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Neuroblastoma (NB) is a childhood tumor that originates in the peripheral
sympathetic nervous system and is responsible for 15% of cancer-related deaths
in the pediatric population. Despite intensive multimodal treatment, many patients
with high-risk NB relapse and develop a therapy-resistant tumor. One of the
phenomena related to therapeutic resistance is intratumor heterogeneity resulting
from the adaptation of tumor cells in response to different selective environmental
pressures. The transcriptional and epigenetic profiling of NB tissue has recently
revealed the existence of two distinct cellular identities in the NB, termed
adrenergic (ADRN) and mesenchymal (MES), which can spontaneously
interconvert through epigenetic regulation. This phenomenon, known as tumor
plasticity, has a major impact on cancer pathogenesis. The aim of this review is to
describe the peculiarities of these two cell states, and how their plasticity affects
the response to current therapeutic treatments, with special focus on the
immunogenic potential of MES cells. Furthermore, we will discuss the
opportunity to combine immunotherapy with chemotherapy to counteract NB
phenotypic interconversion.
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1 Introduction

Neuroblastoma (NB) is a malignant tumor arising from
primitive neuronal crest cells of the developing sympathetic
nervous system (SNS), and is the most common extracranial solid
tumor in children, responsible for 15% of childhood cancer deaths
(1, 2). Patients with high-risk NB receive a very intensive
multimodal treatment regime, including induction chemotherapy,
surgery, high-dose treatment with allogeneic stem cell
transplantation and radiotherapy. This is then followed by
isotretinoin and anti-GD2 monoclonal antibody to treat any
residual disease (3). Although most high-risk NB patients initially
respond to treatment, often with complete clinical remission, many
of these relapse by developing therapy-resistant tumors (4). The
onset of chemoresistance is a phenomenon typically related to
intratumoral heterogeneity (ITH) (4).

NB ITH originally demonstrated in isogenic tumor-derived cell
lines consisted on the presence of multiple cell types that differed in
morphology, tumorigenic properties, and biochemical markers (5,
6). Based on their characteristics, the cells were defined as: (i)
neuroblastic (type N), (ii) substrate-adherent (type S) and (iii)
intermediate (type I) with a mixed and more aggressive
phenotype, referred to as ‘malignant NB stem cells’ (5, 6).

Recent gene expression and epigenetic profiling of 33 different
NB cell lines have provided insight into the details of NB ITH. van
Groningen and colleagues identified two predominant cell
identities, named adrenergic (ADRN) and mesenchymal (MES),
that can spontaneously interconvert through epigenetic regulation
(7-9). The phenotypic characteristics of these two cell populations
are largely determined by the activation of specific transcriptional
circuitries: while ADRN cells express markers of sympatho-
adrenergic differentiation, MES cells appear undifferentiated and
more similar to their neural crest progenitors (7, 8). Interestingly,
the ADRN and MES classification coincides with the characteristics
previously described for N/I-type and S-type cells, respectively (10).

The potential for interconversion between different cell states, is
known as tumour plasticity and has recently been proposed as a
new ‘emerging hallmark of cancer’ (11). Indeed, it can lead to the
expression of phenotypic characteristics that may be advantageous
in the presence of selective pressures and contribute to drug
resistance and cancer progression.

In this review, we focus on the peculiarities of ADRN and MES
cell states, and how their plasticity may influence the response to
current therapeutic standards. Furthermore, we discuss how the
combination of chemotherapy and immunotherapy has the
potential to successfully target the dual nature of NB, possibly
improving the prognosis of these young patients.

2 Plasticity of neuroblastoma: from
adrenergic to mesenchymal cell
lineage and back

Several studies have demonstrated that it is possible to induce
ADRN/MES trans-differentiation in vitro by acting on lineage-
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specific core regulatory circuits (CRCs). In 2017, Van Groningen
and colleagues showed that the over-expression of the Paired
related homeobox protein 1 (PRRX1) gene, a MES-specific CRC
transcription factor (TF), is able of reprogramming the transitional
and epigenetic landscape of ADRN cells towards a MES state (7).
Two years later, the same group described Neurogenic locus notch
homolog protein 3 (NOTCH3) as a master regulator of ADRN-to-
MES reprogramming (12). To date, specific CRCs have been
described for ADRN and MES, consisting of 18 and 20 TFs,
respectively (7) (Figure 1).

Many other genes have been identified to contribute to the
maintenance of a specific transcriptional program. Yu and
colleagues found different levels of telomeric protein expression
and telomerase activity between ADRN and MES subclones (13).
Accordingly, pharmacological conversion of ADRN into MES cells
induced a robust change in the expression of telomere-binding
proteins (13). Telomerase inhibition (TERT) was sufficient to
induce a reversible switch from ADRN to MES without affecting
telomere length, thus suggesting that TERT might exert a role in
maintaining the ADRN phenotype independently of its telomere
maintenance-related functions (13). Similarly, DNA topoisomerase
2-beta (TOP2B) was found to be required to maintain the ADRN-
like transcriptional signature of SH-SY5Y cells and to suppress the
alternative MES-like epigenetic state (14). Indeed, silencing of
TOP2B in SH-SY5Y cells resulted in downmodulation of 47% of
genes included in the ADRN signature and upregulation of 38% of
genes identified in the MES signature (14). A recent study by Pan
and colleagues shows that the TOP2B inhibitor CX-5461 causes
DNA damage leading NB cells to apoptosis after 24 hours of
treatment (15). The treatment is selective and more effective in
MYCN-amplified NBs (15), in which the oncogene stabilizes the
ADRN CRC (16). Inhibition of TOP2B, therefore, rather than
inducing trans-differentiation from ADRN to MES, might select
for the MES tumor component by specifically killing the ADRN
tumor component.

