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Immunotherapy has revolutionized cancer treatment, but many
cancers are not impacted by currently available immunotherapeu-
tic strategies. Here, we investigated inflammatory signaling path-
ways in neuroblastoma, a classically “cold” pediatric cancer. By
testing the functional response of a panel of 20 diverse neuroblas-
toma cell lines to three different inflammatory stimuli, we found
that all cell lines have intact interferon signaling, and all but one
lack functional cytosolic DNA sensing via cGAS–STING. However,
double-stranded RNA (dsRNA) sensing via Toll-like receptor 3
(TLR3) was heterogeneous, as was signaling through other dsRNA
sensors and TLRs more broadly. Seven cell lines showed robust
response to dsRNA, six of which are in the mesenchymal epige-
netic state, while all unresponsive cell lines are in the adrenergic
state. Genetically switching adrenergic cell lines toward the mes-
enchymal state fully restored responsiveness. In responsive cells,
dsRNA sensing results in the secretion of proinflammatory cyto-
kines, enrichment of inflammatory transcriptomic signatures, and
increased tumor killing by T cells in vitro. Using single-cell RNA
sequencing data, we show that human neuroblastoma cells with
stronger mesenchymal signatures have a higher basal inflamma-
tory state, demonstrating intratumoral heterogeneity in inflamma-
tory signaling that has significant implications for immunotherapeutic
strategies in this aggressive childhood cancer.

neuroblastoma j immunotherapy j epigenetic states j Toll-like receptors j
MYCN

In order to be effective, immunotherapies require cytotoxic
immune cells to traffic to and enter the tumor microenviron-

ment, recognize tumor cells, and kill them. These requirements
provide a number of potential mechanisms for intrinsic or
acquired immune evasion. For instance, with immune check-
point blockade (ICB), resistant tumors tend to have lower pre-
existing infiltration with cytotoxic T cells (1) (trafficking and
entry) and lower mutation rates (2–4) (tumor recognition). The
level of tumor cell inflammatory signaling has the potential to
affect trafficking and entry of immune cells through the secre-
tion of cytokines and tumor recognition through antigen pre-
sentation. Indeed, lower baseline inflammatory signaling has
also been associated with ICB resistance (4, 5), and response
can be restored in some tumor models by activating tumor cell
inflammatory signaling (6, 7). Increasing inflammatory signaling
has the potential to enhance other immunotherapies as well,
including adoptive cellular immunotherapies and antibody-
based therapeutics that require antibody-dependent cellular
cytotoxicity for function.

Understanding which inflammatory sensing pathways are
intact in a given tumor is an important initial step in determin-
ing how to activate cellular inflammatory signaling. These sens-
ing pathways include the recognition of interferon, which can

be secreted from both immune and nonimmune cells, as well as
the detection of molecular patterns typically found in microbial
infection. Such patterns are recognized by a large group of recep-
tors, including Toll-like receptors (TLRs), often collectively
referred to as pattern recognition receptors. These include pro-
teins that detect double-stranded RNA (dsRNA; TLR3, MDA5,
and RIG-I), single-stranded RNA breakdown products (TLR7
and TLR8), CpG-rich (TLR9) or cytosolic DNA (cGAS), and
lipopolysaccharides (LPS; TLR4), among others (8). In tumors,
products capable of stimulating such sensors can be released by
dead and dying cells (9), produced by inhibition of splicing (10)
or by activation of endogenous retroviral elements in response to
therapy (11), exposed by breakdown of the nuclear envelope
(12), or transferred through exosomes from tumor or stromal
cells (13–15). Some of these receptors have been shown to be
critical to an immunologic response to anticancer therapy, includ-
ing TLR3 with chemotherapy (16) and cGAS with radiation ther-
apy (12, 17). Exogenous agonists of these pathways are being
incorporated into clinical trials, particularly in combination with
ICB. Thus, knowledge about the responsiveness of these path-
ways in cancer may contribute to our understanding of the basal
inflammatory state of the tumor, suggest potential avenues to
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alter that state, and identify biomarkers for which an agonist
might be more effective in a given tumor.

Neuroblastoma accounts for ∼15% of childhood cancer mor-
tality in addition to significant morbidity among survivors (18,
19). Improved therapies are needed, particularly for high-risk
disease, including the subset with amplification of MYCN (v-myc
avian myelocytomatosis viral oncogene neuroblastoma-derived
homolog) (19, 20). Neuroblastoma is a classically “cold” tumor
with a lack of Tcell infiltration, very low major histocompatibility
complex class I (MHC-I) expression, and a low tumor mutation
burden (21–24), all of which are even more pronounced in
MYCN-amplified disease (25–28). Published studies to date have
shown little to no efficacy with ICB (29, 30). Chimeric antigen
receptor (CAR) T cell therapies have demonstrated limited effi-
cacy, thought to be in part due to poor penetration or function
in the tumor microenvironment (31). However, an antibody
against the disialoganglioside GD2 is an immunotherapy that is
Food and Drug Administration approved for use in neuroblas-
toma despite significant off-tumor toxicity due to GD2 expres-
sion on pain nociceptors. This therapy improves survival when
used in combination with cytokines in patients in first remission
(32) and has a ∼40% response rate when used in combination
with cytokines and chemotherapy in relapsed disease (33, 34).
This demonstrates that the immune system can play a role in
treating neuroblastoma, but expanding the benefit of immuno-
therapy to a greater percentage of neuroblastoma patients
remains an important challenge.

One recent advance in the understanding of neuroblastoma
biology is the discovery that neuroblastoma cells can exist in two
different epigenetic states defined by super enhancer elements
enriched in one state or the other (35–37). There is a less-
differentiated state described as either mesenchymal or neural
crest cell–like and a more differentiated state described as adre-
nergic or sympathetic noradrenergic (herein referred to as MES
and ADRN, respectively). These states are thought to coexist
within human tumors and can spontaneously interconvert,
although cell lines tend to stably adopt one state or the other,
with some exceptions. In human primary neuroblastomas, the
ADRN state comprises the majority of the tumor at the time of
diagnosis (35, 36). Evidence from human tumors (35, 38) and
mouse models (39) indicates that the MES state may be enriched
in relapse and in metastatic disease (40), and MES cell lines are
more chemoresistant in vitro. Hence, the ability to specifically
target the MES subpopulation may prove important in both
treating and preventing relapsed disease. To our knowledge, con-
nections have not been made between ADRN and MES states
and inflammatory signaling or response to immunotherapy.

To identify ways to increase inflammatory signaling in neuro-
blastoma, here we define the responsiveness of a large panel of
neuroblastoma cell lines to different inflammatory stimuli, test
how those differences impact tumor–immune interactions, and
identify determinants of response, revealing immune vulner-
abilities of neuroblastoma.

Results
Neuroblastoma Lacks Basal Inflammatory Signaling. We first asked
if the immunologically “cold” (21–23) nature of neuroblastoma
correlated with a lack of tumor cell inflammatory signaling. We
compared expression of the hallmark inflammatory response sig-
nature (41) across a large number of tumor cell lines using
RNA-sequencing (RNA-seq) data from the Cancer Cell Line
Encyclopedia (CCLE) project (42). Analysis of 991 cell lines
across 37 tumor types showed that neuroblastoma has the lowest
expression of this signature as well as several other inflammatory
signaling signatures (Fig. 1A and SI Appendix, Fig. S1), demon-
strating that neuroblastoma cells have strongly suppressed
inflammatory signaling. We then asked how MYCN amplification

status impacts this signature. Similar to published reports (25),
we found that inflammatory signaling is further decreased in the
MYCN-amplified subset of both cell lines and tumors compared
to those without MYCN amplification, which corresponds to less
infiltration with cytotoxic Tcells in tumors (Fig. 1 B and C).

