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Digital pathology and artificial intelligence are promising emerging tools in precision oncology as they provide
more robust and reproducible analysis of histologic, morphologic and topologic characteristics of tumor cells and
the surrounding microenvironment. This study aims to develop digital image analysis workflows for therapeutic
assessment in preclinical in vivo models. For this purpose, we generated pipelines that enable automatic
detection and quantification of vitronectin and avf3 in heterotopic high-risk neuroblastoma xenografts,
demonstrating that digital analysis workflows can be used to provide robust detection of vitronectin secretion
and avf3 expression by malignant neuroblasts and to evaluate the possibility of combining traditional chemo-
therapy (etoposide) with extracellular matrix-targeted therapies (cilengitide). Digital image analysis added ev-
idence for the relevance of territorial vitronectin as a therapeutic target in neuroblastoma, since its expression is
modified after treatment, with a mean percentage of 60.44% in combined therapy tumors vs 45.08% in control
ones. In addition, the present study revealed the efficacy of cilengitide for reducing avp3 expression, with a mean
avp3 positivity of 34.17% in cilengitide treated material vs 66.14% in control and with less tumor growth when
combined with etoposide, with a final mean volume of 0.04 cm® in combined therapy vs 1.45 cm® in control. The
results of this work highlight the importance of extracellular matrix-focused therapies in preclinical studies to
improve therapeutic assessment for high-risk neuroblastoma patients.

1. Introduction

The extracellular matrix (ECM) is a fundamental component of the
tumor microenvironment (TME), where it has crucial role in tumor
progression and metastasis, providing not only scaffolding for cells but
also biochemical and biomechanical signals that promote cell growth,
migration and differentiation [1,2]. Vitronectin (VN) is a glycoprotein
present in the ECM capable of interacting with different cell receptors
and other macromolecules of the ECM. During recent years, VN has
gained special interest in cancer research as it promotes cell adhesion to
the ECM and participates in cell differentiation, migration and prolif-
eration through interaction with integrins (avf3, avp5, avpl, allbp3,
avp6 and avp8), urokinase-type plasminogen activator receptor (uPAR)
and plasminogen activator inhibitor-1 (PAI-1) [3-6]. VN is present in

plasma and the ECM of different human tissues. It is mainly synthesized
by hepatocytes, although increased depositions have been described in
various cancerous tissues, suggesting VN production by extrahepatic
cells in diseased tissue [3,4]. It has been observed that some tumor cells,
such as glioma cells, ovarian adenocarcinoma cells and colorectal
adenocarcinoma cells, are able to synthesize and secrete VN [7-9].
Neuroblastoma (NB) is the most common extracranial solid tumor in
children and is characterized by intertumoral biological and clinical
heterogeneity [10,11]. Previous studies carried out by our group have
demonstrated in vitro and in vivo VN secretion by malignant neuro-
blasts. In particular, positive VN expression has been observed in
monolayer cell cultures of SK-N-BE (2) and SH-SY5Y, among other NB
cell lines [12]. In addition to the in vitro models, orthotopic high-risk NB
(HR-NB) xenografts generated using SH-SY5Y and SK-N-BE (2) cells
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lines in VN-knock out (VN-KO) mice have revealed that malignant
neuroblasts growing in a TME secrete VN analogously to human NB
tumors [13], demonstrating that VN synthetized by neuroblastic cells is
an important ECM glycoprotein in aggressive NB. Moreover, digital
pathology image analysis revealed two VN expression patterns: territo-
rial VN, which is recently incorporated VN with an intra- or pericellular
location; and interterritorial VN, which is intercellular VN integrated
into the ECM earlier on [13].

Digital pathology is emerging as a robust, fast and efficient tool to
identify and analyze histologic and morphologic characteristics of whole
slide images (WSIs) for pathological changes [14]. Greater cost effi-
ciency and technological progress in image acquisition and analysis
have made WSIs the future standard for digital pathology and clinical
diagnostics, allowing rapid, simultaneous study of multiple samples and
stains [15]. Digital analysis tools have proven useful for the analysis of
topological and morphometric characteristics representative of cancer,
optimizing the accuracy of disease diagnosis, grading and prognosis
[16]. Our group has focused on the ECM in NB tumors to discover new
features that could enable more precise prognosis and risk stratification.
Using digital pathology tools, we have defined the topology and/or
morphometric features of lymphatic and blood vessels and several ECM
components (VN, reticulin fibers, elastic fibers, collagen type I fibers and
glycosaminoglycans) [13,17,18].

