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Simple Summary: Children with high-risk neuroblastoma have limited therapeutic options poor
survival rates. The neuroblastoma tumor microenvironment contributes the lack of response to many
interventions so innovative methods are needed to study the effects of the tumor microenvironment
on new therapies. In this manuscript, we review the current literature related to the components
of the tumor microenvironment and to the use of three-dimensional printing as modality to study
cancer. This review highlights the potential for using three-dimensional printing to create an artificial
tumor microenvironment in the presence of neuroblastoma to provide improved preclinical testing
of novel therapies.

Abstract: In the quest to advance neuroblastoma therapeutics, there is a need to have a deeper
understanding of the tumor microenvironment (TME). From extracellular matrix proteins to tumor
associated macrophages, the TME is a robust and diverse network functioning in symbiosis with the
solid tumor. Herein, we review the major components of the TME including the extracellular matrix,
cytokines, immune cells, and vasculature that support a more aggressive neuroblastoma phenotype
and encumber current therapeutic interventions. Contemporary treatments for neuroblastoma are
the result of traditional two-dimensional culture studies and in vivo models that have been translated
to clinical trials. These pre-clinical studies are costly, time consuming, and neglect the study of
cofounding factors such as the contributions of the TME. Three-dimensional (3D) bioprinting has
become a novel approach to studying adult cancers and is just now incorporating portions of the TME
and advancing to study pediatric solid. We review the methods of 3D bioprinting, how researchers
have included TME pieces into the prints, and highlight present studies using neuroblastoma.
Ultimately, incorporating the elements of the TME that affect neuroblastoma responses to therapy
will improve the development of innovative and novel treatments. The use of 3D bioprinting to
achieve this aim will prove useful in developing optimal therapies for children with neuroblastoma.

Keywords: neuroblastoma; tumor microenvironment; three-dimensional bioprinting;
three-dimensional modeling; cancer associated fibroblasts; mesenchymal stromal cells; tumor
associated macrophages

1. Introduction

Neuroblastoma, a tumor of neural crest cells, is the most common extracranial solid
tumor in children and accounts for 15% of pediatric cancer related deaths [1]. Unlike
pediatric hematologic malignancies that have seen remarkable increases in survival and
treatment advancements in recent decades, the prognosis for neuroblastoma has not im-
proved dramatically. Lack of major advances in effective therapies may be due, in part,
to the tumor microenvironment (TME). Composed of immune cells, mesenchymal cells,
stromal cells, and a dense extracellular matrix (ECM), the TME of neuroblastoma creates
an unfavorable environment for a variety of therapeutics. Recent studies on the TME have
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revealed important discoveries, such as MYCN being a driver for the immunosuppressive
nature of the TME, and further research could prove beneficial to making more efficacious
neuroblastoma therapies. Here, we initially characterize the components of the TME hostile
to current therapeutics for neuroblastoma, identify the modalities used to gather these
findings, and propose the novelty of three-dimensional printing to further advance our
understanding of the TME in neuroblastoma.

2. The Therapeutic Barriers of the Neuroblastoma Tumor

Similar to that of the cancer cells themselves, the tumor microenvironment (TME) has
its own unique profile on genetic and phenotypic levels. However, the complexity of the
TME surmounts that of the tumor cells as it is not limited to a homogenous cellular compo-
nent nor does it look or behave similar across and amongst malignancies. For example, in
breast cancer, the TME promotes brain metastasis [2] while in neuroblastoma it supports
the cancer stem cell population [3]. The TME is an intricate network of extracellular matrix
(ECM), stromal cells, and immune cells working in a cohesive fashion to foster a favorable
home for the residing tumor cells (Figure 1). Individually, these components of the TME
fortress have a detrimental toll on the ability to target neuroblastoma by contributing to
tumor aggressiveness, posing physical challenges, contributing to chemoresistance and
providing a hostile environment to neuroblastoma therapeutics.
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2.1. Extracellular Matrix and Stromal Cells
2.1.1. Cancer Associated Fibroblasts

Cancer associated fibroblasts (CAFs) are one of the most abundant cells of the TME and
are a key foe in the battle to target neuroblastoma [4]. As a fibroblast derivative, CAFs retain
their traditional function contributing to the development of a dense extracellular matrix
surrounding tumors and regulating tissue specific extracellular signaling [5], resulting
in more aggressive tumors. CAFs are abundant in the neuroblastoma ECM [4]. The
development of CAFs is not fully understood, but in other cancers, such as prostate
and melanoma, they may be activated through TGFβ signaling and fibroblast activating
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protein [6,7]. In neuroblastoma, researchers have found that there is an abundance of TGFβ1
in the TME, in part due to the cytokines secreted by CD163+ tumor associated macrophages
(TAMs). The cytokine profile produced by TAMs could explain the abundance of CAFs in
neuroblastoma [8,9]. Another possible explanation for increased CAFS in neuroblastoma
is Schwann cells. The infiltration of Schwann cells into the tumor stroma is a known
prognostic determinant for neuroblastoma, with Schwannian poor stroma being associated
with worse outcomes [10]. It has been noted that the number of Schwann cells infiltrating
the TME is a regulator of CAFs, with a lack of Schwann cells corresponding to an increase
in CAFs and their activity [11]. The association of CAFs with more aggressive tumors was
corroborated by a study that found stage 4, MYCN amplified neuroblastomas had more
CAFs, and CAF density significantly correlated with severity of disease [12]. In addition,
there is mounting evidence supporting the notion that CAFs contribute to tumor growth in
neuroblastoma. It has been hypothesized that the CAF-induced upregulation of JAK/STAT
and ERK1/2 signaling may be the responsible mechanism [13]. Collectively, these findings
suggest that CAFs in the neuroblastoma TME contribute to tumorigenicity.

CAFs contribute to the evolution of tumor metastasis by stimulating angiogenesis
through secretion of vascular endothelial growth factor (VEGF) [11] and altering the ECM
through the production of collagen [14]. Collagen is the most abundant macromolecule
produced in the CAF-associated ECM of tumors and in an examination of neuroblastoma,
collagen type IV was the most predominant type [15]. CAF generated type IV collagen is
critical for proper formation of a basement membrane and regulating its structure [5]. In ad-
dition to providing scaffolding, these molecules influence angiogenesis and the initial steps
to tumor metastasis [16,17]. Collagen IV has also been shown to be critical to neuroblastoma
through its effect on integrin binding and cell adhesion. Collagen IV downregulated protein
expression of α1β3 integrins and altered levels of matrix metalloproteinases (MMP) 2 and
9 [18]. These MMPs promoted neuroblastoma metastases through ECM destruction, and
studies showed that MMP2 was actively secreted and more abundant in the stromal space
of highly malignant neuroblastoma [19,20]. Thus, the regulation of collagen production by
CAFs is a mainstay to its contribution to neuroblastoma metastasis.

In addition to overcoming additional oncogenic signaling and increased metastatic
potential, CAFs also challenge the success of therapeutics by directly influencing chemore-
sistance. Scientists have hypothesized that CAFs and the type IV collagen that they produce
may lead to a physical barrier to chemotherapies. Yogev et al. found that cyclophosphamide
resistant neuroblastoma tumors from a murine model had an increase in the number of
CAFs and collagen type IV in the ECM [21]. It has also been postulated that CAF-associated
chemoresistance may be due to decreased apoptosis. Borello et al. demonstrated that the
coculture of etoposide treated neuroblastoma cells with neuroblastoma specific CAFs, as
well as mesenchymal stromal cells (MSCs), led to a decrease in caspase signaling [13].
Investigations with esophageal cancer have shown that CAFs increased the levels of IL-6
in the TME [22]. In neuroblastoma, investigators have shown that IL-6-induced STAT3
signaling may result in neuroblastoma tumor cell evasion of drug-induced apoptosis that
could be the due to the effects of CAFs [23].

The ECM established by CAFs plays a complex role in the effectiveness of immunother-
apy as well. CAFs create a dense ECM that physically hinders infiltrating immunotherapies
like CAR-T cells from reaching the tumor cells [24]. Further, the irregular structure and
abundance of CAFs within the ECM has been identified as a negative prognostic factor
for successful anti-PDL-1 therapy. These findings were based on a pan cancer analysis of
TCGA data [25]. The IL-6 produced by CAFs also dampened the effect of immunotherapies
by increasing the influx of immunosuppressive T lymphocytes [22].

In summary, CAFs promote tumor aggressiveness, secrete cytokines that result in drug
resistance and form a physical barrier to infiltrating immune cells. It is evident that CAFs
affect the ability of therapeutics to target neuroblastoma. It is also clear that preclinical
evaluations of new therapeutics must consider and include the contributions of CAFs.
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2.1.2. Mesenchymal Stromal Cells

Controversy surrounding the tumorigenic or tumor suppressive activity and duality
for use in treatments makes them complex, but several studies have documented that
mesenchymal stromal cells have proven problematic for neuroblastoma therapies [26].
Beginning as mesenchymal stem cells in the bone marrow, adipose tissue, and perivascular
region of blood vessels, these cells travel to the site of the tumor [27]. Upon arrival, they
lose their multipotency and contribute to the cellular component of the TME [28]. The
homing of mesenchymal stromal cells has been shown in neuroblastoma. After human
mesenchymal stromal cells were administered to TH-MYCN transgenic mice, mesenchymal
stromal cells were found both in and around the resulting tumors [29].

Mesenchymal stromal cells contribute to neuroblastoma progression, metastasis, and
chemoresistance [30,31]. Mesenchymal stromal cells have the ability to increase JAK/STAT
and ERK 1/2 signaling pathways to promote neuroblastoma growth [13,32]. There is also
a cytokine crosstalk between neuroblastoma tumor cells and mesenchymal stromal cells.
Together they create a tumorigenic environment through neuroblastoma cells stimulating
the secretion of IL-6 and mesenchymal stromal cells secreting VEGF [33–36]. The ability of
mesenchymal stromal cells to promote metastasis also adds another challenge to therapies.
An increased number of mesenchymal stromal cells were seen in neuroblastoma bone
marrow metastasis [37]. These mesenchymal stromal cells may promote metastasis to the
bone marrow through their production of the chemoattractant, CXCL13 [38]. Researchers
have shown that mesenchymal stromal cells also contribute to metastasis by supporting
the motility and invasiveness of neuroblastoma through a CXCR4 axis by secreting the
chemoattractant ligand, SDF-1 (also known as CXCL12) [39,40].

The interaction between neuroblastoma cells and mesenchymal stromal cells also
leads to resistance to chemotherapies. When neuroblastoma cells were co-cultured with
mesenchymal stromal cells, there was an increase in IL-6 levels [23] and subsequent in-
creased activity of STAT signaling that resulted in resistance of the neuroblastoma cells to
etoposide [41]. Another reported mechanism is the CXCR4 axis and its interplay between
neuroblastoma and mesenchymal stromal cells. Klein et al. showed that overexpression of
CXCR4 in SK-N-BE cells resulted in avoidance of apoptotic death from BCL2 inhibitors [32].
Blockade of CXCR4/SDF-1 ligand signaling cascade from mesenchymal stromal cells im-
proved the efficacy of dendritic vaccines in neuroblastoma bearing mice [42]. Additionally,
mesenchymal stromal cells alter the effects of immunotherapy for neuroblastoma by limit-
ing antibody dependent cell cytotoxicity (ADCC) through TGFβ signaling. When TGFβ
receptor was blocked with CD105 antibody, dinutuximab-induced ADCC was improved in
neuroblastoma even in the presence of mesenchymal stromal cells [43].

It is important to note that mesenchymal stromal cells may augment immunotherapy.
The homing ability of mesenchymal stromal cells has been harnessed to employ these cells
as a vehicle to deliver oncolytic viruses [44] or immunostimulant cytokines [45]. Although
effective at helping immunotherapies access neuroblastoma tumor sites, evidence pre-
sented here suggests that the negative impact of mesenchymal stromal cells may outweigh
their benefit. Thus, it is crucial to incorporate mesenchymal stromal cells in the study of
neuroblastoma therapeutics because of their potential effects on efficacy.