Neuroblastoma Cell Lines Respond Heterogeneously to Inflammatory
Stimuli. With the rationale that increasing cellular inflammatory
signaling would increase human leukocyte antigen I (HLA-I)
expression and lead to cytokine secretion that could drive Tcell
recruitment, we next analyzed the response of a panel of 20
diverse neuroblastoma cell lines to different inflammatory stim-
uli (Fig. 1 D and E), including exogenous interferon gamma
(IFNγ), polyinosinic:polycytidylic acid (poly [I:C]; a dsRNA
mimetic), and transfected calf thymus DNA (tctDNA; cytosolic
DNA to activate cGAS). All of the cell lines tested generated a
robust pSTAT1 response to exogenous IFNγ, consistent with
previous reports of the effect of IFNγ on neuroblastoma cells
(24, 43, 44). Only one cell line responded strongly to cytosolic
DNA, consistent with essentially undetectable expression of
cGAS across neuroblastoma cell lines in the CCLE, in a differ-
ent neuroblastoma RNA-seq data set (45), and in RNA-seq
data from neuroblastoma xenografts (46) (SI Appendix, Fig. S2
A–C). Similarly, Western blotting for cGAS in our cell line
panel showed that only the single responsive cell line had
detectable expression (SI Appendix, Fig. S2D). Response to the
dsRNA mimetic poly (I:C), however, was heterogenous, with
the majority lacking response, while a subset showed robust
responses. Intrigued by this heterogeneity, we decided to pur-
sue the response to poly (I:C) further.

dsRNA-Responsive Cell Lines Demonstrate Widespread Inflammatory
Changes and Increase Susceptibility to T Cell Killing. We next dem-
onstrated using a subset of cell lines that the cells that responded
to poly (I:C) with phosphorylation of STAT1 also responded by
increasing transcription of IFN-response genes by qPCR, increas-
ing nuclear localization of nuclear factor κ-light chain enhancer
of activated B cells (NF-κB), increasing phosphorylation of IFN
regulatory factor 3 (IRF3), and increasing activation of an NF-κB
reporter construct (SI Appendix, Fig. S3 A–C). Unresponsive cell
lines showed none of these changes. We then performed tran-
scriptomic analysis using 30 RNA sequencing (QuantSeq) on
duplicate samples of four dsRNA-responsive and four unrespon-
sive cell lines treated with poly (I:C) or a vehicle control. Respon-
sive cell lines showed a marked up-regulation of inflammatory
signaling pathways, while unresponsive cell lines remained
unchanged (Fig. 2A and SI Appendix, Fig. S4).

We then asked how poly (I:C) changed cytokine secretion, mye-
loid cell migration, antigen presentation, and immune killing in
neuroblastoma cell lines. We analyzed the concentration of 38
cytokines and chemokines in the supernatant of four responsive
and four unresponsive cell lines cultured with and without poly
(I:C). The profiles of the four responsive cell lines were similar
once treated, while the unresponsive treated cell lines had profiles
similar to the untreated lines (Fig. 2B). A group of inflammatory
cytokines were particularly increased in responsive cell lines when
treated, including interleukin-6 (IL-6), IL-8, C-C motif chemo-
kine ligand 5 (CCL5), C-X-C motif chemokine ligand 9 (CXCL9),
CXCL10, granulocyte colony-stimulating factor (G-CSF), and
granulocyte–macrophage colony-stimulating factor (GM-CSF) (SI
Appendix, Fig. S5). Consistent with this finding, conditioned
medium from only responsive cell lines treated with poly (I:C)
increased migration of the THP-1 monocytic cells (SI Appendix,
Fig. S3D). Responsive cell lines also increased HLA-I surface
expression, as measured by flow cytometry, while unresponsive
cell lines showed no change (Fig. 2C), although all the cell lines
responded to IFNγ (SI Appendix, Fig. S3E). Responsive lines
markedly increased expression at the RNA level of the entire
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antigen processing and presentation pathway (Fig. 2D). To
study well-controlled T cell–mediated cytotoxicity independent
of endogenous tumor cell antigen expression, we expressed
melanoma-associated antigen recognized by T cells 1 (MART-
1) in one responsive (CHP-212) and one unresponsive (NLF)
HLA-A2 neuroblastoma cell line (SI Appendix, Fig. S3F) and
cocultured them with T cells transfected with a T cell receptor
(TCR) targeting MART-1 (47). We found that the responsive
cells were killed more easily by T cells even prior to stimulation,
and killing was enhanced by treatment with either poly (I:C) or
IFNγ. In contrast, the unresponsive cells were resistant at base-
line, and killing was enhanced only by IFNγ, not by poly (I:C)
(Fig. 2E and SI Appendix, Fig. S3G). We also tested the ability
of primary natural killer (NK) cells to kill these two cell lines,
with or without pretreatment of the cell lines with poly (I:C)
(SI Appendix, Fig. S3H). We found less dramatic differences
in pretreatment susceptibility than with T cells. Similarly, poly (I:
C) only modestly increased killing of the responsive cell line (sig-
nificant at one NK cell dose but not the other) and did not
increase killing of the unresponsive line. Hence, dsRNA sensing is
only active in a subset of neuroblastoma cells lines; in those lines,
it drives an inflammatory transcriptome, increases immune cell
recruitment, augments antigen processing and presentation, and
increases killing of neuroblastoma cells by T cells and, to a less
extent, NK cells.

Poly (I:C)–Responsive Cell Lines Have Multiple Active dsRNA Sensors
and Respond to Additional TLR Agonists. We next asked whether
the defect in dsRNA sensing was limited to the expression of a
single dsRNA sensor in unresponsive cell lines or whether this
was indicative of a broader defect in inflammatory sensing of
dsRNA and other stimuli, resulting in a widely insensitive state.
We found that the dsRNA sensors TLR3, RIG-I, and MDA5
were all more highly expressed in responsive cell lines at the
RNA (SI Appendix, Fig. S6 A–C) and protein (Fig. 3A) levels,

although the expression of TLR3 was uniquely undetectable at
the RNA level in unresponsive cell lines. We therefore used
CRISPR-Cas9 to knockout TLR3 in two responsive cell lines
and found that this fully abrogated response to poly (I:C)
(Fig. 3 B and C), demonstrating that sensing of exogenous
dsRNA requires TLR3 in this context. This is consistent with
TLR3 localization in endosomes and a role in sensing extracel-
lular dsRNA, while RIG-I and MDA-5 detect cytosolic dsRNA
(8). However, we found that poly (I:C)–unresponsive cell lines
were also unresponsive to transfection of poly (I:C) (SI
Appendix, Fig. S6D), demonstrating defective sensing by RIG-I
and MDA-5. In contrast, responsive cell lines with or without
TLR3 knocked out were responsive to transfected poly (I:C)
(SI Appendix, Fig. S6E), demonstrating that intracellular dsRNA
sensing is also active only in poly (I:C)–responsive lines. We then
exogenously expressed TLR3 in two unresponsive cell lines and
found that this did not result in a response to poly (I:C), despite
restoring TLR3 protein to a level similar to that found in a
responsive cell line (Fig. 3D), demonstrating that TLR3 expres-
sion is necessary but not sufficient for response to dsRNA. Con-
sistent with a broader suppression of signaling not limited to a
single node, analysis of the expression of other members of the
Kyoto Encyclopedia of Genes and Genomes (KEGG) TLR3 sig-
naling pathway showed that transcripts for 10 of the 18 genes
were significantly higher in the responsive lines (Fig. 3E). We
then analyzed the chromatin accessibility of these 10 genes using
assay for transposase-accessible chromatin with sequencing
(ATAC-seq). We found that three genes (TLR3, IKBKE, and
IKBKG) were significantly more accessible in the responsive cell
lines (SI Appendix, Fig. S6F) than in unresponsive cells, support-
ing differences in the underlying epigenetic state between these
cells influencing their responsiveness.

