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Highlights:

e A combination of mathematical and in vivo models revealed the role of vitronectin
in extracellular matrix-tumor cell interactions in high-risk neuroblastoma patients.

e Vitronectin and its ligands can be potential therapeutic targets in neuroblastoma
therapy.

e Nanoencapsulation of etoposide increases its efficacy in neuroblastoma cell lines.

e A synergistic effect is observed in high risk-neuroblastoma cells when cilengitide is
combined with etoposide/etoposide nanoparticles.

Abstract: Treatment in children with high-risk neuroblastoma remains largely unsuccessful
due to the development of metastases and drug resistance. The biological complexity of these
tumors and their microenvironment represent one the many challenges to face. Matrix
glycoproteins such as vitronectin act as bridge elements between extracellular matrix and tumor
cells and can promote tumor cell spreading. In this study, we established through a clinical
cohort and preclinical models that the interaction of vitronectin and its ligands, such as a,
integrins, are related to the stiffness of the extracellular matrix in high-risk neuroblastoma.
These marked alterations found in the matrix led us to specifically target tumor cells within
these altered matrices by employing nanomedicine and combination therapy. Loading the
conventional cytotoxic drug etoposide into nanoparticles significantly increased its efficacy in
neuroblastoma cells. We noted high synergy between etoposide and cilengitide, a high-affinity
cyclic pentapeptide o, integrin antagonist. The results of this study highlight the need to
characterize cell-extracellular matrix interactions, to improve patient care in high-risk
neuroblastoma.

Keywords: tumor microenvironment; nanomedicine; neuroblastoma; cilengitide; etoposide

Abbreviations: CI, combination index; CLG, cilengitide; DRI, dose reduction index; ECM,
extracellular matrix; EE, encapsulation efficiency ; ETP, etoposide; Fa, fraction affected;
GAGs, glycosaminoglycans; HR-NB, high-risk neuroblastoma; ICC, immunocytochemistry;
IHC, immunohistochemistry; INRG, International Neuroblastoma Risk Group; MNA, MYCN-
amplified; MNNA, MYCN non-amplified; NPs, nanoparticles; NB, neuroblastoma; PAI-1,
plasminogen activator inhibitor 1; PDI, polydispersity index; SCA, segmental chromosome
aberration; TMA, tissue microarray; TME, tumor microenvironment; UHPLC-MS/MS, ultra-
high-performance liquid chromatography tandem mass spectrometry; uPAR, urokinase-type
plasminogen activator receptor; VN, vitronectin; VN-KO, VN knockout; VN-WT, VN
wildtype.



1. Introduction

Tumor growth and metastasis are well known processes in tumor biology, derived from
communication signals that tumor cells exchange with their surrounding microenvironment
(Ren et al., 2018). Extracellular matrix (ECM) components such as vitronectin (VN) or
fibronectin participate in cell-ECM interactions in both tumors and healthy tissues (Xu and
Mosher, 2011). VN studies have received increased focus in cancer research during recent
years, as this molecule is involved in remodeling tumor microenvironment (TME) and tumor
cell heterogeneity through its main ligands such as integrins, urokinase-type plasminogen
activator receptor (UPAR) or plasminogen activator inhibitor-1 (PAI-1) (Aaboe et al., 2003;
Ortega-Martinez et al., 2016; Zhu et al., 2014). Tumor ECM mechanical properties arbitrate
cellular behavior and biological patterns of the disease, triggering aggressive stiff tumor
scaffolding (Kalli and Stylianopoulos, 2018). Primary tumor stiffness was found to be greater
than in normal tissues and has been linked to cancer progression and metastasis, justifying its
use as a potential therapeutic target (Cacho-Diaz et al., 2020; Handorf et al., 2015). Finally, by
thoroughly characterizing tumors and their surroundings, higher tumor size reduction could be
potentially achieved by combining drugs to specifically target tumors and the tumor-ECM
interaction simultaneously.

In that sense, the a, integrin family is mainly linked to angiogenesis, and experimental data has
revealed that o,; and o, 5 integrins are highly expressed in tumor blood vessels, thus integrin
inhibitors have been proposed as therapeutic agents (Tabatabai, 2017). Tumor cells can also
express these integrins (Desgrosellier and Cheresh, 2010) and some inhibitors have been
suggested, including cilengitide (CLG or EMD121974), with promising results (Harjunpaa et
al., 2019). CLG is a small pentapeptide that inhibits both integrins and has been used in
preclinical studies in breast cancer, supporting its efficacy against bone metastasis (Bauerle et
al., 2011), and in clinical trials for other malignancies (Gilbert et al., 2012; Haddad et al., 2017;
Vansteenkiste et al., 2015). However, CLG is rapidly cleared from the bloodstream and from
tumor sites which has impeached this drug to reach the market so far (Stupp et al., 2014b).