2.1.3. Schwann Cells

Schwann cells are a unique contributor to the neuroblastoma TME. Typically, Schwann
cells serve as protective glia cells for peripheral nervous system axons. Schwann cell
progenitors promote neuroblastoma tumorigenesis by forming into the more malignant,
chromaffin-like tumor cells [46]. Contrarily, non-tumor Schwann cells lead to neuroblas-
toma differentiation. Kwiatkowski compared neuroblastoma cells cultured with media
conditioned by Schwann cells to those cultured in media from other stromal components.
They found increased tumor cell differentiation in those cells cultured with Schwann
cell media [47]. It has been suggested that neuroblastomas expressing NKT1 may re-
cruit Schwann cells to the TME through secretion of neural growth factor and in turn,
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the migrated Schwann cells will promote differentiation of the tumor [48]. Weiss et al.
further show that the Schwann cells in the neuroblastoma TME promoted tumor cell
apoptosis, inhibited proliferation, and supported neurite outgrowth (a marker of neurob-
lastoma differentiation) via epidermal growth factor-like protein 8 [49]. The interaction
between neuroblastoma and Schwann cells is not always pro-differentiation, as neurob-
lastoma may secrete HGMB1 into the TME to induce autophagy of the Schwann cells
and ultimately promote tumor proliferation [50]. The complexity of the Schwann cell and
neuroblastoma interaction cannot be ignored and should be included in studies with drug
therapies targeting neuroblastoma as their potential impact on TME Schwann cells could
alter their efficacy.

2.2. Immune Cells and Cytokines
2.2.1. Tumor Associated Macrophages

Macrophages are one of the most abundant leukocytes in the TME. As such, macrophages
have a major influence on solid tumor progression and their response to therapeutics.
Franklin et al. showed using a breast cancer model that the tissue resident macrophages
were distinctly different in phenotype, function, and immunoreactivity compared to those
macrophages surrounding the tumor [51]. Investigations like these propelled research into
tumor associated macrophages (TAMs) and their sophisticated role in neuroblastoma.

Investigation of neuroblastoma patient samples showed that tumor aggressiveness
and metastasis positively correlated with the number of TAMs in the stroma [52]. Sub-
sequent in vitro studies found that peripheral macrophages were converted to TAMs by
neuroblastoma conditioned medium. When SK-N-BE(2) cells were co-cultured with TAMs,
they demonstrated increased migratory capacity, but their proliferative ability was unaf-
fected. This lack of a direct effect on growth by the TAMs seems contradictory as their
presence is increased in rapidly growing and aggressive tumors; however, this study
goes on to suggest that TAMs indirectly affect growth through their ability to increase
production of cancer promoting CAFs [12]. Other investigators found that the effect of
TAMs on tumor growth was more cell line dependent. Hadjidaniel proved that TAMs
increased STAT3 signaling in both human (CHLA-255, LAN-6 and LAN-5) and murine
neuroblastoma models (NBT2) leading to increased tumor growth [53].

The recruitment of TAMs to the TME of neuroblastoma, particularly metastatic lesions,
has been attributed to tumor cell secretion of colony-stimulating-factor 1 (CSF-1) [54].
siRNA knockdown of the CSF-1 release by neuroblastoma resulted in decreased tumor
progression [55]. In a separate study, CSF-1 receptor blockade on the TAMs prevented
their CSF-1-induced attraction and inhibited them from reaching the tumor, which resulted
in neuroblastoma tumors becoming more sensitive to cyclophosphamide and topotecan
chemotherapies [56]. Not yet shown in neuroblastoma, blockade of CSF-1 in breast cancer
also resulted in increased lymphocytic infiltrate. This finding suggested that TAMs could
have a negative impact on efficacy of immunotherapies, such as CAR-T cells, by impeding
access to the tumor [57]. TAMs in the TME of neuroblastoma also prove problematic to
CAR-T cell therapy due to their abundant expression of PDL-1 ligand, blocking T cell
activation, and creating an immunosuppressive surrounding [58]. Studies have also found
an enrichment of the TAM anti-tumor M2 phenotype [59] in metastatic neuroblastoma
sites and that these cells affected the ability of TME natural killer cells to target tumor
cells [60]. Mechanisms explaining this effect of TAMs on natural killer cells are not entirely
clear, but it is added evidence supporting the need to study neuroblastoma in combination
with TAMs.

2.2.2. Myeloid Derived Suppressor Cells

More recently, there have been investigations examining the effects of myeloid derived
suppressor cells (MDSCs) in the neuroblastoma TME, particularly regarding their involve-
ment with immunotherapies. As their name suggests, MDSCs lead to immunosuppression
in the TME [61]. Researchers have shown that MDSCs are triggered through interaction
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of the ATP secreted by neuroblastoma with MDSCs’ P2X7R and subsequently release
immunosuppressive cytokines [62]. Through polyphenon E modulation of the MDSCs to a
more granulocytic phenotype, there was a decrease in these immunosuppressive effects in
the neuroblastoma TME [63]. Eliminating the MDSCs with natural killer cells resulted in an
improvement of CAR-T cell therapy towards neuroblastoma [64] and improved infiltration
of cytotoxic T cells into the tumor [65]. Additionally, in a high-risk neuroblastoma model,
the inhibition of MDSCs with BLZ954 resulted in increased efficacy of PDL/PDL-1 block-
ade [66]. Further research is needed to understand their entire effect on the tumor itself,
but it is without question MDSCs are important to study in the context of immunotherapy
pre-clinical investigations.

2.2.3. T Lymphocytes

T lymphocytes are scarce in the TME but their presence correlates with the severity of
disease [67,68]. For example, in a study looking at 26 samples of high-risk neuroblastoma,
there was a notable amount of CD8+ T cells in the peripheral blood, few within tumor
stroma, but none within the tumor itself [69]. The T cells infiltrating the TME often consist
of a higher percentage of cytotoxic CD8+ T cells compared to CD4+ helper T cells [70]
which prove more cytotoxic to the tumor cell [71]. Clearly increasing the numbers of
cytotoxic T cells into the TME could be a successful therapeutic strategy.

Genomic and phenotypic properties of the neuroblastoma tumor itself contribute to
the barrier for T cell entry to the TME. As previously described, MYCN is an oncogene
and is amplified in high-risk neuroblastoma. Analysis of 148 neuroblastomas in the TAR-
GET database revealed that MYCN amplified tissue had less T lymphocytic infiltrate as
well as other effector immune cells, indicating a lack of inflammatory response to the
tumor [72]. Once T cells do infiltrate the TME, whether they are self-procuring or a result
of immunotherapy such as CAR-T, the expression of Fas ligand on neuroblastoma cells will
induce apoptosis of the T cells and render them useless [73]. Neuroblastoma also impedes
T cells through secretion of cytokines. In a Neuro-2-a syngeneic mouse model, the there
was an overproduction of macrophage inhibitory factor by the tumor cells that resulted in
a deactivation of previously activated T cells [74]. Another mechanism found in neurob-
lastoma is a lack of monocyte chemoattractant protein-1 (MCP-1) production compared
to tumors like medulloblastoma, that have a higher percentage of infiltrating T cells and
more MCP-1 [75]. Furthermore, neuroblastoma secrete high mobility group box-1 into the
TME which functions to differentiate infiltrating T lymphocytes into immunosuppressive T
regulatory cells making the tumor less immunogenic [76].

Understanding the complexities of the TME’s effect on T cells is crucial to studying
immunotherapy. Researchers have preliminarily shown through co-culture with neuroblas-
toma that γδ T cells are the optimal lymphocyte subtype for cytotoxicity towards this tumor
even in the presence an immunosuppressive TME [77,78]. Furthermore, co-cultured T cells
transfected with constitutively active AKT proved resistant to the immunosuppressive
neuroblastoma TME [79]. Future studies like these need to be completed to advance CAR-T
therapies for use in pediatric solid tumors.

2.2.4. Natural Killer Cells

Under innate conditions, natural killer cells will attack and respond to cancer cells. In
the case of neuroblastoma, natural killer cells are present in the TME but not necessarily
active against the tumor, due to the immunosuppressive TME from components already
outlined in other discussions in this review. Patients with a low expression of IL-15, an
activating cytokine of natural killer cells, and low levels of natural killer cells in the tumor,
had poorer outcomes in MYCN non-amplified neuroblastoma [80].

Once activated, the natural killer cells inhibit neuroblastoma growth, metastasis, and
immunosuppression. Early reports of exogenous administration of IL-2, a cytokine known
to activate natural killer cells, eliminated neuroblastoma metastasis to the bone marrow [81].
Therapies that take advantage of this finding, have showed that IL-2 in combination with
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other compounds like IL-18 [82], fractalkine [83], or lenalidomide [84] will ultimately
improve immunotherapeutic intervention against neuroblastoma via improved natural
killer cell killing. Furthermore, activated natural killer cells release miR-168 exosomes in
TME that will ultimately diminish the immunosuppressive effects of neuroblastoma by
decreasing MYCN expression and TGF-β release [8]. Thus, understanding the function
and presence of natural killer cells in the TME is critical to defining the effects of therapy
on neuroblastoma.

2.3. Vasculature

In mouse models [85] and in long term passage neuroblastoma cell lines [20,86], VEGF
is the primary mechanism promoting angiogenesis [87]. In examination of 50 neuroblas-
toma patient samples, vascularity correlated with more aggressive tumors [88]. Multiple
methods to inhibit angiogenesis, including decreased notch signaling [89], prostaglandin
E synthase inhibitors [90], targeting hypoxia-inducible factors [91], or limiting infiltrat-
ing pericytes [92], have been shown to hinder neuroblastoma tumor progression and
metastasis. The pro-angiogenic factors expressed and released by neuroblastoma also
contribute to alterations in the extracellular matrix, adding complexity to therapeutic in-
tervention [93]. Haagendoorn and colleagues showed that vasculature of solid tumors is
irregular and results in difficult drug delivery [94]. Therefore, when given bevacizumab to
block VEGF, it not only altered the tumor morphology but improved vessel function and
delivery of chemotherapeutics to neuroblastoma xenografts by noticeably decreasing tumor
size [95]. This supports the need to incorporate the understanding of tumor vasculature in
pre-clinical testing of neuroblastoma therapy.

3. Three-Dimensional Bioprinting: Applications to Neuroblastoma
3.1. Three-Dimensional Models

Three-dimensional models are being utilized more frequently for cancer studies due
to their ability to create tissue-like structures more effectively than monolayer cell cultures.
The main limitation to two-dimensional cell culture is the inability of those models to
imitate the in vivo architecture and microenvironments [96]. A group at the Lawrence
Berkeley National Laboratory demonstrated the ability of three-dimensional models to
outperform two-dimensional models. This group showed that in a three-dimensional
breast cancer model, the antibodies against the cell-surface receptor 1-integrin changed
the behavior of cancerous breast cells such that they become non-cancerous, losing their
shapes and patterns of growth. This alteration of shape and functionality of the breast
cancer cells was not observed in the two-dimensional model [97].

Spherical cancer models are the most commonly used in vitro three-dimensional
model in cancer research. There are four groups of spherical cancer models including
multicellular tumor spheroids, tumorspheres, tissue-derived tumor spheres, and organ-
otypic multicellular spheroids [98]. Multicellular tumor spheroid models are generated
from single-cell suspension cultures, with the incorporation of fetal bovine serum and
no externally supplied extracellular matrix. These models establish the functional and
morphologic properties of tissue in vivo [99]. The single-cell suspension cell cultures used
for multicellular tumor spheroid models typically originate from permanent cancer cell
lines, and do not commonly utilize cells from dissociated tumor tissue [98]. Free-floating
cancer stem cell spheres, also known as tumorspheres, were initially described in brain
tumor research [100]. Since their initial discovery, they have been developed from a large
range of solid tumors, including breast [101], pancreatic [102], and ovarian cancers [103].
It has been observed that tumorspheres do not fully recapitulate the three-dimensional
environment and structure of an in vivo tumor. Tumorspheres are typically used as models
to study cancer stem cell properties rather than models for mimicking cancer tissues [104].
The third category of spherical cancer models are tissue-derived tumor spheres, which are
derived from partially dissociated cancerous tissues [98]. This spherical model has been
mostly employed in colorectal cancer research [105]. While tissue-derived tumor spheres
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typically recapitulate avascular tumor microregions, the major downfall of this spherical
model is the lack of cell proliferation seen in vivo [98]. The final category of spherical
models is organotypic multicellular spheroids, constructed from culturing ex vivo frag-
ments of tumors without dissociation [106]. This spherical model has been generated from
several tumor types including glioblastoma [107], meningioma [108], mesothelioma [109],
and colorectal cancer [110]. As compared to the other three types of spherical models
described, organotypic multicellular spheroids most closely model in vivo tumors by best
recapitulating the native tumor heterogeneity, with the downfall of this model being the
limited types of cancer in which it has been reported [98].

