, respectively (7= 2 independent experiments). Rows are z-scores
calculated for each transcript in each cell type. d, GO analysis of differentially upregulated
genes in mesenchymal SH-EP and adrenergic SH-SY5Y cells. Significance determined

by the Fisher’s exact test. e, Volcano plot showing the gene expression changes between
mesenchymal SH-EP and adrenergic SH-SY5Y cells. The top ten lineage marker genes are

Nat Cancer. Author manuscript; available in PMC 2023 May 10.



1duosnue Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Sengupta et al.

Page 33

highlighted. The fold changes are represented in log, scale (X-axis) and the -logq of the
P-values depicted on Y-axis (FDR < 0.1 and logoFC > 1.5). Significance was determined
by two-tailed Wald test. f, RT-gPCR analysis of PRRX1 expression in SH-SY5Y cells
expressing dox-inducible PRRX1 + dox for 10 days. Data represent mean + SD, 1=

4 independent experiments. g, Dose-response curves of ceritinib-sensitive (5Y-par.) and
-resistant (5Y-res.) cells treated with increasing concentrations of LDK378 for 72 h. Data
show mean + SD, 77 = 3 technical replicates and is representative of n = 3 independent
experiments. h, Venn diagrams depicting the overlap between the DEGs in 5Y-res. cells
(compared to 5Y-par. cells) and mesenchymal or adrenergic signatures. ~-values were
determined by two-tailed Fisher’s exact test. i, Waterfall plot of the fold-change in RNA
expression levels of up- and down-regulated genes in 5Y-res. cells compared to 5Y-par.
cells; selected lineage and immune genes are highlighted. j, GO analysis of differentially
upregulated genes in 5Y-res. compared to 5Y-par. cells. Significance determined by the
two-tailed Fisher’s exact test.
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Extended Data Fig. 7 |. NBsthat acquire mesenchymal phenotypes at relapse show increased

immune gene expression.

a, PCA plot showing the segregation of the depicted tumors using the 15t and 2" PCs in
7 matched pairs and 4 single primary tumors. b, ¢, UMAP plot showing the segregation
of primary and relapsed tumors (b) overlaid with the sample numbers (c). d, e, Line
plots depicting changes in ADR, MES and M-A (MES-ADR) scores between primary and
relapsed tumor pairs in clusters 2 (d) and 3 (e). f, Heat map of z-score-transformed log,
normalized expression values of tumor cell-intrinsic 1A and IE genes in the 7 matched tumor
pairs (n = 14 tumor samples). g, h, Line plots depicting the changes in the indicated immune
cell scores in primary and relapsed tumor pairs in clusters 2 (g) and 3 (h).
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Extended Data Fig. 8 |. Enrichment of immune cellsis seen at relapsein a matched diagnosis-

relapsed NB tumor pair.

a, UMAP embedding of single cell profiles (dots) from diagnosis (/eft; n = 4349 cells)

and relapsed (right; n = 771 cells) samples, colored by cell subset signatures. b, UMAP
visualization of the distribution of ADR and MES scores of malignant cells at diagnosis
(top, n = 4266 cells) and relapse (bottom,; n = 113 cells). ¢, Box plot depicting the ADR
(top) and MES (bottom) scores of the malignant cells in each sample [diagnosis (n = 4266),
relapse (n = 113)]. Box plots are defined by center lines (medians), box limits (25" and

75 percentiles) and whiskers (minima and maxima; the smallest and largest data range). d,
Bar plot representing the proportion of neuroendocrine cells (tumor), fibroblasts, endothelial

cells and immune cells in each sample.
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Extended Data Fig. 9 |. Immune gene activation associated with the mesenchymal stateis
epigenetically regulated.