Neuroblastoma (NB) is the most frequent solid extracranial malignancy diagnosed in children.
High-risk NB (HR-NB) patients have a poor prognosis, with long-term survival rates remaining
at only 50% (Matthay et al., 2016). In previous studies, we identified an ultra-HR patient
subgroup with 5-year survival rate <15%, defined by tumors with an altered organization of
blood vessels and reticulin fibers (Tadeo et al., 2016). Many novel therapies address ECM
tumor stiffness, using VN as a target (Burgos-Panadero et al., 2019; DeVita VT, Lawrence TS,
2008; Vicente-Munuera et al., 2020) However, HR-NB studies are limited by a lack of accurate
biomarkers of the underlying biological pathways related to ECM stiffness (Burgos-Panadero
etal., 2019; Tadeo et al., 2017, 2016, n.d.).

Chemotherapy is the gold-standard treatment for cancer, but its overall toxicity limits the
therapeutic benefits in HR-NB (Tsai et al., 2014). A greater understanding of the role of the
ECM will bring a crucial insight into the factors potentially shaping the response to a specific
treatment cocktail (Cox, 2021). In this regard, the heterogeneous composition of the TME



suggests that targeting its components is useful for combination therapies, as this could reduce
side effects and therapeutic resistance (Ribeiro Franco et al., 2020). Nanomedicine and
multitargeted therapies have proven to solve these types of quandaries. In fact, nanomedicines
have been studied as promising anti-metastatic strategies with the possibility to modulate the
TME while improving the therapeutic index of drugs (Chen et al., 2020; Overchuk and Zheng,
2018). We decided to nanoencapsulate etoposide (ETP), a very hydrophobic podophyllotoxin
derivative used in combination with other anticancer drugs in HR-NB (Lange et al., 2003). This
drug is often associated with acute and late toxicities and could potentially benefit from
nanotechnology (Relling et al., 1998). In this sense, the synergism between CLG and
nanoencapsulated ETP could be vital in ameliorating therapeutic perspectives for HR-NB
patients (Liang et al., 2016; Yang et al., 2020). Finally, by attacking tumors on several fronts,
these treatments could afford optimal results by inhibiting complementary molecular targets in
HR-NB.

2. Materials and Methods
2.1. Patient cohort

We analyzed 127 primary NB tumors (at least two representative cylinders of 1 mm) included
in tissue microarrays (TMAs) received at Incliva Biomedical Research Institute between 2000
and 2015. In this study cohort, a 30% of the patients were classified as HR-NB. Morphometric
and topological quantification was focused on 91 samples with single nucleotide polymorphism
array results. Samples were classified by genetic instability criteria based on SCAs and gene
amplification into very low (profiles without SCAs); low (<3 typical or recurrent NB SCAs,
excluding 11q deletion (11gD)); medium (profiles with 11qD or MYCN-amplified (MNA) or
>3 typical SCAs); and high (profiles with chromothripsis, or > 3 gene amplifications). The
clinical and biological data of the whole cohort are summarized in Table S1. The study was
approved by Incliva’s Clinical Research Ethics Committee (ref. B.0000339).

2.2. Tumor xenografts

All experiments performed in VN—/— (B6.129S2 (D2)-Vtntm1Dgi/J) and RAGI1-/—
(B6.129S7-Ragltm1Mom/J) complied with the standards and care approved by the Institutional
Animal Care Ethics Committee (reference 2015/VSC/PEA/00083). The in vivo experiment
described in this research was performed using homozygous mice: RAGI1-/- VN-/-
(experimental or VN knockout, VN-KO) and RAG1-/- VN+/+ (control or VN wildtype, VN-
WT). Orthotopic HR-NB xenografts were generated using 1 x 106 SH-SY5Y and SK-N-BE (2)
cells lines in four-to six-week-old mice. Detailed experimental procedure and additional
information are described in the Supplementary Materials and Methods.



2.3. Cell Culture

The HR-NB cell lines used (Table 1) were purchased from the ATCC (American Type Culture
Collection). All cell lines were grown under 5% CO2 at 37°C. The cell lines were maintained
in Iscove's Modified Dulbecco's Medium (IMDM), supplemented with 10% (except CHLA-90
with 20%) heat-inactivated fetal bovine serum (FBS), 1% of insulin-transferrin-selenium (ITS),
and 100 U/mL penicillin/100 pg/mL streptomycin. All the reagents were acquired from Gibco,
Thermo Fisher Scientific Inc., Waltham, MA, USA. Immunocytochemistry (ICC) and genetic
data (Table 1) guided the choice of the two most representative HR-NB cell lines for orthotopic
implantation in mice.