Changes in multiple components of the TLR3-signaling path-
way, many of which are shared with other TLR-signaling path-
ways, suggested that additional TLR-signaling pathways may also
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Fig. 1. Neuroblastoma cells lack basal inflammatory signaling and respond heterogeneously to inflammatory stimuli. (A) Relative enrichment score of
the hallmark inflammatory response signature across cell lines in the CCLE, with neuroblastoma shown in red. Abbreviations are provided in SI Appendix,
Fig. S1. Error bars represent SEM between cell lines of the indicated tumor type. (B) Comparison of MYCN expression and relative enrichment score of the
hallmark inflammatory response signature in 23 neuroblastoma cell lines. Data are from GSE28019, obtained from and analyzed in R2 (https://hgserver1.
amc.nl:443/). (C) Comparison of MYCN expression and relative enrichment score of either the hallmark inflammatory response signature (Left) or a cyto-
toxic T cell infiltration score (Right, from ref. 82) in 498 neuroblastoma tumors. Data are from ref. 83, obtained from and analyzed in R2 (https://
hgserver1.amc.nl:443/). (D) Western blot showing change in pSTAT1 levels when 20 neuroblastoma cell lines were treated with either 30 μg/mL poly (I:C)
or 20 ng/mL IFNγ for 24 h. (E) Western blot showing change in pSTAT1 levels when 20 neuroblastoma cell lines were treated with either tctDNA (1 μg/
mL), IFNγ, or transfection reagent control (vehicle) for 6 h. Western blots are representative of results from at least three separate experiments.
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be differentially active. To test this further, we used an NF-κB
reporter assay to measure the response to nine additional TLR
agonists in three responsive cell lines and four unresponsive cell
lines. While the responsive cell lines were also able to respond
strongly to some additional stimuli (although heterogenous), the
unresponsive lines did not show any strong responses (Fig. 3F).
Together, these data pointed toward a transcriptomic and epige-
netic state broadly unresponsive to inflammatory stimuli, includ-
ing intra- and extracellular dsRNA and additional TLR agonists.

MYCN Plays a Minor Role in dsRNA Response. Our first hypothesis
for the driver of this insensitive state was MYCN amplification
status. Amplified tumors have distinct transcriptomes (48) and,

as discussed, have lower markers of immune infiltration and
inflammatory signaling (25–28). While six nonamplified lines
responded to poly (I:C) and six others did not, only one of
eight amplified lines (CHP-212) showed any response. How-
ever, as shown in SI Appendix, Fig. S7A, this responsive ampli-
fied line does have the high level of MYCN transcript and the
robust MYCN signature (49) that is typical of MYCN-amplified
cell lines. We tested whether knocking down MYCN in unre-
sponsive amplified lines could restore response to poly (I:C).
We used either an inducible short hairpin RNA (shRNA) in
BE2(c) cells (50) or short interfering RNAs (siRNAs) in Kelly
and NLF cells and found no change in response (Fig. 4 A and
B and SI Appendix, Fig. S7B). While we achieved >80%

D

A B

C

E

Fig. 2. dsRNA-responsive cell lines respond by multiple metrics. (A) Relative enrichment of the hallmark inflammatory response signature in the indicated
cell lines treated with vehicle or 30 μg/mL poly (I:C) for 24 h as measured by QuantSeq. (B) Heat map depicting the level of the indicated cytokines in the
supernatant of the indicated neuroblastoma cell lines after treatment with vehicle or poly (I:C) for 24 h. (C) Change in surface expression of HLA-I, mea-
sured by flow cytometry, in the indicated neuroblastoma cell lines after treatment with vehicle or poly (I:C) for 24 h. MFI, mean fluorescence intensity. (D)
Heat map depicting the change in transcript expression of the indicated antigen processing and presentation genes after treatment with poly (I:C)
for 24 h as measured by QuantSeq. (E) Change in killing of neuroblastoma cells exogenously expressing MART-1 after culture with MART-1 transgenic
TCR-transfected T cells. Neuroblastoma cells were treated with the indicated agonists for 24 h then washed and cultured with the T cells. E:T ratio is the effec-
tor (T cell)-to-target (neuroblastoma) ratio. Killing was calculated by microscopy-based detection of change in cell area. A two-tailed paired t test between
biological replicates (A and C) or an ANOVA (E) were run; *P < 0.05. Error bars represent SEM between biological replicates. N.S., not significant.

4 of 12 j PNAS Wolpaw et al.
https://doi.org/10.1073/pnas.2102358119 Epigenetic state determines inflammatory sensing in neuroblastoma



knockdown in all three settings, given the supraphysiologic lev-
els of MYCN signaling in such amplified lines, it is difficult to
ascertain whether this knockdown resulted in a sufficiently
“low” MYCN state. Therefore, to further test this hypothesis,
we used two responsive nonamplified lines stably expressing a
MYCN-estrogen receptor (ER) construct (51, 52), which
allowed acute activation of MYCN signaling upon application
of an ER agonist. As shown in Fig. 4 C and D, acute MYCN

activation only modestly decreased responsiveness to poly (I:C)
and did not result in an insensitive state. Hence, we surmise
that MYCN expression alone is not sufficient to explain the dif-
ference between responsive and unresponsive cell lines.

MES State Has Active dsRNA Response. Given the recently
described MES and ADRN states of neuroblastoma cells
(35–37), we next hypothesized that these epigenetic states were