Recently, a regulatory polymorphism of the LIM-domain-only
1 (LMOI) gene has been described to genetically determine NB fate
by promoting the ADRN cell state (17). LMO] is a transcriptional
coregulator whose overexpression synergizes with MYCN to
accelerate tumor formation and metastasis in a NBL-zebrafish
model (18). Despite the lack of a DNA-binding domain, LMO1
mediates protein-protein interactions within ADRN CRCs and is
essential for establishing ADRN cell identity (19). It has been
observed that the G allele of the G — T polymorphism at the
rs2168101 locus within the first intron of the LMOI gene
predisposes to NB (20). This polymorphism, being located within
a GATA domain, regulates the binding of TFs such as GATA3, and
consequently affects the expression levels of LMO1. The authors
showed that the protective T allele, by impairing the binding of
GATA3 and reducing LMO1 expression, decreased the rate of NB
initiation in MYCN-driven tumors that were restricted to the MES
cell state. Whole-genome sequencing (WGS) of NB showed that
tumors homozygous for the T allele (rs2168101(T;T)) have a MES
cell state and are typically at low-risk NB at diagnosis (17).

It is currently unclear whether NB cells can adopt a pure MES
phenotype in vivo, as two single-cell RNA sequencing (scRNA-seq)
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FIGURE 1

Neuroblastoma plasticity. The interconversion from the adrenergic state (ADRN) to the mesenchymal state (MES) occurs spontaneously and
bidirectionally in vivo. The tumor microenvironment (TME) exerts a strong pressure towards the ADRN state. The transition can be induced through
the activation or overexpression of specific transcription factors (TFs), such as GATA3, PRRX1, NOTCH3. The definition of cell identity is based on
fundamental core regulatory circles that group different TFs (ADRN TFs and MES TFs) and establish typical gene expression signatures. Several
accessory proteins, such as LMO1, TERT, TOP2B contribute to the maintenance of the transcriptional state. Created with BioRender.com.

analyses did not identify MES-like cells in primary tumours (21,
22), and a third identified ADRN tumour cells with only a few MES-
like features (23, 24). The existence of a population with similar
characteristics has also been suggested on the basis of scRNA-seq
analysis of 10 neuroblastic tumour samples (25). The authors
described a population of “transitional cells” expressing genes
involved in sympathoadrenal development, but also rapid tumor
proliferation and spread, suggesting a more aggressive phenotype.
In an independent cohort of NB patients, high expression of the
“transitional signature” was shown to be predictive of a worse
prognosis than ADRN or MES expression patterns (25). A more
recent study emphasizes the intrinsic plasticity properties of NB
cells and the dependence of cell identity on external signals from the
environment (26). PHOX2B and CD44 have been identified as
specific markers of ADRN and MES, respectively, thereby being
able to separate and culture the ADRN (CD44°) and MES (CD44")
components of different cell lines with a mixed phenotype (26). The
authors also observed that ADRN cells were able to acquire CD44
expression in culture over time and that this phenomenon was
influenced by the composition of the culture medium. Conversely,
CD44" cells did not acquire PHOX2B expression, thus maintaining
their MES identity in vitro (26). The xenografts derived from CD44"
and CD44  cells showed a predominant ADRN identity,
demonstrating the strong ability of the tumour microenvironment
(TME) to drive NB cells towards ADRN differentiation. However,
this is not sufficient to suppress the plasticity potential of the cells,
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which still retain the ability to transdifferentiate in the MES
direction when isolated from the xenograft and cultured in vitro
(26). By integrating scRNA-seq data from 18 NB biopsies and 15
patient-derived xenografts (PDXs), the authors demonstrated that
human primary NB cells also acquire a predominantly ADRN
phenotype (26). However, clusters of cells referred to as “bridging
cells” or “noradrenergic-mesenchymal cells”, display characteristics
intermediate between the two main cell identities (26). This specific
cell population could be responsible of the potential plasticity of
the tumour.

3 Cell plasticity as a driver
of resistance

Dynamic and heterogeneous interconversion between tumour
cell subtypes has been associated with malignant progression and
responses to therapy in several cancer types, such as prostate cancer,
basal cell carcinoma and lung cancer (11). Numerous efforts have
been made to identify the regulatory determinants of this dynamic
phenotypic plasticity and to define lineage-specific therapies (11).

A scRNA-seq analysis of parental and etoposide- or cisplatin-
resistant cells shed light on the link between NB plasticity and
resistance to treatment (27). This analysis showed that drug
treatment induces the formation of cell subpopulations with
distinct transcriptome profiles. Drug resistance was associated
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with the modification of drug targets and the expression of genes
involved in DNA double-strand break (DSB) repair, such as
BARDI1, BRCA1 and PARP1 (27). Cisplatin-resistant cells were
highly enriched in ADRN genes, compared to parental cells where
the MES signature was prevalent. In contrast, etoposide-resistant
cells were equally enriched in MES and ADRN genes, suggesting a
higher plasticity potential (27).

A subsequent study isolated the ADRN and MES components
of some NB cell lines and analysed their response to conventional
chemotherapy, providing further evidence of how cell identity
influences drug response. The authors demonstrated that MES
populations show marked intrinsic resistance to conventional
chemotherapy in vitro compared to their ADRN counterpart (26)
(Figure 2). Furthermore, a genome-wide epigenetic profiling study
of 60 NBs identified four major epigenetic subtypes driven by super-
enhancer (28). Among these, the one showing higher MES
characteristics was enriched in relapsed disease, suggesting a
connection between the MES phenotype and recurrence (28).

