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Virtually every cell in the body releases extracellular vesicles (EVs), the contents of which
can provide a “fingerprint” of their cellular origin. EVs are present in all bodily fluids and can
be obtained using minimally invasive techniques. Thus, EVs can provide a promising
source of diagnostic, prognostic, and predictive biomarkers, particularly in the context of
cancer. Despite advances using EVs as biomarkers in adult cancers, little is known
regarding their use in pediatric cancers. In this review, we provide an overview of
published clinical and in vitro studies in order to assess the potential of using EV-
derived biomarkers in pediatric solid tumors. We performed a systematic literature
search, which yielded studies regarding desmoplastic small round cell tumor,
hepatoblastoma, neuroblastoma, osteosarcoma, and rhabdomyosarcoma. We then
determined the extent to which the in vivo findings are supported by in vitro data, and
vice versa. We also critically evaluated the clinical studies using the GRADE (Grading of
Recommendations Assessment, Development, and Evaluation) system, and we
evaluated the purification and characterization of EVs in both the in vivo and in vitro
studies in accordance with MISEV guidelines, yielding EV-TRACK and PedEV scores. We
found that several studies identified similar miRNAs in overlapping and distinct tumor
entities, indicating the potential for EV-derived biomarkers. However, most studies
regarding EV-based biomarkers in pediatric solid tumors lack a standardized system of
reporting their EV purification and characterization methods, as well as validation in an
independent cohort, which are needed in order to bring EV-based biomarkers to the clinic.

Keywords: pediatric oncology, solid tumors, extracellular vesicles, neuroblastoma, rhabdomyosarcoma,
osteosarcoma, hepatoblastoma, desmoplastic small round cell tumor

Abbreviations: EVs, extracellular vesicles; GRADE, Grading of Recommendations, Assessment, Development, and
Evaluations; ISEV, International Society for Extracellular Vesicles; KEGG, Kyoto Encyclopedia of Genes and Genomes;
MISEV, Minimal Information for Studies of Extracellular Vesicles; MS, mass spectrometry; PedEV, pediatric EV score; RT-
ddPCR, reverse transcriptase droplet digital PCR; RT-dPCR, reverse transcriptase digital PCR; RT-qPCR, reverse transcriptase
quantitative PCR.
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INTRODUCTION

Extracellular vesicles (EVs) are released by virtually every cell in
the body (1). EVs therefore play a key role in intercellular
communication and are involved in several aspects of cancer
(2, 3), making cancer-associated EVs a promising source of
biomarkers (4, 5).

EVs are highly heterogenous, and many subtypes of EVs have
been defined based on their size, cell type of origin, biogenesis
route, and the cellular processes in which they are involved (1).
Intraluminal vesicles (ILVs) are formed within the endosomal
network and are released by the fusion of multivesicular bodies
(MVBs) with the plasma membrane; the resulting EVs are
thereafter called exosomes (1). In contrast, microvesicles
(MVs) are formed and released via direct budding of the
plasma membrane (1). Other EV subtypes include apoptotic
bodies, ectosomes, oncosomes, and microparticles (1, 6). Because
the various EV subtypes overlap with respect to their size and
composition, their classification and nomenclature remain open
for debate (1, 2, 7). For the purposes of this review, however, we
will use the rather general term “EVs”.

EVs play an essential role in both physiological and
pathological processes by mediating cell-cell communication
(8). The precise effect exerted by a given EV is determined
primarily by its surface molecules and its cargo, which can
include proteins, lipids, nucleic acids such as DNA and RNA,
and metabolites derived from the cell of origin (9). Lipid
encapsulation protects the cargo from degradation and allows

the EV to be transported throughout the body and across
physiological barriers (10). Thus, EVs can be recovered from
various bodily fluids, including blood (Figure 1) (4, 11, 12),
cerebrospinal fluid (13), urine (14), and breast milk (15).
Moreover, EVs can also be isolated from liquid biopsies,
providing a minimally invasive, clinically relevant method for
monitoring patients with cancer (16).

In cancer, EVs play a role in both disease progression and
metastasis by mediating the crosstalk between tumor cells and
their environment (3, 17, 18). EVs can also induce a tumor-
promoting phenotype in recipient cells (19), and EVs have been
associated with the induction of multi-drug resistance in several
cancer types (20). Compared to non-malignant cells, cancer cells
release relatively high amounts of EVs (2, 21, 22), thus
translating to higher numbers of EVs present in the blood of
cancer patients compared to healthy controls. Moreover, the
cargo contained in tumor-derived EVs differs from the cargo in
EVs released by healthy cells, and the contents of tumor-derived
EVs can change during tumor progression, reflecting the stage of
the tumor (23).