a, ChIP-gPCR analysis of the indicated histone marks at the indicated immune gene
promoters in SH-SY5Y cells expressing dox-inducible PRRX1 + dox. Data points represent
mean of 2 technical replicates of 2 independent experiments. Enrichments at 74~PZ and
PSMB3 loci represent the data corresponding to amplicons 4 and 6, respectively, in Fig.
4a. b, Enhancer regions in 5Y-par., 5Y-res. and SH-EP cells. H3K27ac bound regions
identified as significant peaks were stitched together if they were within 12.5 kb of each
other (typical enhancers; grey). SEs (red) were defined as stitched enhancers surpassing
the threshold signal based on the inclination point in all cell types. In 5Y-par., 5Y-res.

and SH-EP cells, 2.94% (915/31116), 6.56% (1880/28635) and 4.18% (1215/29057) of the
enhancers were classified as SEs, respectively. The top five SE-associated lineage-specific
genes are highlighted. ¢, ChIP-gPCR analysis of EZH2 and SUZ12 enrichment at the
indicated immune genes in 5Y-par. cells. Negative control loci, PHOXZB and LINZ8B.
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Data represent mean of 7= 2 independent experiments. d, e, Scatter plots representing the
differential binding of the indicated histone marks at the promoter regions of all protein
coding genes between 5Y-par and 5Y-res. (d), and 5Y-par. and SH-EP cells (e). rpm/bp,
reads per million per base pair. A = 0.75 log,FC threshold was used to identify unique
peaks for each histone mark. f, Bar plots representing the numbers of immune genes with
increased promoter deposition of H3K4me3 and H3K27ac (log, FC = 0.75) and loss of
H3K27me3 (log, FC = 0.75) marks, together with increased RNA expression (logy FC =
1) in 5Y-res. (/ef?)) or SH-EP (righf) compared to 5Y-par. cells. g, Violin plots of the ratios
of active to repressive histone marks surrounding immune gene promoters in the indicated
cells. Significance determined by the two-tailed Wilcoxon rank-sum test. Box plots within
the violin plots defined by center lines (medians), box limits (251" and 75! percentiles) and
whiskers (minima and maxima; 1.5X the interquartile range).
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Extended Data Fig. 10 |. Tumorsderived from NB-9464 H-2K b cells show mesenchymal
properties. .

a, FACS plot showing gating conditions for sorting NB-9464 cells into H-2Kb" and
H-2Kb!° populations. X-axis, side scatter; Y axis, H-2Kb fluorescence intensity. A logscale

expression value of 103 was used to gate H-2Kb" (= 103) and H-2Kb'® (<103) populations.
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b, FACS analyses of H-2Kb expression (dark colored histograms) in H-2Kb!® and H-2KbMi
cells compared to isotype controls (light colored histograms). Plots representative of 2
independent experiments. ¢, Left, Bright field images of crystal violet-stained H-2Kb!®
and H-2Kb" cells in transwell migration assays. Scale bar, 100 um. Right, Quantification
of migrating cells per high-power field (HPF). Data represent mean + SD of cells from
three HPFs per cell line, significance derived using unpaired two-tailed Student’s t-test.
Data representative of n = 3 independent experiments. d, Quantification of the relative
invasiveness of H-2Kb!° and H-2Kb"i cells. Data represent mean + SD from three
technical replicates, significance derived using unpaired two-tailed Student’s t-test. Data
representative of 2 independent experiments. e, RT-gPCR analysis of H-2Kb expression in
H-2Kb!° and H-2Kb" tumors and the cell lines from which they were derived. Data were
normalized to H-2Kb expression in H-2Kb!° cells and represent mean + SD, 7= 3 tumors
per group, P determined by the unpaired two-tailed Student’s t-test. f, Tumor volumes in
C57BL/6 mice injected subcutaneously with 1 x108 H-2Kb!° or H-2KbMi cells and treated
with anti-PD1 + anti-CTLAA4 antibodies or isotype control (black arrowheads) on days 7, 10,
and 13 after tumor inoculation. Data represent growth of individual mouse tumors, n = 8,
H-2Kb'° isotype; n = 7, H-2Kb!° anti-PD1 + anti-CTLA4; n = 8, H-2KbMi isotype; n = 8,
H-2KbM anti-PD1 + anti-CTLAA4. g, FACS analysis of the ratios between tumor infiltrating
CD8 + T or conventional T (Tcon) and Treg cells (CD8:Treg and Tcon:Treg, respectively)
in H-2Kb'° and H-2Kbh tumors treated with isotype control or anti-PD1 + anti-CTLA4
antibodies. Data represent medians with interquartile ranges, n = 5 tumors per group.
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Fig. 1|. A subset of neuroblastomas expresses signatures of an immune response.
a, Two-dimensional UMAP representations of the gene expression profiles in 498

