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Abstract

Childhood neuroblastoma with MYCN-amplification is classified as high-risk and often relapses
after intensive treatments. Immune checkpoint blockade therapy against the PD-1/L1 axis
shows limited efficacy in neuroblastoma patients and the cancer intrinsic immune regulatory
network is poorly understood. Here, we leverage genome-wide CRISPR/Cas9 screens and
identify H2AFY as a resistance gene to the clinically approved PD-1 blocking antibody,
nivolumab. Analysis of single-cell RNA sequencing datasets reveals that H2AFY mRNA is
enriched in adrenergic cancer cells and is associated with worse patient survival. Genetic
deletion of H2afy in MYCN-driven neuroblastoma cells reverts in vivo resistance to PD-1
blockade by eliciting activation of the adaptive and innate immunity. Mapping of the epigenetic
and translational landscape demonstrates that H2afy deletion promotes cell transition to a
mesenchymal-like state. With a multi-omics approach, we uncover H2AFY-associated genes
that are functionally relevant and prognostic in patients. Altogether, our study elucidates the
role of H2AFY as an epigenetic gatekeeper for cell states and immunogenicity in high-risk

neuroblastoma.
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Introduction

High-risk neuroblastoma (NB) with amplification of the MYCN oncogene is an aggressive
extra-cranial solid tumor in infants and young children, which accounts for 20% of the total
disease cases (1). Despite recent advances in multimodal therapies, the prognosis for NB
continues to be poor, with less than 50% of patients remaining relapse-free five years after
diagnosis (2). Moreover, the current intensive treatment options pose long-term challenges to
the quality-of-life in survivors of NB (3). Therefore, new treatment options with selective
eradication of cancer cells are urgently needed to improve the quality of life in children with
high-risk NB.

Immune checkpoint blockade (ICB) therapy against negative regulators of the immune system,
e.g. CTLA-4, PD-1 or PD-L1, has shown clinical benefits leading to their approval as anti-
cancer drugs in several adult cancer types (4). ICB therapy has also been tested in children with
neuroblastoma but only limited clinical activity was observed (5, 6).

Mutational burden in cancer cells is recognized as a key factor for anti-tumor immunity and has
been tested as a predictive biomarker for immunotherapy (7, 8). Moreover, multiple clinical
trials demonstrate that patients with PD-L1 positive tumors are more likely to benefit from ICB
drugs against the PD-1/L1 axis (7, 9).

NB tumors exhibit a lower mutational burden as compared to adult cancer types that are
responsive to ICB therapy (10, 11). In a large cohort analysis consisting of 254 NB patient
samples, only 3% of samples show high membrane PD-L1 protein expression by
immunohistochemistry staining and PD-L1 positivity is more frequent in non-MYCN amplified
tumors (12, 13). Moreover, MYCN amplification has been demonstrated to repress the
expression of HLA class | molecules (14) and is associated with poor infiltration of immune

cells (13, 15). In recent years, we and others have employed genome-wide CRISPR screens to
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uncover cancer intrinsic mechanisms controlling cytotoxicity mediated by human immune cells
(16-18), but the intrinsic immune resistance program in high-risk NB cells is yet to be revealed.
Here, we have leveraged genome-wide CRISPR screens to identify resistance genes against
ICB therapy in MYCN-amplified NB cells using a human co-culture system. Our work
demonstrates that epigenetic reprogramming of NB cell states promotes cancer immunogenicity
and reverted in vivo resistance to ICB therapy.

Results

Human neuroblastoma cells respond to IFNG stimulation.

To investigate the immunological features of human neuroblastoma (NB) cells, we utilized a
panel of human NB cell lines with MYCN amplification, i.e. IMR32, SMS-KAN, SK-N-BE2,
CHP134 and SK-N-DZ, and two non-MYCN amplified cell lines as controls, i.e. CHLA-15 and
-20 (Figure 1A). While PD-L1 was absent on the surface of all NB cell lines, 5 out of 6 MYCN-
amplified NB cell lines showed baseline expression of HLA-ABC that was comparable to the
non-MYCN amplified cell lines (Figure S1A).

Because activation of the IFNG/JAK/STAT pathway is linked to immunotherapy response (19),
we evaluated the responsiveness of human NB cells to recombinant human IFNG in vitro. All
NB cell lines demonstrated high baseline surface expression of functional IFNGRA, which was
significantly downregulated upon cytokine binding (Figure 1B). Moreover, majority of NB cell
lines up-regulated surface HLA-ABC and PD-L1 expression in response to IFNG treatment
(Figure 1C, D and F). The strongest induction of surface HLA-ABC and PD-L1 was observed
in SK-N-BE2 and SMS-KAN cell lines, while NLF, SK-N-DZ and CHP134 demonstrated weak
responses (Figure 1C and D). In contrast, IMR32 cells failed to respond to IFNG stimulation
(Figure 1C, D and E). Among all human NB cell lines tested, we observed a strong correlation
between HLA-ABC and PD-L1 protein expression upon IFNG treatment (Figure 1G),

indicating that MYCN-amplified human NB cells harbor an intact IFNG-signaling pathway.
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Because IMR32 cells demonstrated an immune-resistant phenotype, we tested cancer-driven
immune activation in a human Tumor-Immune co-Culture System (TICS) that was designed to
model the response and resistance to clinically approved drugs against the PD-1/L1 axis (18,
20). As shown in Figure 1H, the induction of IFNG from human lymphocytes by IMR32 cells
was dependent on the effector-to-target ratios (E:T) between lymphocytes and IMR32 cells.
Addition of a clinically approved PD-1 blocking drug, nivolumab, enhanced the release of
IFNG (Figure 1H) and granzyme B (Figure S1B) in TICS. Our data suggested that MYCN-
amplified human NB cells were capable of responding to stimulatory cytokines and PD-1
blockade.

Genome-wide CRISPR/Cas9 screens identify NB genes to sensitize nivolumab.

Next, we sought to reveal NB cancer intrinsic genes that controlled nivolumab response in
genome-wide CRISPR screens using our established workflow (Figure 2A) (18). In brief,
Cas9-expressing IMR32 cells transduced with the Brunello gRNA library were co-cultured with
freshly isolated human lymphocytes with or without nivolumab for 6 days, followed by the
determination of gRNA frequencies in surviving cancer cells. We focused on the comparison
between co-cultures with or without nivolumab in order to uncover resistance genes specific to
ICB therapy. Two independent screens were performed at high or low effector-to-target (E:T)
ratios, in order to identify common resistance genes. Because IMR32 cells were poorly
immunogenic, cancer cell killing in TICS was not sufficiently high to allow accurate assessment
of enriched genes.

To confirm that activation of lymphocytes was enhanced by nivolumab in the genome-wide
CRISPR/Cas9 screens, we sampled supernatants from all culture flasks and quantified levels of
IFNG and granzyme B, respectively. In accordance with previous results, these soluble factors
were released at significantly higher levels in the co-culture, compared to IMR32 cells alone,

and were further enhanced when nivolumab was present (Figure 2B).
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Using a cut-off of mean minus 2 standard deviations (SD) of gene essentiality score distribution,
we observed 26 commonly depleted genes between two screens (Figure 2C and supplemental
data 1) with 473 and 485 depleted genes from donor 1 and donor 2, respectively (Figure S1C
and S1D). Next, we examined the performance of the 4 individual gRNAs against the same
gene in the screen with a high E:T ratio and shortlisted 11 genes, which were H2AFY, FSHR,
TRA2B, RTKN, LYSMD4, MGAT1, PITX1, COX5B, LTBR, UBL5 and TCF19 (Figure 2D).
Functional pathway analysis revealed that genes governing epigenetic regulation of histone
phosphorylation were enriched among the depleted genes (Figure 2E). Among the depleted
genes, we identified known genes or pathways that control immunogenicity in cancer cells,
including PRMT5 (18, 21), ADAR (22), cell cycle (CDK5R1, RPTOR) and immune suppression
related gene TGFBRAP1 (Figure 2F).

When tested for protein expression, H2AFY was detected in a panel of human NB cell lines
(Figure 2G) and we observed stronger H2AFY protein expression in MYCN-amplified NB cell
lines (IMR32, SMS-KAN, SK-N-BE2, CHP134 and SK-N-DZ), as compared to the non-
amplified CHLA-15 and CHLA-20 lines (Figure 2G). Because gRNAs against H2AFY showed
a robust performance and the protein was expressed in NB cell lines, we selected this gene as
the target for biological validation.

H2AFY sustains the adrenergic cell status of NB cells.

H2AFY is a core histone variant that can replace the replication-coupled H2A histone in the
nucleosome in a locus-specific fashion (23). In contrast to other histones, the H2AFY protein
has a unique tripartite structure consisting of a histone fold, an unstructured linker domain and
a globular macrodomain (24). To explore the clinical relevance of H2AFY mRNA in NB
patients, we analyzed two single-cell RNA sequencing (SCRNA-seq) datasets of NB tumors.

Our analysis (25) depicted the intra-tumoral heterogeneity of human NB (Figure 3A). H2AFY
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MRNA was found in adrenergic (ADRN) cancer cells but was absent in cells at the
mesenchymal (MES)-like or the Schwann Cell Precursor (SCP)-like states (Figure 3B).

When comparing to known signature genes linked to the MES and ADRN cell states, we
observed that H2AFY-positive NB cancer cells expressed the adrenergic marker SOX11 (Figure
3C) but lacked the expression of mesenchymal marker PRRX1 (Figure 3D). This observation
was validated in a second scRNA-seq dataset (Dong et al.) (26), where H2AFY mRNA was
found in adrenergic NB cancer cells, but was lowly expressed in cells of the mesenchymal
lineage (Figure 3E and Figure S2A-C). Moreover, H2AFY was expressed by myeloid cells in
NB tumor tissues but the expression did not differ among major myeloid cell subsets in the two
datasets, i.e. macrophages, monocytes and dendritic cells (DCs) (Figure S2D and S2E). Of
note, H2AFY high adrenergic cancer cells in NB tumors demonstrated a gene expression
signature associated with increased proliferative capacity (Figure S2F). Therefore, we
hypothesized that H2AFY may serve as an epigenetic gatekeeper for cell state transition and
malignant behavior in human NB.

H2afy in MYCN-driven NB cells controls the epigenetic and translational landscape

To reveal cancer intrinsic network controlled by H2afy, we employed a mouse neuroblastoma
cell line, 9464D, which was originally established from spontaneous tumors of the MYCN-
driven transgenic mouse model (27). As compared to other murine NB cell lines, 9464D cells
resemble patients with high-risk disease because it is dependent on the oncogenic signaling of
MYCN and lack surface expression of MHC molecules (Figure S6A). H2afy was deleted in
9464D cells by transfecting RNP complexes containing the gene-specific crRNA. Control (ctrl)
cells were generated at the same time using RNP complexes without the crRNA. Because of its
role in chromatin remodeling, we mapped the epigenetic landscape of control and H2afy
CRISPR knockout (KO) cells using ATAC-seq (28, 29). Analysis of the ATAC-seq results

confirmed the data quality with a FRIP score exceeding 20% (Figure S3A and supplemental
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data 2). Although genomic annotation of all peaks (Figure S3B) was comparable between KO
and control cells, differential peak analysis indicated that epigenetically active sites were
preferentially located in the promoter regions of the KO cells (Figure S3C).