The International Society of Paediatric Oncology Europe
Neuroblastoma Group (SIOPEN) developed the Rapid COJEC
regimen as an induction chemotherapy step (29, 30). The
regimen consists of a combination of five chemotherapeutic drugs
(cisplatin, carboplatin, cyclophosphamide, etoposide and
vincristine) spread over three cycles, administrated alternatively
in eight 10-days cycles (29, 30). Most high-risk NB patients relapse

Macrophages
Antibody-dependent
cellularphagocytosis

(ADCP)

NK Antibody-

dependent cellular —
cytotoxicity (ADCC) ¥
Anti-GD2ab \

Cell cycle
arrest
ALKALs

o
[®

PHOX2B
ASCL1
HAND1

DBH
KLF7
etc.

+
. -cgw
9
s e
K S Chemotherapeutic +
drugs
o,
Yo, @<
Retinoic acid

Apoptosis
Icb derivatives

Differentiation

FIGURE 2

Inflammatory
sensing

MES

10.3389/fimmu.2023.1268645

after an initial response to treatment and develop therapy-resistant
tumours. To investigate the mechanisms underlying resistance to
the most common therapeutic strategy in clinical practice, Mafias
and colleagues developed a treatment schedule that mimics COJEC
induction therapy to treat mice carrying PDXs (31). They analysed
the transcriptomic and genomic changes occurring in NBs during
treatment and at relapse showing that chemotherapy-resistant NBs
are enriched with an immature MES-like signature resembling
multipotent Schwann cell precursors, while NBs that respond
Favourably to treatment show a committed ADRN phenotype
similar to normal neuroblasts (31).

The acquisition of MES features may also confer resistance to
differentiating agents, target therapies and anti-GD2
immunotherapy. In vitro, MES NB cell lines, such as SH-EP, do
not undergo differentiation in response to all-trans retinoic acid
(ATRA) treatment compared to their ADRN counterparts (SH-
SY5Y and SK-N-BE (2)-C) (32). ATRA induces upregulation of the
retinoic acid (RA) signalling markers RARA and RARB only in
ADRN cell lines (32) (Figure 2). Accordingly, Zimmerman and
colleagues demonstrated that retinoids-induced differentiation of
NB cells depends on reprogramming of the adrenergic CRC and
establishment of a new retino-sympathetic CRC that causes
proliferative arrest and sympathetic differentiation (16). It has
been reported that MES cells endogenously produce RA to
promote cell motility (33), suggesting that a RA signalling
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Impact of therapies on ADRN and MES states. The ADRN and MES identities are characterized by distinct vulnerabilities to therapies. The ADRN state
is sensitive to differentiating and chemotherapeutic agents. The high expression of GD2 and ALK can be exploited through the use of anti-GD2
antibodies and ALK inhibitors (ALKi). The MES state displays a reduced expression of ALK and GD2, and a high immunogenicity characterized by high
levels of inflammatory sensing, expression of MHC class | (MHC-1), MICA/B and immune checkpoint (IC) molecules on the cell surface, potentially

emerging as a good target for ICI therapy. Created with BioRender.com.
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pathway might be constitutively active in MES-type cells, but not
associated with differentiation. Khazeem and colleagues reported
similar results investigating the role of TOP2B in RA-induced gene
expression and differentiation and the balance between ADRN and
MES transcription programs in SH-SY5Y (14). They show that non-
expression of TOP2B hinders the induction of many ATRA-
response-associated genes by shifting cell identity towards a more
MES phenotype. This suggests that the reduced neural
differentiation stimulated by RA in TOP2B-null cells may be a
result of weakened ADRN transcriptional signatures (14).

When analysing GD2 expression and publicly available RNA-
seq data for 23 NB cell lines, Mabe and colleagues found that GD2-
high and GD2-low expression cell lines were strongly correlated
with ADRN and MES signatures, respectively (34) (Figure 2).
Moreover, induction of ADRN to MES conversion trough
overexpression of PRRX1 or NOTCH3 reduced GD2 expression
and response to anti-GD2 therapy (34). They proposed that the
transition from an ADRN state to a MES state reduces GD2
expression by downregulation of ST8SIA1, a gene encoding for
GD3 synthase (GD3S), through the activation of EZH2, a core
subunit of the polycomb repressive complex 2 (PRC2) (34).

The MES-like phenotype has been recently associated with
resistance to ALK inhibitors (ALKi) due to the absence of ALK
expression even in presence of tumour-driving ALK mutations,
suggesting a role of ADRN-to-MES conversion in relapse (35).
ALK-mutated SH-SY5Y xenografts acquire resistance to ALKi
when reprogrammed by inducible expression of NOTCH3 into a
MES phenotype, providing evidence that MES cells with a mutant
ALK gene can escape targeted ALKi (35) (Figure 2). By comparing
the expression profile of 8 MES and 28 ADRN cell lines, the authors
discovered the differential expression of 90 apoptosis-related genes
(35). In particular, several genes involved in the extrinsic apoptosis
pathway were preferentially expressed in MES cells including
caspase-8. Soluble recombinant human TNF-related apoptosis-
inducing ligand (TRAIL), an activator of the extrinsic apoptosis
pathway, was efficient in selectively inducing apoptosis in MES cells
(Figure 2). The combination of ALKi and TRAIL delayed relapses in
a subset of SH-SY5Y xenograft, demonstrating that dual targeting of
both ADRN and MES could be an effective strategy in the treatment
of NB (35).

Taken together, this evidence reinforces the role of cell identity
and plasticity as resistance factors and supports the evidence that
the MES phenotype contributes to resistance to conventional
chemotherapy and the onset of relapse.