3.2. Three-Dimensional Bioprinting

A technique that allows for the creation of three-dimensional cellular constructs in-
volves the utilization of a three-dimensional bioprinter. A three-dimensional bioprinter
allows for fabrication in the X, Y, and Z directions as created from computer-aided design
software or scanned from medical images [111]. Bioprinting is performed through layered
deposition of bioink in a spatially defined manner. Bioink is a hydrogel-based biomate-
rial solution that is used to create the tissue constructs. The biomaterials used to create
hydrogel bioink include, but are not limited to, alginate, gelatin, collagen, hyaluronic acid,
and agarose [112]. Hydrogel-based bioinks are regularly used as they are biocompatible
and typically capable of aiding in cell attachment and differentiation [113]. The main
disadvantage hydrogel bioinks is their lack of mechanical strength [114]. To compensate
for this lack of mechanical strength, the structures may be cross-linked to obtain a more
secure structure [115].

The bioink that is best suited for the specific model that is being researched will possess
the desired physiochemical properties of the tissue in question, including chemical and
biological characteristics [116]. For example, successful bioprinted models of breast and
pancreatic cancer were created using a reversibly cross-linkable hydrogel bioink, composed
of 1% Pronova Ultrapure Low Viscosity Sodium Alginate and 6% gelatin in phosphate
buffered saline (PBS). Fibroblasts, endothelial cells, additional stromal cells, and growth
factors were also used in these models to help create the physiochemical properties of the
cancer in question. This group further demonstrated that multi-cell-type bioprinted tissues
were able to recapitulate the TME of in vivo neoplastic tissues [117].

The primary three-dimensional bioprinting techniques used are inkjet-based, extrusion-
based, and laser-assisted printing [118]. Inkjet-based printers distribute precise picoliters
of bioink [119]. The main limitation to inkjet-based bioprinting is the difficulty in obtaining
biologically relevant cell densities [120]. Some advantages of inkjet-based bioprinting
include its low-cost, high speed, and biocompatibility with many materials [121]. The
most notable applications of inkjet-based bioprinting are regeneration of skin [122] and
cartilage [123]. Extrusion-based bioprinting uses pneumatic or mechanical dispensing
systems for the continuous extrusion of biomaterials [118]. This form of bioprinting is
advantageous as it has the capacity to deposit large cell densities [121]. This technique has
been shown to be useful in cancer research. Xu et al. utilized an extrusion-based bioprinter
for high-throughput drug screening in ovarian cancer, in which they investigated regula-
tory feedback mechanisms in vitro [124]. Laser-assisted bioprinting utilizes laser-induced
forward-transfer to generate scaffold-free three-dimensional systems via layered deposition
of bioink [125]. This method of bioprinting is typically used for applications in tissue and
organ engineering and is known for its high cell viability [126].

Bioprinting allows for high-throughput, automated control of structures that have high
reproducibility [112]. An example of the high-throughput application of three-dimensional
bioprinting to cancer models was demonstrated by the creation of three-dimensional breast
epithelial spheroids. Swaminathan and colleagues demonstrated that a three-dimensional
bioprinter had the capacity to create multicellular breast tumor spheroids while simul-
taneously maintaining the function, structure, and polarization of the spheroids. These
spheroids were then immediately used for assays such as drug screening [127]. This au-
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tomation and high-throughput capacity of three-dimensional printing is especially enticing
in cancer research as it bridges the gap that currently exists between cancer models and
preclinical trials. It is standard for preclinical trials to be based on animal models, with
patient-derived tumor xenografts typically used to recreate the native tumor heterogeneity
and test cancer therapeutics [128]. Bioprinting three-dimensional cancer models serves as a
bridge between animal experimentation and human trials [129].

3.3. Recapitulation of the Tumor Microenvironment with Three-Dimensional Bioprinting

A major challenge in the creation of cancer models is the recapitulation of the native
tumor microenvironment (TME). Two-dimensional culture systems do not contain the
architectural structure and microenvironment of the tumor [130]. Three-dimensional mod-
els of cancer have shown to better represent the physiological conditions as compared to
traditional two-dimensional models, by recapitulating the native TME and spatial distribu-
tion of cells [131]. Amongst the three-dimensional models utilized, spherical models have
shown the most significant promise for creating the appropriate microenvironment [132].
Three-dimensional spherical cell culture models allow for the cell–cell and cell-extracellular
matrix interactions that are necessary to mimic the native TME [133]. Three-dimensional
constructs that contain patient-derived cells may be propagated in vitro to mimic the native
TME that exists in vivo [132]. As previously discussed, three-dimensional bioprinting is an
ideal platform to create three-dimensional constructs, and therefore maybe used to model
the TME. The incorporation of various cell types such as cancer associated fibroblasts,
mesenchymal stromal cells, tumor associated macrophages, and functional vasculature into
the bioink can assist in the recapitulation of the native TME in three-dimensional bioprints.

It has been demonstrated that three-dimensional bioprinting that incorporated cancer-
associated fibroblasts allowed for the recreation of the native TME by Langer et al. For
their breast tumor study, the estrogen receptor-positive MCF-7 cell line was bioprinted
with the incorporation of primary human mammary fibroblasts and human umbilical vein
endothelial cells in the bioink. Immunofluorescence staining of the bioprints displayed the
interaction between epithelial cancer cells and stromal fibroblasts. This study then went
on to demonstrate that distinct microenvironments could be modeled using bioprinted
tissues. The investigators included primary subcutaneous preadipocytes into the tissue
stromal compartment along with human mammary fibroblasts and human umbilical vein
endothelial cells. They successfully showed that additional tissue-relevant cell types could
be included in the bioprints to successfully recapitulate the native TME. These results were
proven by quantifying the adipocyte maturation within the bioprints over a course of ten
days post-printing [117].

The inclusion of mesenchymal stromal cells into three-dimensional bioprints has also
shown potential for recapitulating the native TME. This method was detailed by Byambaa
et al. in their bioprinting of three-dimensional bone tissue. In this study, the bioprinted
bone tissue constructs acted as biomimetic in vitro matrices capable of coculturing bone
marrow derived mesenchymal stem cells and human umbilical vein endothelial cells.
Through immunostaining and RT-qPCR, it was confirmed that the encapsulated human
mesenchymal stem cells were able to form a mature bone marrow niche after 21 days
of culture. The bioprinting method described in this study demonstrated the control of
local physical and chemical microniches and established gradients in the bioprinted con-
structs [134]. While this study focused on the engineering of bone tissue, the applications
of the effects of using mesenchymal stromal cells in three-dimensional bioprints could
be extended beyond bone tissue and applied to cancer models. Mesenchymal stromal
cells have also been successfully incorporated into three-dimensional bioprints of cartilage,
cardiovascular tissue, neural tissues, and tendons, thus speaking to their ability to enhance
the TME of bioprints [135].

Tumor associated macrophages also have the capacity to enhance the TME of three-
dimensional bioprinted tissues. Tang et al. demonstrated the use of macrophages in the
establishment and proliferation of three-dimensionally bioprinted glioblastoma models.
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One aspect of this study focused on the hypoxic and invasive signatures of the bioprinted
models of glioblastoma. Bioprinted cultures containing the human monocytic cell line,
THP-1, derived macrophages, human induced pluripotent stem cell-derived macrophages
and primary human volunteer-derived macrophages were created, and RNA-seq was
performed on the models to understand the relative contributions of gene expression
for each cell type in the bioprinted model. This study showed that the THP-1 derived
macrophages promoted the hypoxic and invasive signatures of the bioprinted models.
Ultimately, the results of this study demonstrated the critical nature of growth factor
signaling elements that are provided from immune fractions, such as macrophages, to the
brain tumor model [136].

A common issue with three-dimensionally printing tissue is the difficulty in creating
functional vasculature within the tissue [137]. For large tissue constructs, vascularization of
the tissue is critical for maintaining the tissue’s viability [138]. Zhang et al. demonstrated
the ability to use three-dimensional printing to create a vasculature network directly
by bioprinting vessel-like cellular microfluidic channels using hydrogels [139]. Thus,
as vascularization is a necessity in maintaining the viability of tissues, incorporating
vascularization into three-dimensional prints can assist in the recapitulation of the TME.

3.4. Three-Dimensional Bioprinting in Neuroblastoma

There is literature supporting the use of three-dimensional bioprinting in creating
in vitro models of neuroblastoma. The foundation of these studies is provided by the
three-dimensional in vitro models of neuroblastoma that have been used for pre-clinical
assessments. Three-dimensional models of neuroblastoma have been observed in several
in vitro culture systems including multicellular tumor spheroids [140], tissue-derived
tumor spheres [141], and patient-derived tumor organoids [142]. Based on the success of
these three-dimensional models and the ability of bioprinters to create three-dimensional
models, it is logical that a three-dimensional bioprinter would be a tool of significant value
in creating three-dimensional neuroblastoma models. Promising initial results have been
seen in the application of three-dimensional bioprinting to neuroblastoma cell lines. There
are data that establish the bioprinting protocol of the neuroblastoma cell line SH-SY5Y,
which allowed for cell viability to be maintained after five days of culture. This study
demonstrated that the neural cells organized themselves into distinct colonies in the three-
dimensional environment, thereby confirming that the three-dimensional structure created
by the protocol was optimal based on the proposed bioink [143]. There are also data that
detail the creation of three-dimensionally printed scaffolds using SH-SY5Y neuroblastoma
cells. This study ultimately demonstrated the role of three-dimensional bioprinting in the
creation of a realistic in vitro three-dimensional neural model using a neuroblastoma cell
line [144]. There is extensive potential for three-dimensional bioprinting applications and
techniques to be expanded upon, and the literature reviewed demonstrates the capacity for
three-dimensional bioprinting to create reliable neuroblastoma models for cancer research.

4. Conclusions

The neuroblastoma TME has the potential to contribute to tumor aggressiveness
and therapeutic resistance. Novel 3D bioprinting shows promise for the study of the
TME in cancer. Currently, researchers have been successful in using 3D printing to create
solid tumors, including neuroblastoma (Table 1). Supplementing the prints with TME
components could provide the means to better investigate potential chemotherapeutics in
a pre-clinical setting (Figure 2). As our knowledge of neuroblastoma grows more robust,
the evolution of neuroblastoma investigations will progress and will likely include the
incorporation of artificial tumor microenvironments.
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Table 1. Three-Dimensional Bioprinting in Cancer. Different cancers and their respective bioprinting
methods reviewed for this paper.

Type of Three-
Dimensional Printer Printing Method Cancer Tissues

Printed Reference

Inkjet Based Fast distribution of
bioink droplets

Bladder [140]
Breast [141]

Extrusion Based Slow continuous distribution
of bioink

Neuroblastoma [138]
Breast [112]

Pancreatic [112]

Laser Assisted Medium-fast laser-induced
forward-transfer of bioink Pancreatic [142]
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Figure 2. A schematic demonstrating the steps in bioprinting neuroblastoma cells, TME cells and components, and addition
of cytokines. Once established, treatments may be added to the print to assess therapeutic response and effectiveness better
than a 2D cell culture. The initial step in Figure 2 demonstrates the bioprinting of the bioink and tumor cell mixture into
the designated well plate. The printed structure is then cross-linked for structural support and the media is added to the
well. From there, additional components representing the TME may be added to the print and surrounding media to better
mimic the TME (e.g., cytokines, immune cells, stromal cells). The final step in Figure 2 shows the addition of the therapeutic
intervention on the printed structure with TME components.

Author Contributions: Writing the manuscript and figure preparation, C.H.Q. and A.M.B. Review
and editing, E.A.B. All authors have read and agreed to the published version of the manuscript.

Funding: This project was funded, in part, by the National Institutes of Health under award number
5T32GM008361: Medical Scientist Training Program (CHQ).

Institutional Review Board Statement: Not applicable as study did not involve humans or animals.

Informed Consent Statement: Not applicable as study did not involve humans.



Cancers 2021, 13, 1629 12 of 17

Data Availability Statement: Data sharing not applicable. We did not create or analyze new data in
this study.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Colon, N.C.; Chung, D.H. Neuroblastoma. Adv. Pediatrics 2011, 58, 297–311. [CrossRef] [PubMed]
2. Sirkisoon, S.R.; Carpenter, R.L.; Rimkus, T.; Doheny, D.; Zhu, D.; Aguayo, N.R.; Xing, F.; Chan, M.; Ruiz, J.; Metheny-Barlow, L.J.;

et al. TGLI1 transcription factor mediates breast cancer brain metastasis via activating metastasis-initiating cancer stem cells and
astrocytes in the tumor microenvironment. Oncogene 2020, 39, 64–78. [CrossRef] [PubMed]

3. Garner, E.F.; Beierle, E.A. Cancer Stem Cells and Their Interaction with the Tumor Microenvironment in Neuroblastoma. Cancers
2015, 8. [CrossRef] [PubMed]

4. De Veirman, K.; Rao, L.; De Bruyne, E.; Menu, E.; Van Valckenborgh, E.; Van Riet, I.; Frassanito, M.A.; Di Marzo, L.; Vacca, A.;
Vanderkerken, K. Cancer associated fibroblasts and tumor growth: Focus on multiple myeloma. Cancers 2014, 6, 1363–1381.
[CrossRef] [PubMed]

5. Chang, H.Y.; Chi, J.T.; Dudoit, S.; Bondre, C.; van de Rijn, M.; Botstein, D.; Brown, P.O. Diversity, topographic differentiation, and
positional memory in human fibroblasts. Proc. Natl. Acad. Sci. USA 2002, 99, 12877–12882. [CrossRef]

6. Tuxhorn, J.A.; Ayala, G.E.; Smith, M.J.; Smith, V.C.; Dang, T.D.; Rowley, D.R. Reactive stroma in human prostate cancer: Induction
of myofibroblast phenotype and extracellular matrix remodeling. Clin. Cancer Res. 2002, 8, 2912–2923.