Compared to other biomarkers from liquid biopsies for the
use in pediatric solid tumors, EVs have some potential
advantages (24). The use of cell-free DNA from plasma has
been extensively studied for different tumor entities using various
molecular techniques. The presence of the methylated tumor
suppressor gene RASSF1A can be detected in plasma for several
types of pediatric solid tumors, and can be used to monitor
therapy response (25, 26). For neuroblastoma, tumor-specific
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linked immunosorbent assay (ELISA), and/or RT-gPCR.
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FIGURE 1 | Extracellular vesicles (EVs) from blood as a liquid biopsy: isolation methods and downstream analyses. Left: EVs (including tumor-derived EVs) are
isolated from peripheral blood and purified using differential centrifugation/ultracentrifugation (A), size exclusion chromatography [SEC; (B)], density gradient (C),
commercially available precipitating agents [e.g., Exoquick; (D)], immunoprecipitation/capture (E) or microfluidic/nanostructure approaches (F). Right, top panel: the
isolated EVs are then characterized using (from the top-left, moving clockwise) electron microscopy, flow cytometry, western blot analysis, and/or nanoparticle
tracking analysis (NTA). Right, bottom panel: the EV contents are analyzed using (from the top left, moving clockwise) mass spectrometry, RNA sequencing, enzyme-
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aberrations in the MYCN and ALK genes (mutations and copy
number alterations) can be monitored during the course of the
disease (27, 28). Copy number profiling can be performed on
cell-free DNA to detect a tumor-derived signal, and this can be
combined with the copy number profile from the primary tumor,
offering a more comprehensive overview of the genetic landscape
of the tumor and its metastatic lesions (29). However, since
plasma mostly contains non-tumor cell-free DNA, the signal-to-
noise reduction can be challenging, especially considering that
not all tumors shed large amounts of cell-free DNA (25, 30)
Another option that has been explored, is detection of circulating
tumor cells in blood, or bone marrow, using tumor-specific
targets. This has been shown to be of clinical value in
neuroblastoma and rhabdomyosarcoma (31-33). Still, it is hard
to identify targets for specific tumors, especially for the detection
of relapse since tumor cells can change their molecular
characteristics under influence of therapy, and not all tumors
shed large numbers of tumor cells into circulation (34-37).
Biomarkers that are isolated from purified EVs benefit from a
decrease of background noise and, since all cells in the body shed
EVs, are not depending on the presence of circulating tumor
cells. Furthermore, the lipid bilayer of EVs offers protection from
RNAse naturally present in plasma (38, 39).

Importantly, the outcome of an EV study can be affected by the
methods used to enrich (including isolation and purification) and
analyze the EVs. Over the past decade alone, a wide range of methods
have been used to isolate EVs, including ultracentrifugation, size-
exclusion chromatography, density gradient centrifugation,
precipitation, and immunocapture (Figure 1) (40). Apart from
these conventional approaches to EV purification, microfluidic and
nanostructure-based techniques have emerged in recent years.
Potentially, these approaches pair high-throughput testing to low
sample input, which makes them very interesting for clinical, point-
of-care use. Most of these techniques depend on differences in size
and/or (immuno-)labelling of the EVs (41-43).The reproducibility
and reliability of EV-derived data depend heavily on the enrichment
method used, as demonstrated back in 2014 by Van Deun et al. (44),
who used several methods to isolate EVs from conditioned medium
from a breast cancer cell line and found clear differences with respect
to the number of co-isolates, EV morphology, EV quantity, and EV
content. The authors found that the OptiPrep density gradient
method outperformed both ultracentrifugation and commercially
available precipitating agents with respect to the purity of the
resulting EVs; they also found that their downstream analysis of
protein and RNA content was greatly affected by the enrichment
method used, thus potentially compromising the reproducibility and
validation of EV studies (44). Apart from the purity of EVs, an
important aspect to consider is the workflow and costs from every
technique. Size exclusion chromatography and precipitation
approaches are relatively rapid considering the workflow, whereas
differential centrifugation requires specific material and is time-
consuming, as is density gradient centrifugation. Immunocapture
demands knowledge on markers present on the surface of EVs,
which restricts unbiased studying of a heterogeneous EV population
(40, 42).. The combination of different techniques, like size exclusion
chromatography followed by density gradient centrifugation is

considered as an approach for pure EV recovery. However, this is
very time consuming and also results in a loss of total EV (40, 45).
Various techniques for EV characterization and validation are used.
Western blot is available in most laboratories and several established
EV-related markers are often used, e.g. CD9, CD63, CD81 or
TSG101 (40). However, this approach depends on the assumption
that all EV of interest contain these markers, which can turn into a
self-fulfilling prophecy. Nanoparticle tracking analysis can determine
size and concentration of particles in a solution, however it does not
only measure EVs but also other particles like lipoproteins or protein
aggregates (40) Flowcytometry is often performed to confirm the
presence of EV. This approach is prone to erroneous measurements,
since detection of EVs depends on specific instrument requirements
and correct interpretation of data, which can be ambiguous (46, 47).

In an attempt to improve both precision and standardization in
the EV field, the International Society for Extracellular Vesicles
(ISEV) published a position paper in 2014 with guidelines regarding
the minimal experimental requirements for studies involving EVs
(48); this was followed in 2018 by a research community—based
update entitled Minimal Information for Studies of Extracellular
Vesicles (MISEV) (49). Together, these guidelines provide
researchers with criteria for isolating, enriching, and analyzing
EVs, as well as guidelines for the standardized reporting of their
findings, thus improving both reproducibility and validity, and
paving the way towards the clinical application of EVs as a
biomarker (48, 49). Moreover, the online crowdsourced
knowledge base EV-TRACK (transparent reporting and
centralizing knowledge in extracellular vesicle research; https://
evtrack.org/)—to which essential information regarding methods
for enriching and characterizing EVs can be published and
submitted manuscripts can be uploaded—also contributes to
increasing the accuracy, rigor, and reproducibility of EV research
(50, 51). When a new study is submitted to EV-TRACK, a so-called
EV-METRIC score is calculated and controlled by the EV-TRACK
administrators for inclusion in the database, allowing other
researchers to objectively evaluate the technical reproducibility
and detailed reporting of the study (50, 51).