Genes associated with the MES-like cell state, e.g. Prrx1, FIrt2, Col5al, were more
epigenetically active in KO cells while the chromatin state of ADRN-like genes, e.g. Sox11,
Nefl, Roms3, was suppressed (Figure 3F and 3G). This observation was confirmed using an
extended panel of MES/ADRN genes (30) in control and KO cells (Figure 3H). Moreover, KO
cells demonstrated substantially altered transcription factor motifs, e.g. Statl, Stat2, Irf/Nfkb,
suggesting enhanced cancer immunogenicity at the epigenetic level (Figure 31). Pathway
enrichment analysis of 805 differentially expressed peaks between KO and control cells
revealed enhanced synapse organization (Figure S3D) and reduced epithelial cell proliferation
(Figure S3E) upon H2afy deletion.

To test for a potential direct role of H2AFY in regulating changes in chromatin accessibility in
9464D cells, we performed CUT&RUN analysis using an established protocol (31). We
obtained a specific signal for the genomic distribution of H2AFY in 9464D cells shown by the
loss of signal in KO cells (Figures 4A and S4A). Domains of H2AFY enrichment overlapped
with regions that changed accessibility as determined by ATAC-seq regions, but only in the
case of regions that lost accessibility this overlap represented a significant association and was
higher than expected by random (Figures 4B and S4B). The genomic annotation of these down-
regulated ATAC-seq peaks in KO cells overlapping with H2AFY showed a higher
representation of distal intergenic elements and lower proportion of promoters when compared
to down-regulated regions not overlapping with H2AFY (Figure 4C). Taken together, the
genomic localization of H2AFY is directly related to the regulation of distal regulatory elements,

which lose accessibility upon deletion of the protein.
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To further validate whether the epigenetic changes of MES/ADRN genes in KO cells were
relevant at the translational level, we mapped the protein expression landscape in control and
H2afy deficient 9464D cells using label-free mass spectrometry. In line with previous results,
we observed up-regulation of MES-like proteins, e.g. ENAH, COL6A1-3, ANXA6 and
COL3AL, but down-regulation of ADRN-like proteins, e.g. RRM2, NCAM1, DPYSL3 and
DDX39A in KO cells (Figure 4D and supplemental data 3). Moreover, deletion of the H2ZAFY
protein was confirmed using proteomics (Figure 4E) but neither SOX11 nor PRRX1 were
detected, probably due to the low protein abundance.

Using a defined threshold (FDR<0.05 and Log2FC>0.5), we performed pathway enrichment
analysis and demonstrated up-regulation of metabolic processes and down-regulation of
cytoskeleton organization and cell migration in H2AFY KO cells (Figure 4F). Protein network
analysis using the STRING database and functional enrichment identified five key functional
groups represented by the differentially expressed proteins, which indicated substantially
changed metabolic process, cell cycle and differentiation in H2afy KO cells (Figure S4C). We
concluded that H2AFY sustained the adrenergic cell state in human NB cells and its removal
facilitated transition to a mesenchymal-like state.

Genetic deletion of H2afy in murine NB cells reverts ICB resistance in vivo.

Given that NB cells at the mesenchymal state were more immunogenic (32, 33), we sought to
test whether H2afy deficiency could improve anti-tumor immunity against the immunologically
cold 9464D tumors (34-36). Our optimized CRISPR/Cas9 protocol resulted in sustained
H2AFY protein (Figure 5A) and mRNA deletion (Figure S5A) in 9464D cells without single-
cell cloning. Importantly, H2AFY protein expression was stable in control cells and the protein
remained absent in KO cells among passages (Figure 5A and S5B). Deletion of H2afy did not

impact its proliferative capacity in cell culture (Figure 5B).
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As expected, 9464D tumor-bearing mice were unresponsive to PD-1 blockade therapy (Figure
5D and E) and the therapy failed to extend the survival of tumor-bearing mice (Figure 5F).
H2afy-deficient tumors showed comparable growth patterns as the control (ctrl) tumors when
treated with an isotype control antibody (Figure S5C). In contrast, mice bearing H2afy KO
tumors demonstrated significantly delayed tumor growth (Figure 5G and H) and prolonged
survival (Figure 51) in response to PD-1 blockade therapy. Depletion of CD4+ (Figure 5J) or
CD8+ T cells (Figure 5K) abrogated the superior anti-tumor efficacy in KO tumors and
depletion of NK cells partially compromised the anti-tumor efficacy (Figure S5D). Using a
flow cytometry-based protein detection method (Figure S5E), KO tumors escaping immune
surveillance remained negative for H2AFY protein at the study endpoint (Figure S5F).
Phenotypic profiling of 9464D cancer cells in vitro demonstrated the absence of surface MHC-
| (H2-Dk/Dd) and MHC-11 (I-A/I-E) and a low expression of PD-L1, which were not altered in
KO cells (Figure S6A). Expression of immune-related markers was further examined using a
public scRNA-seq dataset of the human SK-N-SH cell line that contains two distinct
ADRN/MES subsets (37). In line with our earlier data, H2AFY mRNA was co-expressed with
ADRN-like genes, i.e. SOX11, CD24 and PHOX2B, but was expressed at low levels in the MES
subset (Figure S6B). HLA-B, HLA-C and PD-L1, but not HLA-A, demonstrated enhanced
expression in H2AFY low MES-like cells (Figure S6B). However, treatment with recombinant
mouse IFNG (Figure S6C) or TNFA (Figure S6D) failed to impair the proliferation of control
or KO 9464D cells in vitro. Therefore, we concluded that H2afy conferred primary immune
resistance to ICB therapy in MYCN-driven neuroblastoma and its deletion could potentiate
immunogenicity in NB cells.

Activation of multiple immunological pathways contributes to efficacy against the H2afy

KO NB tumors.
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Next, we performed in vivo studies to address local and systemic immunological changes using
a nanostring mRNA panel and multi-color flow cytometry (Figure S7A and S7D). In mice
bearing control tumors, PD-1 blockade therapy increased the expression of immune-related
genes, e.g. Cxcrb and 112ra, but decreased the expression of genes associated to the innate
immunity, e.g. Sirpa, TIr7, TIr8 (Figure S7B and supplemental data 2). Moreover, we validated
a number of genes that showed similar patterns at the epigenetic and transcriptional levels, when
comparing ATAC-seq from the 9464D cell line pair and mRNA expression data from tumor-
bearing mice (Figure S7C).

When evaluating the mRNA expression of H2afy deficient tumors in mice treated with the
isotype control antibody (Figure 6A), we observed significantly enriched genes associated to
immune infiltration (Cd8a, Cd3e, Cd2, Cd7, Xcll), T cell signaling (Lck, Zap70) and immune
activation (Cd247, Btla, Icos, 1112rb2). Meanwhile, mMRNA expression associated with the
Ccl12-Ccr2/5 axis was impaired in the H2afy deficient tumors (Figure 6A). Upon the PD-1
blockade therapy, H2afy KO tumors demonstrated stronger expression of genes associated with
inflammatory innate immunity, e.g. TIr7, TIr8, Cd68, Cd84, Tnf, ll6ra (Figure 6B).

To map the immunological landscape upon H2afy deletion in NB cells, we grouped mRNA
transcripts according to the biological functions. In line with the ICB-resistant feature of 9464D
tumors, PD-1 blockade alone generated a marginal increase in genes associated with
cytotoxicity, adaptive immunity cytokine/chemokines (Figure 6C and 6D). Although H2afy
deficient tumors grew comparably to the control tumors, we observed substantially enhanced
MRNA expression in antigen presentation (H2-Ob, Kir3dl1), cytokines/chemokines (Csf2, Ccl2,
Cxcl13, Ccl24) and mesenchymal-like phenotype (LoxI2, Tgfb2, Serpinhl, Figure 6C and 6D).
H2afy deficient NB tumors treated with PD-1 blockade demonstrated a pro-inflammatory
microenvironment, demonstrated by enhanced expression of pathway genes for cytotoxicity,

co-stimulation, adaptive and innate immunity, cytokines/chemokines, JAK/STAT signaling

11
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(Figure 6C and 6D). Of note, unique genes regulating matrix remodeling (Lamal, Col4ab5,
Spp1, Ppl) were up-regulated in this group, as compared to KO tumors treated with the isotype
control (Figure 6D). This demonstrated that deletion of H2afy in NB cells led to remodeling of
NB tumor micro-environment.

To further investigate the local and systemic impact of H2afy deficiency in tumor-bearing mice,
we conducted flow cytometric analysis on cells isolated from tumors and spleens (Figure S7D).
Four doses of PD-1 blockade or 1gG were given in this study due to the slow tumor growth in
the KO group (Figure S7D). Tumor-infiltrating CD8+ T cells were comparable among groups
while CD4+ T cells were less abundant in KO tumors treated with PD-1 blockade (Figure S7E).
We observed a significant reduction of regulatory T cells (CD25+FoxP3+ CD4+ T cells) in
H2afy deficient tumors (Figure S7F). Moreover, suppressive macrophages (F4/80+CD206+ or
SIRPa+) were significantly reduced in H2afy deficient tumors treated with ICB, as compared
to treated control tumors (Figure 6E). Meanwhile, inflammatory myeloid cells
(MHCII+CD11b+) and a subset of immune-stimulatory F4/80+ macrophages (MHCII+CD86+,
Figure 6F) were elevated by PD-1 blockade in size-matched KO tumors (Figure S7G).
Although CD8+ T cells in KO tumors did not express more IFNG nor CD69 upon PD-1
blockade (Figure S8A), surface expression of a late dysfunctional T cell marker, CD38 (38),
demonstrated a marked decrease (Figure S8B).

Local deletion of H2afy in NB tumors induced a systemic change in splenic CD206+ dendritic
cells and MHCII-negative monocytes (Figure S8C). Furthermore, ICB therapy enhanced the
frequencies of splenic PD-1+CD8+ T cells in mice bearing control tumors, which was
significantly reduced in ICB-treated KO tumors (Figure S8D). Altogether, our data suggested
that adaptive and innate immunity collaborated to enable superior tumor control in H2afy

deficient NB tumors upon ICB treatment.
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A multi-omics approach reveals prognostic genes linked to H2AFY in human
neuroblastoma.