A B

C

E F

D

Fig. 3. dsRNA-responsive cell lines require TLR3 and respond to additional inflammatory stimuli. (A) Western blot depicting the expression of TLR3, RIG-I,
and MDA5 in four poly (I:C)–responsive and four unresponsive cell lines. Both the full length (FL) and an active C-terminal fragment (CT) of TLR3 are
shown. (B and C) Western blots showing the change in pSTAT1, total STAT1, and TLR3 after treatment with 30 μg/mL of poly (I:C) for 24 h with or without
CRISPR-Cas9–mediated knockout of TLR3 in the SH-EP (B) and GI-ME-N (C) cell lines. (D) Western blot showing change in pSTAT1, total STAT1, and TLR3
after treatment with poly (I:C) for 24 h with or without expression of exogenous TLR3. (E) Difference in transcript expression of genes in the TLR3 signal-
ing pathway between responsive and unresponsive cell lines as measured by QuantSeq. (F) Relative luminescence in the indicated cell lines transfected
with an NF-κB reporter after treatment with a vehicle control or the indicated TLR agonists for 6 h. Table showing the agonists used in the adjacent
experiments. Western blots are representative of results from at least three separate experiments. Either a two-tailed t test (E) or an ANOVA (F) was per-
formed: *P < 0.05 and **P < 0.01. Error bars represent SEM between biological replicates.
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associated with dsRNA and other TLR responses. Based on
published categorizations of our cell lines (35, 36) supple-
mented with additional RNA-seq data (45) for unclassified
lines (SI Appendix, Fig. S8A), we found that these states were
highly predictive of poly (I:C) responsiveness (Fig. 5A), strongly
correlated with expression of TLR3 itself in cell lines and
tumors (SI Appendix, Fig. S8B), and predictive of histone 3
lysine 27 (H3K27) acetylation near the TLR3 promoter (SI
Appendix, Fig. S8C). All of the unresponsive cell lines were
ADRN, while all but one responsive cell lines were MES. Inter-
estingly, SH-EP and SH-SY5Y cell lines are subclones from the
same parent line (53) and have been classified as MES and
ADRN, respectively (35). Concordantly, SH-EP is responsive
to poly (I:C), while SH-SY5Y is unresponsive. Lastly, the only
MYCN-amplified line that responds to poly (I:C) is the only
MYCN-amplified line in the MES state.

To determine whether the MES epigenetic state was simply
correlated with dsRNA responsiveness or whether it was caus-
ally related, we sought to determine if altering the epigenetic
state would also result in a change in dsRNA responsiveness.
As has been described (35), we inducibly expressed the mesen-
chymal transcription factor PRRX1 (or luciferase as a control)
in the ADRN BE2(c) cell line. As shown in Fig. 5B, this
resulted in a loss of the adrenergic marker PHOX2A and new
expression of the mesenchymal markers SNAI2 and YAP1.
QuantSeq data after a 14-d PRRX1 induction showed a strong
increase in the MES signature score (35) to a level comparable
to native MES lines (Fig. 5C), although only a modest decrease
in the ADRN score was evident. This switch also resulted in
TLR3 protein expression (Fig. 5B), an increase in transcript
levels of TLR3 and multiple other genes in the TLR3 pathway

(SI Appendix, Fig. S9A), and a stark conversion from unrespon-
sive to dsRNA to fully responsive (Fig. 5D). Similar to our find-
ings with Kelly and NLF cells, expression of TLR3 alone did
not restore response to poly (I:C) in BE2(c) cells (SI Appendix,
Fig. S9B). After PRRX1 expression, responsiveness measured
by STAT1 phosphorylation was accompanied by up-regulation
of inflammatory expression signatures (Fig. 5E and SI Appendix,
Fig. S10), secretion of inflammatory cytokines (Fig. 5G and
SI Appendix, Fig. S11), increased HLA-I surface expression
(Fig. 5F), and increased expression of antigen processing and
presentation genes (Fig. 5H), all of which were absent in the cell
line without induction of transgene expression or expressing a
luciferase control. To confirm that the connection between cell
state and dsRNA response is not limited to this single cell line,
we expressed PRRX1 in the ADRN SH-SY5Y cell line with a
similar result (SI Appendix, Fig. S9 C and D).

MES State Activates Additional Sensing Pathways and Has an
Elevated Basal Inflammatory State. While these findings indicate
that cells in the MES state are responsive to stimulation of TLR3,
we next asked whether the MES state is also associated with the
broader active inflammatory sensing we identified in poly
(I:C)–responsive cell lines. The first evidence to suggest that this
is the case is that PRRX1 expression led to full restoration of the
pSTAT1 response to poly (I:C), unlike exogenous TLR3 expres-
sion in insensitive lines, which did not lead to a response (Figs.
3D and 5D, and SI Appendix, Fig. S9 B and D). We next looked at
the correlation between the MES gene signature (35) and the
transcripts of receptors, adaptors/signaling proteins, and effector
transcription factors involved in TLR and other pattern recogni-
tion receptor signaling in addition to how these transcripts
changed with PRRX1 expression. In bulk tumors, nearly all of
the examined transcripts were highly correlated with the MES
signature, although this could be confounded by expression in
stromal and immune cells. However, in addition to TLR3, several
other transcripts involved in pattern recognition signaling were
also highly correlated in two different cell line transcriptomic
datasets (SI Appendix, Table S1 and Fig. S12A) and also increased
with PRRX1 expression in our cells (SI Appendix, Fig. S12B).
This included STING, which is activated by cGAS signaling, and
the NF-κB subunit RELB as well as TLR4 and TLR6. TLR4 is
notably the receptor for the ligand LPS that was active in all three
mesenchymal cell lines that were tested for response (Fig. 3F).
Concordantly, PRRX1 expression in BE2(c) cells resulted in a
new sensitivity to LPS (Fig. 6A).

We next examined the relationship between MES and ADRN
signatures and the basal inflammatory state in neuroblastoma by
looking at correlations with inflammatory signaling gene sets. In
tumors, which are thought to be a heterogenous mix of the two
states, we found that the MES signature score was highly corre-
lated with both an inflammatory signaling gene set and with a
transcriptional signature of cytotoxic T cell infiltration (Fig. 6B).
This was also true for inflammatory signaling in cell lines (Fig.
6C), and the reverse was true for the ADRN signature. PRRX1
expression in BE2(c) cells resulted in an increase in the inflam-
matory gene set to a level indistinguishable from the MES lines
(Fig. 6D). These strong correlations were not driven by overlap-
ping genes in the gene sets; for example, of the 200 total genes
in the hallmark inflammatory signaling gene set, 5 are in the
485-gene MES gene signature and 3 are in the 369-gene ADRN
gene signature. There is no overlap between the genes in the
MES and ADRN signature and the cytotoxic T cell infiltration
signature. Furthermore, even without treatment with poly (I:C),
responsive MES neuroblastoma cell lines have higher surface
HLA-I expression (SI Appendix, Fig. S12C), and PRRX1 expres-
sion increases it in BE2(c) cells (SI Appendix, Fig. S12D). Simi-
larly, the transcripts of HLA-I and multiple other genes involved
in antigen presentation and processing are both higher in the

D
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Fig. 4. MYCN is insufficient to fully change dsRNA-sensing state. (A)
Western blot showing changes in pSTAT1, STAT1, TLR3, and MYCN when
BE2(c) cells expressing an inducible shRNA, either a scramble control or
targeting MYCN, were treated with either vehicle or doxycycline (dox) for
72 h, at which point they were then treated with either vehicle or 30 μg/
mL poly (I:C) for 24 h (with continued dox or vehicle). (B) Change in lumi-
nescence detected after the cells used in A were transfected with an NF-κB
reporter and then treated as described in A. N.S., not significant. (C) West-
ern blot showing changes in pSTAT1, STAT1, and TLR3 when SH-EP or SK-
N-AS cells expressing a MYCN-ER construct were treated with vehicle or
4-hydroxytamoxifen (4-OHT) for 24 h, at which point they were treated
with either vehicle or poly (I:C) for 24 h (with continued 4-OHT or vehicle).
(D) Change in luminescence detected after the cells used in C were trans-
fected with an NF-κB reporter and then treated as described in C. Each bar
shows the increase comparing vehicle to poly (I:C) treatment in the speci-
fied cell line and MYCN-ER on/off condition. Western blots are representa-
tive of results from at least three separate experiments. A two-tailed
paired t test between biological replicates was performed; *P < 0.001.
Error bars represent SEM between biological replicates.
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poly (I:C)–responsive MES lines and increased by PRRX1
expression (SI Appendix, Fig. S12 E and F). Finally, using ATAC-
seq, we found that that three of the ten genes involved in antigen
processing and presentation that increased at the transcript level
were significantly more accessible in responsive lines than in unre-
sponsive cell lines (SI Appendix, Fig. S12G). Hence, the MES epi-
genetic state not only has activated TLR3 signaling but also shows
activation of additional immune sensing pathways and has an ele-
vated basal inflammatory state.