4 Immunotherapy to target the
mesenchymal population

Although heterogeneous, NB has been widely described as a
‘cold tumor’, i.e., characterized by a lack of T-cell infiltration and
therefore unable to trigger a strong immune response (36, 37). NB is
characterized by a low mutational load and reduced expression of
the major histocompatibility complex (MHC) class I (38, 39). An
aspect that should not be underestimated is the level of
inflammatory signaling in cancer cells, which has the potential to
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influence immune cell trafficking and recognition of cancer cells
through cytokine secretion. Lower baseline inflammatory signaling
has also been associated with resistance to immune checkpoint
blockade (ICB) (40, 41). The study of the functional response of a
group of 20 NB cell lines to different inflammatory stimuli revealed
that the epigenetic state influences the inflammatory sensing and
cytokines release of NB (42). All cell lines displayed a functional
interferon gamma (IFNY) signaling and except for one, showed
dysfunctional detection of cytosolic DNA by ¢GAS-STING (42).
However, heterogeneity in the detection of double-stranded RNA
(dsRNA) by Toll-like receptor 3 (TLR3) and other dsRNA sensors
was shown when cells treated with the dSRNA-mimetic drug poly(I:
C) (42). While all non-responsive cell lines were in the ADRN state,
six of the seven cell lines that showed a robust response to poly(I:C)
were in the epigenetic MES state and showed increased expression
of both pro-inflammatory cytokines and antigen presentation
components (42) (Figure 2). Moreover, the forced switch of non-
responsive cell lines from the ADRN state to the MES state was
sufficient to restore TLR3 response signaling. A subsequent analysis
of scRNA-seq data from 10 untreated high-risk NBs confirmed that
tumors with stronger MES signatures had higher levels of basal
inflammatory transcripts than those with stronger ADRN
signatures (42).

Another study further investigated the immunological aspect of
NB by analyzing RNA-seq data from 498 well-annotated primary
human NB tumors and scRNA-seq data from a total of 40 tumors
(43). The analytical effort led to the identification of four clusters,
one of which, named C3, was found to be enriched for the
expression of genes involved in immune activation and escape
(43). The C3 cluster included many of the tumors with a higher
MES score, again suggesting that a MES identity is associated with
higher immunogenicity (43). In addition, the author showed that
overexpression of PRRXI, but not its dysfunctional form, is
sufficient to induce conversion of the ADRN SH-SY5Y cell line to
a MES phenotype and to increase the expression of genes involved
in antigen presentation and dysfunctional sensing of cytosolic
DNA. Expression of MHC class I and the MICA and MICB
ligands of the activating receptor NKG2D, is also increased on
the cell surface (43) (Figure 2).

Transcriptional analysis of seven paired NB tumors, obtained at
diagnosis and at relapse, confirmed the clinical relevance of this
finding (43). In two cases, tumors acquired MES features at relapse,
and this was accompanied by increased expression of cytotoxic T-
and NK-cell signatures and immune checkpoint inhibitors PD-1
and CTLA-4 (43) (Figure 2). Similar data were obtained from
scRNA-seq analysis of a pair of independent tumors (43). Thus,
resistance or relapse associated with the transition from an ADRN
to a MES phenotype is accompanied by an increase in immune cell
infiltration. The expression of immune-related genes is strongly
correlated with the epigenetic state of the tumor. This hypothesis
was further confirmed by Cornel and colleagues who discovered the
ability of the histone deacetylase inhibitor (HDACI) entinostat to
increase the susceptibility of NB cells to CD8" T cell- and NK cell-
mediated killing (44). The effect of entinostat was mediated by
increased surface expression of MHC class I and other components
of the antigen processing and presentation machinery, such as
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TAPI1, TAP2 and immunoproteasome subunits, as well as the NK
activating ligands MICA and MICB. Consistent with Sengupta
findings (43), this increase in immunogenicity has been correlated
with a shift towards a more MES cell lineage (44).

Evidence to date suggests that immunogenicity may be the
Achilles” heel of MES cells, representing an important opportunity
to be exploited to make NBs susceptible to immunotherapy.
Furthermore, the association of drug resistance features with the
MES phenotype is now complemented by evidence of increased
vulnerability to the immune system, opening new perspectives for
future therapeutic combinations.

5 A combinatorial approach to target
ADRN and MES populations

Several studies have shown that MES cells are more resistant to
conventional treatments and are enriched in post-therapy and
relapse tumors (26, 28, 31). However, by analyzing the expression
of ADRN and MES mRNAs in serial bone marrow samples from
high-risk NB, van-Wezel found that ADRN mRNAs and MES
mRNAs have distinct temporal dynamics. Specifically, ADRN
mRNAs levels were high at diagnosis and during relapse, but
decreased during treatment. In contrast, MES mRNAs expression
increased during treatment and was associated with patients who
eventually relapsed (45). Beyond differences in therapeutic
response, this result suggests that MES cells still retain a great
deal of plasticity and can convert to ADRN when the selective
pressure exerted by therapies is removed. This implies that an
effective clinical response cannot be achieved without
simultaneously targeting all the different cell states that the NB
can acquire, thus rendering plasticity useless as an escape
mechanism. Although current treatment protocols are not
designed for this purpose, some studies are moving in this
direction. Consistently, it has been proposed the dual targeting of
ADRN and MES components through the combination of ALKi
and TNF-related apoptosis-inducing ligand (TRAIL) (35).

The prevalence of the low-immunogenic ADRN phenotype
partly explains the lack of T-cell infiltration and poor response to
ICIs in this tumor type. Recent studies describing the MES
phenotype as more immunogenic offer the possibility to exploit
this feature and improve the efficacy of ICIs. With this in mind,
forcing the NB towards a more MES identity could be an interesting
strategy to sensitize the tumor to immunotherapy. Cornel and
colleagues have demonstrated that epigenetic drugs, such as
HDACI, can reprogram NB cells towards a more MES and
immunogenic phenotype, capable of stimulating killing by effector
CD8" T cells and NK cells (44). However, a high MES score can also
be associated with higher expression of genes involved in immune
evasion, such as the immune checkpoint (43). HDACi and ICIs
could act synergistically on two different fronts: the former by
overcoming the tumor’s poor immunogenicity through epigenetic
regulation, and the latter by counteracting the immune evasion
properties of the MES phenotype.