To examine the prognostic values of H2AFY mRNA in human NB, we employed public bulk
RNA-seq datasets from the ‘R2: Genomics Analysis and Visualization Platform

(http://r2.amc.nl http://r2platform.com)’. Using two large NB patient datasets (39, 40), we

showed that low H2AFY mRNA expression significantly correlated with favorable overall
survival in NB patients (Figure 7A). Because high H2AFY mRNA expression is associated
with a more proliferative cancer phenotype (Figure S2F), we tested its prognostic value
independent of MYCN amplification. Using age as a clinical parameter, we showed that high
H2AFY mRNA was associated with worse survival in both low-risk (<18 months, Figure S8E)
and high-risk (>18 months, Figure S8F) patients. Moreover, high H2AFY mRNA was
associated with worse overall survival in low-risk patients without MYCN amplification
(Figure S8G). Therefore, we propose that H2AFY expression is a MYCN-independent
prognostic marker.

Although direct targeting of H2AFY remains difficult, a histone deacetylase (HDAC) inhibitor,
i.e. sodium phenylbutyrate (SPB), down-regulated the expression of H2ZAFY mRNA in patients
with Huntington’s disease (41). However, HDAC inhibitors under clinical testing, i.e. SPB,
Entinostat or RG2833, failed to suppress H2AFY expression in 9464D NB cells in vitro (Figure
S8H). Therefore, we sought to identify genes associated with H2AFY mRNA in NB tumors to
reveal alternative targets. We included two additional datasets from Ora et al. (42) and
Westermann et al. (R2 identifier: ps_avgpres_nbsewester579 gencodel9) and extracted 68
common genes that positively correlated with H2AFY mRNA using a cutoff of R?>0.5 (Figure
7B and supplemental data 5).

To examine the functional causality of genes associated with H2AFY, we leveraged our unique

multi-omics datasets generated in this study, which combined mRNA analysis of tumor-bearing
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mice, genome-wide CRISPR screens using TICS and public transcriptomics data from NB
patients (Figure 7C). Despite using datasets from distinct experimental settings and host
species, we uncovered overlapping genes among datasets (Figure 7C). In particular, our
combined analysis uncovered that BIRC5 was strongly associated to H2AFY in NB patients,
down-regulated in mice bearing H2afy KO tumors and was among the top depleted genes in the
CRISPR screen (Figure 7C). Moreover, we identified additional common genes in at least two
datasets. These included DTL (patients vs CRISRP screen) and EXO1, KIF2C, BRCAL, CDC20,
CEP55, BRIP1 (patients vs mice), and RRM2, RBL2, PARP12, SLC2A1, RAD51C (mice vs
CRISPR screen) (Figure 7C).

Validation analysis in NB patient datasets confirmed that BIRC5 mRNA was expressed at a
significantly higher level in MYCN-amplified tumors (Figure 7D) and strongly predicted
patient survival (Figure 7E). Moreover, all overlapping genes, except RBL2, demonstrated
statistically significant prognostic values in two NB patient cohorts (Figure 7F). Together, we
have utilized a unique multi-omics approach to verify the clinical relevance of H2AFY in NB
patients and revealed putative drug targets to improve the immunogenicity of NB cells.
Discussion

Eliciting immune responses against human cancers has brought substantial clinical benefits to
patients. However, high-risk neuroblastoma (NB) with amplification of the MYCN oncogene
presents a therapy-resistant phenotype with low mutational burden (10, 11) and poor expression
of immunological receptors (14, 43, 44). We characterized a panel of human NB cell lines and
detected surface HLA class | molecules on 4 out of 6 MYCN-amplified cell lines. In contrast,
expression of surface PD-L1 was absent on all NB cell lines regardless of MYCN status. Human
NB cell lines demonstrated a clear response to IFNG stimulation and the induction of HLA-
ABC and PD-L1 showed a strong correlation. This is in line with previous reports, where

MYCN-amplified human NB cell lines exhibited an intact JAK/STAT signaling cascade (32)
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and could up-regulate surface HLA-ABC and PD-L1 in response to IFNG stimulation (43, 45).
Therefore, we believe that besides the MYCN oncogene, certain other pathways, e.g. c-Myc (14),
are at play in repressing immunogenicity in human NB cells.

Utilizing genome-wide CRISPR/Cas9 screens in a human co-culture assay, we revealed the
previously undescribed function of epigenetic regulator H2AFY as a resistance mechanism to
PD-1 blockade in high-risk NB. H2AFY belongs to the macroH2A variants and is part of the
nucleosome that prevents transcription factor binding and hampers SWI/SNF nucleosome
remodeling (46). These variants have been shown to regulate cell plasticity and act as a barrier
for cell reprogramming towards pluripotency (47, 48) and cancer cell stemness (49). Although
the precise molecular mechanism of H2AFY function remains elusive, our data is in line with
previous studies suggesting that H2AFY might exert its function through regulating the
openness and three-dimensional chromatin structure of distal regulatory elements such as
enhancers (50-52). Genetic deletion of the H2afy gene using CRISPR/Cas9 neither reduced
9464D cell proliferation in vitro nor tumor growth in immune competent mice, but reverted in
vivo resistance to PD-1 blockade (34, 35, 53). Pathways associated with effective
immunotherapy, such as infiltration of T cells, JAK/STAT, cytotoxicity, pro-inflammatory
cytokines, were strongly up-regulated in KO tumors.

We observed a favorable balance between myeloid cells with stimulatory and suppressive
phenotype in H2afy deficient tumors. We showed previously that NB tumors recruited
suppressive myeloid cells (54, 55) and inhibition of these cells synergized with PD-1 blockade
against MYCN-driven tumors in spontaneous (54-56) and transplantable mouse models (34). It
is worth noting that in hepatoblastoma cells, H2AFY altered the response to different cytokines
that are produced by myeloid cells (51). In melanoma, H2AFY modulated the tumor immune

microenvironment by suppressing inflammatory gene expression in tumor-associated
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fibroblasts (50). Therefore, it can be speculated that H2afy deletion alters the interplay between
NB and myeloid cells, leading to a pro-inflammatory milieu.

Recent evidence demonstrates that the heterogeneity of NB cells is defined by two epigenetic
states, namely the mesenchymal (MES) and adrenergic (ADRN) lineages (30, 57). Emerging
results support that NB tumors in the MES state present a pro-inflammatory phenotype and are
more sensitive to ICB therapy (32, 33). Importantly, our analysis of ScRNA-seq data from NB
tumors and the SK-N-SH cell line showed a robust H2AFY expression in ADRN-like cancer
cells. Mechanistic validation using ATAC-seq in the KO/ctrl cell line pair revealed enhanced
chromatin accessibility for the MES-like signature gene, Prrx1 (58) in KO cells. Conversely,
the ADRN signature gene, Sox11 (59), demonstrated reduced chromatin accessibility upon
H2afy deletion. The epigenetic activity of transcription factor motifs linked to cancer
immunogenicity, e.g. 1rf1/2/8/9, Statl and Nfkb1, were increased in KO cells, which coincided
with findings in a PRRX1-overexpressing cell line model (33).

In the current study, we analyzed the expression of 800 selected immune-related genes in
tumor-bearing mice. Of interest, H2afy deficient tumors substantially increased the expression
of MES-like genes (Tgfb2, LoxI2, Serpinhl), which diminished upon treatment with the PD-1
blocking antibody. These observations suggest that the cell state switch is sustained in vivo and
MES-like cells could be preferentially eliminated by the immune system upon ICB therapy due
to increased immunogenicity (32, 33). Given that the intrinsic plasticity of epigenetic cell state
in neuroblastoma is modulated by external factors (37), it would be worthwhile to investigate
whether H2AFY expression in NB cells can be regulated by external stimuli. Further studies
using scRNA-seq are warranted to elucidate how the ADRN/MES cell state orchestrates the
interplay between NB cells and other cell types or stimuli in NB mouse models.

Targeting epigenetic circuits has demonstrated clinical efficacy in treating human cancers (60),

including neuroblastoma (61). The immune modulatory role of these compounds has also been
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investigated. For example, the FDA-approved inhibitor against HDAC1/3, entinostat, enhances
neuroblastoma immunogenicity by inducing an MES-like phenotype (62). Moreover, HDACI
was shown to reduce the expression of H2AFY mRNA in mice and humans (41). However,
these compounds failed to directly suppress H2AFY protein expression in 9464D cells. Because
it remains challenging to target H2AFY, we leveraged our unique datasets across species and
identified a strong link between BIRC5 and H2AFY. The BIRC5 gene encodes survivin, which
is an anti-apoptotic protein and has been extensively studied as a therapeutic cancer target (63).
Therefore, the mechanistic link between H2AFY and BIRC5, as well as other known epigenetic
regulators should be further characterized to design optimal epi-immunotherapy against high-
risk NB.

The epigenetic cell state of NB cells is linked to sensitivity to treatments. On the one hand,
mesenchymal-like NB cells confer resistance to chemotherapy (30), ALK inhibition (64) and
anti-GD2 antibodies (65). On the other hand, NB cells in this state demonstrate a more
inflammatory phenotype (32) and are more amenable to immune-mediated cytotoxicity (33).
Our work demonstrates that transition to a mesenchymal-like state upon H2AFY deletion in
adrenergic NB cells reverts resistance to ICB immunotherapy. This argues that H2AFY
inhibition in combination with chemo-immunotherapy could be more efficacious in preventing

disease relapse in NB patients by simultaneously targeting cancer cells in both epigenetic states.
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Methods
Details of the antibodies (Supplemental Table 1), reagents (Supplemental Table 2), crRNA or

primer sequences (Supplemental Table 3) used are summarized in Supplemental Tables.

Sex as a biological variable

Our study utilized only female mice due to slow growth of the tumor model and aggressive
behavior of the male mice in this strain, which would not allow successful completion of the
studies. It is unknown whether the findings are relevant for male mice.

Cell culture

Human neuroblastoma (NB) cell lines were gifted to the group by Prof. Christer Einvik (UiT
The Arctic University of Norway, Tromso, Norway). Murine NB cell line 9464D was initially
established in C57BL/6 transgenic mice that spontaneously overexpressed TH-MYCN and was
a kind gift from Dr. Malin Wickstérm (Karolinska Institutet, Solna, Sweden). All cell lines were
cultured at 37°C with 5% CO; using IMDM (Thermo Scientific) supplemented with 10% heat-
inactivated FBS and 1% Penicillin-Streptomycin (Thermo Scientific). Cell lines were routinely
assessed for mycoplasma infection (MycoAlert, Lonza) and authenticated by DNA
fingerprinting (Eurofins).