In several adult cancers, EV-based biomarkers have been shown
to be correlated with both disease stage and outcome (21, 22, 52—
56). Due to significant differences in pathophysiology between
adult and pediatric cancers, however, this knowledge cannot simply
be extrapolated from adults to pediatric patients. For example, in
adults cancer progression is often driven by multiple genetic
aberrations, whereas pediatric tumors have a distinct genomic
landscape typically characterized by a paucity of recurrent
mutations and structural variants (57-59). Furthermore, the
genes that are mutated in childhood tumors often differ from
those in adult tumors and tend to be specific to certain cancer types
and individual patients (60, 61).

To date, relatively few studies examined the clinical relevance
of EVs in pediatric solid tumors, despite the high potential of
using liquid biopsies in pediatric patients. To illustrate this
research gap, we counted the number of articles published
since 1990 involving EVs, pediatric solid tumors, tumor-
derived EVs, and EVs in pediatric solid tumors; the results are
shown in Figure 2. Over the past decade, the number of
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FIGURE 2 | Number of papers published in the indicated years regarding extracellular vesicles (EVs), pediatric solid tumors, tumor-derived EVs, and both EVs and
pediatric solid tumors. The inset shows only the publications regarding both EVs and pediatric solid tumors.

publications regarding EVs and tumor-derived EVs (in adult
cancer) has increased exponentially, and publications regarding
pediatric solid tumors also increased, albeit gradually; strikingly,
however, the number of publications regarding EVs in pediatric
solid tumors has remained extremely low.

In this review, we critically assessed the published in vivo and
in vitro studies involving EV's in pediatric solid tumors, and we
discuss the barriers that must be overcome in order to bring EVs
from the bench to the pediatric bedside. We focused primarily on
studies that report patient-derived EVs, and we examined
whether the conclusions drawn from these studies were
supported by in vitro data. Given the importance of studying
EVs using standardized methods with respect to reproducibility,
we also evaluated the methods used to isolate and characterize
EVs, and we assessed whether validation studies using either
patient cohorts or in vitro methods were reported.

METHODOLOGY
Search Strategy

The literature search and review strategy is depicted in Figure 3.
In brief, we performed an electronic search of the PubMed,
Cochrane Library, Web of Science, and Embase databases, as well

as the Journal of Extracellular Vesicles (JEV) website, using the
following search terms:

“(“extracellular vesicle” OR “extracellular vesicles” OR EV OR
EVs OR exosom* OR ectosom* OR oncosom* OR microvesicle*
OR microparticle* OR nanosom* OR nanoparticle* OR “shedding
vesicles” OR “exosome-like vesicles”) AND (pediatric OR child
OR children OR infant) AND (neuroblastoma OR
rhabdomyosarcoma OR sarcoma OR “rhabdoid tumor*” OR
“rhabdoid tumor*” OR Wilms OR nephroblastoma OR “renal
medullary carcinoma” OR “renal cell carcinoma” OR “renal
tumor*” OR leiomyosarcoma OR osteosarcoma OR
hepatoblastoma OR “hepatocellular carcinoma” OR “Ewing”)”

Additional eligible studies were identified by screening the
references listed in relevant reviews. The final search was
performed on April 28, 2020, and EndNote X9 was used to
identify and remove duplicate records. We updated the search on
March 16™ 2022. After pre-screening by two independent
investigators (authors EK and NL) based on the title and abstract,
followed by subsequent full text screening, a total of 27 studies (15 in
vivo studies and 12 in vitro studies) were included in the final analysis.

Study Selection
The literature was searched for studies that investigated the use
of EV's as a biomarker of pediatric solid tumors. Because we were

Frontiers in Oncology | www.frontiersin.org

May 2022 | Volume 12 | Article 887210


https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles

Lak et al.

EV in Pediatric Solid Tumors

* JEV

Search April 2020
* Pubmed

* Cochrane
* Web of Science
* Embase

A

946 records

v

> li d n=322

624 records

Reference check

>

Additional records n=4

A

A 4

Records excluded n=541

87 records screened

in vivo studies n=62

n=52 [«

Updated search March 2022
Additional records n=5

v

in vitro studies n=25

Exclusion n=15

\ 4

Updated search March 2022
Additional records n=2

A4

Inclusion: in vivon=15

Inclusion: in vitron=12

I

I

Assessed by GRADE

Scored for EV TRACK
and PedEV score

FIGURE 3 | Flow diagram depicting the search strategy and inclusion and exclusion of studies. JEV, Journal of Extracellular Vesicles.

interested primarily in the clinical relevance of EVs in children
with solid tumors, the starting point of our search was in vivo
studies involving pediatric patients. We then identified in vitro
studies that investigated the same tumors and included the same
authors and/or used the same downstream analysis platform to
identify potential biomarkers. Using this approach, we were able
to compare studies and investigate whether the in vitro data
supported the in vivo findings. For the in vivo part of this review,
we included clinical studies that used EVs derived from patients
<25 years old with pediatric solid tumors. For the in vitro part of
this review, we included studies that: i) assessed EVs from cell
lines derived from the same tumor entities as the in vivo studies,
and ii) either used the same platform as the in vivo studies or
were performed by the same research group as the in vivo studies.
Only primary reports of original studies were included, and we
excluded studies that were published in non-peer-reviewed form
such as conference abstracts.