Table 1. Summary of NB cell lines

Cell lines
Analyzed features
SK-N-BE (2) NGP SH-SY5Y CHLA-90 SK-N-SH NBL-S
- —
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- —
% I;ZT;:VG 15% 30% 90% 80%
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Location Cytoplasm
> —
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MYCN-amplified cell lines are highlighted in bold. These NB cell lines were used for the
characterization of VN and its ligands. These cell lines guarantee a wide representation of
morphological and molecular features in HR-NB in vitro. Other suitable NB cell lines that can
be used for this type of study can be classified by MYCN amplification (MNA (Kelly, LAN1,
LANS, IMR32) and MNNA (IMR32, SK-N-AS, NB-69, LANG6), since this is one of the main
signatures found in HR-NB, and is associated with an aggressive tumor phenotype (Harenza et
al., 2017). Immunoreactivity of the analyzed markers was scored using a combination of
positive cells with a degree of staining intensity and localization pattern. Genetic information
obtained from references: (Brodeur et al., 1977; Carpenter et al., 2014; Harenza et al., 2017;
Kryh et al., 2011; Stock et al., 2008). HR-NB:high-risk neuroblastoma ; MNA:MYCN-
amplified; MNNA: MYCN non-amplified; VN: vitronectin; uPAR: urokinase-type plasminogen
activator receptor; PAI-1: plasminogen activator inhibitor 1; cnLOH: copy neutral loss of
heterozygosity; WT:wild-type.

2.4. Identification of microscopic tumor components

TMA paraffin blocks derived from NB patients and xenografts were cut (3 um) and stained
using histochemical and immunohistochemical (IHC) analysis. For ICC analysis, adherent cells
were seeded in cell chamber 8-well slide (PLC30108, SPL LifeSciences) and cytocentrifugation
was used to deposit non-adherent cells onto poly L-lysine coated slides using Shandon
CytoSpin III Cytocentrifuge at 1200 rpm for 10 min. Cells were fixed with methanol/acetone
(1:1) for 10 min at room temperature and subsequently immunostained with the selected
antibodies. Immunoreactivity was independently assessed and approved by two researchers.
We performed a microscope assessment of the biomarkers following these staining criteria: 1)
a score based on the proportion of positive cells over total cells (percent positivity) ranging
from 0 to 100%; 2) staining intensity was evaluated as 0 = negative, 1+ = weak, 2+ = moderate,
and 3+ = strong, and 3) localization pattern in order to determine protein expression. This semi-
quantified analysis was used to set image analysis parameters. All immunostained slides were
digitized with the whole-slide Pannoramic MIDI scanner (3DHISTECH Ltd., Budapest,
Hungary) at 20x magnification. For morphometric analysis, we developed customized macros
using Image Pro-plus (Media Cybernetics), adjusted individual modules (DensitoQUANT,
NuclearQUANT, MembraneQUANT, Pannoramic viewer (3DHISTECH)) and customized
configurations using the designed-tool Angiopath. Topological analysis was only applied to VN
using Matlab R2014b (MathWorks). Conditions, antibodies and a description of the image
analysis approach and parameters obtained is summarized in supplementary Table S2.



2.5 Formulation and characterization of etoposide nanoparticles (ETP-NPs)

ETP-loaded nanoparticles (ETP-NPs) were prepared by hot homogenization and ultrasonication
method and then freeze-dried for further studies as previously described, but with slight
modifications (Estella-Hermoso de Mendoza et al., 2008) Briefly, the lipid phase consisted of
300 mg of Precirol ATO 5 with 5 mg ETP, while the aqueous phase consisted of 10 mL of a
2% (w/v) Tween® 80 aqueous solution. The nanoparticle suspension obtained was
subsequently cooled in an ice bath for 15 minutes and washed three times with filtered water
by diafiltration at 50000 g for 30 minutes to remove excess surfactant and non-incorporated
drug. ETP-NPs were then resuspended in an aqueous solution of trehalose and freeze-dried.
The size and the polydispersity index (PDI) of the nanoparticles (NPs) were determined in
triplicate by photon correlation spectroscopy and zeta potential by laser Doppler anemometry,
using a Zetasizer Nano (Malvern, UK). Each experiment was performed in triplicate. All data
are expressed as a mean value + standard deviation. The amount of ETP entrapped into the NPs
was calculated using ultra-high performance liquid chromatography—tandem mass
spectrometry UHPLC-MS/MS method after extracting the drug from the NPs using a mixture
of chloroform and methanol (1:1). After centrifugation, ETP was quantified and results and data
were analyzed using the Mass Lynx™ NT 4.1 Software with QuanLynx™ program (Waters
Corp, Milford, MA, USA.