7. Huber, M.A.; Kraut, N.; Park, J.E.; Schubert, R.D.; Rettig, W.J.; Peter, R.U.; Garin-Chesa, P. Fibroblast activation protein: Differential
expression and serine protease activity in reactive stromal fibroblasts of melanocytic skin tumors. J. Investig. Dermatol. 2003, 120,
182–188. [CrossRef] [PubMed]

8. Neviani, P.; Wise, P.M.; Murtadha, M.; Liu, C.W.; Wu, C.H.; Jong, A.Y.; Seeger, R.C.; Fabbri, M. Natural Killer-Derived Exosomal
miR-186 Inhibits Neuroblastoma Growth and Immune Escape Mechanisms. Cancer Res. 2019, 79, 1151–1164. [CrossRef] [PubMed]

9. Tran, H.C.; Wan, Z.; Sheard, M.A.; Sun, J.; Jackson, J.R.; Malvar, J.; Xu, Y.; Wang, L.; Sposto, R.; Kim, E.S.; et al. TGFbetaR1
Blockade with Galunisertib (LY2157299) Enhances Anti-Neuroblastoma Activity of the Anti-GD2 Antibody Dinutuximab (ch14.18)
with Natural Killer Cells. Clin. Cancer Res. 2017, 23, 804–813. [CrossRef] [PubMed]

10. Shimada, H.; Ambros, I.M.; Dehner, L.P.; Hata, J.; Joshi, V.V.; Roald, B.; Stram, D.O.; Gerbing, R.B.; Lukens, J.N.; Matthay, K.K.;
et al. The International Neuroblastoma Pathology Classification (the Shimada system). Cancer 1999, 86, 364–372. [CrossRef]

11. Zeine, R.; Salwen, H.R.; Peddinti, R.; Tian, Y.; Guerrero, L.; Yang, Q.; Chlenski, A.; Cohn, S.L. Presence of cancer-associated fibrob-
lasts inversely correlates with Schwannian stroma in neuroblastoma tumors. Mod. Pathol. 2009, 22, 950–958. [CrossRef] [PubMed]

12. Hashimoto, O.; Yoshida, M.; Koma, Y.; Yanai, T.; Hasegawa, D.; Kosaka, Y.; Nishimura, N.; Yokozaki, H. Collaboration of
cancer-associated fibroblasts and tumour-associated macrophages for neuroblastoma development. J. Pathol. 2016, 240, 211–223.
[CrossRef] [PubMed]

13. Borriello, L.; Nakata, R.; Sheard, M.A.; Fernandez, G.E.; Sposto, R.; Malvar, J.; Blavier, L.; Shimada, H.; Asgharzadeh, S.; Seeger,
R.C.; et al. Cancer-Associated Fibroblasts Share Characteristics and Protumorigenic Activity with Mesenchymal Stromal Cells.
Cancer Res. 2017, 77, 5142–5157. [CrossRef] [PubMed]

14. Xing, F.; Saidou, J.; Watabe, K. Cancer associated fibroblasts (CAFs) in tumor microenvironment. Front. Biosci. 2010, 15, 166–179.
[CrossRef] [PubMed]

15. Scarpa, S.; Modesti, A.; Triche, T.J. Extracellular matrix synthesis by undifferentiated childhood tumor cell lines. Am. J. Pathol.
1987, 129, 74–85. [PubMed]

16. Egeblad, M.; Rasch, M.G.; Weaver, V.M. Dynamic interplay between the collagen scaffold and tumor evolution. Curr. Opin. Cell
Biol. 2010, 22, 697–706. [CrossRef] [PubMed]

17. Kalluri, R. Basement membranes: Structure, assembly and role in tumour angiogenesis. Nat. Rev. Cancer 2003, 3,
422–433. [CrossRef]

18. Tzinia, A.K.; Kitsiou, P.V.; Talamagas, A.A.; Georgopoulos, A.; Tsilibary, E.C. Effects of collagen IV on neuroblastoma cell
matrix-related functions. Exp. Cell Res. 2002, 274, 169–177. [CrossRef]

19. Ara, T.; Fukuzawa, M.; Kusafuka, T.; Komoto, Y.; Oue, T.; Inoue, M.; Okada, A. Immunohistochemical expression of MMP-2,
MMP-9, and TIMP-2 in neuroblastoma: Association with tumor progression and clinical outcome. J. Pediatr. Surg. 1998, 33,
1272–1278. [CrossRef]

20. Ribatti, D.; Alessandri, G.; Vacca, A.; Iurlaro, M.; Ponzoni, M. Human neuroblastoma cells produce extracellular matrix-degrading
enzymes, induce endothelial cell proliferation and are angiogenic in vivo. Int. J. Cancer 1998, 77, 449–454. [CrossRef]

21. Yogev, O.; Almeida, G.S.; Barker, K.T.; George, S.L.; Kwok, C.; Campbell, J.; Zarowiecki, M.; Kleftogiannis, D.; Smith, L.M.;
Hallsworth, A.; et al. In Vivo Modeling of Chemoresistant Neuroblastoma Provides New Insights into Chemorefractory Disease
and Metastasis. Cancer Res. 2019, 79, 5382–5393. [CrossRef] [PubMed]

22. Kato, T.; Noma, K.; Ohara, T.; Kashima, H.; Katsura, Y.; Sato, H.; Komoto, S.; Katsube, R.; Ninomiya, T.; Tazawa, H.; et al.
Cancer-Associated Fibroblasts Affect Intratumoral CD8(+) and FoxP3(+) T Cells Via IL6 in the Tumor Microenvironment. Clin.
Cancer Res. 2018, 24, 4820–4833. [CrossRef] [PubMed]

23. Ara, T.; Nakata, R.; Sheard, M.A.; Shimada, H.; Buettner, R.; Groshen, S.G.; Ji, L.; Yu, H.; Jove, R.; Seeger, R.C.; et al. Critical role of
STAT3 in IL-6-mediated drug resistance in human neuroblastoma. Cancer Res. 2013, 73, 3852–3864. [CrossRef] [PubMed]

http://doi.org/10.1016/j.yapd.2011.03.011
http://www.ncbi.nlm.nih.gov/pubmed/21736987
http://doi.org/10.1038/s41388-019-0959-3
http://www.ncbi.nlm.nih.gov/pubmed/31462709
http://doi.org/10.3390/cancers8010005
http://www.ncbi.nlm.nih.gov/pubmed/26729169
http://doi.org/10.3390/cancers6031363
http://www.ncbi.nlm.nih.gov/pubmed/24978438
http://doi.org/10.1073/pnas.162488599
http://doi.org/10.1046/j.1523-1747.2003.12035.x
http://www.ncbi.nlm.nih.gov/pubmed/12542520
http://doi.org/10.1158/0008-5472.CAN-18-0779
http://www.ncbi.nlm.nih.gov/pubmed/30541743
http://doi.org/10.1158/1078-0432.CCR-16-1743
http://www.ncbi.nlm.nih.gov/pubmed/27756784
http://doi.org/10.1002/(SICI)1097-0142(19990715)86:2&lt;364::AID-CNCR21&gt;3.0.CO;2-7
http://doi.org/10.1038/modpathol.2009.52
http://www.ncbi.nlm.nih.gov/pubmed/19407854
http://doi.org/10.1002/path.4769
http://www.ncbi.nlm.nih.gov/pubmed/27425378
http://doi.org/10.1158/0008-5472.CAN-16-2586
http://www.ncbi.nlm.nih.gov/pubmed/28687621
http://doi.org/10.2741/3613
http://www.ncbi.nlm.nih.gov/pubmed/20036813
http://www.ncbi.nlm.nih.gov/pubmed/2821816
http://doi.org/10.1016/j.ceb.2010.08.015
http://www.ncbi.nlm.nih.gov/pubmed/20822891
http://doi.org/10.1038/nrc1094
http://doi.org/10.1006/excr.2001.5463
http://doi.org/10.1016/S0022-3468(98)90167-1
http://doi.org/10.1002/(SICI)1097-0215(19980729)77:3&lt;449::AID-IJC22&gt;3.0.CO;2-1
http://doi.org/10.1158/0008-5472.CAN-18-2759
http://www.ncbi.nlm.nih.gov/pubmed/31405846
http://doi.org/10.1158/1078-0432.CCR-18-0205
http://www.ncbi.nlm.nih.gov/pubmed/29921731
http://doi.org/10.1158/0008-5472.CAN-12-2353
http://www.ncbi.nlm.nih.gov/pubmed/23633489


Cancers 2021, 13, 1629 13 of 17

24. Richards, R.M.; Sotillo, E.; Majzner, R.G. CAR T Cell Therapy for Neuroblastoma. Front. Immunol. 2018, 9, 2380.
[CrossRef] [PubMed]

25. Chakravarthy, A.; Khan, L.; Bensler, N.P.; Bose, P.; De Carvalho, D.D. TGF-beta-associated extracellular matrix genes link
cancer-associated fibroblasts to immune evasion and immunotherapy failure. Nat. Commun. 2018, 9, 4692. [CrossRef]

26. Galipeau, J.; Sensebe, L. Mesenchymal Stromal Cells: Clinical Challenges and Therapeutic Opportunities. Cell Stem Cell 2018, 22,
824–833. [CrossRef] [PubMed]

27. Crisan, M.; Yap, S.; Casteilla, L.; Chen, C.W.; Corselli, M.; Park, T.S.; Andriolo, G.; Sun, B.; Zheng, B.; Zhang, L.; et al. A
perivascular origin for mesenchymal stem cells in multiple human organs. Cell Stem Cell 2008, 3, 301–313. [CrossRef] [PubMed]

28. Dominici, M.; Le Blanc, K.; Mueller, I.; Slaper-Cortenbach, I.; Marini, F.; Krause, D.; Deans, R.; Keating, A.; Prockop, D.; Horwitz,
E. Minimal criteria for defining multipotent mesenchymal stromal cells. The International Society for Cellular Therapy position
statement. Cytotherapy 2006, 8, 315–317. [CrossRef] [PubMed]

29. Kimura, K.; Kishida, T.; Wakao, J.; Tanaka, T.; Higashi, M.; Fumino, S.; Aoi, S.; Furukawa, T.; Mazda, O.; Tajiri, T. Tumor-
homing effect of human mesenchymal stem cells in a TH-MYCN mouse model of neuroblastoma. J. Pediatr. Surg. 2016, 51,
2068–2073. [CrossRef]

30. Ridge, S.M.; Sullivan, F.J.; Glynn, S.A. Mesenchymal stem cells: Key players in cancer progression. Mol. Cancer 2017, 16, 31.
[CrossRef] [PubMed]

31. Hochheuser, C.; Windt, L.J.; Kunze, N.Y.; de Vos, D.L.; Tytgat, G.A.M.; Voermans, C.; Timmerman, I. Mesenchymal Stromal Cells
in Neuroblastoma: Exploring Crosstalk and Therapeutic Implications. Stem Cells Dev. 2021, 30, 59–78. [CrossRef] [PubMed]

32. Klein, S.; Abraham, M.; Bulvik, B.; Dery, E.; Weiss, I.D.; Barashi, N.; Abramovitch, R.; Wald, H.; Harel, Y.; Olam, D.; et al.
CXCR4 Promotes Neuroblastoma Growth and Therapeutic Resistance through miR-15a/16-1-Mediated ERK and BCL2/Cyclin
D1 Pathways. Cancer Res. 2018, 78, 1471–1483. [CrossRef] [PubMed]

33. Fukaya, Y.; Shimada, H.; Wang, L.C.; Zandi, E.; DeClerck, Y.A. Identification of galectin-3-binding protein as a factor secreted
by tumor cells that stimulates interleukin-6 expression in the bone marrow stroma. J. Biol. Chem. 2008, 283, 18573–18581.
[CrossRef] [PubMed]

34. Silverman, A.M.; Nakata, R.; Shimada, H.; Sposto, R.; DeClerck, Y.A. A galectin-3-dependent pathway upregulates interleukin-6
in the microenvironment of human neuroblastoma. Cancer Res. 2012, 72, 2228–2238. [CrossRef] [PubMed]