Isolation of lymphocytes

Buffy coats from anonymous healthy individuals were collected from Uppsala University
Hospital for isolating peripheral blood mononuclear cells (PBMC). Blood was carefully laid
over 15 ml of LymphoPrep solution in SepMate tubes (StemCell Technologies), followed by
centrifugation at 1200 g for 10 minutes. Cells were harvested and washed twice with 35 ml PBS
and treated with RBC lysis buffer (Biolegend) at room temperature in the dark for 10 minutes.
Next, lymphocytes were enriched by eliminating primary monocytes from PBMCs using
EasySep CD14" selection kit (StemCell Technologies) according to the manufacturer’s protocol.
The isolated primary lymphocytes were either used on the same day or stored in ultra-low

temperature freezers.
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Tumor-Immune co-Culture System (TICS)

For setting up TICS, NB cells were harvested and plated onto 96-well flat bottom plates in 100
ul cell culture medium and incubated overnight at 37°C. The following day, healthy donor-
derived lymphocytes were counted and labelled with a Cell Tracer Violet (CTV) dye
(ThermoFisher Scientific) in the dark for 10 minutes. After washing with PBS, lymphocytes
were re-suspended at 3x108 cells per ml and added to cancer cells in 100 pl of culture medium,
with or without 10 pug/ml of nivolumab (Bristol-Myers Squibb) or durvalumab (AstraZeneca).
After 5 days of co-culture, secretion of cytokines such as IFNG and granzyme B were measured
by ELISA (MabTech) using supernatants harvested from the co-cultures. Further proliferation
and expression of surface proteins on immune cells were determined by flow cytometry.
Whole-genome CRISPR screens in TICS

Genome-wide CRISPR screens of human neuroblastoma cell line, IMR32, were performed and
analyzed using TICS according to a published procedure (18). The H2afy gene was deleted in
murine neuroblastoma cell line, 9464D, by transfecting ribonucleoprotein complexes,
according to a previous study (18). More information can be found in Supplementary Methods.
Western blotting

To determine the expressions of individual proteins, cells were lysed for 15 minutes at 4°C in
the RIPA buffer (Thermo Scientific) supplemented with 10% protease inhibitor cocktail
(Thermo Scientific) before centrifugation at 13,000 rpm for 10 minutes at 4°C. Supernatants
were quantified using a Bicinchoninic Acid (BCA) Assay (Thermo Scientific) and stored at -
20 °C freezer. Next, lysates were denatured for 12 minutes at 70°C with 4X SDS loading dye.
Protein lysates were loaded onto 4-12% pre-casted Bis-Tris gels (Invitrogen) for PAGE and
transferred onto a nitrocellulose membrane using iBlot system (Invitrogen). Membranes were
blocked for 1 hour with 5% skimmed milk blocking buffer before overnight incubation with

primary antibody at 4°C. Next, membranes were incubated for 1 hour with appropriate HRP-
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conjugated secondary antibody and incubated in the substrate solution for protein visualization
using an Amersham Imaging system (GE Healthcare).

In some experiments, 9464D cells (5x10°) were seeded in a 6-well plate and HDAC inhibitors,
i.e. Entinostat (Selleck Chemicals), Sodium Phenylbutyrate (SPB, Selleck Chemicals) or RG-
2833 (MedChem Express) were added at 5 or 10 uM in 0.1% DMSO after 24 hours. DMSO
alone was used as a control. Cells were cultured for an additional 48 hours and the expression
of H2AFY was measured using western blotting.

Neuroblastoma mouse tumor model

Female C57BL/6J mice (8-10 weeks old, purchased from the Charles River Laboratories) were
used to establish NB tumor model by subcutaneous (s.c.) injection of 9464D cells (6x10° per
mouse). When 80% of the mice developed palpable tumors, mice were treated intraperitoneally
(i.p.) with either an aPD-1 antibody (clone RMP1-14) or a rat 1gG2a isotype control, 200 pg
per mouse every four days. For immune depletion study, 100 pg of anti-CD4 (Bio-X-Cell), anti-
CD8a and anti-NK1.1 antibodies were i.p. injected per mouse in 100 ul PBS one day before
the initiation of immunotherapy and continued once every six days. Tumor length and width
were measured using a digital caliper and tumor volumes were calculated using the formula
(length x width?)/2 until the maximum humane endpoint of 1.5 cm®.

At the end of the study, tumors were harvested and single cells were isolated with the
GentleMacs device using a tumor dissociation kit (Miltenyi Biotech). Splenocytes were isolated
by passing spleens through 40 um cell strainers, followed by incubation with the RBC lysis
buffer (BioLegend) for 3 minutes on ice and washed with PBS. The single-cell suspensions
were either analyzed the same day or stored at -80°C for subsequent use.

Proteomics and data analysis
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The translational landscape of 9464D control and H2afy KO cells were analyzed using label-
free mass spectrometry as previously described (18). Detailed experimental procedure and data
analysis pipeline can be found in Supplementary Methods.

Nanostring analysis and real-time PCR

To determine gene expression, MRNA were isolated from cells using the RNeasy Mini Kit
(Qiagen) according to the manufacturer’s protocol. After isolation, the purity and the
concentration of the samples were determined using Nanodrop spectrophotometer (Thermo
Scientific).

Gene expression in tumor samples were analysed using nCounter technology. In brief, mMRNA
was extracted from single cells isolated from mouse tumors using RNeasy Kits (Qiagen)
according to the manufacturer’s protocol. mRNA per sample was quantified using NanoDrop™
2000 spectrophotometer to provide 100 ng mRNA at the concentration of 20 ng/ul. Samples
were analysed at Kl gene facility using a robust gene expression analysis system by
multiplexing mRNA samples to up to 800 gene targets from nCounter PanCancer 10 360™
Panel.

To determine the expression of H2afy in 9464D cells, first-strand complementary DNA (cDNA)
was synthesised with 2 pg of RNA using iScript cDNA synthesis kit (BioRad) according to the
manufacturer’s instructions. The cDNA templates were used to quantify H2afy mRNA
expressions on the StepOne Plus system (Thermo Scientific), with B-actin as a reference gene.
Changes in mRNA expression were calculated using 222t values that were normalized
between test and house-keeping control samples.

Flow cytometry

For in vitro experiments, untreated 9464D cells or human NB cells were cultured with or
without 50 ng/ml rhIFNG (Peprotech) for 16-18 hours. Cells were harvested by gentle cell

scraping and surface markers were stained using a panel of FACS antibodies.
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For in vivo studies, spleens and tumors were harvested from the experimental mice to obtain
splenocytes and single cells as described above. Cells were seeded in a 96 well v bottom plate
and stained with a mixture of an Aqua Fixable Live/Dead maker (1:200, Invitrogen) and an
anti-mouse CD16/32 antibody (1:100, Invitrogen). After washing with PBS, cells were stained
with a panel of fluorochrome-conjugated antibodies for surface proteins for 30 minutes at 4
degrees, followed by cell fixation and permeabilization using either the FOXP3 buffer set
(Invitrogen) or the True-Nuclear buffer set (Biolegend), according to manufacturer’s
instructions. Next, fluorochrome-conjugated antibodies (1:50) were incubated with cells in
order to detect intracellular proteins. In some experiments, the anti-H2AFY antibody (Abcam)
was conjugated with a Zenon labelling kit for rabbit 1gG (Invitrogen) and added at 5 ng/ml per
well after cell fixation and permeabilization, in order to detect the intracellular expression of
H2AFY. Antibody-stained samples were quantified using a BD Fortessa (BD Bioscience), a
CytoFLEX S or LX flow cytometer (Beckman Coulter).

Live cell imaging

The proliferation of cancer cells were monitored using an Incucyte Zoom instrument (Sartorius).
Cells were plated at different cell densities in a 96-well flat bottom plate in 100 ul of culture
medium. The cell confluence was plotted against time at defined time-intervals to obtain growth
rates. In some experiments, control or H2afy KO 9464D cells were seeded in a 24 well plate
(5x10* cells per well) and recombinant mouse IFNG or TNFA were added after 24 hours at 5
or 50 ng/ml. Cells cultured without cytokines were used as controls. Cell proliferation was
recorded for up to 7 days.

Library preparation for ATAC-seq

Standard ATAC-seq libraries were prepared following the previously established protocol (29).
In brief, 5x10* mouse neuroblastoma cells were centrifuged at 500g for 5 min at room

temperature for each reaction. The cell pellet was re-suspended in 50 ul lysis buffer containing
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10 mM Tris-Cl at pH 7.4 (Invitrogen), 10 mM NaCl (Invitrogen), 3 mM MgCI2 (Invitrogen),
0.1% IGEPAL CA- 630 (Sigma-Aldrich) and centrifuged at 500 g for 10 min at 4°C. After the
centrifugation, the cell pellet was immediately processed to transposition reaction and was
resuspended in 50 pL transposase mixture containing 25 puL 2x TD buffer (20 mM Tris-HCI at
pH 7.6, 10 mM MgCI2 and 20% dimethyl formamide), 22.5 pl Nuclease-free water (Invitrogen),
and 2.5 pl Tn5 transposase, followed by incubation for 30 min at 37°C. After the transposition,
the samples were purified using Qiagen MinElute PCR Purification kit (Qiagen). The
transposed DNA was amplified using NEBNext High-Fidelity 2x PCR master mix (New
England Biolabs), and 1.25 uM of custom Nextera PCR primers 1 and 2 with following this
thermal condition; one cycle of 72 °C for 5 min; 98 °C for 30 s; and five cycles of 98 °C for 10
s, 63 °C for 30 s and 72 °C for 1 min. gPCR was performed to determine the optimal number
of cycles for final PCR amplification. For this, 5 ul of the previously PCR amplified DNA was
mixed with 10 uL of the PCR cocktail with SYBR Green at a final concentration of 0.6x and
ran on a qPCR machine with the following program; one cycle of 98 °C for 30 s; and twenty
cycles of 98 °C for 10 s, 63 °C for 30 s and 72 °C for 1 min. The additional cycles needed for
the remaining 45 ul of previously PCR amplified DNA was determined by the cycle number at
which the fluorescent intensity reached one-third of its maximum value in the linear RN versus
cycle plot. The remaining DNA was PCR amplified using the cycle number determined by
gPCR with the following program; one cycle of 98 °C for 30 s; and N cycles (determined by
gPCR) of 98 °C for 10 s, 63 °C for 30 seconds and 72 °C for 1 minute. The PCR product was
purified using Qiagen MinElute PCR Purification kit (Qiagen), followed by a size selection step
with SPRI beads with 1:1.2 ratio (Beckman Coulter). Finally, the purified DNA was eluted in
20 pl of Elution Buffer (10 mM Tris-HCI, PH 8).

ATAC-seq data processing
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ATAC-seq sequencing reads (GSE235736) were processed with same pipeline described below.
Sequencing adaptor was trimmed by using pyadapter_trim.py
(https://github.com/TheJacksonLaboratory/ATAC-seg/blob/master/auyar/pyadapter_trim.py).
The sequencing reads were aligned to the reference genome (mm10) using Bowtie 2 (66) with
the ‘-very-sensitive’ parameter. The aligned BAM files were sorted and filtered using Samtools
(67). PCR duplicates were removed with Picard (http://broadinstitute.github.io/picard/).
BigWig files were generated using the ‘bamCoverage’ function in Deeptools (68), with the ‘-
normalize Using CPM’ option. The transcription start site (TSS) enrichment score was analyzed
using the ‘computeMatrix’ and ‘plotProfile’ functions in Deeptools (69), based on the BAM
file. MACS2 (70) was used for peak calling, with the parameter ‘-q 0.01 -nomodel -shift 0°.
Mouse blacklist regions were removed using bedtools intersect6. The read counts matrix was
generated using the ‘multicov’ function in bedtools intersect (71) and normalized by EdgeR's
‘cpm’ function (72). A heatmap of Pearson correlation among replicates was visualized using
the R package ‘pheatmap’. Differential peak analysis was performed using DeSeq?2 (73) with
criteria of log2(fold change) >1 and false-discovery rate <0.05. A volcano plot of differential
peaks was generated using the R package ‘ggplot’. Gene annotation and genomic feature plots
were conducted with the R package ‘ChIPSeeker’ (74). Transcription factors were identified
using Homer's ‘findmotifsGenome.pl” function (75). Enriched TF motifs were analyzed with
the R package ‘chromVar’ (76) and visualized using ‘pheatmap’. Gene ontology enrichment
analysis was conducted using the R package ‘clusterProfiler’ (77). Sequencing coverage was
visualized using the Integrative Genomics Viewer (IGV) (78).