2.6. Cytotoxicity and drug combination studies

The antitumor activity of ETP, ETP-NP and CLG was studied with MTS assay in HR-NB cell
lines. First, 5000 cells per well were seeded in tissue culture 96 well-plates for all HR-NB cell
lines except for NGP cell line (20000 cells per well). The day after, these cells were exposed to
increasing concentrations of ETP, CLG and ETP-NP for 72h. The half maximal inhibitory
concentration (IC50) was then obtained with GraphPad Prism 9 software (GraphPad La Jolla,
California, USA). Results are expressed as the mean data = standard deviation (SD) of at least
three independent determinations. Data obtained from MTS assays and processed with
GraphPad Prism 9 (ICsy) were statistically analyzed using a one-way ANOVA analysis paired
t test with Turkey post hoc correction, considering a 95 % confidence interval at a significance
level p<0.05.

For drug interaction analysis free and nanoencapsulated ETP were combined with CLG at
different ratios using cell viability assays as described above by MTS assay. The effect of
combination treatments was evaluated by the determination of the combination index (CI)
according to the Chou-Talalay method (Chou, 2010). The CI values are defined as follows: CI
< 1 indicates synergism; CI = 1 additivity, and CI > 1 antagonism. Dose reduction index (DRI)
of ETP, ETP-NP and CLG was calculated and defined as the measure of the dose fold decrease
for each drug when synergistically combined to achieve a given effect, compared with the dose
of each drug alone required to engender the same inhibition. Detailed information regarding the
chemicals is described in the Supplementary Materials and Methods.



2.7. Statistical analysis

Statistical analyses were conducted using SPSS 26.0 software (SPSS Inc., Chicago, IL, USA).
The association between cell expression, ECM elements stained and clinical-biological features
was analyzed using y? test. Survival analysis was carried out using Kaplan-Meier curves and
log-Rank test. To select TME candidates, we first performed univariate and discriminant
analysis (Fisher's discriminant function coefficients). Stepwise forward logistic regression was
performed to assess the contribution of morphometric, clinical, and genetic features to the
proposed pre-treatment risk classification and genomic instability subtypes. We considered p-
values less than 0.05 as statistically significant.

3. Results

3.1. Morphometric and topological patterns of territorial VN and blood microvascular structures
as clinically relevant biomarkers in human tumors

In the 91 NB patient cohort (Table S1) a selection of previous and new statistically significant
morphometric and topological features of ECM elements and vessels were extracted and added
to the International Neuroblastoma Risk Group (INRG) unfavorable independent variables to
classify patients according to pre-treatment risk stratification and tumor genetic instability
criteria (Figure S1). After logistic regression, variables that predicted the pre-treatment risk
groups were placed in the following order of importance: age, sinusoidal shape, stage, Euler
number (indicating the compactness of territorial VN), and MYCN status (Table 2). This model
improved specificity (0.94 vs. 0.89) with a slight decrease in sensitivity (0.70 vs. 0.75)
compared to the model we previously described (Vicente-Munuera et al., 2020). The variables
that best predicted groups of high and low tumor genetic instability were: MYCN status, age,
number of branches per node (number of crosslinks) of territorial VN, presence of segmental
chromosome aberrations (SCAs), and deformity of post-capillaries/metarterioles (Table 2).
This model also improved specificity (0.96 vs. 0.91), with equal sensitivity (0.89) to the
previously used model (Vicente-Munuera et al., 2020). Kruskal-Wallis analysis noted that
tumors with high expression of territorial VN presented greater area and length of blood vessel
capillaries (p= 0.001 and 0.002, respectively), less sinusoidal deformity (p=0.03) and larger
perimeter of total blood vessels (p=0.022).

Table 2. Multivariate logistic regression.

Features B SE Z-score Pr(>|z))
Pre-treatment risk stratification group

(Intercept) -1.63 1.16 -1.40 0.16
Blood vessels 2050 Shape -0.83 0.30 -2.81 0.004
Age (= 18 months) 2.69 0.66 4.08 4.48e-05
Stage (M) -0.006 0.01 -0.51 0.61
MYCN (MNA) -0.004 0.01 -0.35 0.73
Euler number of territorial VN 0.49 0.28 1.73 0.08
Tumor genetic instability criteria

(Intercept) -25 4902.30 -0.005 0.99



Blood vessels_1520 Deformity -0.78 0.48 -1.61 0.11

Age (> 18 months) 3.08 1.23 2.50 0.01
Genetic profile (SCA) 2031 4902 0.004 0.99
MYCN (MNA) 23.44 4912.94 0.005 0.99

Branches per node of
territorial VN

Models using the final set of features for each criterion. Each model is defined by the different
coefficients (B column) of the intercept and independent variables (features). SE stands for
standard error. Z-score and its associated p-value are represented. M: metastatic; SCA:
segmental chromosomal aberration; MNA: MYCN-amplified; VN: vitronectin. Blood
vessels 2050 (sinusoids vessels). Blood vessels 1520 (post-capillaries/metarterioles vessels).