To address the question of whether tonic stimulation of TLRs
might drive an enhanced state of inflammatory signaling and
sensing, we used CRISPR-Cas9 to knockout TLR3, MYD88, or
both in an MES cell line background (SH-EP MYCN-ER).
MYD88 is a coreceptor involved in signaling through all TLRs
other than TLR3 (54). MYD88-knockout cells, but not TLR3-
knockout or double-knockout cells, continued to respond to poly
(I:C) (SI Appendix, Fig. S13A), demonstrating that tonic stimula-
tion of a TLR other than TLR3 is not required for active sensing
of dsRNA. To test whether tonic signaling through TLRs might
drive the differences in basal inflammatory transcriptional signa-
tures between ADRN and MES cells, we identified the 50 genes
that were most significantly altered between ADRN and MES
cell lines from the 200-gene hallmark inflammatory response
gene set. Using QuantSeq, we found that these genes are largely
unaltered by knocking out TLR3 or both TLR3 and MYD88 (SI
Appendix, Fig. S13B). These observations indicate that increased
inflammatory sensing and higher transcriptional signatures of
inflammation in MES cell lines are not a result of tonic stimula-
tion of TLRs.

Immune Infiltration of Xenograft Tumors from MES and ADRN Cell
Lines. Given that MES cell lines have elevated expression of
inflammatory sensors and a higher basal inflammatory state, we
asked if these features would persist in vivo and trigger immune
infiltration compared to ADRN cell lines. We implanted two
MES cell lines (SK-N-AS and GI-ME-N) and two ADRN lines
(Kelly and IMR-5) into CB17 severe combined immunodefi-
ciency (SCID) mice, which lack T and B cells but retain NK
and myeloid cells. The MES SH-EP cell line is not tumorigenic
(55, 56) and was not tested, and the GI-ME-N cells also did not
form tumors in SCID mice. Tumors formed from the MES SK-
N-AS cells and the two ADRN cell lines. Using a human-
specific TLR3 antibody, we found that only SK-N-AS tumors
expressed TLR3 in vivo (SI Appendix, Fig. S14A), consistent
with our cell culture findings. Notably, there were stark differ-
ences between the basal immune infiltration of tumors from
MES and ADRN cell lines. The SK-N-AS tumors had more
than three times as many CD45 cells, including more dendritic
cells, macrophages, and monocytic myeloid-derived suppressor
cells (M-MDSCs), compared to the ADRN line–derived
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Fig. 5. Epigenetic state determines dsRNA responsiveness. (A) Table
showing the cell lines used, their MYCN amplification status (A, amplified;
NA, nonamplified), their dsRNA response, and their epigenetic state. Epi-
genetic state was determined based on prior reports (SH-EP, SK-N-AS,
GI-ME-N, ACN, SH-SY-5Y, IMR32, BE2c, and SK-N-FI from ref. 35; CHP-212,
SK-N-SH, NB-69, NBEBc1, and SK-N-DZ from ref. 36) or from an expression
signature-based comparison with characterized lines as shown in SI
Appendix, Fig. S8A. (B) Western blot showing changes in the adrenergic
marker PHOX2A, the mesenchymal markers SNAI2 and YAP1, and TLR3
after inducible expression of luciferase (Luc) or PRRX1 for the indicated
number of days. Both the FL and an active CT of TLR3 are shown. (C) Rela-
tive enrichment of the mesenchymal (Left) and adrenergic (Right) expres-
sion signatures in the indicated cell lines as measured by QuantSeq. Induc-
ible BE2(c) cells expressing either Luc or PRRX1 were treated with vehicle
or dox for 14 d prior to analysis. (D) Western blot showing changes in
pSTAT1 and total STAT1 when BE2(c) cells inducibly expressing either Luc
or PRRX1 were treated with vehicle or dox for the indicated number of
days and treated with vehicle or 30 μg/mL poly (I:C) for 24 h. (E) Relative
enrichment of the hallmark inflammatory response signature in BE2(c)

cells expressing inducible Luc or PRRX1 treated with vehicle or dox for
14 d and treated with vehicle or poly (I:C) for 24 h, as measured by Quant-
Seq. (F) Change in surface expression of HLA-I, measured by flow cytome-
try, in BE2(c) cells expressing inducible Luc or PRRX1 treated with dox for
the indicated number of days and treated with vehicle or poly (I:C) for
24 h. (G) Heat map depicting the level of the indicated cytokines in the
supernatant of the indicated neuroblastoma cell lines after treatment
with vehicle or poly (I:C) for 24 h. Inducible BE2(c) cells were treated with
either vehicle (DMSO) or dox for 14 d prior to poly (I:C) treatment. The red
arrow highlights the BE2(c) cells with PRRX1 turned on and treated with
poly (I:C). (H) Heat map depicting the change in transcript expression of
the indicated antigen processing and presentation genes after treatment
with poly (I:C) for 24 h as measured by QuantSeq. Inducible BE2(c) cells
were treated with either vehicle (DMSO) or dox for 14 d prior to poly (I:C)
treatment. Western blots are representative of results from at least three
separate experiments. A two-tailed paired t test between biological repli-
cates was performed; *P < 0.05 and **P < 0.02. Error bars represent SEM
between biological replicates. N.S., not significant.
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tumors (Fig. 6E). We injected the tumors with poly (I:C) to test
if there were differences in tumor-intrinsic responses. We found
that treatment increased human TLR3 only in the MES SK-N-
AS–derived tumors (SI Appendix, Fig. S14A), consistent with
the feed-forward signaling we see in cell lines (Figs. 3 B–D and
4C). Similarly, immunohistochemical staining for pSTAT1 was
only detected after poly (I:C) treatment in the MES SK-N-
AS–derived tumors (SI Appendix, Fig. S14B). Nontumor cells in
the immune microenvironment have active dsRNA sensing and
are predicted to respond to poly (I:C). Consistently, poly (I:C)
increased infiltration of immune cells in tumors from both MES
and ADRN cell lines (SI Appendix, Fig. S14C). These findings
demonstrate that the increased basal inflammatory signaling in
the MES SK-N-AS cell line observed in vitro corresponds to
increased immune cell infiltration in vivo compared to ADRN
cell lines. Local injection of poly (I:C) increased TLR3 and
pSTAT1 only in tumors from the MES SK-N-AS line, but
immune cell infiltration increased in tumors from both MES
and ADRN cell lines.