The evidence that chemotherapy-resistant NBs exhibit MES
features (31), suggests that the chemotherapy itself induces a

Frontiers in Immunology

10.3389/fimmu.2023.1268645

selective pressure towards the MES status. From this perspective,
combining of chemotherapy and immunotherapy could represent
strategy to prevent relapse, by disfavoring the establishment of a
chemotherapy-resistant MES identity.

To date, the combination of immunotherapy and chemotherapy
has been little explored in the treatment of pediatric cancers. It is
widely believed that chemotherapy-induced immunosuppression
may render immunotherapy ineffective. However, several
chemotherapy drugs, including those already used in the
treatment of NB, have been shown to induce immunogenic cell
death (ICD) when administered at low doses (46). ICD is a
particular type of cell death that can elicit immune activation by
exposing the host immune system to tumor antigens and damage-
associated molecular patterns (DAMPs) (47, 48) (Figure 2).

Based on this, we recently proposed a chemo-immunotherapy
approach combining low-dose mitoxantrone (MTX) with PD-1 and
TGFP blockade (49). This combination treatment was able to
induce increased expression of several chemokines involved in the
recruitment of lymphoid and myeloid cell populations, such as
dendritic cells (DC) and NK cells (49), which are associated with
improved survival of patients with NB and other cancers (50).

6 Discussion

NB cells represent a dynamic entity strongly influenced by the
TME and therapeutic treatments. Their plasticity underlines the
ability to optimize their survival by acquiring phenotypic traits that
become favorable under specific conditions. It has been shown that
in both mouse and human models the TME tends to force NB cells
towards a predominantly ADRN identity (26). However, analysis of
pairs of tumors taken at onset and relapse has shown that a MES
phenotype can be acquired during therapy (31, 43). This is
associated with increased immunogenicity, suggesting the possible
success of an immunotherapeutic approach against NB (43).
However, analysis of MES and ADRN mRNA expression in serial
bone marrow samples of high-risk NB showed an increase in MES
markers only during therapy, whereas ADRN mRNAs returned to
elevated levels during relapse, suggesting that the drug-induced shift
from ADR to MES might be reversible (45). It has recently been
suggested that an immature component of tumor cell with an
intermediate phenotype between ADR and MES, termed bridging
cells or noradrenergic MES cells, may be responsible for the high
plasticity potential of NB (26). In a landscape so variable and
susceptible to external influences, targeting the tumor based on its
current condition may not be a winning strategy. Future therapeutic
approaches must consider the different transcriptional programs
that might be undertaken by the tumor to simultaneously target
different cell identities and reduce the tumor’s chances of
escaping cell death. Combinatorial therapies including an
immunotherapeutic approach could be a viable strategy to exploit
the immunogenicity of the chemo-resistant MES-like population
and at the same time target the prominent ADRN compartment.
Several combinatorial approaches have been proposed, among
which metronomic chemotherapy combined with ICIs could
present several advantages. Firstly, the possibility of using drugs
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that have already been tested in NB patients, counteracting their
side effects through dose de-escalation. Furthermore, several
cytotoxic drugs have demonstrated the ability to induce ICD
when used at low doses; this could counteract the “cold” TME
typical of NB and contribute to the enhancement of the effect of
ICIs, as observed in previous studies (51, 52). In this regard, we have
shown that low-dose MTX combined with immunotherapy restricts
NB growth, leading to substantial tumor regression by remodeling
the TME (49). Equally important is the fact that the use of
metronomic chemotherapy allows treatment to be prolonged over
time (53), thus maintaining selective pressure on the ADRN
component, while simultaneously targeting the chemoresistant
compartment through immunotherapy. Finally, DAMPs released
from dying ADRN cells could trigger the release of pro-
inflammatory cytokines from the MES counterpart, further
enhancing the effect of combinatorial therapy.

Given the great plasticity of NB cells, a targeted approach to
ADRN/MES duality may not be sufficient for a lasting therapeutic
response. Regardless of the most promising therapeutic approach,
new studies are needed to better understand the different
transcriptional configurations that NB cells can acquire.

Author contributions

SD’A: Conceptualization, Writing - original draft, Writing —
review & editing. PT: Writing - review & editing, Investigation. PG:
Writing - review & editing, Data curation. KK: Writing - review &
editing, Data curation. OM: Writing - review & editing,
Data curation. MD: Writing - review & editing, Data curation.

References

1. Maris JM. Recent advances in neuroblastoma. N Engl ] Med (2010) 362(23):2202—
11. doi: 10.1056/NEJMra0804577

2. Cheung NK, Dyer MA. Neuroblastoma: developmental biology, cancer genomics
and immunotherapy. Nat Rev Cancer (2013) 13(6):397-411. doi: 10.1038/nrc3526

3. Nguyen R, Thiele CJ. Immunotherapy approaches targeting neuroblastoma. Curr
Opin Pediatr (2021) 33(1):19-25. doi: 10.1097/MOP.0000000000000982

4. Qiu B, Matthay KK. Advancing therapy for neuroblastoma. Nat Rev Clin Oncol
(2022) 19(8):515-33. doi: 10.1038/541571-022-00643-2

5. Biedler JL, Helson L, Spengler BA. Morphology and growth, tumorigenicity, and
cytogenetics of human neuroblastoma cells in continuous culture. Cancer Res (1973) 33
(11):2643-52.