Grading of Studies

We graded the studies using three approaches. First, we assessed
the quality of the clinical studies using the GRADE (Grading of
Recommendations, Assessment, Development, and Evaluations)

system (Supplemental Table S1) (62, 63). Second, we assessed all
selected publications (both in vivo and in vitro studies) by
importing all methodological details from these studies into
EV-TRACK (https://evtrack.org) in order to obtain their
corresponding EV-METRIC scores (50). Although scoring via
EV-TRACK is highly rigorous and detailed, studies involving
pediatric patients are challenging due to the relatively limited
volumes of peripheral blood available, which limits the number
of techniques that can be applied. Therefore, we also developed a
PedEV score. Based on the MISEV guidelines and EV-TRACK
score, we defined 11 criteria that are essential to improve
reproducibility in pediatric EV studies and included these
criteria in our PedEV score (Supplemental Table S2). The
difference between PedEV and EV-TRACK lies primarily in
the score allocated for the EV characterization technique, with
PedEV providing a more lenient scoring system of EV
characterization compared to EV-TRACK. Data for the
evaluation were retrieved from the Materials and Methods
sections of the included articles and from the supplementary
materials. The 22 publications included in our review are listed in
Table 1, including each publication’s unique EV-TRACK
ID number.
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RESULTS AND DISCUSSION

Literature Search

The initial literature search yielded 241 papers in PubMed, 2
papers in the Cochrane Library, 160 papers in Web of Science, 515
papers in Embase, and 28 papers published in the journal of
Extracellular Vesicles (Figure 3). After duplicates were removed,
pre-screening of the remaining 652 articles led to the exclusion of
an additional 541 articles due to a lack of relevance. An additional
4 papers were then identified by checking the reference lists. The
full text articles describing 62 in vivo studies and 30 in vitro studies
were then assessed for the inclusion and exclusion criteria, and on
16™ of March 2022 the search was updated. Finally, this resulted in
the inclusion of 15 in vivo studies (7 only in vivo experiments and
8 both in vivo and in vitro experiments) and 12 fully in vitro
studies. We found publications describing six tumor entities
(desmoplastic small round cell tumor, hepatoblastoma,
neuroblastoma, osteosarcoma, rhabdomyosarcoma and Ewing
sarcoma); no other pediatric solid tumors were described.

Extracellular Vesicles in Pediatric

Solid Tumors

The in vivo and in vitro studies are summarized in Tables 2, 3,
respectively. Regarding the in vivo studies, we reviewed the
following information: tumor type, the sample used to detect
EVs, and the sample volume, the latter of which is particularly
important in pediatric patients, as sample volumes are typically
relatively low. To assess the possible effects of specific EV
enrichment techniques on the results, we also examined the
enrichment protocols used in each study. We also noted any
details regarding the patient cohorts and—if included in the
study—healthy controls. As an outcome, we examined the
biomarkers, including their function and how this was
determined in the study.

Next, we critically assessed the clinical studies using the
GRADE system (62, 63) and the EV methodology using our
own PedEV score and EV-TRACK score (51) (Table 1, 4). The
mean GRADE score was 7.7 points (range: 5-11 points), and the
mean PedEV score was 59.1% (range: 11-88%). Finally, the mean
EV-TRACK score was 8% (range: 0-38%) for the in vivo studies
and 21% (range: 0-44%) for the in vitro studies. Below, we discuss
the output for each of the six tumor entities.

Desmoplastic Small Round Cell Tumor

Desmoplastic small round cell tumor (DSRCT) is an aggressive
and rare sarcoma that occurs primarily in adolescents and young
adults, with an increased prevalence among males (91). The
majority of DSRCT cases present intra-abdominally, often with
widespread metastasis throughout the abdomen (92). At the
molecular level, DSRCT is characterized by a t(11:22)(p13;q12)
translocation, causing fusion of the EWSRI and WT1I genes (93).
The resulting fusion gene generates the oncogenic EWSR1-WT1
fusion protein, which regulates transcriptional activity and is
essential for tumor cell proliferation (94). Patients with DSRCT
have extremely poor outcome, and sparse research has been
performed with respect to diagnostic and prognostic biomarkers

(95, 96). Our literature search identified only one clinical study
involving EV in DSRCT and no in vitro studies.

Colletti et al. examined the miRNA profiles of EVs isolated
from plasma samples obtained from three patients with DSRCT
and compared the results with EVs obtained from four healthy
controls (Table 2) (64). They found that five miRNAs were
highly dysregulated in all three patients, and the dysregulated
miRNAs were correlated with both tumor aggressiveness and
clinical outcome, suggesting that this EV-derived miRNA profile
could be used as a possible prognostic marker. Moreover,
bioinformatics analysis showed that the genes targeted by the
dysregulated miRNAs are involved in oncogenic signaling
pathways. A potential limitation of this study is that the
authors reported, using western blot analysis, to detect EV-
related and non-EV-related proteins, but did not show the
results of these experiments. Other methodological limitations
include the relatively small cohort size (with 3 patients and 4
controls), no clear list of inclusion and exclusion criteria, and no
validation in an independent cohort, which complicates the
translation to clinical practice. These limitations are reflected
in the relatively low GRADE and EV-TRACK scores of 7 and
17%, respectively, although the PedEV score (55%) was
average, indicating a more permissive assessment of their
EV characterization.