Single-Cell RNA Sequencing Shows that MES Signature in Human
Tumor Cells Correlates with Inflammatory Signature In Vivo. Lastly,
we asked whether MES/ADRN states are associated with
inflammatory signaling in human neuroblastoma cells in vivo.
To address this, we analyzed single-cell RNA sequencing
(scRNAseq) data from 10 untreated adrenal high-risk neuro-
blastomas that were recently published (57). Classification by
cell identity marker genes demonstrated that the majority of
cells showed a neuroendocrine phenotype with smaller num-
bers of immune cells and stromal cells (Fig. 7A). We then used
the same approach taken by the authors of this study to infer
chromosomal copy number variations (CNVs) from the tran-
scriptomic data individually for each sample, which allowed for
separation of presumed tumor and nontumor cells (SI
Appendix, Fig. S15A). Similar to the original study, we did not
identify a transcriptionally distinct population of pure tumor
cells with mesenchymal markers. However, there is substantial
transcriptional variability within the tumor compartment,
including within individual tumors (SI Appendix, Fig. S15A).
We therefore asked whether cells with stronger ADRN or MES
signatures could be identified. Indeed, the two signatures were
negatively correlated overall and in every tumor (Fig. 7B and SI
Appendix, Fig. S15B). We then compared the MES signature to
the hallmark inflammatory signature and found that these sig-
natures were strongly positively correlated overall and in every
individual tumor (Fig. 7C and SI Appendix, Fig. S15C). If the
cells with the highest MES score and lowest ADRN score are
compared to the cells with the lowest MES and highest ADRN
score, the difference in the inflammatory signature is even
more striking (Fig. 7D). This demonstrates that in human neu-
roblastoma tumors, cells with stronger MES signatures have
higher levels of basal inflammatory transcripts compared to
those with stronger ADRN signatures. Similar to cell lines with
higher MES character, we postulate that these cells are thus
likely to be uniquely vulnerable to inflammatory stimuli and
therefore may be more susceptible to immune-based therapies.
Given the reports of chemotherapy resistance in this subset of
cells, immune targeting of these cells has the potential to
improve outcomes and decrease relapse in neuroblastoma.

Discussion
Immunotherapy has had a transformative effect on cancer ther-
apy. This includes neuroblastoma, as antibodies against GD2
improve survival when combined with immune-stimulating
cytokines, although a cure remains elusive in large numbers of
patients. Other immunotherapies, such as checkpoint inhibitors
and CAR T cells, have had limited efficacy. Here, we show that

neuroblastoma is a particularly difficult challenge, even among
cold tumors. Using cell line transcriptomic data, we found that
neuroblastoma cells are the most deficient in inflammatory sig-
naling among the 37 cancer histologies examined. While such
analysis will be more definitively performed once widespread
scRNAseq data are available across tumor types, the current
data provide further evidence that neuroblastoma cells lack
substantial inflammatory signaling at baseline. However, there
is reason for optimism that altering that cold state may allow
improved entry, persistence, and activity of activated immune
cells (6, 7). As a precursor to enhancing immunotherapy in
neuroblastoma, we investigated the pathways that could be
stimulated in order to activate inflammatory signaling in neuro-
blastoma cells.

Multiple prior studies have shown that neuroblastoma cell
lines increase HLA-I upon stimulation with IFNγ (24, 43, 44).
Consistent with this finding, we found that all cell lines gener-
ated an increase in pSTAT1 upon treatment with IFNγ. A prior
clinical study treated neuroblastoma patients with IFNγ (58,
59), and a more recent analysis (44) showed that this increased
T cell infiltration and HLA-I expression in human tumors and
had similar effects in mouse models. This study was done prior
to the development of checkpoint inhibitors, but such an
approach could be revisited.

We found that only one of the 20 cell lines tested had detect-
able expression of cGAS or responded to transfected DNA. Sens-
ing by cGAS has been implicated in driving inflammatory
responses to chromothripsis (12), an important process in poor-
prognosis neuroblastoma (60). Silencing of cGAS expression in
neuroblastoma may result from selective pressure imposed by the
immune-stimulating effects of chromothripsis or of extrachromo-
somal circular DNA, which is found widely in neuroblastoma,
including as a frequent mechanism of MYCN amplification (61).
Given the essential role of cGAS–STING signaling in mediating
a productive interaction between radiation therapy and ICB (17),
our findings suggest that radiation therapy could be optimized by
strategies to activate cGAS–STING in neuroblastoma to improve
the systemic immune response.

We focused on the heterogenous responses of neuroblas-
toma cells to the dsRNA mimetic poly (I:C). Response to poly
(I:C) has previously been explored in neuroblastoma, with most
studies focused on activation of cell death (62–65). Rather than
induction of cell death, we concentrated on activation of
inflammatory signaling, as this was our goal and since we saw
little to no death after short treatments (<48 h). A prior study
showed that in some neuroblastoma cell lines, poly (I:C) can
increase PD-L1 and MHC-I surface expression, secretion of
inflammatory cytokines, and activation of T cells (66). Consis-
tent with this study, we found a subset of neuroblastoma cell
lines that responded to treatment with poly (I:C), which
resulted in multiple changes associated with an improved
immune response. This included activation of an inflammatory
transcriptome, secretion of immune-recruiting cytokines, activa-
tion of THP-1 cell migration by conditioned medium, and
increased antigen presentation. Concordantly, poly (I:C)
increased the in vitro killing of neuroblastoma cells by T cells,
and to a lesser extent NK cells, but only in a responsive line.

Prior studies in neuroblastoma had noted some differences in
TLR3 expression and responses to poly (I:C) (63–66), but none
linked these differences to neuroblastoma epigenetic states. In
retrospect, the responsive cell lines in these studies are from the
MES subtype, consistent with our results. Our use of a large cell
line panel allowed us to connect MES and ADRN states with
dsRNA sensing. By showing that inducing a shift toward the
MES state in an unresponsive ADRN cell line is sufficient to
convert it to a poly (I:C)–responsive state, we show that epige-
netic state is more relevant than MYCN amplification status and
connect these epigenetic states to inflammatory sensing. This
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connection had not been previously made, to our knowledge.
However, perhaps more importantly than differences in sensing
themselves, this connection led us to the finding of a higher basal
inflammatory state in MES cells. This state has increased expres-
sion of antigen processing and presentation genes, more surface
expression of HLA-I, and higher levels of transcriptomic signa-
tures that correlate with immunotherapy responses (4, 5).

Using a published scRNAseq dataset (57), we were able to
show that within human tumors, neuroblastoma cells with
stronger MES signatures have higher basal levels of inflamma-
tory signaling. This observation suggests that MES cells are
likely to be more responsive to inflammatory stimuli and more
sensitive to immunotherapies. Similar to the findings of the

group that originally published this dataset, we did not identify
a distinct population of tumor cells with mesenchymal markers.
However, the tumor cells have substantial transcriptional het-
erogeneity, including cells with higher MES and lower ADRN
signatures. As this dataset is composed exclusively of untreated
adrenal primary tumors, it may be that MES populations
become more distinct after therapy or at relapse.