6. Acosta S, Lavarino C, Paris R, Garcia I, de Torres C, Rodriguez E, et al.
Comprehensive characterization of neuroblastoma cell line subtypes reveals bilineage

potential similar to neural crest stem cells. BMC Dev Biol (2009) 9:12. doi: 10.1186/
1471-213X-9-12

7. van Groningen T, Koster J, Valentijn L], 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. doi: 10.1038/ng.3899

8. 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. doi: 10.1038/ng.3921

9. Upton K, Modi A, Patel K, Kendsersky NM, Conkrite KL, Sussman RT, et al.
Epigenomic profiling of neuroblastoma cell lines. Sci Data (2020) 7(1):116.
doi: 10.1038/s41597-020-0458-y

10. Yu EY, Cheung NV, Lue NF. Connecting telomere maintenance and regulation
to the developmental origin and differentiation states of neuroblastoma tumor cells. J
Hematol Oncol (2022) 15(1):117. doi: 10.1186/s13045-022-01337-w

Frontiers in Immunology

10.3389/fimmu.2023.1268645

FL: Writing - review & editing, Supervision. DF: Funding
acquisition, Writing - original draft, Writing - review &
editing, Conceptualization.

Funding

This project has received funding from Associazione Italiana
Ricerca sul Cancro (AIRC) 1G24345 (DF) and the European
Union’s Horizon 2020 research and innovation programme under
the Marie Sktodowska-Curie grant agreement No 954992. This
research was also supported by Fondazione Umberto Veronesi
(FUV) fellowship (SD).

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

11. Hanahan D. Hallmarks of cancer: new dimensions. Cancer Discovery (2022) 12
(1):31-46. doi: 10.1158/2159-8290.CD-21-1059

12. van Groningen T, Akogul N, Westerhout EM, Chan A, Hasselt NE, Zwijnenburg
DA, et al. A notch feed-forward loop drives reprogramming from adrenergic to
mesenchymal state in neuroblastoma. Nat Commun (2019) 10(1):1530. doi: 10.1038/
$41467-019-09470-w

13. Yu EY, Zahid SS, Aloe S, Falck-Pedersen E, Zhou XK, Cheung NV, et al.
Reciprocal impacts of telomerase activity and adrn/mes differentiation state in
neuroblastoma tumor biology. Commun Biol (2021) 4(1):1315. doi: 10.1038/s42003-
021-02821-8

14. Khazeem MM, Casement JW, Schlossmacher G, Kenneth NS, Sumbung NK,
Chan JYT, et al. Top2b is required to maintain the adrenergic neural phenotype and for
atra-induced differentiation of sh-sy5y neuroblastoma cells. Mol Neurobiol (2022) 59
(10):5987-6008. doi: 10.1007/s12035-022-02949-6

15. Pan M, Wright WC, Chapple RH, Zubair A, Sandhu M, Batchelder JE, et al. The
chemotherapeutic cx-5461 primarily targets top2b and exhibits selective activity in
high-risk neuroblastoma. Nat Commun (2021) 12(1):6468. doi: 10.1038/s41467-021-
26640-x

16. Zimmerman MW, Durbin AD, He S, Oppel F, Shi H, Tao T, et al. Retinoic acid
rewires the adrenergic core regulatory circuitry of childhood neuroblastoma. Sci Adv
(2021) 7(43):eabe0834. doi: 10.1126/sciadv.abe0834

17. Weichert-Leahey N, Shi H, Tao T, Oldridge DA, Durbin AD, Abraham BJ, et al.
Genetic predisposition to neuroblastoma results from a regulatory polymorphism that
promotes the adrenergic cell state. J Clin Invest (2023) 133(10):e166919. doi: 10.1172/
JCI166919

18. Zhu S, Zhang X, Weichert-Leahey N, Dong Z, Zhang C, Lopez G, et al. Lmol
synergizes with mycn to promote neuroblastoma initiation and metastasis. Cancer Cell
(2017) 32(3):310-23 e5. doi: 10.1016/j.ccell.2017.08.002

frontiersin.org


https://doi.org/10.1056/NEJMra0804577
https://doi.org/10.1038/nrc3526
https://doi.org/10.1097/MOP.0000000000000982
https://doi.org/10.1038/s41571-022-00643-z
https://doi.org/10.1186/1471-213X-9-12
https://doi.org/10.1186/1471-213X-9-12
https://doi.org/10.1038/ng.3899
https://doi.org/10.1038/ng.3921
https://doi.org/10.1038/s41597-020-0458-y
https://doi.org/10.1186/s13045-022-01337-w
https://doi.org/10.1158/2159-8290.CD-21-1059
https://doi.org/10.1038/s41467-019-09470-w
https://doi.org/10.1038/s41467-019-09470-w
https://doi.org/10.1038/s42003-021-02821-8
https://doi.org/10.1038/s42003-021-02821-8
https://doi.org/10.1007/s12035-022-02949-6
https://doi.org/10.1038/s41467-021-26640-x
https://doi.org/10.1038/s41467-021-26640-x
https://doi.org/10.1126/sciadv.abe0834
https://doi.org/10.1172/JCI166919
https://doi.org/10.1172/JCI166919
https://doi.org/10.1016/j.ccell.2017.08.002
https://doi.org/10.3389/fimmu.2023.1268645
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

D'Amico et al.