Given that DSRCT is extremely rare, validation in an
independent cohort may be difficult. However, in vitro validation
of the results would likely increase their applicability and provide
important insights into the pathology underlying DSRCT.

Hepatoblastoma

Hepatoblastoma is the most common primary pediatric liver
tumor, typically presenting in children between 6 months and 4
years of age (97). Hepatoblastoma is an embryonal tumor,
presumably arising from hepatocyte precursor cells and
displaying histological patterns that recapitulate the liver’s
developmental stages (98). Although most hepatoblastoma
cases are sporadic in origin, some are associated with genetic
syndromes such as Beckwith-Wiedemann syndrome or familial
adenomatous polyposis (99). In recent decades, the overall
survival rate among patients with hepatoblastoma has
improved considerably; however, the outcome for patients with
advanced disease remains unfavorable, and effective biomarkers
for early diagnosis and for predicting outcome are still lacking
(100). Our literature search revealed two clinical studies
regarding EV in hepatoblastoma, and no in vitro studies.

Liu et al. examined the diagnostic and prognostic potential of
measuring miR-21 in serum EVs in patients with
hepatoblastoma (Table 3) (65). The authors found significantly
higher expression of miR-21 in both the serum and serum-
derived EVs in patients compared to healthy controls. They also
showed that miR-21 expression in EVs is a better diagnostic
marker for hepatoblastoma than serum AFP (alpha-fetoprotein)
levels, the currently used biomarker (101). miR-21 expression
was also found to be an independent predictor of low event-free
survival, suggesting that it could be used as both a diagnostic and
prognostic biomarker for hepatoblastoma. Although they did not
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TABLE 1 | Critical appraisal of the EV isolation and characterization in the in vivo and in vitro studies using the criteria for PedEV score and EV-TRACK.
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variables method EV abundance enriched enriched pro- lysis buffer  characterisation microscopy platform controls Score ID in vivo (%) in vitro (%)
proteins teins (%)
Colletti 2019 0 5.5 1 hh 0 0 NA 11 55 1 0 55 EV200162 17 -
(64)
Liu 2016 0 5.5 11 0 0 0 NA 0 0 11 0 27.5 EV200163 0 -
(65)
Jiao 2017 0 55 11 0 0 0 NA 0 0 11 0 27.5 EV200164 0 -
(66)
Ma 2019 5.5 55 11 5.5* 5.5" 5.5% 5.5* 11 5.5" 11* 0 71.5 EV200165 38 0
67)
Morini 2019 5.5 55 11 55 5.5 0 55 55 0 11 0 55 EV200166 0 -
(68)
Challagundla 0 55 11 55 5.5 0 11 55 0 11 55 60.5 EV210115 - 0
2015 (79)
Haug 2015 5.5 1 11 0 11 5.5 11 " 5.5 11 5.5 88 EV210117 - 44
(80)
Xu 2017 0 0 5.5 0 0 0 NA 0 0 5.5 0 ah EV210073 0 -
(69)
Baglio 2017 5.5 55 11 5.5 5.5" 0 11* 5.5* 5.5" 11 0 66 EV210074 0 22
(70)
Shen 2016 0 55 11 0 5.5 0 11 55 55 5.5 0 49.5 EV210080 25 -
(71)
Gong 2018 0 5.5" 11 0 11* 5.5% 11* 11" 5.5" 5.5 0 66 EV210072 0 44
(72)
Jerez 2017 5.5 55 11 0 11 0 11 55 55 11 55 715 EV210071 - 22
®1)
Jerez 2019 5.5 55 11 5.5 11 0 11 5.5 0 11 55 71.5 EV210070 - 14
(85)
Fujiwara 0 5.5 11 0 0 0 NA 0 0 11 0 27.5 EV210116 - 0
2017 (83)
Yoshida 0 55 11 0 5.5 0 11 11 55 11 55 66 EV210079 - 22
2018 (82)
Macklin 2016 5.5 11 11 55 11 0 11 11 5.5 11 0 82.5 EV210078 - 38
(84)
Raimondi 5.5 11 5.5 0 5.5 5.5 11 55 0 11 0 60.5 EV210081 - 44
2019 (86)
Ye 2020 0 55 11 5.5 11* 0 55 5.5" 5.5" 11 55 66 EV220086 11 0
(73)
Cambier 5.5 11 5.5 5.5 0 0 0 5.5 0 11 11 55 EV220085 29 -
2021 (74)
Ghayad 0 5.5 11 5.5 11 5.5 1 5.5 55 11 0 71.5 EV210077 - 33
2016 (87)
Rammal 0 55 11 0 11 5.5 11 5.5 55 11 0 66 EV210082 - 33
2019 (89)
Ghamloush 0 55 55 55 11* 5.5% 11* 5.5* 5.5" 11 0 66 EV200167 0 38
2019 (75)
Miller, 2013 5.5 55 11 11 5.5 5.5 0 11 55 11 55 7 EV130146 - 25
(89)
(Continued)
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See Supplementary Table S2 for a detailed description of the used criteria. *: performed either in vitro or in vivo, but not both. **: in the Materials and Method's section, EV isolation from conditioned media is mentioned, but from the rest of the

article it is clear that this should be serum.