1.93 0.70 2.76 0.005

3.2. Translation from hallmarks of microenvironmental components in xenografts to matrix-
centric therapies

The characteristics associated with stiffness of the ECM described in aggressive NB patients
[23,25-28,37] are maintained in the tumor passages of orthotopic models. SK-N-BE (2) derived
xenografts show a decrease in glycosaminoglycans (GAGs) along with an increase in reticular
fibers. In contrast, the amount of collagen type I decreased in advance passages in the VN-KO
model, whereas non-remarkable differences were observed in SH-SY5Y-derived xenografts.
The orthotopic models are vascularized tumors characterized by tortuous vessels (blood and
lymphatic), and differences were noted at the lymphatic level. SK-N-BE (2)-derived xenografts
were characterized by a decrease in the amount of lymph vessels in VN-KO mice; in SH-SYS5Y-
derived xenografts, the quantity of lymph vessels also decreased in advanced passages in both
mice backgrounds. In the immune cell infiltration compartment, we observed clusters in stroma
and single cells in perivascular areas, with no major difference between xenografts (Figure 1
and Figure S2).
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Figure 1. Histological sections of different stains of tumor microenvironment elements in
MYCN-amplified (SK-N-BE (2) and non-amplified (SH-SY5Y) derived xenografts. Images at
63x. WT: wild-type; KO: Knockout; VN: vitronectin, uPAR: urokinase-type plasminogen
activator receptor; PAI-1: plasminogen activator inhibitor 1; GAGs: glycosaminoglycans; p:
passage.

3.3. Known VN ligands are significant in HR-NB biology

In the 127 NB patient cohort (Table S1), the number of available cases for VN ligands was
lower due to a lack of representative tissue for this analysis. uPAR expression was limited to
immune stromal cells in 27% of samples (20/75), of which 18 samples also had positive
endothelial cells (Figure 2A). In addition, we also found two samples with nonspecific
immunoreactivity in ganglion cells, which were excluded from statistical analysis. With PAI-1
staining, we observed that 27% of samples (21/78) were positive: 11 cases in tumor cells
(nuclear and prolongation staining) and 10 cases in endothelial and blood cells (leukocytes and
erythrocytes) (Figure 2B). Using the Chi-square test, we found a statistical association between
PAI-1 expression in MNA tumor cells (p= 0.037) and HR patients (p= 0.015). With respect to
survival, using the log-rank test we found a significant statistical relationship between PAI-1
expression in tumor cells and higher relapse rates (5-year EFS% 30+14.5) (Figure S4).
Concerning a,f3; integrin expression, we found that 43% of the samples (32/75) were positive
in endothelial cells and monocyte/macrophage lineage cells (Figure 2C). Again, with Chi-

10



square test, we found a statistical association between a5 integrin expression in endothelial
cells and 17q gain in tumor cells (p= 0.028).

In vitro, noticeable differences were observed in the percentage of positive cell and intensity
staining of uPAR, PAI-1 and o,f; integrin (low in MNA and moderate—high in half of MYCN
non-amplified (MNNA) cell lines), and negative expression of s integrin was present (Table
1 and Figure S3).

In vivo, neuroblastic cells significantly increased VN expression compared to in vitro
conditions, without observed differences between the two mice models of cell lines. Notably,
uPAR expression was altered from negative to positive in SK-N-BE (2)-derived p1-5 xenografts
(p=0.048 in VN-KO and 0.034 in VN-WT) contrasting with continuous positive expression in
SHSYS5Y-derived xenografts passages. No important distinction was found between passages
of the two cell lines as regards PAI-1 expression. An increase in a,f; integrin expression was
however observed, especially in SK-N-BE (2)-derived p0 xenografts with the VN-KO
background (p=0.017) (Figure 1 and Figure S2).

endothelial and stromal immune cells; b) PAI-1 expression in tumor cells, nuclear and
neuropile; ¢) a,B; integrin expression in endothelial cells. Immunostained images at 40x. VN:
vitronectin; uPAR: urokinase-type plasminogen activator receptor; PAI-1: plasminogen
activator inhibitor 1.

3.4. Physicochemical characterization of ETP nanomedicine

ETP-NP exhibited a mean hydrodynamic diameter close to 100 nm (i.e., 107.53 +2.15 nm) and
a homogenous distribution with a PDI of 0.193 + 0.03. The surface charge of the proposed
nanomedicine reflected that those particles were negatively stabilized (-21.93 +3.35 mV). ETP-
NP showed a high encapsulation efficiency (EE) of around 75% corresponding to a drug loading
value of 5.03 = 0.76 pg/mg.