The high heterogeneity of NB has hindered the development of a
successful treatment for high-risk NB (HR-NB), with survival rates
ranging from >90% for patients with non-HR-NB to <50% for patients
with HR-NB [19]. Several novel ECM-targeted therapies, especially for
HR patients, have emerged in response to this issue. Integrin inhibitors
have been proposed as therapeutic agents, as they are key receptors
which communicate with the ECM [20,21]. Cilengitide (CLG) is a cyclic
pentapeptide that blocks avf3 and avp5 integrins from binding to the
arginine-glycine-aspartate (RGD) sequence of several ECM proteins such
as fibronectin and VN [22], although unfavorable pharmacokinetics
have prevented it from reaching the market as yet [23]. Preclinical
therapeutic studies by our group have shown that CLG has direct anti-
cancer activity in six different HR-NB cell lines and presented synergy
with free and nano-encapsulated etoposide (ETP) in SK-N-BE (2)
monolayer cell cultures [12].

In this work, we used digital pathology workflows for topological
and spatial analysis of VN and avp3 in heterotopic HR-NB xenografts
treated with ETP alone, CLG alone or CLG combined with ETP. We
subsequently assessed the tumor growth rate to determine whether these
treatments could serve as growth containment. The digital image ana-
lyses carried out herein prove the importance of digital pathology in the
study of topologic and histopathologic features of ECM components of
NB to aid objective disease diagnosis and preclinical therapeutic
assessment.

2. Materials and methods
2.1. Heterotopic xenografts

Heterotopic HR-NB xenografts were generated using the SK-N-BE (2)
cell line in RAG1—/— and VN—/— female or male mice. The cell line was
purchased from the ATCC (American Type Culture Collection). The SK-
N-BE (2) cell line was grown under 5% CO2 at 37 °C and maintained in
Iscove’s Modified Dulbecco’s Medium (IMDM) supplemented with 10%
heat-inactivated fetal bovine serum (FBS), 1% insulin-transferrin-
selenium (ITS) and 100 U/mL of penicillin/100 pg/mL streptomycin.
All reagents were obtained from Gibco, Thermo Fisher Scientific Inc.,
Waltham, MA, USA. When RAG1—/— VN—/— animals were around four
to six weeks old, subcutaneous HR-NB xenografts were generated by
inoculating 2x10° cells from the SK-N-BE (2) cell line.

For the first thirty days after inoculation, tumor progress was eval-
uated weekly by measuring its dimension with Vernier caliper and using
the formula: V= (n-1-s%)/6 mrn3, where 1 refers to length and s to width.
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All experiments were carried out in accordance with the standards and
care approved by the Institutional Animal Care Ethics Committee
(reference 2021/VSC/PEA/0052). Additional information on experi-
mental procedures and animal care is available in Appendix A.

2.2. Treatment

ETP powder (Etoposide synthetic, 98.0-105.0%, powder, E1383-
250 MG, Merck) was dissolved in dimethyl sulfoxide (DMSO) [Sigma-
Aldrich] to obtain a stock solution of 50 mg/mL. For mice inoculation,
aliquots with a final concentration of 2 mg/mL were prepared from the
stock solution using 0.9% saline serum as dissolvent. CLG powder (Cil-
engitide trifluoroacetic acid salt >98% (HPLC), SML1594-25 MG,
Merck) was dissolved in 0.9% saline serum and homogenized by vortex,
obtaining a solution of 4 mg/mL. The dose for each drug (ETP and CLG)
was 20 mg/kg mouse body weight. Animals received the treatment three
times per week for two weeks. On the day of administration, animals
were weighed and the amount of solution to be injected was calculated.
Both ETP and CLG were administrated with an intraperitoneal injection.
In the case of controls, 200 pL of 0.9% saline serum were intraperito-
neally injected.