35. Nakata, R.; Shimada, H.; Fernandez, G.E.; Fanter, R.; Fabbri, M.; Malvar, J.; Zimmermann, P.; DeClerck, Y.A. Contribution of
neuroblastoma-derived exosomes to the production of pro-tumorigenic signals by bone marrow mesenchymal stromal cells. J.
Extracell. Vesicles 2017, 6, 1332941. [CrossRef]

36. Ara, T.; Song, L.; Shimada, H.; Keshelava, N.; Russell, H.V.; Metelitsa, L.S.; Groshen, S.G.; Seeger, R.C.; DeClerck, Y.A. Interleukin-
6 in the bone marrow microenvironment promotes the growth and survival of neuroblastoma cells. Cancer Res. 2009, 69, 329–337.
[CrossRef] [PubMed]

37. Hochheuser, C.; van Zogchel, L.M.J.; Kleijer, M.; Kuijk, C.; Tol, S.; van der Schoot, C.E.; Voermans, C.; Tytgat, G.A.M.; Timmerman,
I. The Metastatic Bone Marrow Niche in Neuroblastoma: Altered Phenotype and Function of Mesenchymal Stromal Cells. Cancers
2020, 12, 3231. [CrossRef]

38. Airoldi, I.; Cocco, C.; Morandi, F.; Prigione, I.; Pistoia, V. CXCR5 may be involved in the attraction of human metastatic
neuroblastoma cells to the bone marrow. Cancer Immunol. Immunother. 2008, 57, 541–548. [CrossRef] [PubMed]

39. Ma, M.; Ye, J.Y.; Deng, R.; Dee, C.M.; Chan, G.C. Mesenchymal stromal cells may enhance metastasis of neuroblastoma via
SDF-1/CXCR4 and SDF-1/CXCR7 signaling. Cancer Lett. 2011, 312, 1–10. [CrossRef]

40. Bianchi, G.; Morandi, F.; Cilli, M.; Daga, A.; Bocelli-Tyndall, C.; Gambini, C.; Pistoia, V.; Raffaghello, L. Close interactions between
mesenchymal stem cells and neuroblastoma cell lines lead to tumor growth inhibition. PLoS ONE 2012, 7, e48654. [CrossRef]

41. Lifshitz, V.; Priceman, S.J.; Li, W.; Cherryholmes, G.; Lee, H.; Makovski-Silverstein, A.; Borriello, L.; DeClerck, Y.A.; Yu, H.
Sphingosine-1-Phosphate Receptor-1 Promotes Environment-Mediated and Acquired Chemoresistance. Mol. Cancer Ther. 2017,
16, 2516–2527. [CrossRef] [PubMed]

42. Komorowski, M.; Tisonczyk, J.; Kolakowska, A.; Drozdz, R.; Kozbor, D. Modulation of the Tumor Microenvironment by CXCR4
Antagonist-Armed Viral Oncotherapy Enhances the Antitumor Efficacy of Dendritic Cell Vaccines against Neuroblastoma in
Syngeneic Mice. Viruses 2018, 10, 455. [CrossRef] [PubMed]

43. Wu, H.W.; Sheard, M.A.; Malvar, J.; Fernandez, G.E.; DeClerck, Y.A.; Blavier, L.; Shimada, H.; Theuer, C.P.; Sposto, R.; Seeger,
R.C. Anti-CD105 Antibody Eliminates Tumor Microenvironment Cells and Enhances Anti-GD2 Antibody Immunotherapy of
Neuroblastoma with Activated Natural Killer Cells. Clin. Cancer Res. 2019, 25, 4761–4774. [CrossRef] [PubMed]

44. Melen, G.J.; Franco-Luzon, L.; Ruano, D.; Gonzalez-Murillo, A.; Alfranca, A.; Casco, F.; Lassaletta, A.; Alonso, M.; Madero, L.;
Alemany, R.; et al. Influence of carrier cells on the clinical outcome of children with neuroblastoma treated with high dose of
oncolytic adenovirus delivered in mesenchymal stem cells. Cancer Lett. 2016, 371, 161–170. [CrossRef] [PubMed]

45. Relation, T.; Yi, T.; Guess, A.J.; La Perle, K.; Otsuru, S.; Hasgur, S.; Dominici, M.; Breuer, C.; Horwitz, E.M. Intratumoral
Delivery of Interferongamma-Secreting Mesenchymal Stromal Cells Repolarizes Tumor-Associated Macrophages and Suppresses
Neuroblastoma Proliferation In Vivo. Stem Cells 2018, 36, 915–924. [CrossRef] [PubMed]

46. Dong, R.; Yang, R.; Zhan, Y.; Lai, H.D.; Ye, C.J.; Yao, X.Y.; Luo, W.Q.; Cheng, X.M.; Miao, J.J.; Wang, J.F.; et al. Single-Cell
Characterization of Malignant Phenotypes and Developmental Trajectories of Adrenal Neuroblastoma. Cancer Cell 2020, 38,
716–733 e716. [CrossRef] [PubMed]

http://doi.org/10.3389/fimmu.2018.02380
http://www.ncbi.nlm.nih.gov/pubmed/30459759
http://doi.org/10.1038/s41467-018-06654-8
http://doi.org/10.1016/j.stem.2018.05.004
http://www.ncbi.nlm.nih.gov/pubmed/29859173
http://doi.org/10.1016/j.stem.2008.07.003
http://www.ncbi.nlm.nih.gov/pubmed/18786417
http://doi.org/10.1080/14653240600855905
http://www.ncbi.nlm.nih.gov/pubmed/16923606
http://doi.org/10.1016/j.jpedsurg.2016.09.041
http://doi.org/10.1186/s12943-017-0597-8
http://www.ncbi.nlm.nih.gov/pubmed/28148268
http://doi.org/10.1089/scd.2020.0142
http://www.ncbi.nlm.nih.gov/pubmed/33287630
http://doi.org/10.1158/0008-5472.CAN-17-0454
http://www.ncbi.nlm.nih.gov/pubmed/29259008
http://doi.org/10.1074/jbc.M803115200
http://www.ncbi.nlm.nih.gov/pubmed/18450743
http://doi.org/10.1158/0008-5472.CAN-11-2165
http://www.ncbi.nlm.nih.gov/pubmed/22389450
http://doi.org/10.1080/20013078.2017.1332941
http://doi.org/10.1158/0008-5472.CAN-08-0613
http://www.ncbi.nlm.nih.gov/pubmed/19118018
http://doi.org/10.3390/cancers12113231
http://doi.org/10.1007/s00262-007-0392-2
http://www.ncbi.nlm.nih.gov/pubmed/17786442
http://doi.org/10.1016/j.canlet.2011.06.028
http://doi.org/10.1371/journal.pone.0048654
http://doi.org/10.1158/1535-7163.MCT-17-0379
http://www.ncbi.nlm.nih.gov/pubmed/28716816
http://doi.org/10.3390/v10090455
http://www.ncbi.nlm.nih.gov/pubmed/30149659
http://doi.org/10.1158/1078-0432.CCR-18-3358
http://www.ncbi.nlm.nih.gov/pubmed/31068371
http://doi.org/10.1016/j.canlet.2015.11.036
http://www.ncbi.nlm.nih.gov/pubmed/26655276
http://doi.org/10.1002/stem.2801
http://www.ncbi.nlm.nih.gov/pubmed/29430789
http://doi.org/10.1016/j.ccell.2020.08.014
http://www.ncbi.nlm.nih.gov/pubmed/32946775


Cancers 2021, 13, 1629 14 of 17

47. Kwiatkowski, J.L.; Rutkowski, J.L.; Yamashiro, D.J.; Tennekoon, G.I.; Brodeur, G.M. Schwann cell-conditioned medium promotes
neuroblastoma survival and differentiation. Cancer Res. 1998, 58, 4602–4606. [PubMed]

48. Pajtler, K.W.; Mahlow, E.; Odersky, A.; Lindner, S.; Stephan, H.; Bendix, I.; Eggert, A.; Schramm, A.; Schulte, J.H. Neuroblastoma
in dialog with its stroma: NTRK1 is a regulator of cellular cross-talk with Schwann cells. Oncotarget 2014, 5, 11180–11192.
[CrossRef] [PubMed]

49. Weiss, T.; Taschner-Mandl, S.; Janker, L.; Bileck, A.; Rifatbegovic, F.; Kromp, F.; Sorger, H.; Kauer, M.O.; Frech, C.; Windhager, R.;
et al. Schwann cell plasticity regulates neuroblastic tumor cell differentiation via epidermal growth factor-like protein 8. Nat.
Commun. 2021, 12, 1624. [CrossRef] [PubMed]

50. Liu, Y.; Song, L. HMGB1-induced autophagy in Schwann cells promotes neuroblastoma proliferation. Int. J. Clin. Exp. Pathol.
2015, 8, 504–510.

51. Franklin, R.A.; Liao, W.; Sarkar, A.; Kim, M.V.; Bivona, M.R.; Liu, K.; Pamer, E.G.; Li, M.O. The cellular and molecular origin of
tumor-associated macrophages. Science 2014, 344, 921–925. [CrossRef] [PubMed]

52. Asgharzadeh, S.; Salo, J.A.; Ji, L.; Oberthuer, A.; Fischer, M.; Berthold, F.; Hadjidaniel, M.; Liu, C.W.; Metelitsa, L.S.; Pique-Regi, R.;
et al. Clinical significance of tumor-associated inflammatory cells in metastatic neuroblastoma. J. Clin. Oncol. 2012, 30, 3525–3532.
[CrossRef] [PubMed]

53. Hadjidaniel, M.D.; Muthugounder, S.; Hung, L.T.; Sheard, M.A.; Shirinbak, S.; Chan, R.Y.; Nakata, R.; Borriello, L.; Malvar, J.;
Kennedy, R.J.; et al. Tumor-associated macrophages promote neuroblastoma via STAT3 phosphorylation and up-regulation of
c-MYC. Oncotarget 2017, 8, 91516–91529. [CrossRef] [PubMed]

54. Komohara, Y.; Takeya, M. CAFs and TAMs: Maestros of the tumour microenvironment. J. Pathol. 2017, 241, 313–315. [CrossRef]
55. Abraham, D.; Zins, K.; Sioud, M.; Lucas, T.; Schafer, R.; Stanley, E.R.; Aharinejad, S. Stromal cell-derived CSF-1 blockade prolongs

xenograft survival of CSF-1-negative neuroblastoma. Int. J. Cancer 2010, 126, 1339–1352. [CrossRef] [PubMed]
56. Webb, M.W.; Sun, J.; Sheard, M.A.; Liu, W.Y.; Wu, H.W.; Jackson, J.R.; Malvar, J.; Sposto, R.; Daniel, D.; Seeger, R.C. Colony

stimulating factor 1 receptor blockade improves the efficacy of chemotherapy against human neuroblastoma in the absence of T
lymphocytes. Int. J. Cancer 2018, 143, 1483–1493. [CrossRef]

57. DeNardo, D.G.; Brennan, D.J.; Rexhepaj, E.; Ruffell, B.; Shiao, S.L.; Madden, S.F.; Gallagher, W.M.; Wadhwani, N.; Keil, S.D.;
Junaid, S.A.; et al. Leukocyte complexity predicts breast cancer survival and functionally regulates response to chemotherapy.
Cancer Discov. 2011, 1, 54–67. [CrossRef]

58. Shirinbak, S.; Chan, R.Y.; Shahani, S.; Muthugounder, S.; Kennedy, R.; Hung, L.T.; Fernandez, G.E.; Hadjidaniel, M.D.; Moghimi,
B.; Sheard, M.A.; et al. Combined immune checkpoint blockade increases CD8+CD28+PD-1+ effector T cells and provides a
therapeutic strategy for patients with neuroblastoma. Oncoimmunology 2021, 10, 1838140. [CrossRef]

59. Noy, R.; Pollard, J.W. Tumor-associated macrophages: From mechanisms to therapy. Immunity 2014, 41, 49–61. [CrossRef]
60. Liu, D.; Song, L.; Wei, J.; Courtney, A.N.; Gao, X.; Marinova, E.; Guo, L.; Heczey, A.; Asgharzadeh, S.; Kim, E.; et al. IL-15 protects

NKT cells from inhibition by tumor-associated macrophages and enhances antimetastatic activity. J. Clin. Investig. 2012, 122,
2221–2233. [CrossRef]

61. Kumar, V.; Patel, S.; Tcyganov, E.; Gabrilovich, D.I. The Nature of Myeloid-Derived Suppressor Cells in the Tumor Microenviron-
ment. Trends Immunol. 2016, 37, 208–220. [CrossRef] [PubMed]