neuroblastoma (NB) tumors. Each dot represents a tumor. The top 5,000 highly variable
genes were selected based on the variance-stabilizing method and 20 significant principle
components (PCs) selected and processed to generate clusters representing four NB
subtypes. Differentially expressed genes (DEGs) were identified for each cluster using the
receiver operating characteristics (ROC) curve to compare one cluster with the other three
(logoFC > 0.25). b, GO analysis of DEGs in the four clusters. Significance was assessed
by the two-tailed Fisher’s exact test. ¢, Heat map of expression values of ten representative
DEGs within each cluster. Rows are zscore-scaled average expression levels for each gene
in all four clusters. d, UMAP visualization of the distribution of the indicated prognostic
features among the four clusters. ef, Heat map of zscore-transformed log, normalized
expression values of 1A (e) and IE (f) genes in MYCN-nonamplified NBs (/7= 401 tumors).
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Tumors were ranked based on increasing IA or IE scores. Cluster annotations of the tumors
are indicated on the top horizontal bar.
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Fig. 2 |. The mesenchymal cell stateisassociated with an immunogenic signature.
a, GO analysis of coexpressed genes associated with module M1, 7= 847 genes. The

vertical dashed line indicates the adjusted P value of 0.05. Significance was determined by
the two-tailed hypergeometric test. b, UMAP visualization of the distribution of adrenergic
and mesenchymal scores among the four tumor clusters. Color bar represents normalized
z-scores. Values <2.5 and >2.5 were set to —2.5 and +2.5, respectively, to reduce the
effects of extreme outliers (/7= 498 tumors). c, Left: heat map representation of tumor
cell-intrinsic 1A gene expression in MYCN-amplified tumors (7= 92). Samples are ranked
by increasing M — A score. The log, gene expression values were zscore-transformed

for visualization. Right: violin plots of tumor immune score distribution, classified as
adrenergic or mesenchymal based on the median M — A score. Box plots within the violin
plots are defined by center lines (medians), box limits (25th and 75th percentiles) and
whiskers (minima and maxima; 1.5 x interquartile range). Significance was determined by
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the two-tailed Kolmogorov—Smirnov (KS) test. d, Heat map of the hierarchical clustering
of zscore-transformed fractional content of the indicated TILs within the four clusters (7=
498 tumors). e,f, UMAP visualization of sScRNA-seq data from 56,597 malignant cells from
14 primary NB tumor samples clustered on the basis of transcriptional diversity (€) and the
distribution of adrenergic (ADR) and mesenchymal (MES) scores (f, upper). Lower: box
plots representing the ADR and MES scores of the malignant cell clusters (cluster 0, n=
26,678; cluster 1, n=22,664; cluster 2, n= 7,255 cells). g, UMAP visualization (upper) and
box plot representation (lower left) of the immune scores of the malignant cell clusters in

e. Box plots (lower right) of the immune scores from the upper (MES) and lower (ADR)
quartiles of the tumor cells (#7=1,000) ranked according to M — A scores. Significance was
determined by the two-tailed KS test. Box plots (f, g) are defined as in c. h, Hematoxylin