The optimal approach to translating knowledge about the
status of neuroblastoma immune sensing pathways remains an
open question. Future work will be required to understand the
relative contributions of tumor cell-intrinsic sensing and of acti-
vation of sensors in nontumor cells. As mentioned, IFNγ has
been used in neuroblastoma patients in the past, although such

Fig. 6. Epigenetic state controls additional TLRs and correlates with basal inflammatory state and basal immune infiltration. (A) Change in expression of
TNFAIP3 as measured by qPCR after treatment with the indicated agonists for 6 h in BE2(c) cells after treatment with vehicle or dox for 14 d. (B) Compari-
son of the MES or ADRN signature scores (35) to the enrichment of the hallmark inflammatory response signature and to a cytotoxic T cell infiltration sig-
nature (82) in 498 neuroblastoma tumors (83). Data were obtained from and analyzed in R2 (https://hgserver1.amc.nl:443/). (C) Comparison of the MES or
ADRN signature scores to the enrichment of the hallmark inflammatory response signature in 23 neuroblastoma cell lines (data from GSE28019). Data
were obtained from and analyzed in R2 (https://hgserver1.amc.nl:443/). (D) Relative enrichment of the hallmark inflammatory response signature in the
indicated neuroblastoma cell lines as measured by QuantSeq. BE2(c) cells expressing inducible Luc control or PRRX1 were treated with vehicle or dox for
14 d. (E) Relative infiltration of xenograft tumors from the indicated cell lines with the indicated immune cell types, as measured by flow cytometry and
presented as percent of live cells. DC, dendritic cell. An ANOVA comparing biological replicates was performed; *P < 0.05, **P < 0.02, and ***P < 0.001.
Error bars represent SEM between biological replicates. NS, not significant.

M
ED

IC
A
L
SC

IE
N
CE

S

Wolpaw et al.
Epigenetic state determines inflammatory sensing in neuroblastoma

PNAS j 9 of 12
https://doi.org/10.1073/pnas.2102358119



a treatment has potential systemic drawbacks. STING agonists
have generated significant interest across oncology (67), includ-
ing neuroblastoma (68). A more stable analog of poly (I:C) was
used systemically in neuroblastoma patients (69), without sig-
nificant efficacy and with marked systemic side effects, although
a more recent study using a different dosing scheme showed lit-
tle toxicity and some efficacy in children with brain tumors (70)
and is currently being used widely in clinical trials. These stud-
ies did not account for the potential presence of cell states with
differential therapeutic responses.

Our data suggest that an understanding of MES and ADRN
states may contribute to the choice of the optimum immunosti-
mulatory pathway to use in neuroblastoma and the most advanta-
geous timing. For example, therapies that aim to target STING
or TLRs may be more effective at later stages of therapy when
responsive MES cells compose a higher percentage of remaining
tumor cells. Indeed, the higher basal inflammatory state of resid-
ual MES cells may in part explain the effectiveness of anti-GD2
antibody immunotherapy when used in a minimal residual dis-
ease state (32). Comparatively, there is a relatively poor response
when used alone in the setting of bulk tumor (71), which is likely
to contain a significant portion of immunologically quiescent
adrenergic cells. However, responses are much better when anti-
GD2 therapy is combined with chemotherapy (33, 34), which
may allow for targeting of both states simultaneously.

We found that tumor xenografts derived from an MES cell
line had markedly increased basal immune infiltration in vivo
compared to ADRN line–derived tumors, consistent with the
elevated inflammatory state in MES cell lines. To extend our
findings, immunocompetent animal models are needed. The lack
of tractable immunocompetent models of MES and ADRN
states is a limitation of the current study and in the field more
broadly. The most widely used neuroblastoma genetically engi-
neered mouse model is the tyrosine hydroxylase (TH)-MYCN

model, with MYCN expressed from the TH promoter (72).
There is some evidence that cells from these tumors can assume
an MES-like state in the setting of treatment resistance (39).
However, TH expression is much lower in the MES state (38),
which in the TH-MYCN model may decrease expression of
MYCN and diminish tumorigenesis. Further work is first needed
to explore the MES and ADRN states in the TH-MYCN and/or
other neuroblastoma models.

In conclusion, our studies uncover an unforeseen link between
neuroblastoma epigenetic states and inflammatory signaling.
Only the MES state has functional dsRNA sensing and active sig-
naling through other TLRs. In responsive cells, dsRNA leads to
increased inflammatory signaling, antigen presentation, and anti-
tumor immune cytotoxicity. Given the distinct transcriptional and
regulatory networks of MES and ADRN cells and the resistance
of the MES state to cytotoxic chemotherapy, it is likely that cur-
ing neuroblastoma will require simultaneous targeting of both
states with separate, but perhaps synergistic, therapies. Our data
suggest that immune-directed therapies, particularly harnessing T
cells, may be able to exploit the elevated basal inflammatory sig-
naling and sensing of the MES state.

Materials and Methods
Additional information is provided in SI Appendix, Supplementary Materials
andMethods and Tables S2 and S3.

Cell Culture. Cell lines were generous gifts from Drs. Marie Arsenian-
Henriksson, Michael Hogarty, JohnMaris, Michael Milone, Alessandro Gardini,
and Linda Valentijn or purchased from either the German Collection of Micro-
organisms and Cell Cultures or the Interlab Cell Line Collection (specific details
in SI Appendix, Table S2). Cells were maintained at 37 °C and 5% CO2 in a
humidified incubator and cultured with medium components listed in SI
Appendix, Table S2. Cell identities were verified by short tandem repeat pro-
filing and routinely tested negative for mycoplasma contamination.

CRISPR-Cas9. LentiV_Cas9_neo and the LRG2.1T vectors were gifts from Dr.
Junwei Shi. The indicated cells were infected with lentivirus prepared from
the LentiV_Cas9_Neo vector and then selected with G418. Guide RNAs were
designed using https://www.benchling.com/, purchased from Integrated DNA
Technologies, phosphorylated and annealed, and then digested and ligated
into the LRG2.1T vector containing green fluorescent protein (GFP). Lentivirus
was prepared, and stable Cas9-expressing cells were infected. Single GFP-
positive cells were flow sorted into the wells of a 96-well plate in order to iso-
late single-cell clones. Sequences of single guide RNAs (sgRNAs) are listed in SI
Appendix, Table S3.

Cytokine Profiling. Cytokine profilingwas performed by the Human Immunol-
ogy Core at the University of Pennsylvania using the Luminex FlexMap 3D sys-
tem (EMD Millipore). A MILLIPLEX human cytokine 48-plex panel (Millipore
Sigma HCYTA-60K-PX48) was run using supernatant from cells cultured in the
presence or absence of 30 μg/mL poly (I:C) for 24 h. Samples were run in bio-
logical triplicate. Cytokine concentrations were obtained by comparison to a
standard curve.