3.5. Cytotoxicity studies in HR-NB cell lines

All treatments were tested at 72h in 6 different HR-NB cell lines. For CLG, results showed a
direct anticancer activity (Figure 3A) although this activity is independent from the o,3; and
a5 integrin expression previously determined in Table 1. CLG cytotoxicity assay in Figure
3A shows that this a, inhibitor has no effect on SH-SY5Y and SK-N-SH cells, despite their
high-intensity a,f3 integrin expression even at different cell percentages. In this regard, CLG
had a moderate dose-dependent effect on NGP and CHLA-90 cells while having a stronger

11



dose-dependent effect on SK-N-BE (2) and NBL-S cell lines, independent of intensity and
percentage of a,f; integrin expression (Figure 3B). IC5, values were established for SK-N-BE
(2) (IC5y=2.66 = 1.20 uM) and NBL-S cells (IC5y= 0.33 = 0.2 uM) and these cell lines were
chosen to study the synergetic effect with ETP and ETP-NP.
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Figure 3. Cell viability assay after cilengitide (CLG) administration. (A) Cell viability at 72h in
HR-NB cell lines after a single administration of 100 uM CLG aqueous solution. Values are
the mean + standard deviation (SD) of at least three independent determinations. (B) Cell
viability at 72h after 2, 7, 13, 100 uM of CLG aqueous solution in CLG-sensitive cell lines:
SK-N-BE (2), NGP, NBL-S and CHLA-90. Values are the mean =+ standard deviation (SD) of
at least three independent determinations.

Cytotoxicity assays revealed similar or increased efficacy for ETP and ETP-NP in HR-NB cell
lines, suggesting that the encapsulation process did not affect ETP antitumor efficacy (Figure
4A and 4B). Nanoencapsulation enhanced the anticancer activity of ETP in SK-N-BE (2),
CHLA-90 and SH-SYS5Y cell lines, by reducing the ICsy value as mentioned in Figure 4C.
Interestingly, in CHLA-90 the 1C5y was reduced by around 56% with nanoencapsulation from
18 uM with ETP to 8 uM when employing ETP-NP, which provide statistically significant and
illustrating the greatest amelioration in chemotherapy sensitivity (Figure 4C).
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Figure 4. Cell viability assays. (A) Cells were exposed to increasing concentrations of etoposide
(ETP); (B) Cells were exposed to increasing concentrations of etoposide-loaded nanoparticles
(ETP-NP); (C) ICsy values (uM) of ETP and ETP-NP in HR-NB cell lines after 72h of
treatment. Values are the mean + standard deviation (SD) of at least three independent
determinations.

3.6. CLG combined with ETP or ETP-NP act synergistically against HR-NB cell lines

To study whether the antitumor effect of CLG in HR-NB cells was synergetic with ETP and
ETP-NP, SK-N-BE (2) (MNA) and NBL-S (MNNA) cell lines were exposed to individual or
combined treatments. When combining CLG and ETP, the DRI of ETP was around 1.89 to
2.92-fold in either its free or nanoencapsulated form in both cell lines at fraction affected
(Fa)=0.5.

First, it was necessary to determine the optimal drug ratio in both cell lines, among which ratios
1:2 and 1:1 (CLG:ETP) were considered to achieve optimal CI and DRI. The combined
treatment proved synergistic in both cell lines at the proposed ratios (CI<1) (Figure 5). Figures
5A and 5B show that the synergistic effect is maintained at all Fa cell death using the 1:1 ratio
in both cell lines, thus the 1:1 ratio was selected as optimal to combine these drugs. Finally, the
CI value appears to be similar when ETP is administered within nanomedicine at the selected
ratio (1:1), indicating that the synergy between the two drugs is maintained when ETP is
nanoencapsulated.
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Figure 5. Combination index (CI) analysis graphical representation for etoposide (ETP) and
cilengitide (CLG) [cilengitide: etoposide] in SK-N-BE (2) (A) and NBL-S(B) cell lines at
different cell viability fractions. CI < 1, synergism; CI=1, additivity; CI>1 antagonism.
nanoencapsulated.