Library preparation for CUT&RUN

CUT&RUN reactions were performed as described in Meers et al. (31), following the “Standard
CUT&RUN” protocol. Briefly, freshly harvested 9464D cells (1x10°) were bound to

concanavalin-A paramagnetic beads (Epicypher), then split equally, resuspended in antibody
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binding buffer and incubated overnight with either home-made macroH2AL1 antibodies (79, 80)
or an IgG non-targeting control (Abcam ab46540). Both antibodies were diluted 1:100 in the
binding reaction. Samples were then washed and bound with pA/G-MNase (Epicypher),
chromatin digestion started by the addition of CaCl, and stopped after 30 min with STOP buffer
containing chelating agents. Samples were then incubated for 30 min at 37 °C to release
CUT&RUN fragments and incubated for 1 hour at 50 °C with proteinase K, followed by a
purification step using ChIP DNA Clean & Concentrator (Zymo  Research).  Sequencing
libraries were prepared with the KAPA HyperPrep kit (Roche) and NEXTflex DNA barcodes
for Illumina (Bioo Scientific), quantified with the KAPA Library Quantification kit (Roche),
pooled at approximately equimolar concentration and sequenced at Novogene (UK) Co Ltd. in
an lllumina NovaSeq instrument to achieve a depth of at least 10M paired-end 150 bp reads per
sample.

CUT&RUN data processing

Paired end reads were adapter and quality trimmed with trimgalore using --stringency 3 and
aligned using Bowtie2 (81) to the mm10 mouse genome assembly with the following options:
--very-sensitive --no-discordant --no-mixed -X 700 —dovetail. The resulting alignment bam
files were filtered to retain only concordant proper pair alignments using samtools sam flag 0x2
and minimum mapping quality score of 30. Coverage signal profiles in bigwig format were
generated using the bamCoverage function from deepTools (68) with a Counts-Per-Million per-
sample normalization using a bin of 100bp, ignoring ChrM for normalization. These profiles
were used for visualization using deepTools computeMatrix and plotHeatmap functions.
Epic2 (82) was used to perform peak calling in the form of broad domain detection on the
filtered aligned reads using the KO samples as background, a bin size of 2000bp and the
following options: --guess-bampe -kd -fdr 0.00001 —gaps-allowed 5. Problematic regions from

the ENCODE blacklist were subtracted and domains with a 75% overlap with a blacklisted
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region were excluded (83). Permutation tests were performed using the regioneReloaded R
package using the resampleRegions randomization function with a resampling universe
composed of all detected ATAC-Seq peaks (84, 85).

Analysis of sScRNA-seq data from neuroblastoma patients

Previously published single-cell RNA sequencing data generated by us (25) as well as others
(26) were analysed for this study. For the Dong et al. dataset, raw sScCRNA-seq.fastq files were
downloaded from  the Gene Expression Omnibus (GEO) repository

(https://www.ncbi.nlm.nih.gov/geo, GSE137804). Files from both datasets were aligned to the

GRCh38 genome using 10x Genomics Cell Ranger 7.0.0. Filtered gene expression matrices
(from cellranger output) were used for subsequent analyses. In the initial filtering step, cells
with < 200 expressed genes and < 500 UMIs were discarded. Next, we filtered cells based on
the proportion of mitochondrial reads (%mito) and total number of unique genes expressed
(nFeature) on a sample-to-sample basis. Cells with %mito more than 2 standard deviations
above mean were removed. Cells with nFeature less than 2 standard deviations below mean
(logl0-transformed) were removed. Doublets were identified and removed using
DoubletFinder v2.0.3 with SCT normalization (86).

After initial QC and doublet removal, Seurat v5 (87) was used for all downstream analyses. In
a joint Seurat object, one per dataset, raw counts from each individual sample was kept as a
layer. After NormalizeData, FindVariableFeatures, ScaleData, RunPCA, FindNeighbors, and
FindClusters steps, RunUMAP was run with dims parameter set to 1:30. Layers were then
integrated using IntegrateLayers with the method parameter set to “Harmonylntegration”,
followed by JoinLayers, FindNeighbors, FindClusters, and RunUMAP. Markers for each
cluster were identified using FindAlIMarkers. We first annotated the dataset from Olsen et al.

on the basis of expression of canonical cell type markers as previously described (25, 88). The
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Dong et al. dataset was annotated by using the singleR R package (89) with the annotated Olsen
dataset as reference.

Data availability

Raw sequencing results associated with the CRISPR screens are available at Gene Expression
Omnibus under accession numbers under accession number GSE275390 and gRNA counts
from the CRISPR screens were available in Supplemental Data 1. Raw data from ATAC-seq
and CUT&RUN of control and H2afy KO 9464D cells are available at Gene Expression
Omnibus under accession numbers GSE235736 and GSE270196, respectively. Processed data
of ATAC-seq is also provided in Supplemental Data 2. Data from the label-free mass
spectrometry of control and H2afy KO 9464D cells is available as Supplemental Data 3.
Normalized mRNA counts of in vivo tumor samples are available as Supplemental Data 4. A
list of the 68 overlapping genes that associated with H2AFY in human neuroblastoma tumors is
provided as Supplemental Data 5. Values of all data points in graphs are reported in the
Supporting Data Values file.

Statistics

Experimental data were summarized and visualized using the Graphpad Prism software
(Dotmatics). Flow cytometry data was analyzed using the Flowjo software (Treestar). Unless
otherwise stated, statistical differences were tested using an unpaired 2-tailed T-test or a two-
way ANOVA for multiple comparisons. The difference in the Kaplan-Meier curves were
demonstrated using Log-Rank P values. A P value less than 0.05 was considered significant.
Study approval

All animals were maintained under germ-free condition at the facility in the Rudbeck
Laboratory at Uppsala University, Sweden under an approved ethical permit (Dnr: 5.8.18-
06394/2020) by the Swedish Board of Agriculture at Jonkdping, Sweden.
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Y.M. and D.N. initiated the study and designed the experiments. D.N. completed in vitro and
in vivo experiments for the manuscript and R.T.P. performed in vitro and in vivo experiments
during the revision. D.C. and M.B. designed and performed experiments using the CUT&RUN
technology and completed the data analysis. M.S. and D.N. generated biological samples for
the ATAC-seq experiment and M. X. performed data analysis for the ATAC-seq in collaboration
with D.N.. X.C. supervised the ATAC-seq study. G.K. performed the analysis of CRISPR
screens in collaboration with M.P.M.. T.K.O. performed the analysis of SCRNA-seq datasets in
collaboration with N.B.. M.R.B. analyzed the proteomics dataset in collaboration with Y.M..
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Acknowledgements

We thank Dr. Christer Einvik and Dr. Cecilie Lgkke (UiT The Arctic University of Norway,
Norway) and Dr. Malin Wickstrom (Karolinska Institutet, Sweden) for sharing key research
reagents. We thank Ylva Bostrom and all the staff at the animal facility for the support of our
in vivo experiments. Part of this work was carried out by CRISPR Functional Genomics (CFG),
a SciLifeLab funded infrastructure at Karolinska Institutet. We acknowledge support from the
National Genomics Infrastructure, SNIC (project 2017-7-265), and the Uppsala
Multidisciplinary Center for Advanced Computational Science (UPPMAX). The BioVis
platform of Uppsala University was used to conduct experiments using flow cytometry,
supported by Dirk Pacholsky and staff. The proteomics quantifications were performed by the
Mass Spectrometry Based Proteomics Facility (Uppsala University, Sweden), by Dr. Ganna
Shevchenko and Prof. Jonas Bergquist. The authors also appreciate the technical contributions
by Irineos Papakyriacou and Molly Gustafsson at Uppsala University. The research project
received funding support from the Swedish Childhood Cancer Foundation (TJ2019-0057,
PR2019-0012, PR2022-0008). Y.M.’s research group is supported by grants from the

SciLifeLab Fellows Program (SLL2019/9), the Swedish Cancer Society (200743Pj,

28



676

677

678

679

680

681

682

683

684

685

686

687

688

689

690

691

692

693

694

695

696

697

698

699

220474J1A), the Swedish Foundation for Strategic Research (FFL21-0043) and the Swedish
Research Council (2022-01461). X.C. is supported by the Wallenberg Academy Fellowship in
Medicine from Knut and Alice Wallenberg Foundation (2023.0046), the Swedish Research
Council (2022-00658), the Swedish Cancer Foundation (21 1449Pj, 22 0491 JIA). M.P.M. is
supported by the European Union's Horizon 2020 Research and Innovation Programme (Grant
agreement No. 950293: COMBAT-RES). M.B. and D.C. are supported by the national grant
P1D2021-126907NB-100 from MCIN/AEI/10.13039/501100011033, co-funded by European

Regional Development Fund (ERDF, a way of making Europe).

References

1. Brodeur GM, Seeger RC, Schwab M, Varmus HE, and Bishop JM. Amplification of N-
myc in untreated human neuroblastomas correlates with advanced disease stage. Science.
1984;224(4653):1121-4.

2. Kreissman SG, Seeger RC, Matthay KK, London WB, Sposto R, Grupp SA, et al.
Purged versus non-purged peripheral blood stem-cell transplantation for high-risk
neuroblastoma (COG A3973): a randomised phase 3 trial. Lancet Oncol.
2013;14(10):999-1008.

3. Laverdiere C, Liu Q, Yasui Y, Nathan PC, Gurney JG, Stovall M, et al. Long-term
outcomes in survivors of neuroblastoma: a report from the Childhood Cancer Survivor
Study. J Natl Cancer Inst. 2009;101(16):1131-40.

4. Buque A, Bloy N, Aranda F, Castoldi F, Eggermont A, Cremer |, et al. Trial Watch:
Immunomodulatory  monoclonal  antibodies  for  oncological indications.
Oncoimmunology. 2015;4(4):e1008814.

5. Davis KL, Fox E, Merchant MS, Reid JM, Kudgus RA, Liu X, et al. Nivolumab in

children and young adults with relapsed or refractory solid tumours or lymphoma

29



700

701

702

703

704

705

706

707

708

709

710

711

712

713

714

715

716

717

718

719

720

721

722

723

10.

11.

12.