62. Bianchi, G.; Vuerich, M.; Pellegatti, P.; Marimpietri, D.; Emionite, L.; Marigo, I.; Bronte, V.; Di Virgilio, F.; Pistoia, V.; Raffaghello, L.
ATP/P2X7 axis modulates myeloid-derived suppressor cell functions in neuroblastoma microenvironment. Cell Death Dis. 2014,
5, e1135. [CrossRef]

63. Santilli, G.; Piotrowska, I.; Cantilena, S.; Chayka, O.; D’Alicarnasso, M.; Morgenstern, D.A.; Himoudi, N.; Pearson, K.; Anderson,
J.; Thrasher, A.J.; et al. Polyphenon [corrected] E enhances the antitumor immune response in neuroblastoma by inactivating
myeloid suppressor cells. Clin. Cancer Res. 2013, 19, 1116–1125. [CrossRef]

64. Parihar, R.; Rivas, C.; Huynh, M.; Omer, B.; Lapteva, N.; Metelitsa, L.S.; Gottschalk, S.M.; Rooney, C.M. NK Cells Expressing a
Chimeric Activating Receptor Eliminate MDSCs and Rescue Impaired CAR-T Cell Activity against Solid Tumors. Cancer Immunol.
Res. 2019, 7, 363–375. [CrossRef] [PubMed]

65. Dierckx de Casterle, I.; Fevery, S.; Rutgeerts, O.; Poosti, F.; Struyf, S.; Lenaerts, C.; Waer, M.; Billiau, A.D.; Sprangers, B.
Reduction of myeloid-derived suppressor cells reinforces the anti-solid tumor effect of recipient leukocyte infusion in murine
neuroblastoma-bearing allogeneic bone marrow chimeras. Cancer Immunol. Immunother. 2018, 67, 589–603. [CrossRef] [PubMed]

66. Mao, Y.; Eissler, N.; Blanc, K.L.; Johnsen, J.I.; Kogner, P.; Kiessling, R. Targeting Suppressive Myeloid Cells Potentiates Checkpoint
Inhibitors to Control Spontaneous Neuroblastoma. Clin. Cancer Res. 2016, 22, 3849–3859. [CrossRef]

67. Martin, R.F.; Beckwith, J.B. Lymphoid infiltrates in neuroblastomas: Their occurrence and prognostic significance. J. Pediatr. Surg.
1968, 3, 161–164. [CrossRef]

68. Wienke, J.; Dierselhuis, M.P.; Tytgat, G.A.M.; Kunkele, A.; Nierkens, S.; Molenaar, J.J. The immune landscape of neuroblastoma:
Challenges and opportunities for novel therapeutic strategies in pediatric oncology. Eur. J. Cancer 2021, 144, 123–150. [CrossRef]
[PubMed]

69. Coughlin, C.M.; Fleming, M.D.; Carroll, R.G.; Pawel, B.R.; Hogarty, M.D.; Shan, X.; Vance, B.A.; Cohen, J.N.; Jairaj, S.; Lord, E.M.;
et al. Immunosurveillance and survivin-specific T-cell immunity in children with high-risk neuroblastoma. J. Clin. Oncol. 2006,
24, 5725–5734. [CrossRef]

http://www.ncbi.nlm.nih.gov/pubmed/9788610
http://doi.org/10.18632/oncotarget.2611
http://www.ncbi.nlm.nih.gov/pubmed/25361003
http://doi.org/10.1038/s41467-021-21859-0
http://www.ncbi.nlm.nih.gov/pubmed/33712610
http://doi.org/10.1126/science.1252510
http://www.ncbi.nlm.nih.gov/pubmed/24812208
http://doi.org/10.1200/JCO.2011.40.9169
http://www.ncbi.nlm.nih.gov/pubmed/22927533
http://doi.org/10.18632/oncotarget.21066
http://www.ncbi.nlm.nih.gov/pubmed/29207662
http://doi.org/10.1002/path.4824
http://doi.org/10.1002/ijc.24859
http://www.ncbi.nlm.nih.gov/pubmed/19711348
http://doi.org/10.1002/ijc.31532
http://doi.org/10.1158/2159-8274.CD-10-0028
http://doi.org/10.1080/2162402X.2020.1838140
http://doi.org/10.1016/j.immuni.2014.06.010
http://doi.org/10.1172/JCI59535
http://doi.org/10.1016/j.it.2016.01.004
http://www.ncbi.nlm.nih.gov/pubmed/26858199
http://doi.org/10.1038/cddis.2014.109
http://doi.org/10.1158/1078-0432.CCR-12-2528
http://doi.org/10.1158/2326-6066.CIR-18-0572
http://www.ncbi.nlm.nih.gov/pubmed/30651290
http://doi.org/10.1007/s00262-017-2114-8
http://www.ncbi.nlm.nih.gov/pubmed/29299660
http://doi.org/10.1158/1078-0432.CCR-15-1912
http://doi.org/10.1016/0022-3468(68)91005-1
http://doi.org/10.1016/j.ejca.2020.11.014
http://www.ncbi.nlm.nih.gov/pubmed/33341446
http://doi.org/10.1200/JCO.2005.05.3314


Cancers 2021, 13, 1629 15 of 17

70. Facchetti, P.; Prigione, I.; Ghiotto, F.; Tasso, P.; Garaventa, A.; Pistoia, V. Functional and molecular characterization of tumour-
infiltrating lymphocytes and clones thereof from a major-histocompatibility-complex-negative human tumour: Neuroblastoma.
Cancer Immunol. Immunother. 1996, 42, 170–178. [CrossRef] [PubMed]

71. Kataoka, Y.; Matsumura, T.; Yamamoto, S.; Sugimoto, T.; Sawada, T. Distinct cytotoxicity against neuroblastoma cells of peripheral
blood and tumor-infiltrating lymphocytes from patients with neuroblastoma. Cancer Lett. 1993, 73, 11–21. [CrossRef]

72. Zhang, P.; Wu, X.; Basu, M.; Dong, C.; Zheng, P.; Liu, Y.; Sandler, A.D. MYCN Amplification Is Associated with Repressed
Cellular Immunity in Neuroblastoma: An In Silico Immunological Analysis of TARGET Database. Front. Immunol. 2017, 8, 1473.
[CrossRef] [PubMed]

73. Shurin, G.V.; Gerein, V.; Lotze, M.T.; Barksdale, E.M., Jr. Apoptosis induced in T cells by human neuroblastoma cells: Role of Fas
ligand. Nat. Immun. 1998, 16, 263–274. [CrossRef] [PubMed]

74. Yan, X.; Orentas, R.J.; Johnson, B.D. Tumor-derived macrophage migration inhibitory factor (MIF) inhibits T lymphocyte activation.
Cytokine 2006, 33, 188–198. [CrossRef] [PubMed]

75. Brown, C.E.; Vishwanath, R.P.; Aguilar, B.; Starr, R.; Najbauer, J.; Aboody, K.S.; Jensen, M.C. Tumor-derived chemokine
MCP-1/CCL2 is sufficient for mediating tumor tropism of adoptively transferred T cells. J. Immunol. 2007, 179, 3332–3341.
[CrossRef] [PubMed]

76. Vanichapol, T.; Chiangjong, W.; Panachan, J.; Anurathapan, U.; Chutipongtanate, S.; Hongeng, S. Secretory High-Mobility Group
Box 1 Protein Affects Regulatory T Cell Differentiation in Neuroblastoma Microenvironment In Vitro. J. Oncol. 2018, 2018,
7946021. [CrossRef]

77. Schilbach, K.; Frommer, K.; Meier, S.; Handgretinger, R.; Eyrich, M. Immune response of human propagated gammadelta-T-cells
to neuroblastoma recommend the Vdelta1+ subset for gammadelta-T-cell-based immunotherapy. J. Immunother. 2008, 31, 896–905.
[CrossRef] [PubMed]

78. Di Carlo, E.; Bocca, P.; Emionite, L.; Cilli, M.; Cipollone, G.; Morandi, F.; Raffaghello, L.; Pistoia, V.; Prigione, I. Mechanisms
of the antitumor activity of human Vgamma9Vdelta2 T cells in combination with zoledronic acid in a preclinical model of
neuroblastoma. Mol. Ther. 2013, 21, 1034–1043. [CrossRef]

79. Sun, J.; Dotti, G.; Huye, L.E.; Foster, A.E.; Savoldo, B.; Gramatges, M.M.; Spencer, D.M.; Rooney, C.M. T cells expressing constitu-
tively active Akt resist multiple tumor-associated inhibitory mechanisms. Mol. Ther. 2010, 18, 2006–2017. [CrossRef] [PubMed]

80. Liao, Y.M.; Hung, T.H.; Tung, J.K.; Yu, J.; Hsu, Y.L.; Hung, J.T.; Yu, A.L. Low Expression of IL-15 and NKT in Tumor Microenviron-
ment Predicts Poor Outcome of MYCN-Non-Amplified Neuroblastoma. J. Pers. Med. 2021, 11, 122. [CrossRef] [PubMed]

81. Lode, H.N.; Xiang, R.; Dreier, T.; Varki, N.M.; Gillies, S.D.; Reisfeld, R.A. Natural killer cell-mediated eradication of neuroblastoma
metastases to bone marrow by targeted interleukin-2 therapy. Blood 1998, 91, 1706–1715. [CrossRef] [PubMed]

82. Redlinger, R.E., Jr.; Mailliard, R.B.; Lotze, M.T.; Barksdale, E.M., Jr. Synergistic interleukin-18 and low-dose interleukin-2
promote regression of established murine neuroblastoma in vivo. J. Pediatr. Surg. 2003, 38, 301–307, discussion 301–307.
[CrossRef] [PubMed]

83. Zeng, Y.; Huebener, N.; Fest, S.; Weixler, S.; Schroeder, U.; Gaedicke, G.; Xiang, R.; Schramm, A.; Eggert, A.; Reisfeld, R.A.; et al.
Fractalkine (CX3CL1)- and interleukin-2-enriched neuroblastoma microenvironment induces eradication of metastases mediated
by T cells and natural killer cells. Cancer Res. 2007, 67, 2331–2338. [CrossRef] [PubMed]

84. Xu, Y.; Sun, J.; Sheard, M.A.; Tran, H.C.; Wan, Z.; Liu, W.Y.; Asgharzadeh, S.; Sposto, R.; Wu, H.W.; Seeger, R.C. Lenalidomide
overcomes suppression of human natural killer cell anti-tumor functions by neuroblastoma microenvironment-associated IL-6
and TGFbeta1. Cancer Immunol. Immunother. 2013, 62, 1637–1648. [CrossRef] [PubMed]

85. Kleinman, N.R.; Lewandowska, K.; Culp, L.A. Tumour progression of human neuroblastoma cells tagged with a lacZ marker
gene: Earliest events at ectopic injection sites. Br. J. Cancer 1994, 69, 670–679. [CrossRef] [PubMed]

86. Joseph, J.M.; Gross, N.; Lassau, N.; Rouffiac, V.; Opolon, P.; Laudani, L.; Auderset, K.; Geay, J.F.; Muhlethaler-Mottet, A.; Vassal, G.
In vivo echographic evidence of tumoral vascularization and microenvironment interactions in metastatic orthotopic human
neuroblastoma xenografts. Int. J. Cancer 2005, 113, 881–890. [CrossRef]

87. Meister, B.; Grunebach, F.; Bautz, F.; Brugger, W.; Fink, F.M.; Kanz, L.; Mohle, R. Expression of vascular endothelial growth factor
(VEGF) and its receptors in human neuroblastoma. Eur. J. Cancer 1999, 35, 445–449. [CrossRef]

88. Meitar, D.; Crawford, S.E.; Rademaker, A.W.; Cohn, S.L. Tumor angiogenesis correlates with metastatic disease, N-myc amplifica-
tion, and poor outcome in human neuroblastoma. J. Clin. Oncol. 1996, 14, 405–414. [CrossRef] [PubMed]

89. Banerjee, D.; Hernandez, S.L.; Garcia, A.; Kangsamaksin, T.; Sbiroli, E.; Andrews, J.; Forrester, L.A.; Wei, N.; Kadenhe-Chiweshe,
A.; Shawber, C.J.; et al. Notch suppresses angiogenesis and progression of hepatic metastases. Cancer Res. 2015, 75, 1592–1602.
[CrossRef] [PubMed]

90. Kock, A.; Larsson, K.; Bergqvist, F.; Eissler, N.; Elfman, L.H.M.; Raouf, J.; Korotkova, M.; Johnsen, J.I.; Jakobsson, P.J.; Kogner,
P. Inhibition of Microsomal Prostaglandin E Synthase-1 in Cancer-Associated Fibroblasts Suppresses Neuroblastoma Tumor
Growth. EBioMedicine 2018, 32, 84–92. [CrossRef] [PubMed]