If different EV-METRIC scores were given to different experiments, only the highest score is reported.

assess the function of miR-21 in hepatoblastoma, the authors
noted that this will be examined in a follow-up study. In
addition, future studies are needed in order to determine the
precise prognostic value of miR-21, as well as the relationship
between this marker and other risk factors, which may confer a
possible bias. Finally, the size of their study cohort (n=32
patients) was relatively large given the rarity of this tumor, and
the authors included a control group consisting of healthy age-
and gender-matched children; nevertheless, a validation cohort
and/or in vitro validation is needed in order to support
their conclusions.

Jiao et al. studied the diagnostic and prognostic value of
measuring miR-34 expression in serum-derived EVs in patients
with hepatoblastoma (Table 3) and found lower levels of miR-
34a, miR-34b, and miR-34c in EV-enriched samples obtained
from patients compared to healthy age- and gender-matched
controls (66). With respect to diagnosing hepatoblastoma, they
found that a panel comprised of all three miRNAs performed
better than serum AFP levels, indicating its potential as a
diagnostic biomarker. Moreover, this miRNA panel appeared
to be superior at predicting poor prognosis compared to other
risk factors. The authors also reported that miR-34 miRNAs have
been shown previously to play a role in the initiation,
progression, and metastasis of several types of tumors.
Although the authors did not investigate the function of miR-
34 miRNAs specifically in hepatoblastoma, their study included a
relatively large patient cohort (n=63) and an age- and gender-
matched control group; moreover, they also included a
validation cohort (n=26 patients). On the other hand, a
potential limitation of their study is that it was retrospective.

Remarkably, although the studies by Liu et al. (65) and Jiao et
al. (66) were performed by two different groups at two different
research centers, their publications contained large sections of
identical text (particularly their description of the methods), and
the studies were performed during the same time period with
comparable cohorts. In addition, although the two groups used a
similar approach, they studied different miRNAs, without
discussing their choice of miRNAs.

An important limitation common to both studies is a general
lack of EV characterization. Furthermore, they provided no
evidence that the miRNAs were EV-associated, nor did they
report the initial volume of serum. These limitations are reflected
in the low EV-METRIC and PedEV scores (0% and 27.5%,
respectively, for both studies), although their GRADE score of
8 was average.

Neuroblastoma

Neuroblastoma is the most common pediatric extracranial solid
tumor, predominantly occurring in children in the first 2 years of
life (102). Neuroblastoma arises from the developing
sympathetic nervous system, resulting in tumors in the adrenal
glands and/or sympathetic ganglia. Neuroblastoma is
characterized by biological heterogeneity and unique clinical
properties such as a tendency for spontaneous regression in
infants, even in cases with metastatic disease (103). These
features translate to a highly variable outcome, with a survival
rate higher than 90% in low-risk and intermediate-risk cases, but
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TABLE 2 | Overview of in vivo studies involving EVs derived from pediatric solid tumors.

Tumor EV Method Cohort Result Biological function
type source
Author Starting Isolation Platform Patients: Healthy
reference  amount Test cohort Validation controls
cohort
Desmoplastic small round cell tumor
Colletti (64) Plasma  Precipitation (MIRCURY Exosome Serum/Plasma Test cohort: DSRCT n=3 (3 HC n=4 miRNA Cell growth, proliferation,
Ki) metastatic) migration, invasion [T
0.6 mL Exigon miRNA PCR panel (175 targets) Time: diagnosis (n=1), 1 miR-34a-5p
disease progression (n=2) 1 miR-22-3p
Validation cohort: NR 1t miR-324-5p
| miR-150-5p
1 miR-342-3p
Hepatoblastoma
Liu (65) Serum Precipitation (ExoQuick) Test cohort: HB n=32 (8 HC n=32 miRNA NR
NR TagMan miRNA assay (target: miR-21) metastatic, 24 localised) 1T miR-21
Stage: | (n=3), Il (n=5), Il
(n=10), IV (n=14)
Validation cohort: NR
Jiao (66) Serum Precipitation (ExoQuick) Test cohort: HB n=63 (14 HC n=63 miRNA Tumor initiation, metastasis,
NR TagMan miRNA assay (targets: miR-34a, miR-34b, metastatic, 49 localised) 1 miR-34a progression m
miR-34c) Stage: | (n=7), Il (n=10), Ill 1 miR-34b
(n=20), IV (n=26) 1 miR-34¢c
Validation cohort: HB n=26
(7 metastatic, 19 localised)
Stage: | (n=2), Il (n=2), Il
(n=9), IV (n=13)
Neuroblastoma
Ma (67) Plasma  Membrane-based affinity binding (exoRNeasy Test cohort: NBL n=9, GNBi HC n=7 miRNA Cell proliferation, migration
2 mL Serum/Plasma Midi Kit) n=6 (12 FH, 3 UFH) 1 miR-199a-
BGlseq-500 miRNA platform (500 targets) INSS stage: | (n=2), Il (n=4), 3p
Il (n=5), IV (n=4)
Validation cohort: NBL n=8
(6 FH, 2 UFH)
INSS stage: | (n=1), Il (n=3),
Il (n=2), IV (n=2)
Morini (68)  Plasma Membrane-based affinity binding (exoRNeasy Test cohort: NB n=52 mMIiRNA Response to induction
0.5 mL Serum/Plasma Midi Kit) Time: before + after 1 miR-29¢ " A
TagMan miRNA array (381 targets) induction chemotherapy 1 miR-342-3p \!/ | &
INSS stage: IV (n=47), Il | let-7b ~ )
(n=4), VS (n=1) Tumor progression,
Validation cohort: NR chemoresistance, survival
(8
Osteosarcoma
Xu (69) Serum Differential centrifugation (10 min 1,000 g, 10 min Test cohort: OS n=28 (poor  Test mMIiRNA Response to chemotherapy
NR 2,000 g, 30 min 10,000 g, 2 x 70 min 100,000 g)  response), OS n=25 (good cohort: HC 1t miR-135b “A
TagMan miRNA array (746 targets) response) n=31 1t miR-148a \ ) | &
Validation cohort: OS n=20  Validation 1 miR-27a M
(poor response), OS n=20  cohort: HC 1 miR-9 Prohferahon, invasion,
(good response) n=20 | miR-124 migration, tumor
1 miR-133a progression m
| miR-199a-
3p
1 miR-385
Differential centrifugation (10 min 1,000 g, 10 min Test cohort: OS n=20 (poor  Test MRNA Response to chemotherapy
2,000 g, 30 min 10,000 g, 2 x 70 min 100,000 g)  response) cohort: 1 Annexin2 A
TagMan mRNA assay (8 targets) OS n=20 (good response) HC n=20 1 Smad?2 \!/ | &
Validation cohort: NR Validation 1 Cdc5L b
cohort: NR 1 P27
| MTAP
| CIP4
| PEDF
1 WWOX
(Continued)
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TABLE 2 | Continued