13.

(ADVL1412): a multicentre, open-label, single-arm, phase 1-2 trial. Lancet Oncol.
2020;21(4):541-50.

Merchant MS, Wright M, Baird K, Wexler LH, Rodriguez-Galindo C, Bernstein D, et
al. Phase | Clinical Trial of Ipilimumab in Pediatric Patients with Advanced Solid
Tumors. Clin Cancer Res. 2016;22(6):1364-70.

Chan TA, Yarchoan M, Jaffee E, Swanton C, Quezada SA, Stenzinger A, et al.
Development of tumor mutation burden as an immunotherapy biomarker: utility for the
oncology clinic. Ann Oncol. 2019;30(1):44-56.

Yarchoan M, Hopkins A, and Jaffee EM. Tumor Mutational Burden and Response Rate
to PD-1 Inhibition. N Engl J Med. 2017;377(25):2500-1.

Davis AA, and Patel VG. The role of PD-L1 expression as a predictive biomarker: an
analysis of all US Food and Drug Administration (FDA) approvals of immune
checkpoint inhibitors. J Immunother Cancer. 2019;7(1):278.

Alexandrov LB, Nik-Zainal S, Wedge DC, Aparicio SA, Behjati S, Biankin AV, et al.
Signatures of mutational processes in human cancer. Nature. 2013;500(7463):415-21.
Grobner SN, Worst BC, Weischenfeldt J, Buchhalter I, Kleinheinz K, Rudneva VA, et
al. The landscape of genomic alterations across childhood cancers. Nature.
2018;555(7696):321-7.

Saletta F, Vilain RE, Gupta AK, Nagabushan S, Yuksel A, Catchpoole D, et al.
Programmed Death-Ligand 1 Expression in a Large Cohort of Pediatric Patients With
Solid Tumor and Association With Clinicopathologic Features in Neuroblastoma. JCO
Precis Oncol. 2017;1:1-12.

Srinivasan P, Wu X, Basu M, Rossi C, and Sandler AD. PD-L1 checkpoint inhibition

and anti-CTLA-4 whole tumor cell vaccination counter adaptive immune resistance: A

30



724

725

726

727

728

729

730

731

732

733

734

735

736

737

738

739

740

741

742

743

744

745

746

14.

15.

16.

17.

18.

19.

20.

mouse neuroblastoma model that mimics human disease. PL0oS Med.
2018;15(1):e1002497.

Bernards R, Dessain SK, and Weinberg RA. N-myc amplification causes down-
modulation of MHC class | antigen expression in neuroblastoma. Cell. 1986;47(5):667-
74.

Layer JP, Kronmuller MT, Quast T, van den Boorn-Konijnenberg D, Effern M, Hinze
D, et al. Amplification of N-Myc is associated with a T-cell-poor microenvironment in
metastatic neuroblastoma restraining interferon pathway activity and chemokine
expression. Oncoimmunology. 2017;6(6):e1320626.

Patel SJ, Sanjana NE, Kishton RJ, Eidizadeh A, Vodnala SK, Cam M, et al.
Identification of essential genes for cancer immunotherapy. Nature.
2017;548(7669):537-42.

Singh N, Lee YG, Shestova O, Ravikumar P, Hayer KE, Hong SJ, et al. Impaired Death
Receptor Signaling in Leukemia Causes Antigen-Independent Resistance by Inducing
CAR T-cell Dysfunction. Cancer Discov. 2020;10(4):552-67.

Papakyriacou I, Kutkaite G, Rubies Bedos M, Nagarajan D, Alford LP, Menden MP, et
al. Loss of NEDDS8 in cancer cells causes vulnerability to immune checkpoint blockade
in triple-negative breast cancer. Nat Commun. 2024;15(1):3581.

Kalbasi A, and Ribas A. Tumour-intrinsic resistance to immune checkpoint blockade.
Nat Rev Immunol. 2020;20(1):25-39.

Natoli M, Bonito N, Robinson JD, Ghaem-Maghami S, and Mao Y. Human ovarian
cancer intrinsic mechanisms regulate lymphocyte activation in response to immune

checkpoint blockade. Cancer Immunol Immunother. 2020;69(8):1391-401.

31



747

748

749

750

751

752

753

754

755

756

757

758

759

760

761

762

763

764

765

766

767

768

769

21.

22.

23.

24,

25.

26.

217.

28.

Kim H, Kim H, Feng Y, Li Y, Tamiya H, Tocci S, et al. PRMT5 control of
CGAS/STING and NLRC5 pathways defines melanoma response to antitumor
immunity. Sci Transl Med. 2020;12(551).

Ishizuka JJ, Manguso RT, Cheruiyot CK, Bi K, Panda A, Iracheta-Vellve A, et al. Loss
of ADARL1 in tumours overcomes resistance to immune checkpoint blockade. Nature.
2019;565(7737):43-8.

Buschbeck M, and Hake SB. Variants of core histones and their roles in cell fate
decisions, development and cancer. Nat Rev Mol Cell Bio. 2017;18(5):299-314.
Chakravarthy S, Gundimella SKY, Caron C, Perche PY, Pehrson JR, Khochbin S, et al.
Structural characterization of the histone variant macroH2A. Mol Cell Biol.
2005;25(17):7616-24.

Olsen TK, Otte J, Mei S, Kameneva P, Bjorklund A, Kryukov E, et al. Malignant
Schwann cell precursors mediate intratumoral plasticity in human neuroblastoma.
bioRxiv. 2020.

Dong R, Yang R, Zhan Y, Lai HD, Ye CJ, Yao XY, et al. Single-Cell Characterization
of Malignant Phenotypes and Developmental Trajectories of Adrenal Neuroblastoma.
Cancer Cell. 2020;38(5):716-33 €6.

Norris MD, Burkhart CA, Marshall GM, Weiss WA, and Haber M. Expression of N-
myc and MRP genes and their relationship to N-myc gene dosage and tumor formation
in a murine neuroblastoma model. Med Pediatr Oncol. 2000;35(6):585-9.

Chen X, Shen Y, Draper W, Buenrostro JD, Litzenburger U, Cho SW, et al. ATAC-see
reveals the accessible genome by transposase-mediated imaging and sequencing. Nat

Methods. 2016;13(12):1013-20.

32



770

771

772

773

774

775

776

777

778

779

780

781

782

783

784

785

786

787

788

789

790

791

792

793

29.

30.

31.

32.

33.

34.

35.

36.

Buenrostro JD, Giresi PG, Zaba LC, Chang HY, and Greenleaf WJ. Transposition of
native chromatin for fast and sensitive epigenomic profiling of open chromatin, DNA-
binding proteins and nucleosome position. Nat Methods. 2013;10(12):1213-8.

van Groningen T, Koster J, Valentijn LJ, Zwijnenburg DA, Akogul N, Hasselt NE, et
al. Neuroblastoma is composed of two super-enhancer-associated differentiation states.
Nat Genet. 2017;49(8):1261-6.

Meers MP, Bryson TD, Henikoff JG, and Henikoff S. Improved CUT&RUN chromatin
profiling tools. Elife. 2019;8.

Wolpaw AJ, Grossmann LD, Dessau JL, Dong MM, Aaron BJ, Brafford PA, et al.
Epigenetic state determines inflammatory sensing in neuroblastoma. Proc Natl Acad Sci
U S A. 2022;119(6).

Sengupta S, Das S, Crespo AC, Cornel AM, Patel AG, Mahadevan NR, et al.
Mesenchymal and adrenergic cell lineage states in neuroblastoma possess distinct
immunogenic phenotypes. Nat Cancer. 2022;3(10):1228-46.

Tunali G, Rubies Bedos M, Nagarajan D, Fridh P, Papakyriacou I, and Mao Y. IL-1
receptor-associated kinase-3 acts as an immune checkpoint in myeloid cells to limit
cancer immunotherapy. J Clin Invest. 2023;133(7).

Webb ER, Lanati S, Wareham C, Easton A, Dunn SN, Inzhelevskaya T, et al. Immune
characterization of pre-clinical murine models of neuroblastoma. Sci Rep.
2020;10(1):16695.

Voeller J, Erbe AK, Slowinski J, Rasmussen K, Carlson PM, Hoefges A, et al.
Combined innate and adaptive immunotherapy overcomes resistance of
immunologically cold syngeneic murine neuroblastoma to checkpoint inhibition. J

Immunother Cancer. 2019;7(1):344.

33



794

795

796

797

798

799

800

801

802

803

804

805

806

807

808

809

810

811

812

813

814

815

816

817

37.

38.

39.

40.

41.

42.

43.

44,

Thirant C, Peltier A, Durand S, Kramdi A, Louis-Brennetot C, Pierre-Eugene C, et al.
Reversible transitions between noradrenergic and mesenchymal tumor identities define
cell plasticity in neuroblastoma. Nat Commun. 2023;14(1):2575.

Philip M, and Schietinger A. CD8(+) T cell differentiation and dysfunction in cancer.
Nat Rev Immunol. 2022;22(4):209-23.

Kocak H, Ackermann S, Hero B, Kahlert Y, Oberthuer A, Juraeva D, et al. Hox-C9
activates the intrinsic pathway of apoptosis and is associated with spontaneous
regression in neuroblastoma. Cell Death Dis. 2013;4(4):e586.

Cangelosi D, Morini M, Zanardi N, Sementa AR, Muselli M, Conte M, et al. Hypoxia
Predicts Poor Prognosis in Neuroblastoma Patients and Associates with Biological
Mechanisms Involved in Telomerase Activation and Tumor Microenvironment
Reprogramming. Cancers (Basel). 2020;12(9).

Hu Y, Chopra V, Chopra R, Locascio JJ, Liao Z, Ding H, et al. Transcriptional
modulator H2A histone family, member Y (H2AFY) marks Huntington disease activity
in man and mouse. Proc Natl Acad Sci U S A. 2011;108(41):17141-6.

Rajbhandari P, Lopez G, Capdevila C, Salvatori B, Yu J, Rodriguez-Barrueco R, et al.
Cross-Cohort Analysis Identifies a TEAD4-MY CN Positive Feedback Loop as the Core
Regulatory Element of High-Risk Neuroblastoma. Cancer Discov. 2018;8(5):582-99.
Dondero A, Pastorino F, Della Chiesa M, Corrias MV, Morandi F, Pistoia V, et al. PD-
L1 expression in metastatic neuroblastoma as an additional mechanism for limiting
immune surveillance. Oncoimmunology. 2016;5(1):e1064578.

Wolfl M, Jungbluth AA, Garrido F, Cabrera T, Meyen-Southard S, Spitz R, et al.
Expression of MHC class I, MHC class Il, and cancer germline antigens in

neuroblastoma. Cancer Immunol Immunother. 2005;54(4):400-6.

34



818

819

820

821

822

823

824

825

826

827

828

829

830

831

832

833

834

835

836

837

838

839

840

841

45.

46.

47.

48.

49,

50.

51.

52.