& eosin (H&E) and IHC analyses of the indicated lineage markers and infiltrating CTLs in
human NB tumors arranged based on M — A score. Data are representative of seven tumors.
Scale bar, 25 um.
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Fig. 3 |._Reprogramming adrenergic cellsto the mesenchymal lineage inducesimmune gene
expression.
a, Scatter plot of 1A scores in human NB cell lines arranged based on increasing scores

and designated as adrenergic or mesenchymal based on lineage-specific gene expression. b,
Western blot (WB) analysis of lineage markers and APPs in NB cells (/7= 2 independent
repeats). ¢, Waterfall plot of the fold-change in RNA expression levels of up- and
downregulated genes in SH-EP compared with SH-SY5Y cells. Significance was determined
by the two-tailed Wald test. d, Left: WB analysis of the indicated proteins in SH-SY5Y cells
expressing dox-inducible PRRX1 in the presence or absence of dox (200 ng mi~1) at the
indicated time points (n = 3 independent experiments). Right: WB analysis of the indicated
proteins in SH-SY5Y cells expressing WT or DNA-binding (DB) mutants of PRRX1 (n=1
independent experiment). e, RT-gPCR analysis of immune response genes in the same cells
as in d. Data represent mean + standard deviation (s.d.) (#7= 4 independent experiments). f,
FACS analysis of HLA expression following PRRX1 overexpression in SH-SY5Y cells at
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the indicated time points. PRRX1 induction for 10, 16 and 23 days led to a 2.07 + 0.127 (P
=0.0066), 1.95 + 0.097 (P=0.0031) and 1.61 + 0.021 (P< 0.0001) fold increase in HLA
geometric mean fluorescent intensity (gMFI), respectively. Data represent mean + s.d. (n

= 3 independent experiments); two-tailed paired Student’s #test. g, FACS analysis of MICA/
MICB expression after PRRX1 induction for 24 days as in f. Plots are representative of
two independent experiments. h, Heat maps of lineage gene signatures (top), and individual
lineage marker, APP and NKG2D ligand gene expression (bottom) in 5Y-par. and 5Y-res.
cells (7= 2 independent experiments). Rows represent z-scores of log, expression values.

i, WB analysis of lineage marker and APP pathway genes in the indicated cells (n=3
independent experiments). PRRX1 panels represent two different exposures. GAPDH or
B-actin was used as loading control in immunoblots. NS, not significant.
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Fig. 4. Activation of immune gene expression associated with cell statetransition is
epigenetically regulated.

a, Upper: linear representation of 7APZ and PSMBI gene loci showing the locations of

the bidirectional promoter and IRF1 and NF-xB binding sites. Lower: ChIP-gPCR analysis
of H3K4me3 and H3K27me3 enrichment at the indicated amplicons (1-8, shown in red in
upper) in SH-SY5Y cells expressing dox-inducible PRRX1 in the presence or absence of
dox (200 ng mlI~1) for 10 days. Data points represent mean of two technical replicates of two
independent experiments. b, Metagene representations of average ChlP-seq occupancies of
the indicated histone marks at the promoters of tumor cell-intrinsic immune genes (TSS + 2
kb) in 5Y-par. (7= 143 genes), 5Y-res. (7= 114 genes) and SH-EP cells (7= 114 genes).

¢, Heat map of histone enrichment at the same immune gene promoters as in b, ranked in
decreasing order of occupancy in the indicated cells. Each row represents the normalized
densities of histone marks within a £2 kb window centered on the TSS. d,e, Representation
of pair-wise comparisons between 5Y-par. and 5Y-res. cells (d), and 5Y-par. and SH-EP cells
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(e). The changes (+, gained; —, lost) in occupancies of the active (H3K4me3, H3K27ac)
and repressive (H3K27me3) histone marks (logoFC = 0.75, TSS + 2 kb), together with the
corresponding changes in RNA expression (+, overexpressed; log,FC = 1) of each of the
tumor cell-intrinsic immune genes analyzed in b, are shown. f, ChlP—seq tracks depicting
the gain of active histone binding together with the loss of repressive histone binding at
MICB and ULBP3 gene loci (left) or gain of active marks without changes in repressive
mark occupancy at /F/T3and STING loci (right). Signal intensity is given at the top left
corner of each track. g, Loess regression analysis of the correlation between the ratios