2.3. Sample processing and digitization

Collected heterotopic HR-NB xenografts (n = 16) were fixed by im-
mersion in 4% paraformaldehyde (PFA) and automatically embedded in
paraffin. After processing, paraffin blocks were assembled and cut into
3-pm sections. VN and avp3 staining were performed for digital image
analysis of the sections, using the following antibodies: anti-VN (1,/100,
ab45139, Abcam) and anti-avp3 (1/50, ab7166, Abcam). Automated
antigen retrieval (PT Link equipment, Dako, Glostrup, Denmark) and
immunostaining (Autostainer Link 48 automated immunostaining ma-
chine, Dako, Glostrup, Denmark) were performed. VN and avp3 stained
sections were digitalized as whole slide images using a Ventana iScan HT
(Roche, Switzerland) at 20x magnification.

2.4. Center and periphery determination of samples

To determine VN expression patterns, the center and periphery of
samples were determined with a digital pathology workflow. The whole
pipeline is represented in Fig. 1. All steps were carried out with the aid of
QuPath [24]. First, the image was split if the subcutaneous xenograft
had more than one fragment so that each tissue fragment was exported
to a separate image file. After tumor detection, 75 pm of the sample edge
was removed when needed to avoid false positive diaminobenzidine
(DAB) reactions. Next, the center and periphery of the samples were
differentiated according to their solidity (area/convex area) so that both
represented approximately fifty percent of the tumor area. Samples not
fulfilling this condition were further analyzed according to different
morphologic features (examples in Fig. S1). The center and periphery of
samples with a solidity under 0.7 were established according to tumor
size; for tumors that presented an area <1 mm?2, the boundary was
buffered 50 pm inward while the boundary of tumors >1 mm? was
buffered 100 pm inward. Tumors with solidity higher than 0.7 were
dilated 100 pm outward and 100 pm inward. After two consecutive di-
lations, the center and periphery of these samples were differentiated
according to their solidity as previously described. The scripts generated
and used are available in Appendix B.

2.5. Digital image analysis

For both VN and avp3, analyses were performed using QuPath [24].
All steps are represented in Figs. 2 and 3. VN was quantified to assess
whether the drugs had an effect on VN secretion. We also evaluated
whether VN expression was affected by tumor area (center/periphery).
For each section fragment, tumor tissue was automatically detected in
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Fig. 1. Pipeline overview of how center and periphery were defined. The proposed approach can differentiate the center and periphery of the samples according to
area and/or solidity (area/convex area). Solidity gives a measure of the compactness of the tumor. S: solidity; x: width of the periphery ring; r: sample minimum

radius. More information available in Fig. S2.
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Fig. 2. Representative images of scanned sections and digital pathology
workflow overview for VN analysis. The process starts with distinction of the
center and the periphery of the stained histology sections (A), followed by the
creation of 1000 x 1000 um2 ROIs (B) and detection of total VN, territorial VN
(purple) and interterritorial VN (green) (C). ROI: region of interest; txt: text file.

QuPath with the ’Thresholding function’; all pixels with scores below
170 were thresholded to determine tumor tissue. Additional information
about the settings used for tumor tissue detection are available at
Table S1. Next, the center and periphery of the sections were differen-
tiated (Fig. 2A) as previously described. When needed, areas of necrosis
and folds or other artifacts were manually removed. Due to the size of
the whole slide histology images, the detected tumor was automatically
fractionated into ROIs (regions of interest) of 1000 x 1000 pum? to aid
VN detection (Fig. 2B) with the corresponding script (Appendix B). For
each ROI, VN was automatically identified and territorial VN and
interterritorial VN were distinguished according to pixel color and in-
tensity, applying several artificial neural network classifiers to train
QuPath interactively to distinguish territorial and interterritorial VN
(Fig. 2C); territorial VN location was represented by strongly stained
intensity and interterritorial VN location by low and medium intensity.
A corresponding script (Appendix B) was designed to run on all histology
images to automate territorial VN and interterritorial VN detection; the

parameters required for VN detection are shown in Table S2.