Table 3. Synergy study for cilengitide (CLG) and etoposide (ETP) combination therapy at the
ICso in NBL-S and SK-N-BE (2) cell lines after 72 hours of treatment. Drug ratio is expressed
as follows: CLG [uM]: ETP [uM]. Values are the mean + standard deviation (SD) of at least
three independent determinations.
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Ratio

Treatment (CLG: ETP) DRI ETP DRI CLG CI
1:1 2.5+£0.6 5.60£2.6 0.6 £0.1
ETP
SK-N-BE (2) 1:2 1.9+0.7 27 £12 0.6+0.1
ETP-NP 1:1 1.8+04 57+£27 0.7+0.1
1:1 29+1.5 14+6 0.5+£03
ETP
NBL-S 1:2 2.7+£0.2 13+4 0.5+0.03
ETP-NP 1:1 24+0.7 6.£0.8 0.6+0.2

4. Discussion

The stromal architecture of tumors can present a chaotic pattern that stimulates tumor cell
spread. Our aim was to investigate the contribution of ECM stiffness to NB, and determine
whether targeting ECM-cell interactions could be applied in combination with classic
chemotherapy (Fares et al., 2020). In this study, ECM and tumor cells were considered
simultaneously, reprograming the TME by inhibiting the VN-integrin interaction with the
resulting DNA strand breaks (Lopez-Carrasco et al., 2020). In addition, we explored whether
the nanoencapsulation of a chemotherapeutic can potentially ameliorate the therapeutic index
of this drug, as we previously demonstrated for osteosarcoma (Gonzalez-Fernandez et al., 2018,
2017).

Several groups have identified key roles for the ECM in facilitating migration transformations,
proposing that rigidity of tumor stroma can be attributed to abnormal deposition and remodeling
of ECM elements (Craig et al., 2020; Lu et al., 2012). In the present study we highlight the
clinical importance of TME microscopy structures in HR-NB, using high-throughput
approaches (i.e., computer tools). These tactics are reliable methods to discover potential
biomarkers or targets related to stiffness that implies an acceleration in diagnosis, prognostic
prediction, and therapy response (Lee et al., 2019; Zormpas-Petridis et al., 2021) In fact,
developing and refining high-throughput technologies enable to determine the composition and
map the spatial complexity of the three-dimensional tumor matrix and cell plasticity (Cox,
2021). These advances have allowed us to re-examine archived tissues for in-depth study of the
role of the matrix in HR-NB.

Digital pathology allowed us to better identify the components of the TME elements analyzed
associated with aggressiveness in MNA HR-NB. Our previously published findings in NB
samples from patients with poor prognosis (Burgos-Panadero et al., 2019), together with the
present studies, indicate that VN synthesis by malignant cells could converge with the formation
of stiff pathways. This stiffness facilitates cell leakage and invasion by allowing easy
attachment-detachment cycles between cells and collagen III fibers and/or GAGs. The role of
VN in this interaction has also been demonstrated by several studies in different malignancies
(Schneider et al., 2016; Shi et al., 2015). The gradual stiffening of tumor stroma is confirmed
by the orthotopic HR-NB xenograft model studied: ECM element modifications imply that this
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model recreates matrix features observed in HR-NB patients with poor prognosis. Interestingly,
high expression of integrin a,f; was found in this orthotopic HR-NB xenograft model, with
substantially increased expression in the initial passages of the VN-KO tumor model. However,
there is a lack of correlation between integrin a,3; expression in HR-NB and in vitro cell lines
and aggressiveness or MNA, respectively. This can be explained by the need to create
anchorage points for tumor proliferation, while maintaining stable positive expression in
successive passages to promote migration. These results evidence the interaction between VN
and a,f; integrin in HR-NB, as reported in ovarian cancer, where it has been shown that tumor
cells achieve rapid migration by MMP-2 cleavage of VN-a,f; integrin and fibronectin-asf3;
integrin interactions (Kenny et al., 2008). Some studies showed increased expression of VN
receptors to be related to poor prognosis in NB patients (Erdreich-Epstein et al., 2016; Li et al.,
2004; Sugiura et al., 1999). Interestingly, the interplay between other molecules whose genetic
changes were detected in SK-N-BE (2)/MNA cell line in VN-KO model and stiff 3D bioprinted
model (Lopez-Carrasco et al., 2020) has also been reported to possibly affect cell adhesion- and
migration-related intracellular pathways (Chandrasekar et al., 2003; Moreno-Layseca and
Streuli, 2014). Xenografts derived from the SK-N-BE (2)/MNA cell line in the VN-KO model
are characterized by increased VN secretion, dynamic expression of o,f; integrin and high
uPAR expression added to the genetic changes described (Lopez-Carrasco et al., 2020), which
can be considered as key biomimetic markers in aggressive HR-NB preclinical models. Taking
our data into account, high VN expression in MNA and 17q gain tumors with PAI expression
in some of its tumor and stroma cells, 0,3 integrin expression in malignant neuroblasts and
endothelial cells, imply that these molecules could develop a multifunctional role, which
reinforces the predominant role of tumor stroma in tumorigenesis, prognosis, and the search for
specific therapeutic targets.