19. Wang L, Tan TK, Durbin AD, Zimmerman MW, Abraham BJ, Tan SH, et al.
Ascll is a mycn- and Imol-dependent member of the adrenergic neuroblastoma core
regulatory circuitry. Nat Commun (2019) 10(1):5622. doi: 10.1038/s41467-019-13515-5

20. Oldridge DA, Wood AC, Weichert-Leahey N, Crimmins I, Sussman R, Winter
C, et al. Genetic predisposition to neuroblastoma mediated by a Imol super-enhancer
polymorphism. Nature (2015) 528(7582):418-21. doi: 10.1038/nature15540

21. Kildisiute G, Kholosy WM, Young MD, Roberts K, Elmentaite R, van Hooff SR,
et al. Tumor to normal single-cell mrna comparisons reveal a pan-neuroblastoma
cancer cell. Sci Adv (2021) 7(6):eabd3311. doi: 10.1126/sciadv.abd3311

22. 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 e6. doi: 10.1016/j.ccell.2020.08.014

23. Jansky S, Sharma AK, Korber V, Quintero A, Toprak UH, Wecht EM, et al.
Single-cell transcriptomic analyses provide insights into the developmental origins of
neuroblastoma. Nat Genet (2021) 53(5):683-93. doi: 10.1038/s41588-021-00806-1

24. Rohrer H. Linking human sympathoadrenal development and neuroblastoma.
Nat Genet (2021) 53(5):593-4. doi: 10.1038/s41588-021-00845-8

25. Yuan X, Seneviratne JA, Du S, Xu Y, Chen Y, Jin Q, et al. Single-cell profiling of
peripheral neuroblastic tumors identifies an aggressive transitional state that bridges an
adrenergic-mesenchymal trajectory. Cell Rep (2022) 41(1):111455. doi: 10.1016/
j.celrep.2022.111455

26. 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. doi: 10.1038/
541467-023-38239-5

27. Avitabile M, Bonfiglio F, Aievola V, Cantalupo S, Maiorino T, Lasorsa VA, et al.
Single-cell transcriptomics of neuroblastoma identifies chemoresistance-associated
genes and pathways. Comput Struct Biotechnol J (2022) 20:4437-45. doi: 10.1016/
7.5bj.2022.08.031

28. Gartlgruber M, Sharma AK, Quintero A, Dreidax D, Jansky S, Park YG, et al.
Super enhancers define regulatory subtypes and cell identity in neuroblastoma. Nat
Cancer (2021) 2(1):114-28. doi: 10.1038/s43018-020-00145-w

29. Garaventa A, Poetschger U, Valteau-Couanet D, Luksch R, Castel V, Elliott M,
et al. Randomized trial of two induction therapy regimens for high-risk neuroblastoma:
hr-nbl1.5 international society of pediatric oncology european neuroblastoma group
study. J Clin Oncol (2021) 39(23):2552-63. doi: 10.1200/JC0O.20.03144

30. Moreno L, Vaidya SJ, Schrey D, Pinkerton CR, Lewis IJ, Kearns PR, et al. Long-
term analysis of children with metastatic neuroblastoma treated in the ensg5
randomised clinical trial. Pediatr Blood Cancer (2019) 66(4):e27565. doi: 10.1002/
pbc.27565

31. Manas A, Aaltonen K, Andersson N, Hansson K, Adamska A, Seger A, et al.
Clinically relevant treatment of pdx models reveals patterns of neuroblastoma
chemoresistance. Sci Adv (2022) 8(43):eabq4617. doi: 10.1126/sciadv.abq4617

32. Gomez RL, Woods LM, Ramachandran R, Abou Tayoun AN, Philpott A, Ali FR.
Super-enhancer associated core regulatory circuits mediate susceptibility to retinoic acid in
neuroblastoma cells. Front Cell Dev Biol (2022) 10:943924. doi: 10.3389/fcell.2022.943924

33. van Groningen T NC, Chan A, Akogul N, Westerhout EM, von Stedingk K,
Hamdi M, et al. An immature subset of neuroblastoma cells synthesizes retinoic acid
and depends on this metabolite. bioRxiv (2021). doi: 10.1101/2021.05.18.444639

34. 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.
doi: 10.1038/543018-022-00405-x

35. 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. doi: 10.1158/0008-5472.CAN-21-1621

36. Mina M, Boldrini R, Citti A, Romania P, D'Alicandro V, De Ioris M, et al. Tumor-
infiltrating T lymphocytes improve clinical outcome of therapy-resistant neuroblastoma.
Oncoimmunology (2015) 4(9):¢1019981. doi: 10.1080/2162402X.2015.1019981

Frontiers in Immunology

08

10.3389/fimmu.2023.1268645

37. Melaiu O, Mina M, Chierici M, Boldrini R, Jurman G, Romania P, et al. Pd-L1 is
a therapeutic target of the bromodomain inhibitor jq1 and, combined with hla class I, a
promising prognostic biomarker in neuroblastoma. Clin Cancer Res (2017) 23
(15):4462-72. doi: 10.1158/1078-0432.CCR-16-2601

38. Forloni M, Albini S, Limongi MZ, Cifaldi L, Boldrini R, Nicotra MR, et al. Nf-
kappab, and not mycn, regulates mhc class I and endoplasmic reticulum
aminopeptidases in human neuroblastoma cells. Cancer Res (2010) 70(3):916-24.
doi: 10.1158/0008-5472.CAN-09-2582

39. Lorenzi S, Forloni M, Cifaldi L, Antonucci C, Citti A, Boldrini R, et al. Irfl and
nf-kb restore mhc class I-restricted tumor antigen processing and presentation to
cytotoxic T cells in aggressive neuroblastoma. PloS One (2012) 7(10):e46928.
doi: 10.1371/journal.pone.0046928

40. Cristescu R, Mogg R, Ayers M, Albright A, Murphy E, Yearley J, et al. Pan-tumor
genomic biomarkers for pd-1 checkpoint blockade-based immunotherapy. Science
(2018) 362(6411):eaar3593. doi: 10.1126/science.aar3593

41. Ayers M, Lunceford J, Nebozhyn M, Murphy E, Loboda A, Kaufman DR, et al.
Ifn-gamma-related mrna profile predicts clinical response to pd-1 blockade. J Clin
Invest (2017) 127(8):2930-40. doi: 10.1172/JCI91190