A different approach was used for avp3 analysis (Fig. 3). For each
histology image (Fig. 3A), tumor tissue was classified using the
"Thresholding function’ in QuPath; all pixels with scores below 200 were
classified as tumor tissue (Fig. 3B). Areas of necrosis and folds or other
artifacts were manually removed when necessary. Next, avp3 detection
was automated with the ’Positive cell detection function’ in QuPath
(Fig. 3C). A corresponding script was then generated to run on all his-
tology images (Appendix B), thereby automating avp3-positive cell
detection. Cells with positivity for avf3 were defined by cells with an
optical density (OD) of the DAB color greater than 0.3 in the nucleus.
More details about the settings used for tumor tissue and positive cell
detection are available at Table S1 and Table S3, respectively.

3. Results

3.1. Vitronectin expression by neuroblastic cells in HR-NB heterotopic
Xxenografts

VN expression was evaluated in neuroblastic cells with antibody
anti-VN on 16 histological images taken from subcutaneous HR-NB xe-
nografts. Using digital image analysis, we observed positive VN detec-
tion in all samples (Fig. 4). In addition, we were able to distinguish two
VN expression patterns as described in above mentioned articles and
previous studies [12,13,18].

VN was objectively quantified as the percentage of territorial,
interterritorial and total VN stained area. Unexpectedly, %territorial VN
(Fig. 5A) and %total VN (Fig. 5B) were higher in all treatment groups
(ETP alone, CLG alone, and the two drugs in combination) than in the
control group, where no treatment was used (Fig. 5). Statistical analysis
of the VN expression results was carried out, but due to the dispersion of
data and the low number of samples (Fig. 5), no statistically significant
results were obtained.

3.2. Vitronectin distribution (center/periphery)

Given the utility of topological distribution of biomolecules to
improve understanding of the behavior of tumoral cells in its microen-
vironment, we next evaluated VN disposition in the samples. Using the
designed pipeline, we distinguished the center and periphery of the
samples and analyzed VN distribution in those regions. VN was detected
equally in the center and the periphery in most samples (Fig. 6). The
biggest difference could be seen in the quantification of territorial VN in
the center and periphery of the group treated with the combination of
ETP and CLG (Fig. 6A and B).
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Fig. 3. Digital image analysis workflow for avp3 positivity study. (A) Scanned tissue section. (B) Representative pictures of tumor tissue detection (in red) using the
*Thresholding function’ in QuPath. (C) Representative pictures of positive cell detection on avp3 stained histology sections with ’Positive cell detection function’ in

QuPath; red cells are positive and blue cells are negative.

Fig. 4. Vitronectin expression by neuroblastic cells in non-treated HR-NB heterotopic xenografts (A) and HR-NB heterotopic xenografts treated with ETP (B), CLG

(C), and ETP and CLG (D). Scale bar: 100 pm. ETP: etoposide; CLG: cilengitide.
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Fig. 5. Quantification of territorial vitronectin (VN)
(A) and total VN (B) secreted by neuroblastic SK-N-BE
(2) cells in control group and samples treated with
ETP, CLG alone and CLG combined with ETP. The
percentage of territorial VN and total VN are repre-
sented in the graphs as area of territorial VN and total
VN, respectively, relative to the total sample area.
The graphs represent mean =+ standard deviation (SD)
of at least three values (Table S4); the number of
values is represented by the dots. ETP: etoposide;
CLG: cilengitide.

Quantification of territorial VN (Fig. 6B) and total VN (Fig. 6D) 3.3. avpi3 expression in HR-NB heterotopic xenografts

revealed no significant differences in VN expression between the center

and the periphery of the subcutaneous xenografts. Interestingly, the To assess avp3 expression by neuroblastic cells, we analyzed 13
same tendency was observed in both the center and the periphery; % histological images taken from subcutaneous HR-NB xenografts stained
territorial VN (Fig. 6A) and %total VN (Fig. 6C) was greater in treated with anti- avp3. As previously mentioned we used an automated digital
samples than the control group, regardless of whether ETP alone, CLG image analysis pipeline based on the intensity and colors of the pixels for
alone or CLG in combination with ETP was used. this purpose, observing positive avf3 expression in all samples (Fig. 7).
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Fig. 6. Distribution of territorial and total vitronectin (VN) in control and treatment groups. (A,B) Territorial VN secretion in center and periphery of the different
treatment groups. The graphs represent mean =+ SD of at least three values. (C,D) Total VN secretion in center and periphery of the different treatment groups. The
graphs represent mean + SD of at least three values (Table S4). ETP: etoposide; CLG: cilengitide.