In a second step, after demonstrating the clinical relevance of the VN-integrin interaction and
ECM stiffness in HR-NB poor prognosis, we decided to target this union by using a o,
inhibitor. In addition, the combination of morphometric and topological analysis highlighted an
increase of VN and larger blood vessels that defined NB with high instability and indicated that
they belonged to a high pre-treatment risk group. This size alteration of blood vessels could be
related to angiogenesis processes, considering that we implemented the use of anti-angiogenic
therapy as CLG to impair the tumor vasculature and VN-integrin interactions. In that sense,
CLG efficacy is thought to be due to the reduction of proliferation by inducing cell detachment
and apoptosis through binding to and inhibiting a,p; and o,fs integrins (Mas-Moruno et al.,
2010). Our results show that CLG is effective in HR-NB VN-secreted cells and that sensitivity
to CLG is independent from a,f; integrin expression in pre-treatment HR-NB cells. This data
could reflect a transition from low to high affinity state induced by intracellular signaling events
or by CLG high-affinity a,f; ligand in certain HR-NB cell lines. A potential explanation is the
proposal of Cheng et al., (Cheng et al., 2014) in a study of malignant pleural mesothelioma,
where they establish a relationship between anoikis (cell detachment-mediated death) and CLG
sensitivity. Although previous studies in NB and glioblastoma have found a positive correlation
between growth inhibition by CLG and o35 expression (Leblond et al., 2013). The potential
role of a,Bs (the second integrin targeted by CLG) in these effects is unlikely to be significant
since it is not expressed at the tumor cells (Erdreich-Epstein et al., 2000). Additional
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interactions between tumor cells and VN, as well as signaling events and cell plasticity, could
provide CLG resistance.

In a recent study in HR-patients, extended induction chemotherapy added to standard
chemotherapy failed to improve patient outcome and increased the number of side-effects
(Berthold et al., 2020). Differences in chemotherapy sensitivity can be explained, among other
reasons, by NB cell plasticity capable of switching between adrenergic and mesenchymal
phenotype (van Wezel et al., 2019). Nano-based therapy holds several advantages over
conventional chemotherapy, as it ameliorates the therapeutic drug index and preferentially
distributes anticancer agents towards tumor sites (Zhao et al., 2018). In this sense, we previously
documented an increase of the efficacy of chemotherapeutic drugs when included into NPs
(Garbayo et al., 2020). Lipid NPs are known to efficiently encapsulate hydrophobic molecules,
like ETP, and they make possible to conceive oral administration in cancer treatment (el
Moukhtari et al.,, 2021). Furthermore, the lipid used in the formulation of lipid NPs are
biodegradable and physiological lipid with GRAS status (generally recognized as safe by the
FDA) (Keck and Miiller, 2013; Lasa-Saracibar et al., 2012). Additionally, these NPs are easy-
to-produce at large scale, which is a major advantage for clinical translation (Joshi and Miiller,
2009; Lasa-Saracibar et al., 2014; “Let’s talk about lipid nanoparticles,” 2021). We noted that
nanoencapsulated ETP improved or maintained in vitro efficacy compared to free ETP in all
the studied cell lines, indicating an improvement of the therapeutic efficacy of the drug. As an
example, drug resistance of CHLA-90 to ETP has been reported in the literature and the ICs,
was reduced by 56% in our study due to nanoencapsulation (Keshelava et al., 1998).

Finally, strong synergy was noted when co-administrating CLG with ETP in both free and
nanoencapsulated form in SK-N-BE (2) and NBL-S cell lines. This data suggested that their
combination is likely to enhance overall effectiveness of HR-NB treatment by targeting both
the TME and the nucleus of tumoral cells (Hu and Zhang, 2012). The results also indicate that
combination therapy using CLG could be useful to reduce the conventional chemotherapy
required. In a phase III clinical trial (the CENTRIC EORTC 26071-22072 study), it was
reported that CLG did not improve overall survival in glioblastoma patients when combined
with temozolomide (Stupp et al., 2014a). This lack of efficacy was attributed to the rapid
elimination from the tumor site and short half-life of the drug, a drawback which could easily
be overcome by nanoencapsulation or co-vectorization with ETP-NP. It is noteworthy that a
low CI value or strong synergism is similar for both CLG:ETP and CLG:ETP-NP combinations,
suggesting that synergy is maintained when employing nanovectors instead of free drug
delivery. This synergism enables reduced chemotherapy toxicity and establishes CLG as a
potential candidate to treat HR-NB in a combined treatment setting. Although these findings
will have to be confirmed in vivo in animal models of NB, the data presented in this study
highlight the importance of characterizing the cell-ECM interactions in HR-NB for the
development of targeted therapies.
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