Tumor EV
type source
Baglio (70)  Serum
1.5 mL
Shen (71) Serum
NR
Gong (72) Plasma
NR
Ye (73) Plasma
NR
Cambier Serum
(74) 0.3ml
Rhabdomyosarcoma
Ghamloush ~ Serum
(75) 0.4 mL

Ewing sarcoma

Dong (76) Plasma
0.3 mL

Samuel (77) Plasma
0.25 mL

Sun (78) Plasma
1.0 mL

Method

Size exclusion chromatography
ELISA (target: TGFB)

Precipitation (ExoQuick)
Western blotting (target: G6PD)

Differential centrifugation (10 min 300 g, 10 min
2,000 g, 30 min 10,000 g, 2x 70 min 100,000 g)
Small RNA library sequencing (lllumina)

Differential centrifugation

(20 min 1,500G, 30 min 10,000G, 120 min
100,000G)

Small RNA sequencing

(BGISEQ-500)

RT-gPCR

Precipitation (Exoquick)

Precipitation (PEG)

Size exclusion chromatography
Immunoaffinity capture

Differential centrifugation (10 min 300 g, 10 min
2,000 g, 30 min 10,000 g, 2x 70 min 100,000 g) +
precipitation (ExoQuick)

TagMan miRNA assay (target: miR-486)

ES-EV Click Chip
RT-ddPCR

Immunoprecipitation
qRT-PCR

Click Beads
RT-dPCR

Cohort

Test cohort: OS n=10
Stage: IB (n=4), IIA (n=2), IB
(n=2), Il (n=2)

Validation cohort: NR

Test cohort: OS n=15

Time: diagnosis

Validation cohort: NR

HC n=10

HC n=15

Test cohort: OS n=2
(localised)

Time: diagnosis +
postoperative metastasis
Validation cohort:

OS n=3 (lung metastasis),
OS n=3 (localised)

Time: diagnosis

Test cohort: OS n=25
Validation cohort: NR

HC n=10

Test cohort: OS n=12
Validation cohort: OS n=8

HC n=12
HC n=12

Test cohort: RMS n=7
(ERMS n=6, ARMS n=1),
control n=6 (benign tumor)
Time: diagnosis

Follow-up n=2

(ERMS n=1, ARMS n=1)
Time: follow-up after
treatment

Test cohort: ES n=4
Time: NR

HC=4

Test cohort: ES n=10 HC=6

Test cohort: ES n=28 (35 HC=10

patients)

Result

Protein
1T TGFB

Protein
1 G6PD

MIRNA
1 miR-675

mMiRNA
tmiR92a-3p
tmiR130a-3p
tmiR195-3p
TmIR335-5
1let7i-3p
DNA
THSATII
TLINE1-P1
1Charlie3
RNA
=HSATII
=LINE1-P1
=Charlie3

MIRNA
1 miR-486-5p

mRNA

EWSR1
rearrangement
mRNA
EWSR1-ETS
fusion

mRNA
EWSR1-FLI1

Biological function

Tumor growth, metastasis

Ty

Cell adhesion, migration,

viability
Migration, invasion

0N
Metastasis L J ' &

Proliferation, apoptosis
inhibition, G2/M cell cycle

arrest, invasion

NR

Response to chemotherapy

. D)
in ARMS \‘) '&
Invasion, migration,

proliferation
NR

NR

NR

DSRCT, desmoplastic small round cell tumor; HC, healthy control; HB, hepatoblastoma; NR, not reported; PRETEXT, pre-treatment extent of disease; NBL, neuroblastoma; GNBi,
ganglioneuroblastoma intermixed; FH, favourable histology; UFH, unfavourable histology; INSS, International Neuroblastoma Staging System; OS, osteosarcoma; ERMS, embryonal