Fig. 7. avp3 expression by neuroblastic cells in non-treated HR-NB heterotopic xenografts (A) and HR-NB heterotopic xenografts treated with ETP (B), CLG (C), and

ETP and CLG (D). Scale bar: 100 pm. ETP: etoposide; CLG: cilengitide.

Although no statistically significant differences were found, the
samples treated with CLG alone had lower average avp3 detection than
the controls or other treatment groups [ETP alone or in combination
with CLG] (Fig. 8A). To assess the possible relationship between avf3
expression and territorial VN secretion in HR-NB, the percentage of
expression of the two proteins was measured, as illustrated in Fig. 8B. As
previously described, VN synthesis was higher but not statistically sig-
nificant in all treatment groups compared with the control group. In

contrast, avf3 detection was lower in the CLG group than the control
group or two remaining treatment groups (ETP alone and in combina-
tion with CLG).

3.4. Cellular response to cilengitide

All treatment groups and controls presented a similar growth
pattern; tumor volume increased over time (Fig. 9A1,A2), even though

Fig. 8. (A) Immunohistochemistry quantification of
avp3 expression by neuroblastic cells. The percentage
of avp3 is represented in the graph as number of
positive cells relative to the total cell number. The
number of samples is represented by dots. (B) Per-
centage of expression of territorial VN and avp3
positivity in control and treatment groups (ETP, CLG,
CLG and ETP). Values are the mean + standard de-
viation (SD) of at least three independent de-
terminations (Table S5). VN: vitronectin; ETP:
etoposide; CLG: cilengitide.

-o- %Territorial VN
- %avp3 positivity

A B
150 150
e
2 2
> ]
£ 100 e 5 100-
3 ®e 3
o k]
2 g
2 50 .‘é 50
o Q
s g
&
°
° y , , , ° C N I E':'P CEG CLGIETP
N < Iy Q ontro +
QPN A
& g
0°° < o 0’8' Treatment



M. Stoks et al.

three groups underwent treatment. Despite the lack of significant dif-
ferences, the tumor volume reached in the treatment groups was lower
than in the control group. In this regard, both CLG and ETP exerted a
moderate influence on tumor growth, with a stronger effect in combi-
nation. Tumor growth pattern (Fig. 9A1,A2) shows that final tumor
volume was considerably lower after combined treatment (CLG with
ETP) than in the remaining groups.

To confirm whether the treatments served as growth containment,
HR-NB heterotopic xenografts were collected after the last treatment
dose, and final tumor volume was digitally calculated (Fig. 9B). Digital
measurements revealed greater volumes in the control group (which had
not undergone any treatment) than the treatment groups. Concerning
the latter, Fig. 9B shows that combining CLG and ETP achieved lower
average volume and dispersion data than individual treatments. These
results suggest that the combination of CLG with ETP enhances tumor
growth containment. However, no statistical between-group differences
could be inferred.

4. Discussion

Digital pathology techniques improve quantitative accuracy and
guarantee standardized measurement of histological features and
morphological patterns [25]. Among their range of applications, these
techniques can be used to gain insight into ECM composition and its
complex interaction with the surrounding cells, revealing novel bio-
markers for cancer diagnostics or grading and potential drug targets [26,
27]. The digital analysis workflows generated in the present study
enable efficient and standardized detection of VN (an important
cell-secreted glycoprotein) and avfi3 (a key cell receptor), minimizing
inter- and intra-observer differences. Although no significant differences
were found in VN distribution, the addition of spatial metrics could
potentially improve the clinical value of this biomarker [26]. We have
demonstrated that image analysis workflows can be generated to robust
detection of VN secretion and avfB3 expression by malignant neuroblasts
and to evaluate the possibility of combining traditional chemotherapy
with ECM-targeted therapies.