91. Puppo, M.; Battaglia, F.; Ottaviano, C.; Delfino, S.; Ribatti, D.; Varesio, L.; Bosco, M.C. Topotecan inhibits vascular endothelial
growth factor production and angiogenic activity induced by hypoxia in human neuroblastoma by targeting hypoxia-inducible
factor-1alpha and -2alpha. Mol. Cancer Ther. 2008, 7, 1974–1984. [CrossRef] [PubMed]

92. Ribeiro, A.L.; Kaid, C.; Silva, P.B.G.; Cortez, B.A.; Okamoto, O.K. Inhibition of Lysyl Oxidases Impairs Migration and Angiogenic
Properties of Tumor-Associated Pericytes. Stem Cells Int. 2017, 2017, 4972078. [CrossRef]

http://doi.org/10.1007/s002620050267
http://www.ncbi.nlm.nih.gov/pubmed/8640845
http://doi.org/10.1016/0304-3835(93)90182-9
http://doi.org/10.3389/fimmu.2017.01473
http://www.ncbi.nlm.nih.gov/pubmed/29163537
http://doi.org/10.1159/000069452
http://www.ncbi.nlm.nih.gov/pubmed/11061594
http://doi.org/10.1016/j.cyto.2006.01.006
http://www.ncbi.nlm.nih.gov/pubmed/16522371
http://doi.org/10.4049/jimmunol.179.5.3332
http://www.ncbi.nlm.nih.gov/pubmed/17709550
http://doi.org/10.1155/2018/7946021
http://doi.org/10.1097/CJI.0b013e31818955ad
http://www.ncbi.nlm.nih.gov/pubmed/18832998
http://doi.org/10.1038/mt.2013.38
http://doi.org/10.1038/mt.2010.185
http://www.ncbi.nlm.nih.gov/pubmed/20842106
http://doi.org/10.3390/jpm11020122
http://www.ncbi.nlm.nih.gov/pubmed/33668573
http://doi.org/10.1182/blood.V91.5.1706
http://www.ncbi.nlm.nih.gov/pubmed/9473237
http://doi.org/10.1053/jpsu.2003.50098
http://www.ncbi.nlm.nih.gov/pubmed/12632339
http://doi.org/10.1158/0008-5472.CAN-06-3041
http://www.ncbi.nlm.nih.gov/pubmed/17332365
http://doi.org/10.1007/s00262-013-1466-y
http://www.ncbi.nlm.nih.gov/pubmed/23982484
http://doi.org/10.1038/bjc.1994.129
http://www.ncbi.nlm.nih.gov/pubmed/7511405
http://doi.org/10.1002/ijc.20681
http://doi.org/10.1016/S0959-8049(98)00387-6
http://doi.org/10.1200/JCO.1996.14.2.405
http://www.ncbi.nlm.nih.gov/pubmed/8636750
http://doi.org/10.1158/0008-5472.CAN-14-1493
http://www.ncbi.nlm.nih.gov/pubmed/25744722
http://doi.org/10.1016/j.ebiom.2018.05.008
http://www.ncbi.nlm.nih.gov/pubmed/29804818
http://doi.org/10.1158/1535-7163.MCT-07-2059
http://www.ncbi.nlm.nih.gov/pubmed/18645007
http://doi.org/10.1155/2017/4972078


Cancers 2021, 13, 1629 16 of 17

93. Chlenski, A.; Liu, S.; Guerrero, L.J.; Yang, Q.; Tian, Y.; Salwen, H.R.; Zage, P.; Cohn, S.L. SPARC expression is associated
with impaired tumor growth, inhibited angiogenesis and changes in the extracellular matrix. Int. J. Cancer 2006, 118, 310–316.
[CrossRef] [PubMed]

94. Hagendoorn, J.; Tong, R.; Fukumura, D.; Lin, Q.; Lobo, J.; Padera, T.P.; Xu, L.; Kucherlapati, R.; Jain, R.K. Onset of abnormal blood
and lymphatic vessel function and interstitial hypertension in early stages of carcinogenesis. Cancer Res. 2006, 66, 3360–3364.
[CrossRef] [PubMed]

95. Dickson, P.V.; Hamner, J.B.; Sims, T.L.; Fraga, C.H.; Ng, C.Y.; Rajasekeran, S.; Hagedorn, N.L.; McCarville, M.B.; Stewart, C.F.;
Davidoff, A.M. Bevacizumab-induced transient remodeling of the vasculature in neuroblastoma xenografts results in improved
delivery and efficacy of systemically administered chemotherapy. Clin. Cancer Res. 2007, 13, 3942–3950. [CrossRef]

96. Chaicharoenaudomrung, N.; Kunhorm, P.; Noisa, P. Three-dimensional cell culture systems as an in vitro platform for cancer and
stem cell modeling. World J. Stem Cells 2019, 11, 1065–1083. [CrossRef]

97. Wang, F.; Weaver, V.M.; Petersen, O.W.; Larabell, C.A.; Dedhar, S.; Briand, P.; Lupu, R.; Bissell, M.J. Reciprocal interactions
between beta1-integrin and epidermal growth factor receptor in three-dimensional basement membrane breast cultures: A
different perspective in epithelial biology. Proc. Natl. Acad. Sci. USA 1998, 95, 14821–14826. [CrossRef] [PubMed]

98. Weiswald, L.B.; Bellet, D.; Dangles-Marie, V. Spherical cancer models in tumor biology. Neoplasia 2015, 17, 1–15.
[CrossRef] [PubMed]

99. Friedrich, J.; Seidel, C.; Ebner, R.; Kunz-Schughart, L.A. Spheroid-based drug screen: Considerations and practical approach. Nat.
Protoc. 2009, 4, 309–324. [CrossRef] [PubMed]

100. Singh, S.K.; Clarke, I.D.; Terasaki, M.; Bonn, V.E.; Hawkins, C.; Squire, J.; Dirks, P.B. Identification of a cancer stem cell in human
brain tumors. Cancer Res. 2003, 63, 5821–5828. [PubMed]

101. Ponti, D.; Costa, A.; Zaffaroni, N.; Pratesi, G.; Petrangolini, G.; Coradini, D.; Pilotti, S.; Pierotti, M.A.; Daidone, M.G. Isola-
tion and in vitro propagation of tumorigenic breast cancer cells with stem/progenitor cell properties. Cancer Res. 2005, 65,
5506–5511. [CrossRef]

102. Li, C.; Heidt, D.G.; Dalerba, P.; Burant, C.F.; Zhang, L.; Adsay, V.; Wicha, M.; Clarke, M.F.; Simeone, D.M. Identification of
pancreatic cancer stem cells. Cancer Res. 2007, 67, 1030–1037. [CrossRef]

103. Zhang, S.; Balch, C.; Chan, M.W.; Lai, H.C.; Matei, D.; Schilder, J.M.; Yan, P.S.; Huang, T.H.; Nephew, K.P. Identification and
characterization of ovarian cancer-initiating cells from primary human tumors. Cancer Res. 2008, 68, 4311–4320. [CrossRef]

104. Valent, P.; Bonnet, D.; De Maria, R.; Lapidot, T.; Copland, M.; Melo, J.V.; Chomienne, C.; Ishikawa, F.; Schuringa, J.J.; Stassi, G.; et al.
Cancer stem cell definitions and terminology: The devil is in the details. Nat. Rev. Cancer 2012, 12, 767–775. [CrossRef] [PubMed]

105. Kondo, J.; Endo, H.; Okuyama, H.; Ishikawa, O.; Iishi, H.; Tsujii, M.; Ohue, M.; Inoue, M. Retaining cell-cell contact enables
preparation and culture of spheroids composed of pure primary cancer cells from colorectal cancer. Proc. Natl. Acad. Sci. USA
2011, 108, 6235–6240. [CrossRef] [PubMed]

106. Muthuswamy, R.; Berk, E.; Junecko, B.F.; Zeh, H.J.; Zureikat, A.H.; Normolle, D.; Luong, T.M.; Reinhart, T.A.; Bartlett, D.L.; Kalin-
ski, P. NF-kappaB hyperactivation in tumor tissues allows tumor-selective reprogramming of the chemokine microenvironment
to enhance the recruitment of cytolytic T effector cells. Cancer Res. 2012, 72, 3735–3743. [CrossRef] [PubMed]

107. Mahesparan, R.; Tysnes, B.B.; Read, T.A.; Enger, P.O.; Bjerkvig, R.; Lund-Johansen, M. Extracellular matrix-induced cell migration
from glioblastoma biopsy specimens in vitro. Acta Neuropathol. 1999, 97, 231–239. [CrossRef] [PubMed]

108. Tonn, J.C.; Ott, M.M.; Meixensberger, J.; Paulus, W.; Roosen, K. Progesterone receptors are detectable in tumor fragment spheroids
of meningiomas in vitro. Anticancer Res. 1994, 14, 2453–2456. [PubMed]

109. Kim, K.U.; Wilson, S.M.; Abayasiriwardana, K.S.; Collins, R.; Fjellbirkeland, L.; Xu, Z.; Jablons, D.M.; Nishimura, S.L.; Broaddus,
V.C. A novel in vitro model of human mesothelioma for studying tumor biology and apoptotic resistance. Am. J. Respir. Cell Mol.
Biol. 2005, 33, 541–548. [CrossRef]

110. Rajcevic, U.; Knol, J.C.; Piersma, S.; Bougnaud, S.; Fack, F.; Sundlisaeter, E.; Sondenaa, K.; Myklebust, R.; Pham, T.V.; Niclou, S.P.;
et al. Colorectal cancer derived organotypic spheroids maintain essential tissue characteristics but adapt their metabolism in
culture. Proteome Sci. 2014, 12, 39. [CrossRef] [PubMed]

111. Irvine, S.A.; Venkatraman, S.S. Bioprinting and Differentiation of Stem Cells. Molecules 2016, 21, 1188. [CrossRef] [PubMed]
112. Gungor-Ozkerim, P.S.; Inci, I.; Zhang, Y.S.; Khademhosseini, A.; Dokmeci, M.R. Bioinks for 3D bioprinting: An overview. Biomater

Sci. 2018, 6, 915–946. [CrossRef] [PubMed]
113. Bregg, R.K. Current Topics in Polymer Research; Nova Science: New York, NY, USA, 2005; p. 238.
114. Billiet, T.; Vandenhaute, M.; Schelfhout, J.; Van Vlierberghe, S.; Dubruel, P. A review of trends and limitations in hydrogel-rapid

prototyping for tissue engineering. Biomaterials 2012, 33, 6020–6041. [CrossRef] [PubMed]
115. Zhang, T.; Yan, K.C.; Ouyang, L.; Sun, W. Mechanical characterization of bioprinted in vitro soft tissue models. Biofabrication 2013,

5, 045010. [CrossRef] [PubMed]
116. Lee, H.J.; Kim, Y.B.; Ahn, S.H.; Lee, J.S.; Jang, C.H.; Yoon, H.; Chun, W.; Kim, G.H. A New Approach for Fabricating

Collagen/ECM-Based Bioinks Using Preosteoblasts and Human Adipose Stem Cells. Adv. Healthc. Mater. 2015, 4, 1359–1368.
[CrossRef] [PubMed]