T Cell and NK Cell Killing Assays. Primary human T cells were collected, trans-
fected, and expanded as previously described (47) and stored as frozen ali-
quots on day 13 after bead activation. T cells were thawed, rested for 1 d, and
activated with ImmunoCult Human CD3/CD28 T Cell Activator (Stem Cell Tech-
nologies) following the manufacturer’s protocol. T cell cultures were fed with
fresh 10% Roswell Park Memorial Institute medium (RPMI) supplemented
with human IL-2 (20 IU/mL; Stem Cell Technologies) every 2 to 3 d to maintain
1 × 106 cells/mL. T cells were rested for a minimum of 11 d before use in func-
tional assays. Primary human NK cells were obtained from healthy donors in
the Human Immunology Core at the University of Pennsylvania. Fresh NK cells
were activated and expanded using NK MACS medium (Miltenyi Biotec, 130-
114-429) supplemented with 5% AB human serum (Sigma Millipore, H4522)
containing 500 IU/mL recombinant human IL-2 (Peprotech, 200-02) and 5 ng/
mL recombinant human IL-15 (Peprotech, 200-15). At day 14 after expansion,
expanded NK cells were cryopreserved in fetal bovine serum with 10%
dimethyl sulfoxide (DMSO) and added directly to neuroblastoma cells after
thawing and centrifugation to remove DMSO. Neuroblastoma cells were
seeded in 96-well plates and then treated with vehicle, 30 μg/mL poly (I:C), or
20 ng/mL IFNγ for 24 h. Cells were then washed with medium, and T cells or
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Fig. 7. scRNAseq in human neuroblastoma shows that inflammatory sig-
nature correlates with MES signature. (A) UMAP plot showing cell type dis-
tributions in the 10 pooled samples. (B) Correlation (Cor) between the
MES and ADRN gene signatures (35) in the cells determined to be tumor
based on CNV. Cells are shown from all 10 samples. The quadrant in red is
defined as high MES/ADRN ratio, and the quadrant in blue is defined as
low MES/ADRN ratio. (C) Correlation between the hallmark inflammatory
response signature (41) and the MES signature in the cells determined to
be tumor based on CNV. Cells are shown from all 10 samples. (D) Graph
depicting the hallmark inflammatory signature score for each cell with
high MES/ADRN ratio (red) versus low MES/ADRN ratio (blue) as defined in
B. The black bar indicates the mean. A two-tailed t test between indicated
groups was performed; ***P < 0.001.

10 of 12 j PNAS Wolpaw et al.
https://doi.org/10.1073/pnas.2102358119 Epigenetic state determines inflammatory sensing in neuroblastoma



NK cells were added at the indicated effector-to-target ratio. After 18 h, 12
nonoverlapping fields per well of a 96-well plate were captured with a 10×
objective using a Nikon Ti-E Automated Inverted Microscope with NIS-
Elements AR. The NIS Jobs template “Fixed Cells” was used to define image
acquisition parameters. Tagged image format (TIF) images were processed
and converted to simple segmentation images using the Ilastik 1.3.3 (interac-
tive machine learning for [bio]image analysis) tool (73). The simple segmenta-
tion images were analyzed for GFP area in CellProfiler 4.07 (cell image analysis
software) (74) and exported intoMicrosoft Excel.

Tumor Xenografts. Cells were expanded in culture, dissociated, counted, and
resuspended in 50% Matrigel in phosphate-buffered saline. They were then
injected subcutaneously into the shaved flank of 6- to 8-wk-old male CB17
SCID mice (Taconic), with 4 × 106 cells in 100 μL total volume. Tumors were
monitored with digital caliper measurements. Tumors that reached 500 mm3

were injectedwith either 50 μL of 1 mg/mL VacciGrade poly (I:C) or with saline
control. Twenty-four hours after injection, mice were killed, and tumors were
dissected. A portion was flash frozen and subsequently used for Western
blots, a portion was fixed in formalin for subsequent use in immunohisto-
chemistry (IHC), and a portion was immediately processed for flow cytometric
analysis. All animal studies were approved by the Wistar Institute Animal Care
and Use Committee (Institutional Animal Care and Use Committee proto-
col 201189).

QuantSeq. RNA was extracted using the Qiagen RNeasy Plus mini kit (74134)
after homogenization by centrifugation in QIAShredder (79656) microcentri-
fuge tubes. RNA quantity was determined using the Qubit 2.0 Fluorometer
(Thermo Fisher Scientific), and the quality was validated using the TapeStation
RNA ScreenTape (Agilent). Two hundred nanograms of DNase I–treated total
RNAwas used to prepare the library for Illumina sequencing using a QuantSeq
30 mRNA-Seq Library Preparation kit (Lexogen). Library quantity was deter-
mined using qPCR (KAPA Biosystem). Overall library sizewas determined using
the Agilent TapeStation and the DNA High Sensitivity D5000 ScreenTape (Agi-
lent). Equimolar amounts of each sample library were pooled, denatured, and
sequenced using high-output, single-read, 75-bp-cycle Illumina NextSeq 500
sequencing kits. Next-generation sequencing was done on a NextSeq
500 (Illumina).

Database and QuantSeq Analysis. Data were downloaded from the Broad
CCLE portal (https://sites.broadinstitute.org/ccle) , fromGSE89413 (45), or from
PedcBioPortal (https://pedcbioportal.kidsfirstdrc.org:443/saml/discovery?entity
ID=d3b-center.auth0.com&returnIDParam=idp) (46) as fragments per kilobase
of exon per million mapped fragments (FPKM) values and converted to log2
(FPKM + 1). For QuantSeq, raw RNA-seq reads were trimmed using Trimmo-
matic v.0.39 (75), and data were aligned using the bowtie2 (76) algorithm
against the hg38 human genome version. RSEM v1.2.12 software (77) was
used to estimate read counts using gene information from Ensembl transcrip-
tome version GRCh37.p13. Mesenchymal and adrenergic gene sets were taken
from van Groningen and colleagues (35). Other gene sets were downloaded
from the Molecular Signatures Database (http://www.gsea-msigdb.org/gsea/
index.jsp). Each gene in each signature was z transformed across the samples
included in the analysis, and the signature score was calculated as the average

of the z-transformed gene scores. Other datasets were analyzed with tools
built into the R2: Genomics Analysis and Visualization Platform (http://r2.
amc.nl).

scRNAseq Analysis. Count matrices for single-cell analysis were downloaded
from GSE137804. Patients with tumors that were not classified as high-risk
were excluded from the analysis. Of note, sample T71 was excluded as the clin-
ical description provided does not fit standard Children’s Oncology
Group–defined high-risk group status based on age, stage, and MYCN status.
Gene expression matrices for each sample were analyzed using the Seurat
package (78). DoubletFinder (79) was used to remove doublets. Cells with less
than 500 features, 1,000 counts (unique molecular identifier [UMI]/cell), or
greater than 10% mitochondrial counts were filtered out. The most variable
genes were used to perform principal component analysis, and the top 20
principal components were included to perform Louvain clustering. Uniform
manifold approximation and projection (UMAP) was generated using the Seu-
rat package. Samples were integrated using Harmony (80). Cell types were
annotated using the following gene markers: PHOX2B, DBH, TH, ISL1, GATA3,
and HAND2 for neuroendocrine cells; HGBB and HGBD for red blood cells;
CD2, CD3D, and CD247 for T cells; CD79A, PAX5, and BANK1 for B cells; CD14
and CD68 for myeloid cells; COL1A1, LAMA2, and COL3A1 for fibroblasts; and
VWF, CALCRL, and FLT1 for endothelial cells. In order to identify malignant
cells, inferCNV (81) was used. Specifically, inferCNV was applied for each sam-
ple using sympathoblasts, myeloid cells, and fibroblasts from fetal adrenal
samples F6, F7, F106, and F107 as a reference. To determine the ADRN, MES,
and inflammatory score of each cell, the AddModuleScore function in the Seu-
rat R package was applied using previously published signatures (35, 41). Pear-
son correlations were calculated between adrenergic and mesenchymal score
vectors and between inflammatory andMES score vectors.

Data Availability. The 30 mRNA-seq and ATAC-seq data have been deposited
in the Gene Expression Omnibus under accession number GSE182052. Previ-
ously published data were used for this work (multiple sources of publicly
available RNA-seq and chromatin immunoprecipitation-sequencing data were
used and are cited in the text and/or figure legends).
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