of active to repressive histone binding at the promoters of immune response genes and
their RNA expression. Genes are ranked based on increasing expression. Shaded regions
represent 95% confidence intervals. UTR, untranslated region.
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Fig. 5|. Mesenchymal NB cellsinduce NK G2D-dependent NK activation.
a, Schematic interaction between NKG2D receptors and cognate ligands, leading to NK

cell degranulation and receptor endocytosis. b, FACS analysis of NKG2D ligands in the
indicated cells. Plots are representative of four independent experiments; numbers indicate
isotype-normalized gMFI. ¢, FACS analysis of recombinant NKG2D-Fc or IgG1 binding in
the indicated cells. Numbers denote fold-change in Alexa-647 median fluorescent intensity
(MFI) (NKG2D-Fc/1gG1) (n= 3 independent experiments, 2= 0.0040, one-way ANOVA
followed by test for linear trend). d, Dot plot quantifying degranulation in naive NK

cells (NK alone) or following coculture with indicated targets. Data represent mean +

s.d., four independent experiments. Significance was calculated using repeated measures
(RM) one-way ANOVA with the Geisser—Greenhouse correction followed by Sidak’s
multiple comparisons test. e, Dot plot quantifying the effect of control 1IgG1 or NKG2D
blocking antibody on NK cell degranulation following coculture with the indicated targets.
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Data represent mean + s.d., three independent experiments. Significance was calculated
using the two-tailed ratio paired #test. f, Dot plot quantifying NKG2D MFI in NK cells
following coculture with the indicated targets. Data represent means * s.d., four independent
experiments. Significance was calculated using Friedman test followed by Dunn’s multiple
comparisons test. g, X-Y plots of NK cell cytotoxicity with control IgG1 or anti-NKG2D
antibody against the indicated targets. Data represent three independent experiments. h,
FACS analysis of NKG2D ligands in SH-SY5Y cells treated with DMSO or EED226 (5 uM
for 8 d). Plots are representative of two independent experiments. Numbers indicate isotype-
normalized gMFI. i, FACS analysis of NKG2D-Fc or IgG1 binding in SH-SY5Y cells
treated with either DMSO or EED226 as in f. Numbers indicate fold-change in Alexa-647
MFI (NKG2D-Fc/lgG1) (n= 3 independent experiments, 2= 0.0060, two-tailed paired
ttest). j,k, Before—after plots of degranulation (j) and NKG2D MFI (k) following coculture
of naive NK cells with SH-SY5Y cells treated with DMSO or EED226. Data in j and k
represent five independent experiments. Significance in j was derived using the two-tailed
ratio paired ttest and in k using the two-tailed Wilcoxon matched-pairs signed rank test.
DMSO, dimethylsulfoxide; ND, not determined; PE, phycoerythrin.
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Fig. 6 |. Mesenchymal NB cellsarekilled by antigen-specific CTLs.
a, WB analysis of PRAME and AXL in the indicated adrenergic (A) or mesenchymal (M)

NB cells. GAPDH, loading control. b, FACS analysis of HLA subtypes in the indicated
cells, untreated (ut) or following IFN-y or poly(l:C). Data (a, b) are representative of two
independent experiments. ¢, Bar graphs quantifying cytotoxicity of PRAME-specific CTLs
against neuroblastoma cells following IFN-y (100 U mI~1) or poly(I:C) (10 pg mI™1) x