With the rise of digital pathology tools and an increased focus on
precision medicine, identifying novel biomarkers to improve patient
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stratification has also gained interest, to help tailor medical treatments
more precisely to the characteristics of a patient subgroup [28]. In this
regard, several research groups have identified TME components that
may serve as potential diagnostic and/or prognostic biomarkers
[29-31]. Although NB patients are stratified into pretreatment groups
according to several clinical, biological and genetic markers to improve
treatment strategies [32], children with HR-NB currently have a
long-term survival rate of around 50% [33]. As reported by our group,
quantifying TME components through standardized digital image anal-
ysis techniques is an effective tool for enhancing patient risk stratifica-
tion, and by extension offering new therapeutic opportunities [18]. Our
research showed that among various ECM elements, VN may contribute
more than was previously thought to prognostic assessment of patients
affected by NB. Findings have indicated that territorial VN is relevant to
evaluate NB patient risk groups; higher territorial VN was detected in
human tumors with unfavorable histology and was related to unfavor-
able independent prognostic INRG variables [13,17]. Regarding the
importance of digital pathology and VN, several studies have shown that
VN quantification can be used as a diagnostic and/or prognostic pre-
dictor for human glioma, breast cancer, osteosarcoma, melanoma and
gastric cancer [34-38]. The present work reinforces the potential utility
of standardized digital detected territorial VN for NB prognosis.

We have already outlined that a diverse range of TME components
can be used as tumor biomarkers; however, recent studies have explored
the importance not only of the density or intensity of biomarkers, but
also of their distribution within the tissue [39-41]. In this regard, some
studies have revealed that geometric tools can be used to distinguish
between healthy and unhealthy tissue [42-44]. It is within our scope to
use the present pipelines to develop ground truth masks and train arti-
ficial intelligence models, with the aim of further examining the po-
tential of these ECM components and their spatial analysis as
supplementary biomarkers. As described in previous publications, VN
and its interaction with the avp3 integrin is clinically relevant in HR-NB
poor prognosis [12], making VN and its ligands useful therapeutic tar-
gets. The main therapeutic aim would be to reduce VN secretion by
malignant neuroblasts or inhibit their interaction with VN through avp3
to modulate the relationship between the cells and the ECM. Prior pre-
clinical studies by our group showed that CLG possesses anticancer

Fig. 9. Tumor volume measurements after treatment
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properties, effectively reducing cell viability of in vitro HR-NB VN-se-
creted cells, although they are independent from avf3 integrin expres-
sion in pre-treatment HR-NB cells, as observed using optical subjective
quantification [12]. Our present image analysis results, although not
statistically significant, show that CLG reduces avp3 detection in het-
erotopic HR-NB xenografts compared to ETP or no treatment. The
reduced avp3 expression is outlined in the proposal of Sancey et al. [45],
who in a study of avf3 integrin clustering and internalization developed
a template with four cyclic RGD motifs capable of targeting avp3 in vitro
and in vivo through internalization, mainly via clathrin-mediated
endocytosis. This reinforces the value both of CLG as a therapeutic
agent and of cell receptor quantification by digital analysis. Interest-
ingly, we also found that VN secretion and incorporation into the ECM
was slightly (but not statistically significantly) higher in all treatment
groups than the control group. As previously described by Edwards et al.
[46], recently synthesized VN incorporated into the ECM could converge
with the formation of pathways promoting cell migration in an
avf3-independent manner. However, CLG effectiveness is thought to
result from avp3 and avp5 blocking affecting signaling pathways
involved in cell adhesion, survival and proliferation, and thus inducing
cell detachment from the surrounding ECM and decreasing cell prolif-
eration [25]. Indeed, in a study in NB and glioma cell lines, CLG had a
dose-dependent cytotoxicity effect on avf3-and avp5-expressing cell
lines due to its capacity to induce cell detachment, ultimately leading to
cell growth inhibition [47]. Our results show that both ETP and CLG are
capable of containing tumor growth individually, but have a remarkably
stronger effect when combined, suggesting that their combination is
able to increase HR-NB treatment effectiveness by simultaneously tar-
geting the tumoral cell and the surrounding ECM [48], as described in
previous studies [12]. The main limitation of the present study is the
relatively small sample size; this likely explains the greater than ex-
pected dispersion in data, which prevented us from obtaining a signifi-
cant statistic to support our results. Larger-scale studies are required to
improve understanding of the role of VN and its ligands in NB aggres-
siveness and the cellular effects of CLG on avp3 expression and VN
secretion by neuroblastic cells. However, the results add evidence sup-
porting the validity of VN as a therapeutic target in NB, warranting
future studies with an increased sample size.