Raffaghello L, Prigione I, Bocca P, Morandi F, Camoriano M, Gambini C, et al.
Multiple defects of the antigen-processing machinery components in human
neuroblastoma: immunotherapeutic implications. Oncogene. 2005;24(29):4634-44.
Angelov D, Molla A, Perche PY, Hans F, Cote J, Khochbin S, et al. The histone variant
macroH2A interferes with transcription factor binding and SWI/SNF nucleosome
remodeling. Mol Cell. 2003;11(4):1033-41.

Gaspar-Maia A, Qadeer ZA, Hasson D, Ratnakumar K, Leu NA, Leroy G, et al.
MacroH2A histone variants act as a barrier upon reprogramming towards pluripotency.
Nat Commun. 2013;4:1565.

Barrero MJ, Sese B, Kuebler B, Bilic J, Boue S, Marti M, et al. Macrohistone variants
preserve cell identity by preventing the gain of H3K4me2 during reprogramming to
pluripotency. Cell Rep. 2013;3(4):1005-11.

Park SJ, Shim JW, Park HS, Eum DY, Park MT, Mi Yi J, et al. MacroH2A1
downregulation enhances the stem-like properties of bladder cancer cells by
transactivation of Lin28B. Oncogene. 2016;35(10):1292-301.

Filipescu D, Carcamo S, Agarwal A, Tung NV, Humblin E, Goldberg MS, et al.
MacroH2A restricts inflammatory gene expression in melanoma cancer-associated
fibroblasts by coordinating chromatin looping. Nat Cell Biol. 2023;25(9):1332-+.
Corujo D, Malinverni R, Carrillo-Reixach J, Meers O, Garcia-Jaraguemada A, Le
Pannérer MM, et al. MacroH2As regulate enhancer-promoter contacts affecting
enhancer activity and sensitivity to inflammatory cytokines. Cell Rep. 2022;39(12).
Ismail WM, Mazzone A, Ghiraldini FG, Kaur J, Bains M, Munankarmy A, et al.
MacroH2A histone variants modulate enhancer activity to repress oncogenic programs

and cellular reprogramming. Commun Biol. 2023;6(1).

35



842

843

844

845

846

847

848

849

850

851

852

853

854

855

856

857

858

859

860

861

862

863

864

865

866

53.

54,

55.

56.

S7.

58.

59.

60.

61.

Aiken TJ, Erbe AK, Zebertavage L, Komjathy D, Feils AS, Rodriguez M, et al.
Mechanism of effective combination radio-immunotherapy against 9464D-GD2, an
immunologically cold murine neuroblastoma. J Immunother Cancer. 2022;10(5).

Mao Y, Eissler N, Blanc KL, Johnsen JI, Kogner P, and Kiessling R. Targeting
Suppressive Myeloid Cells Potentiates Checkpoint Inhibitors to Control Spontaneous
Neuroblastoma. Clin Cancer Res. 2016;22(15):3849-509.

Carlson LM, Rasmuson A, Idborg H, Segerstrom L, Jakobsson PJ, Sveinbjornsson B,
et al. Low-dose aspirin delays an inflammatory tumor progression in vivo in a transgenic
mouse model of neuroblastoma. Carcinogenesis. 2013;34(5):1081-8.

Eissler N, Mao Y, Brodin D, Reutersward P, Andersson Svahn H, Johnsen JI, et al.
Regulation of myeloid cells by activated T cells determines the efficacy of PD-1
blockade. Oncoimmunology. 2016;5(12):1232222.

Boeva V, Louis-Brennetot C, Peltier A, Durand S, Pierre-Eugene C, Raynal V, et al.
Heterogeneity of neuroblastoma cell identity defined by transcriptional circuitries. Nat
Genet. 2017;49(9):1408-13.

van Wezel EM, van Zogchel LMJ, van Wijk J, Timmerman |, Vo NK, Zappeij-
Kannegieter L, et al. Mesenchymal Neuroblastoma Cells Are Undetected by Current
MRNA Marker Panels: The Development of a Specific Neuroblastoma Mesenchymal
Minimal Residual Disease Panel. JCO Precis Oncol. 2019;3.

Decaesteker B, Louwagie A, Loontiens S, De Vloed F, Bekaert SL, Roels J, et al.
SOX11 regulates SWI/SNF complex components as member of the adrenergic
neuroblastoma core regulatory circuitry. Nat Commun. 2023;14(1):1267.

Bates SE. Epigenetic Therapies for Cancer. N Engl J Med. 2020;383(7):650-63.
Jubierre L, Jimenez C, Rovira E, Soriano A, Sabado C, Gros L, et al. Targeting of

epigenetic regulators in neuroblastoma. Exp Mol Med. 2018;50(4):1-12.

36



867

868

869

870

871

872

873

874

875

876

877

878

879

880

881

882

883

884

885

886

887

888

889

890

891

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

Cornel AM, Dunnebach E, Hofman DA, Das S, Sengupta S, van den Ham F, et al.
Epigenetic modulation of neuroblastoma enhances T cell and NK cell immunogenicity
by inducing a tumor-cell lineage switch. J Immunother Cancer. 2022;10(12).

Altieri DC. Validating survivin as a cancer therapeutic target. Nat Rev Cancer.
2003;3(1):46-54.

Westerhout EM, Hamdi M, Stroeken P, Nowakowska NE, Lakeman A, van Arkel J, et
al. Mesenchymal-Type Neuroblastoma Cells Escape ALK Inhibitors. Cancer Res.
2022;82(3):484-96.

Mabe NW, Huang M, Dalton GN, Alexe G, Schaefer DA, Geraghty AC, et al. Transition
to a mesenchymal state in neuroblastoma confers resistance to anti-GD2 antibody via
reduced expression of ST8SIAL. Nat Cancer. 2022;3(8):976-93.

Langmead B, and Salzberg SL. Fast gapped-read alignment with Bowtie 2. Nat Methods.
2012;9(4):357-9.

Li H, Handsaker B, Wysoker A, Fennell T, Ruan J, Homer N, et al. The Sequence
Alignment/Map format and SAMtools. Bioinformatics. 2009;25(16):2078-9.

Ramirez F, Dundar F, Diehl S, Gruning BA, and Manke T. deepTools: a flexible
platform for exploring deep-sequencing data. Nucleic Acids Res. 2014;42(Web Server
issue):W187-91.

Ramirez F, Ryan DP, Gruning B, Bhardwaj V, Kilpert F, Richter AS, et al. deepTools2:
a next generation web server for deep-sequencing data analysis. Nucleic Acids Res.
2016;44(W1):W160-5.

Zhang Y, Liu T, Meyer CA, Eeckhoute J, Johnson DS, Bernstein BE, et al. Model-based
analysis of ChIP-Seq (MACS). Genome Biol. 2008;9(9):R137.

Quinlan AR, and Hall IM. BEDTools: a flexible suite of utilities for comparing genomic

features. Bioinformatics. 2010;26(6):841-2.

37



892

893

894

895

896

897

898

899

900

901

902

903

904

905

906

907

908

909

910

911

912

913

914

915

72.

73.

74.

75.

76.

77.

78.

79.

80.

Robinson MD, McCarthy DJ, and Smyth GK. edgeR: a Bioconductor package for
differential expression analysis of digital gene expression data. Bioinformatics.
2010;26(1):139-40.

Love MI, Huber W, and Anders S. Moderated estimation of fold change and dispersion
for RNA-seq data with DESeq2. Genome Biol. 2014;15(12):550.

Yu G, Wang LG, and He QY. ChlPseeker: an R/Bioconductor package for ChIP peak
annotation, comparison and visualization. Bioinformatics. 2015;31(14):2382-3.

Heinz S, Benner C, Spann N, Bertolino E, Lin YC, Laslo P, et al. Simple combinations
of lineage-determining transcription factors prime cis-regulatory elements required for
macrophage and B cell identities. Mol Cell. 2010;38(4):576-89.

Schep AN, Wu B, Buenrostro JD, and Greenleaf WJ. chromVAR: inferring
transcription-factor-associated accessibility from single-cell epigenomic data. Nat
Methods. 2017;14(10):975-8.

Wu T, Hu E, Xu S, Chen M, Guo P, Dai Z, et al. clusterProfiler 4.0: A universal
enrichment tool for interpreting omics data. Innovation (Camb). 2021;2(3):100141.
Thorvaldsdottir H, Robinson JT, and Mesirov JP. Integrative Genomics Viewer (IGV):
high-performance genomics data visualization and exploration. Brief Bioinform.
2013;14(2):178-92.

Buschbeck M, Uribesalgo I, Wibowo I, Rue P, Martin D, Gutierrez A, et al. The histone
variant macroH2A is an epigenetic regulator of key developmental genes. Nat Struct
Mol Biol. 2009;16(10):1074-9.

Douet J, Corujo D, Malinverni R, Renauld J, Sansoni V, Posavec Marjanovic M, et al.
MacroH2A histone variants maintain nuclear organization and heterochromatin

architecture. J Cell Sci. 2017;130(9):1570-82.

38



916

917

918

919

920

921

922

923

924

925

926

927

928

929

930

931

932

933

934

935

936

937

938

939

81.

82.

83.

84.

85.

86.

87.

88.

89.

Langmead B, Trapnell C, Pop M, and Salzberg SL. Ultrafast and memory-efficient
alignment of short DNA sequences to the human genome. Genome Biol.
2009;10(3):R25.

Stovner EB, and Saetrom P. epic2 efficiently finds diffuse domains in ChlP-seq data.
Bioinformatics. 2019;35(21):4392-3.

Amemiya HM, Kundaje A, and Boyle AP. The ENCODE Blacklist: Identification of
Problematic Regions of the Genome. Sci Rep. 2019;9(1):9354.

Gel B, Diez-Villanueva A, Serra E, Buschbeck M, Peinado MA, and Malinverni R.
regioneR: an R/Bioconductor package for the association analysis of genomic regions
based on permutation tests. Bioinformatics. 2016;32(2):289-91.

Malinverni R, Corujo D, Gel B, and Buschbeck M. regioneReloaded: evaluating the
association of multiple genomic region sets. Bioinformatics. 2023;39(11).

McGinnis CS, Murrow LM, and Gartner ZJ. DoubletFinder: Doublet Detection in
Single-Cell RNA Sequencing Data Using Artificial Nearest Neighbors. Cell Syst.
2019;8(4):329-37 e4.

Hao Y, Hao S, Andersen-Nissen E, Mauck WM, 3rd, Zheng S, Butler A, et al. Integrated
analysis of multimodal single-cell data. Cell. 2021;184(13):3573-87 €29.

Verhoeven BM, Mei S, Olsen TK, Gustafsson K, Valind A, Lindstrom A, et al. The
immune cell atlas of human neuroblastoma. Cell Rep Med. 2022;3(6):100657.

Aran D, Looney AP, Liu L, Wu E, Fong V, Hsu A, et al. Reference-based analysis of
lung single-cell sequencing reveals a transitional profibrotic macrophage. Nat Immunol.

2019;20(2):163-72.