24 h and coculture at an E:T ratio of 10:1. Data represent mean * s.d. of 7= 10 (NLF),

n=16 (SK-N-DZ, CHP-212,SMS-KAN) and 7= 8 (GI-ME-N) independent experiments
for all conditions, and 7= 6 (untreated and IFN-vy) and /7= 4 (poly(l:C)) independent
experiments in IMR-32 cells. Significance was derived using the Friedman test followed
by Dunn’s multiple comparisons test (NLF); mixed-effects analysis followed by Sidak’s
multiple comparisons test (IMR-32); and repeated-measures one-way ANOVA and Geisser—
Greenhouse correction followed by Sidak’s multiple comparisons test (SK-N-DZ, CHP-212,
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GI-ME-N, SMS-KAN). d, ELISA analysis of CXCL10 in conditioned media from the
indicated neuroblastoma cells + poly(1:C) (1 ug mi~1) for 24 h. Data represent mean of

two independent experiments, £ =0.0485, Kruskal-Wallis test followed by Dunn’s multiple

comparisons test. e, Heat map of log,FCs in the expression of the indicated proteins in
conditioned media from adrenergic Kelly or mesenchymal CHP-212 cells, untreated (ut)
or treated with 1 or 10 ug mi~1 poly(1:C) (pIC-1x or pIC-10x) x 24 h, and analyzed
using multiplex cytokine profiling. Data were normalized to the Kelly-ut sample. f, Left:
immunofluorescence images of CXCR3-Jurkat cell migration toward Kelly or CHP-212
spheroids grown in a 3D microfluidic device + poly(l:C). Scale bar, 200 pm. Right:
quantification of area occupied by migrated cells. Data represent mean + s.d., 12 regions
of interest (ROIs) per condition, significance derived using Kruskal-Wallis test followed
by Dunn’s multiple comparisons test. g, Quantification of area occupied by CD8" T cells
migrating toward the tumor spheroids in f. Data represent means  s.d., 12 ROIs per
condition. Significance was calculated as in f. Data in f and g are representative of two
independent experiments each.
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Fig. 7 |. Mesenchymal NB cells functionally engage with cytotoxic T cellsand areresponsive to
ICB.

a, FACS analysis of H-2Kb expression in NB-9464 cells. The vertical dashed line denotes
the logscale expression value used to gate H-2Kb'° and H-2Kb" populations. Data are
representative of two independent experiments. b, WB analysis of lineage markers in
H-2Kb!° and H-2Kb"i cell populations. /7= 2 independent experiments. Notch1-FL,

full length; -TM, transmembrane; -IC, intracellular. GAPDH, loading control. ¢, Upper:
schematic of OVA binding assay. Lower: FACS analysis of H-2Kb-SIINFEKL complex in
H-2Kb" and H-2Kb!0 cells at baseline or following IFN-y (100 ng mI~1 x 24 h) + OVA
peptide. Data are representative of one independent experiment. d, Upper: schematic of
NB-9464-OT-I coculture assay. Lower: contour plots showing the percentage of naive OT-I
cells that were activated (CD8* CD69*) following coculture with H-2Kb!° and H-2Kbhi
cells for 24 h with or without the OVA peptide. Data are representative of one independent
experiment. e, Immunofluorescence images of MYCN and Prrx1 expression in murine
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tumors derived from H-2Kb!° and H-2KbM cells. Nuclei are counterstained with DAPI.
Insets: nuclear costaining of MYCN and Prrx1 (arrowheads). Scale bar, 100 um. Data are
representative of 7= 3 tumors for each group. f, Tumor volumes in C57BL/6 mice injected
subcutaneously with 1 x 108 H-2Kb!° or H-2Kb"i cells and treated with anti-PD1 + anti-
CTLA4 antibodies or isotype control on days 7, 10 and 13 after tumor inoculation (black
arrowheads). Data represent mean =+ s.d. 7= 8 (H-2Kb!° isotype); 7= 7 (H-2Kb!° anti-PD1
+ anti-CTLA4); n= 8 (H-2Kb" isotype); 7= 8 (H-2KbMi anti-PD1 + anti-CTLA4) mice
per group across all time points. Significance was calculated using the two-tailed Mann—
Whitney test. g, Kaplan—Meier analysis of mice bearing H-2Kb'® or H-2Kbh tumors treated
with isotype or anti-PD1 + anti-CTLAA4 antibodies as in f. Significance was determined by
the log-rank test.
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