117. Langer, E.M.; Allen-Petersen, B.L.; King, S.M.; Kendsersky, N.D.; Turnidge, M.A.; Kuziel, G.M.; Riggers, R.; Samatham, R.; Amery,
T.S.; Jacques, S.L.; et al. Modeling Tumor Phenotypes In Vitro with Three-Dimensional Bioprinting. Cell Rep. 2019, 26, 608–623
e606. [CrossRef]

http://doi.org/10.1002/ijc.21357
http://www.ncbi.nlm.nih.gov/pubmed/16052522
http://doi.org/10.1158/0008-5472.CAN-05-2655
http://www.ncbi.nlm.nih.gov/pubmed/16585153
http://doi.org/10.1158/1078-0432.CCR-07-0278
http://doi.org/10.4252/wjsc.v11.i12.1065
http://doi.org/10.1073/pnas.95.25.14821
http://www.ncbi.nlm.nih.gov/pubmed/9843973
http://doi.org/10.1016/j.neo.2014.12.004
http://www.ncbi.nlm.nih.gov/pubmed/25622895
http://doi.org/10.1038/nprot.2008.226
http://www.ncbi.nlm.nih.gov/pubmed/19214182
http://www.ncbi.nlm.nih.gov/pubmed/14522905
http://doi.org/10.1158/0008-5472.CAN-05-0626
http://doi.org/10.1158/0008-5472.CAN-06-2030
http://doi.org/10.1158/0008-5472.CAN-08-0364
http://doi.org/10.1038/nrc3368
http://www.ncbi.nlm.nih.gov/pubmed/23051844
http://doi.org/10.1073/pnas.1015938108
http://www.ncbi.nlm.nih.gov/pubmed/21444794
http://doi.org/10.1158/0008-5472.CAN-11-4136
http://www.ncbi.nlm.nih.gov/pubmed/22593190
http://doi.org/10.1007/s004010050979
http://www.ncbi.nlm.nih.gov/pubmed/10090669
http://www.ncbi.nlm.nih.gov/pubmed/7872666
http://doi.org/10.1165/rcmb.2004-0355OC
http://doi.org/10.1186/1477-5956-12-39
http://www.ncbi.nlm.nih.gov/pubmed/25075203
http://doi.org/10.3390/molecules21091188
http://www.ncbi.nlm.nih.gov/pubmed/27617991
http://doi.org/10.1039/C7BM00765E
http://www.ncbi.nlm.nih.gov/pubmed/29492503
http://doi.org/10.1016/j.biomaterials.2012.04.050
http://www.ncbi.nlm.nih.gov/pubmed/22681979
http://doi.org/10.1088/1758-5082/5/4/045010
http://www.ncbi.nlm.nih.gov/pubmed/24280635
http://doi.org/10.1002/adhm.201500193
http://www.ncbi.nlm.nih.gov/pubmed/25874573
http://doi.org/10.1016/j.celrep.2018.12.090


Cancers 2021, 13, 1629 17 of 17

118. Ma, X.; Liu, J.; Zhu, W.; Tang, M.; Lawrence, N.; Yu, C.; Gou, M.; Chen, S. 3D bioprinting of functional tissue models for
personalized drug screening and in vitro disease modeling. Adv. Drug. Deliv. Rev. 2018, 132, 235–251. [CrossRef]

119. Holzl, K.; Lin, S.; Tytgat, L.; Van Vlierberghe, S.; Gu, L.; Ovsianikov, A. Bioink properties before, during and after 3D bioprinting.
Biofabrication 2016, 8, 032002. [CrossRef]

120. Xu, T.; Jin, J.; Gregory, C.; Hickman, J.J.; Boland, T. Inkjet printing of viable mammalian cells. Biomaterials 2005, 26,
93–99. [CrossRef]

121. Murphy, S.V.; Atala, A. 3D bioprinting of tissues and organs. Nat. Biotechnol. 2014, 32, 773–785. [CrossRef]
122. Skardal, A.; Mack, D.; Kapetanovic, E.; Atala, A.; Jackson, J.D.; Yoo, J.; Soker, S. Bioprinted amniotic fluid-derived stem cells

accelerate healing of large skin wounds. Stem Cells Transl. Med. 2012, 1, 792–802. [CrossRef] [PubMed]
123. Cui, X.; Breitenkamp, K.; Finn, M.G.; Lotz, M.; D’Lima, D.D. Direct human cartilage repair using three-dimensional bioprinting

technology. Tissue Eng. Part. A 2012, 18, 1304–1312. [CrossRef] [PubMed]
124. Xu, F.; Celli, J.; Rizvi, I.; Moon, S.; Hasan, T.; Demirci, U. A three-dimensional in vitro ovarian cancer coculture model using a

high-throughput cell patterning platform. Biotechnol. J. 2011, 6, 204–212. [CrossRef] [PubMed]
125. Koch, L.; Gruene, M.; Unger, C.; Chichkov, B. Laser assisted cell printing. Curr. Pharm Biotechnol. 2013, 14, 91–97. [PubMed]
126. Cui, X.; Boland, T.; D’Lima, D.D.; Lotz, M.K. Thermal inkjet printing in tissue engineering and regenerative medicine. Recent Pat.

Drug. Deliv. Formul. 2012, 6, 149–155. [CrossRef]
127. Swaminathan, S.; Hamid, Q.; Sun, W.; Clyne, A.M. Bioprinting of 3D breast epithelial spheroids for human cancer models.

Biofabrication 2019, 11, 025003. [CrossRef] [PubMed]
128. Braekeveldt, N.; Bexell, D. Patient-derived xenografts as preclinical neuroblastoma models. Cell Tissue Res. 2018, 372,

233–243. [CrossRef]
129. Brancato, V.; Oliveira, J.M.; Correlo, V.M.; Reis, R.L.; Kundu, S.C. Could 3D models of cancer enhance drug screening? Biomaterials

2020, 232, 119744. [CrossRef]
130. Imamura, Y.; Mukohara, T.; Shimono, Y.; Funakoshi, Y.; Chayahara, N.; Toyoda, M.; Kiyota, N.; Takao, S.; Kono, S.; Nakat-

sura, T.; et al. Comparison of 2D- and 3D-culture models as drug-testing platforms in breast cancer. Oncol. Rep. 2015, 33,
1837–1843. [CrossRef]

131. Asghar, W.; El Assal, R.; Shafiee, H.; Pitteri, S.; Paulmurugan, R.; Demirci, U. Engineering cancer microenvironments for in vitro
3-D tumor models. Mater. Today 2015, 18, 539–553. [CrossRef]

132. Augustine, R.; Kalva, S.N.; Ahmad, R.; Zahid, A.A.; Hasan, S.; Nayeem, A.; McClements, L.; Hasan, A. 3D Bioprinted cancer
models: Revolutionizing personalized cancer therapy. Transl. Oncol. 2021, 14, 101015. [CrossRef] [PubMed]

133. Pinto, B.; Henriques, A.C.; Silva, P.M.A.; Bousbaa, H. Three-Dimensional Spheroids as In Vitro Preclinical Models for Cancer
Research. Pharmaceutics 2020, 12, 1186. [CrossRef] [PubMed]

134. Byambaa, B.; Annabi, N.; Yue, K.; Trujillo-de Santiago, G.; Alvarez, M.M.; Jia, W.; Kazemzadeh-Narbat, M.; Shin, S.R.; Tamayol,
A.; Khademhosseini, A. Bioprinted Osteogenic and Vasculogenic Patterns for Engineering 3D Bone Tissue. Adv. Healthc. Mater.
2017, 6. [CrossRef] [PubMed]

135. Belk, L.; Tellisi, N.; Macdonald, H.; Erdem, A.; Ashammakhi, N.; Pountos, I. Safety Considerations in 3D Bioprinting Using
Mesenchymal Stromal Cells. Front. Bioeng. Biotechnol. 2020, 8, 924. [CrossRef] [PubMed]

136. Tang, M.; Xie, Q.; Gimple, R.C.; Zhong, Z.; Tam, T.; Tian, J.; Kidwell, R.L.; Wu, Q.; Prager, B.C.; Qiu, Z.; et al. Three-dimensional
bioprinted glioblastoma microenvironments model cellular dependencies and immune interactions. Cell Res. 2020, 30, 833–853.
[CrossRef] [PubMed]

137. Zhu, W.; Ma, X.; Gou, M.; Mei, D.; Zhang, K.; Chen, S. 3D printing of functional biomaterials for tissue engineering. Curr. Opin.
Biotechnol. 2016, 40, 103–112. [CrossRef] [PubMed]

138. Auger, F.A.; Gibot, L.; Lacroix, D. The pivotal role of vascularization in tissue engineering. Annu. Rev. Biomed. Eng. 2013, 15,
177–200. [CrossRef] [PubMed]

139. Yu, Y.; Zhang, Y.; Martin, J.A.; Ozbolat, I.T. Evaluation of cell viability and functionality in vessel-like bioprintable cell-laden
tubular channels. J. Biomech. Eng. 2013, 135, 91011. [CrossRef] [PubMed]

140. Ornell, K.J.; Coburn, J.M. Developing preclinical models of neuroblastoma: Driving therapeutic testing. BMC Biomed. Eng. 2019,
1, 33. [CrossRef] [PubMed]

141. Thole, T.M.; Toedling, J.; Sprussel, A.; Pfeil, S.; Savelyeva, L.; Capper, D.; Messerschmidt, C.; Beule, D.; Groeneveld-Krentz, S.;
Eckert, C.; et al. Reflection of neuroblastoma intratumor heterogeneity in the new OHC-NB1 disease model. Int. J. Cancer 2020,
146, 1031–1041. [CrossRef]

142. Corallo, D.; Frabetti, S.; Candini, O.; Gregianin, E.; Dominici, M.; Fischer, H.; Aveic, S. Emerging Neuroblastoma 3D In Vitro
Models for Pre-Clinical Assessments. Front. Immunol. 2020, 11, 584214. [CrossRef] [PubMed]

143. Fantini, V.; Bordoni, M.; Scocozza, F.; Conti, M.; Scarian, E.; Carelli, S.; Di Giulio, A.M.; Marconi, S.; Pansarasa, O.;
Auricchio, F.; et al. Bioink Composition and Printing Parameters for 3D Modeling Neural Tissue. Cells 2019, 8, 830.
[CrossRef] [PubMed]

144. Bordoni, M.; Karabulut, E.; Kuzmenko, V.; Fantini, V.; Pansarasa, O.; Cereda, C.; Gatenholm, P. 3D Printed Conductive
Nanocellulose Scaffolds for the Differentiation of Human Neuroblastoma Cells. Cells 2020, 9, 682. [CrossRef] [PubMed]

http://doi.org/10.1016/j.addr.2018.06.011
http://doi.org/10.1088/1758-5090/8/3/032002
http://doi.org/10.1016/j.biomaterials.2004.04.011
http://doi.org/10.1038/nbt.2958
http://doi.org/10.5966/sctm.2012-0088
http://www.ncbi.nlm.nih.gov/pubmed/23197691
http://doi.org/10.1089/ten.tea.2011.0543
http://www.ncbi.nlm.nih.gov/pubmed/22394017
http://doi.org/10.1002/biot.201000340
http://www.ncbi.nlm.nih.gov/pubmed/21298805
http://www.ncbi.nlm.nih.gov/pubmed/23570054
http://doi.org/10.2174/187221112800672949
http://doi.org/10.1088/1758-5090/aafc49
http://www.ncbi.nlm.nih.gov/pubmed/30616234
http://doi.org/10.1007/s00441-017-2687-8
http://doi.org/10.1016/j.biomaterials.2019.119744
http://doi.org/10.3892/or.2015.3767
http://doi.org/10.1016/j.mattod.2015.05.002
http://doi.org/10.1016/j.tranon.2021.101015
http://www.ncbi.nlm.nih.gov/pubmed/33493799
http://doi.org/10.3390/pharmaceutics12121186
http://www.ncbi.nlm.nih.gov/pubmed/33291351
http://doi.org/10.1002/adhm.201700015
http://www.ncbi.nlm.nih.gov/pubmed/28524375
http://doi.org/10.3389/fbioe.2020.00924
http://www.ncbi.nlm.nih.gov/pubmed/33154961
http://doi.org/10.1038/s41422-020-0338-1
http://www.ncbi.nlm.nih.gov/pubmed/32499560
http://doi.org/10.1016/j.copbio.2016.03.014
http://www.ncbi.nlm.nih.gov/pubmed/27043763
http://doi.org/10.1146/annurev-bioeng-071812-152428
http://www.ncbi.nlm.nih.gov/pubmed/23642245
http://doi.org/10.1115/1.4024575
http://www.ncbi.nlm.nih.gov/pubmed/23719889
http://doi.org/10.1186/s42490-019-0034-8
http://www.ncbi.nlm.nih.gov/pubmed/32903387
http://doi.org/10.1002/ijc.32572
http://doi.org/10.3389/fimmu.2020.584214
http://www.ncbi.nlm.nih.gov/pubmed/33324402
http://doi.org/10.3390/cells8080830
http://www.ncbi.nlm.nih.gov/pubmed/31387210
http://doi.org/10.3390/cells9030682
http://www.ncbi.nlm.nih.gov/pubmed/32168750

	Introduction 
	The Therapeutic Barriers of the Neuroblastoma Tumor 
	Extracellular Matrix and Stromal Cells 
	Cancer Associated Fibroblasts 
	Mesenchymal Stromal Cells 
	Schwann Cells 

	Immune Cells and Cytokines 
	Tumor Associated Macrophages 
	Myeloid Derived Suppressor Cells 
	T Lymphocytes 
	Natural Killer Cells 

	Vasculature 

	Three-Dimensional Bioprinting: Applications to Neuroblastoma 
	Three-Dimensional Models 
	Three-Dimensional Bioprinting 
	Recapitulation of the Tumor Microenvironment with Three-Dimensional Bioprinting 
	Three-Dimensional Bioprinting in Neuroblastoma 

	Conclusions 
	References