39



940  Figures and legends

A © o §‘ & 3y & B Surface IFNGRA
Fy o FLF 2 s0- MYCN TS | MYCN
Q (}2\ 3 @é c%;l' Ob c}' 3 amplified non-amp.
Q
o ek *
1 2 3 4 5 6 7 2 20 - o
X
70 il doke \
0 ek
= s g gy s | MYCN (67kDa) 8 4o X f\
55 c
@
55 5 X \
s N
T S e es———| GAPDH (36kDa) g U777 T L—
35 IR SR o P
A X S N
G}S\\&\e’ 6{_ \§ ‘z? QQ‘\?OQ‘\Y
C D °
Surface HLA-ABC B Surface PD-L1
= [=]
£ 250+ MYCN MYCN £ 57 MYCN MYCN
5 amplified non-amp. 8 # % amplified non-amp.
o e T 44 % *
o 200 g N "
< xx B %. N % %
§ 150 — Fkhk & 37 o~ 3
- . s} * e X % n.s
2 * Ty ; 24 - "* * 1 n.s.
% 100 - Kok - % *» _‘-_ * _."; ‘.*
[e)] —_— . *% . c *
c &% * T 1o &m s o o Mo & aip  SHp
£ 90 e e - S
5 & ns. Ty 4 o
% O'W—*—‘F— E 0 — T T T T 1 |
T oSS o S S FE2E o0
\ls\% %@ ‘\5}3\ \Q‘ \2‘3\ Q\\?' \2\\? G§ &‘@ %‘l- N OQ\ 0\2\ Oz\
) (-oé‘ G
O No IFNG @ IFNG, 50 ng/ml
E IMR32 F SMS-KAN
HLA-ABC PD-L1 IFNGRA HLA-ABC PD-L1 IFNGRA
g"’; f \ "3 K rﬂ& A J "‘“
Iso | /M, f A Iso | ) \ S /‘\
M Ao /\ \_ ‘_j/\\ J\ | G ap ,...r’ﬂ‘ - ESYAN
|
+IFNy Iso +IFNy S0 \
Ab Ab i : A
Intensity Intensity
G H
Normal donor Plating of Soluble IFNG
PD-L1 vs HLA-ABC Whole blood IMR32 1000
(+IFNG, 50 ng/ml) O — o~ NolICB
|
250 e E 800+ Nivolumab,
v hrs 2 . 10 pg/ml
2004 A7 £ 600 /
© ) — c
O oo /Y A S /
m 150 ¥ depleted _g 400 ‘f
i +-IMR32 o oT'_.
—I 1004 +lymphocytes g 2004 y /
T v +/- nivolumab. o ! }
m " A | © Z_/'
°0 5 vy Sdays 0= T T T
0 : R 70.8372 : ELISA cytokine assays & 5K 25K 1.25K 0
1 2 3 4 PBMCs flow cytometry analysis # of IMR32 per well

PD-L1
941

942  Figure 1. Human neuroblastoma cells responded to IFNG stimulation. A) Expression of

943  the MYCN protein in a panel of human NB cell lines. Representative western blot image of 3
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biological repeats. Surface expression of B) IFNGRA, C) HLA-ABC and D) PD-L1 on human
NB cell lines +/- 50 ng/ml recombinant human IFNG (rhIFNG) after 16-18 hours treatment.
Each dot represents an independent experiment of at least 4 biological repeats. Representative
histograms of HLA-ABC, PD-L1 and IFNGRA in E) IMR32 and F) SMS-KAN cells. G)
Correlation between surface HLA-ABC and PD-L1 on NB cell lines treated with rhIFNG. H)
Release of soluble IFNG in co-cultures of IMR32 cells and primary human lymphocytes after
5 days, with or without 10 pg/ml nivolumab. Lymphocytes cultured alone were used as controls.
Each dot represents results from an independent donor (n=4), unpaired 2-tailed T-test. *: P<0.05;

**: P<0.01; ***: P<0,001; ****: P<0.0001.
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Figure 2. Genome-wide CRISPR/Cas9 screens identified H2AFY as a resistance gene to

P@RKT

nivolumab in human NB cells. A) Schematic illustration of the setup of CRISPR screens using

an IMR32/lymphocyte co-culture. B) Culture supernatants were collected from the flasks at the
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end of the CRISPR screen using donor 2. Levels of soluble IFNG and granzyme B were
quantified using ELISA. C) Venn diagram to illustrate the top and commonly depleted genes
from the screens when comparing co-cultures treated with or without nivolumab. D)
Performance of the 4 individual gRNAs against the top commonly depleted genes were shown.
E) Functional enrichment analysis to capture pathways represented by the top depleted genes
in the CRISPR screens. F) Ranking of known immune resistance genes and H2AFY in the
genome-wide CRISPR screen performed with the high E:T ratio, when comparing nivolumab
treated and non-treated co-cultures. G) Detection of the H2AFY protein was performed
simultaneously as the detection of MYCN using western blotting in a panel of human NB cell
lines. The GAPDH bands were identical to the ones in Figure 1A. Representative blot from 2
biological repeats, unpaired 2-tailed T-test. *: P<0.05; **: P<0.01; ***: P<0.001; ****:

P<0.0001.
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Figure 3. H2AFY sustained the adrenergic cell state in MYCN-driven neuroblastoma. A)

Single-cell RNA sequencing (scRNA-seq) was performed in human neuroblastoma tumors and

cell subsets were annotated (Olsen et al.). Expression of B) H2AFY, C) SOX11 and D) PRRX1
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was visualized. E) Expression of the H2AFY mRNA in different cell subsets was visualized in
an independent scRNA-seq dataset (Dong et al.) using the same annotation. The chromatin
accessibility of genes in control or H2afy CRISPR KO 9464D cells was mapped using ATAC-
seg. F) Volcano plot for peaks showing the most significant epigenetic accessibility. G)
Epigenetic profile for representative genes for the adrenergic and mesenchymal cell state. H)
Heatmap for genes associated with cell state using ATAC-seq read counts. 1) Chromatin
accessibility for transcription factors (TF) in control or KO cells. Peaks were selected by using
the DESeq2 package with adjusted p-value (padj) < 0.05 and absolute log2 fold change >1. TF
motif enrichment was performed with ChromVar based on the selected peaks and visualized

using the deviation scores. Top 100 peaks were visualized in heatmap based on the variability.
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987  Figure 4. Epigenetic and translational profiling of H2afy deficient NB cells. The regulatory
988 role of H2AY protein in control or KO 9464D cells was mapped using CUT&RUN. A)

989  Heatmap and mean profile visualization of the H2AFY CUT&RUN signal in 9464D cells
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across enriched domains was identified with epic2, using KO cells as the negative control.
Every region was scaled to the same size and extended +/- 3kb in each side. A non-targeting
lgG was used as a negative control. The average signal of two experimental replicates is
represented. B) Number of overlapping differential ATAC-seq peaks with H2AFY domains
from the CUT&RUN dataset is shown. * P < 0.05, permutation test. C) Genomic annotation
distribution of down-regulated ATAC-seq peaks classified by their overlap with H2AFY
enriched domains in CUT&RUN. The translational landscape in control or H2AFY deficient
9464D cells was mapped using label-free proteomics. D) Differentially expressed proteins were
visualized in a volcano plot using Log2 fold changes and Logl0 P values. E) The lack of
H2AFY protein was confirmed using proteomics. Pathway analysis according to the F) up-
regulated proteins or down-regulated proteins in KO cells, as compared to control cells

(FDR<0.05 and Log2FC>0.5).
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Figure 5. Genetic deletion of H2afy in NB cancer cells reverted resistance to PD-1

blockade. A) The H2afy gene was targeted by CRISPR/Cas9 in the MYCN-driven 9464D

cancer cells. Expression of the H2AFY protein was detected using western blotting at different
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cell passages. Representative blot of 2 biological repeats. B) Proliferation of control (ctrl) and
KO 9464D cells was compared using the Incucyte live-cell imaging system. A representative
experiment of 3 biological repeats. C) Treatment schedule of mice bearing ctrl or KO 9464D
cells. D-F) Comparison of average tumor volumes (mean+SEM), growth of individual tumors
and survival between mice bearing subcutaneous ctrl 9464D tumors that were treated
intraperitoneally (i.p.) with a rat IgG2a isotype control (clone 2A3) or an aPD-1 antibody (clone
RMP1-14) at 200 pg per mouse, 9 or 10 mice per group. G-1) Comparison of average tumor
volumes (meanzSEM), growth of individual tumors and survival between mice bearing
subcutaneous H2afy KO 9464D tumors that were treated with the rat IgG isotype or aPD-1 at
200 pg per mouse, 9 or 10 mice per group. One day before IgG or aPD1 treatment, mice bearing
H2afy KO 9464D tumors were treated with depletion antibodies against J) CD4+ T cells (clone
GK1.5) or K) CD8+ T cells (clone 2.43) at 100 ug per mouse (i.p.) every 5 days, 6-8 mice per
group. Tumor growth was compared among groups using two-way ANOVA. Survival of mice

in different groups was depicted using Kaplan-Meier curves with a Log-rank (Mantel-Cox) test.
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Figure 6. Concurrent activation of adaptive and innate immunity enabled anti-tumor
immunity in H2afy KO tumors. Control (ctrl) or KO 9464D tumors were harvested after the

last dose of rat IgG2a isotype control or aPD-1 antibody. Single cells were generated from
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tumors and mRNA were isolated for Nanostring analysis. Differentially expressed mRNAs
were compared between KO and ctrl mice treated with A) 1gG or B) aPD1, unpaired 2-tailed
T-test. C-D) Genes were grouped according to functions and their expressions were shown for
all groups. E) Single cells were generated from mice bearing ctrl or KO 9464D tumors in
different treatment groups (5-7 mice per group) and myeloid cells were characterized using
flow cytometry, statistical differences among groups were analyzed using a 2-way ANOVA. F)
Single cells from mice bearing KO 9464D tumors treated with a rat 1gG isotype control (n=4)
or the aPD-1 antibody (n=6) were isolated and activation of myeloid cells was characterized

using flow cytometry, unpaired 2-tailed T-test.
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1035

1036  Figure 7. A multi-omics approach to identify prognostic genes linked to H2AFY in human
1037  neuroblastoma. A) Comparison of overall survival in patients with high or low H2AFY mRNA
1038 intumors in two independent RNA-seq datasets (top 25% vs bottom 25%) using Kaplan-Meier
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curves. B) Overlapping genes that are positively correlated with H2AFY mRNA in 4 large
neuroblastoma patient datasets. C) Prioritization of genes linked to H2AFY by overlapping hits
from experimental and clinical datasets. D) Expression of BIRC5 mRNA in MYCN-amplified
and non-amplified neuroblastoma patients. E) Prognostic value of BIRC5 mRNA in two
independent cohorts of neuroblastoma patients (top 25% vs bottom 25%) using Kaplan-Meier
curves. F) The prognostic value of overlapping genes from at least two different datasets (top

25% vs bottom 25%).
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