Overall, the present study demonstrates the value of digital image
analysis workflows for therapeutic assessment in preclinical in vivo
models and subsequent tissue-based disease diagnosis and prognosis.
Moreover, the work carried out herein evidences the wide spectrum of
possibilities that digital pathology image analysis opens up for the study
of TME components to predict disease outcome and precision medicine.

5. Conclusions

In this study, we generated automated digital image analysis pipe-
lines that can be used for standardized quantification of biomarkers in
WSIs, thus enabling high throughput analysis at both sample and
cellular levels and avoiding intra- and interobserver variability. In total,
we were able to analyze 4262407 cells from 16 samples. Furthermore,
with this approach biomarkers are assessed in the whole sample, tack-
ling the issue of intratumor heterogeneity that pathologists face when
assessing tumor biomarkers. Lastly, we have defined an objective and
novel method to define the center and periphery of samples. This could
help to perform analyses from a spatial perspective, which may facilitate
the identification of potential biomarkers and/or improve their clinical
value.
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Simple summary

In recent years, digital pathology approaches have gained impor-
tance in precision medicine as they allow a robust analysis of the tumor
microenvironment, aiding the identification of novel biomarkers that
enable a better stratification of patients and therapeutic assessment.
With the aim of demonstrating that standardized digital detection of
tumor microenvironment components could enable more precise prog-
nosis or risk stratification, we generated pipelines for the detection of
components of the extracellular matrix of neuroblastoma. Subsequently,
we focus on the need of its standardization to assess the efficacy of
extracellular matrix targeted therapies. The current work reinforces the
importance of digital image analysis workflows for the analysis of
clinically relevant biomarkers and therapeutic assessment in cancer,
using high-risk neuroblastoma as a model for the application of digital
pathology.
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Appendix A. Supplementary Materials and Methods
Appendix A.1. Animal care

As transgenic, immunosuppressed, knock-out animals, RAG1—/—
(B6.129S7-Ragltm1lMom/J) VN—/— (B6.129S2 (D2)-Vtntm1Dgi/J)
mice were stored under SPF (Specific Pathogen Free) conditions and
were housed in cages with individual and filtered ventilation. Mice were
exposed to light and dark cycles of 12 h each, and food and water supply
was ad. ibitum.

Appendix A.2. Cell inoculation

For SK-N-BE (2) cell inoculation in RAG1—/— and VN—/— mice (n =
29), cells were briefly tripsinized (Bio-Rad Laboratories) for 5 min at 5%
CO2 and 37-C atmosphere. Trypsin was inactivated with culture me-
dium, the solution was centrifuged, and the pellet resuspended again
with new culture medium. We performed the trypan blue (Bio-Rad
Laboratories) viability test. Once the number of living cells was
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established, the solution was centrifuged again and the pellet was
resuspended in Dulbecco’s phosphate-buffered saline (Gibco, Thermo
Fisher Scientific Inc. Waltham, MA, USA). The cells were mixed with
Matrigel (Corning, Cultek S.L.U, Barcelona, Spain) in a 2:1 proportion to
obtain a solution with 2x10° cells in a final volume of 100 pl

Appendix A.3. Sample collection

Two days after the last treatment administration, animals were
sedated with isofluorane (2-3%). Subsequently, a transcardiac puncture
was performed to extract approximately 1 mL of blood, which was
collected in tubes with EDTA. After blood extraction, animals were
euthanized by cervical dislocation. Tumors were collected, measured
and photographed. Tumors with a manageable size were divided into
two halves, one stored in IMDM culture medium with 1% penicillin-
streptomycin and the other fixed by immersion in 4% PFA. If tumor
size was not sufficient, they were directly fixed by immersion in PFA.
Paraffin embedding and paraffin block assembly were automated with
LeicaTP1020 (Leica Microsystems; Wetzlas, Germany) and Leica
EG1150H (Leica Microsystems, Wetzlas, Germany), respectively. After,
3-pm sections were cut (Leica RM2145 microtome, Leica Microsystems,
Wetzlas, Germany).

Appendix B. Scripts for Digital Image Analysis

The generated and used scripts are available at: https://github.co
m/LabPatoMolUV/Morphology-tools-VN-alphaVbeta3.

Appendix C. Supplementary data

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.compbiomed.2023.107364.
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