42. 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
USA (2022) 119(6):€2102358119. doi: 10.1073/pnas.2102358119

43. 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. doi: 10.1038/s43018-022-
00427-5

44. 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):e005002.
doi: 10.1136/jitc-2022-005002

45. van Wezel EM, van Zogchel LM]J, van Wijk J, Timmerman I, 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:PO.18.00413. doi: 10.1200/
PO.18.00413

46. Wu J, Waxman DJ. Immunogenic chemotherapy: dose and schedule dependence
and combination with immunotherapy. Cancer Lett (2018) 419:210-21. doi: 10.1016/
j.canlet.2018.01.050

47. Galluzzi L, Vitale I, Warren S, Adjemian S, Agostinis P, Martinez AB, et al.
Consensus guidelines for the definition, detection and interpretation of immunogenic
cell death. ] Immunother Cancer (2020) 8(1):¢000337. doi: 10.1136/jitc-2019-000337

48. Kroemer G, Galassi C, Zitvogel L, Galluzzi L. Immunogenic cell stress and death.
Nat Immunol (2022) 23(4):487-500. doi: 10.1038/s41590-022-01132-2

49. Lucarini V, Melaiu O, D'Amico S, Pastorino F, Tempora P, Scarsella M, et al.
Combined mitoxantrone and anti-tgfbeta treatment with pd-1 blockade enhances
antitumor immunity by remodelling the tumor immune landscape in neuroblastoma. J
Exp Clin Cancer Res (2022) 41(1):326. doi: 10.1186/s13046-022-02525-9

50. Melaiu O, Chierici M, Lucarini V, Jurman G, Conti LA, De Vito R, et al. Cellular
and gene signatures of tumor-infiltrating dendritic cells and natural-killer cells predict
prognosis of neuroblastoma. Nat Commun (2020) 11(1):5992. doi: 10.1038/s41467-
020-19781-y

51. Shi F, Huang X, Hong Z, Lu N, Huang X, Liu L, et al. Improvement strategy for
immune checkpoint blockade: A focus on the combination with immunogenic cell
death inducers. Cancer Lett (2023) 562:216167. doi: 10.1016/j.canlet.2023.216167

52. LiZ, Lai X, Fu S, Ren L, Cai H, Zhang H, et al. Immunogenic cell death activates
the tumor immune microenvironment to boost the immunotherapy efficiency. Adv Sci
(Weinh) (2022) 9(22):2201734. doi: 10.1002/advs.202201734

53. Andre N, Orbach D, Pasquier E. Metronomic maintenance for high-risk
pediatric Malignancies: one size will not fit all. Trends Cancer (2020) 6(10):819-28.
doi: 10.1016/j.trecan.2020.05.007

frontiersin.org


https://doi.org/10.1038/s41467-019-13515-5
https://doi.org/10.1038/nature15540
https://doi.org/10.1126/sciadv.abd3311
https://doi.org/10.1016/j.ccell.2020.08.014
https://doi.org/10.1038/s41588-021-00806-1
https://doi.org/10.1038/s41588-021-00845-8
https://doi.org/10.1016/j.celrep.2022.111455
https://doi.org/10.1016/j.celrep.2022.111455
https://doi.org/10.1038/s41467-023-38239-5
https://doi.org/10.1038/s41467-023-38239-5
https://doi.org/10.1016/j.csbj.2022.08.031
https://doi.org/10.1016/j.csbj.2022.08.031
https://doi.org/10.1038/s43018-020-00145-w
https://doi.org/10.1200/JCO.20.03144
https://doi.org/10.1002/pbc.27565
https://doi.org/10.1002/pbc.27565
https://doi.org/10.1126/sciadv.abq4617
https://doi.org/10.3389/fcell.2022.943924
https://doi.org/10.1101/2021.05.18.444639
https://doi.org/10.1038/s43018-022-00405-x
https://doi.org/10.1158/0008-5472.CAN-21-1621
https://doi.org/10.1080/2162402X.2015.1019981
https://doi.org/10.1158/1078-0432.CCR-16-2601
https://doi.org/10.1158/0008-5472.CAN-09-2582
https://doi.org/10.1371/journal.pone.0046928
https://doi.org/10.1126/science.aar3593
https://doi.org/10.1172/JCI91190
https://doi.org/10.1073/pnas.2102358119
https://doi.org/10.1038/s43018-022-00427-5
https://doi.org/10.1038/s43018-022-00427-5
https://doi.org/10.1136/jitc-2022-005002
https://doi.org/10.1200/PO.18.00413
https://doi.org/10.1200/PO.18.00413
https://doi.org/10.1016/j.canlet.2018.01.050
https://doi.org/10.1016/j.canlet.2018.01.050
https://doi.org/10.1136/jitc-2019-000337
https://doi.org/10.1038/s41590-022-01132-2
https://doi.org/10.1186/s13046-022-02525-9
https://doi.org/10.1038/s41467-020-19781-y
https://doi.org/10.1038/s41467-020-19781-y
https://doi.org/10.1016/j.canlet.2023.216167
https://doi.org/10.1002/advs.202201734
https://doi.org/10.1016/j.trecan.2020.05.007
https://doi.org/10.3389/fimmu.2023.1268645
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

	Two bullets in the gun: combining immunotherapy with chemotherapy to defeat neuroblastoma by targeting adrenergic-mesenchymal plasticity
	1 Introduction
	2 Plasticity of neuroblastoma: from adrenergic to mesenchymal cell lineage and back
	3 Cell plasticity as a driver of resistance
	4 Immunotherapy to target the mesenchymal population
	5 A combinatorial approach to target ADRN and MES populations
	6 Discussion
	Author contributions
	Funding
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