1y "
rhabdomyosarcoma; ARMS, alveolar rhabdomyosarcoma; RMS, rhabdomyosarcoma. Function derived from: m ! literature; sinvitro; 1y ' & clinical; =" .
. )

only 40-50% survival in high-risk cases (104). Several genetic
aberrations have been associated with neuroblastoma, including
mutations in the ALK (105) and PHOX2B (106) genes,
amplification of the MYCN gene (107), and segmental
chromosome alterations (108). Importantly, new biomarkers
for the early detection of neuroblastoma and for predicting the

... . mice.
>

=

patient’s response to therapy are urgently needed. With respect
to EVs in neuroblastoma, our literature search revealed two
clinical studies regarding EVs in neuroblastoma (one of which
also assessed EVs in vitro) and two in vitro studies.

Ma et al. identified EV-derived miRNA biomarkers in vivo and
then examined the underlying molecular mechanism in an in vitro
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study (Tables 2, 3) (67). In their in vivo study, they used next-
generation sequencing of EV-derived miRNA and found that the
expression of miR-199a-3p was significantly higher in EVs isolated
from plasma obtained at the initial diagnosis of patients with
neuroblastoma (in all risk groups) compared to healthy age- and
gender-matched controls. Moreover, this upregulation of miR-
199a-3p in patients appeared to be correlated with a high risk
profile. In their in vitro study, the authors found that miR-199a-3p
was expressed at significantly higher levels in neuroblastoma cell
lines and their corresponding EVs compared to control human cell
lines, including HUVEC (human umbilical vein endothelial cells),
HEK293, and MRC-5 (fibroblast) cells. This miRNA was also
shown to promote the proliferation and migration of
neuroblastoma cells. Based on their results, the authors suggest
that miR-199a-3p may be used as a rapid, easy, non-invasive
biomarker for the detection of neuroblastoma, even though their
study included only 7 healthy controls. With respect to the authors’
in vitro validation of their in vivo findings, it is important to note
that they used different methods to isolate EVs, and only the
patient-derived EVs were characterized. Moreover, their in vivo
study had a relatively small cohort (n=15 patients) and was cross-
sectional; thus, longitudinal studies involving several time points
and larger cohorts may provide more insights into the progression
of neuroblastoma and facilitate the discovery of new biomarkers.
Nevertheless, their validation using both a clinical validation cohort
(n=8) and in vitro data increase their study’s reproducibility. The
resulting GRADE score of 11 indicates that this was a well-balanced
study; in addition, the study used a sound methodological approach
for the in vivo experiments, reflected by the relatively high EV-
TRACK and PedEV scores of 38% and 71.5%, respectively.
Morini et al. investigated whether EV-derived miRNA can be
used to predict the patient’s response to induction chemotherapy
(Table 2) (68). The authors found that plasma samples from
patients with high-risk neuroblastoma contained significant levels
of neuroblastoma-derived EVs, and these levels decreased and
developed a differential miRNA expression profile in response to
chemotherapy. Specifically, they found that a signature consisting of
three miRNAs (miR-29¢, miR-342-3p, and let-7b) could
discriminate between patients with a poor clinical response and
patients with a good clinical response. These three miRNAs have
tumor-suppressor functions, and pathway analysis indicated that
they play a role in tumor progression, survival, and
chemoresistance. Notably, for each patient the authors also
calculated a chemoresistance index for the specific drugs used in
neuroblastoma treatment, based on changes in EV-derived
miRNAs; they found that this index reliably defined each patient’s
response to specific drugs, creating new opportunities for
applications involving personalized medicine. Despite these
strengths, their study was retrospective and lacked in vivo and in
vitro validation. Thus, a prospective study involving a validation
cohort would likely support the prognostic value of these miRNAs.
Moreover, their characterization of EVs did not use conventional
techniques such as western blot analysis or electron microscopy,
which resulted in an EV-METRIC score of 0%. In contrast, the
PedEV score was 55%; this higher PedEV score was due to their use
of flow cytometry to analyze EVs. However, all of the essential

information regarding the use of flow cytometry needs to be
properly reported to avoid an erroneous interpretation of the
data, particularly when analyzing single EV-based flow cytometry
data (47).

Challagundla et al. examined the role of EV-derived miRNAs
in the development of drug resistance in neuroblastoma
(Table 3) (79). They measured the expression of several pro-
inflammatory miRNAs in three neuroblastoma cell lines and
found that only miR-21-5p was expressed in all three cell lines.
The authors also claimed that they used a noncoding RNA array
to screen for miRNA expression in EVs released by five
neuroblastoma cell lines; however, these data were not shown.
Co-culture experiments showed that secreted miR-21-5p could
be transferred to human monocytes via EVs. Thus, although the
potential of using miR-21-5p as a biomarker for neuroblastoma
was not examined, it would be interesting to analyze whether this
miRNA is upregulated in vivo. Another interesting question is if
miR-21-5p is upregulated only in MYCN-amplified
neuroblastoma, as the MYCN amplification status of the cell
lines was not clearly stated. Similar to the study by Morini et al.
(68), we found a relatively large discrepancy between the EV-
METRIC score (0%) and PedEV score (60.5%). Moreover, the
study by Challagundla et al. did not meet the strict criteria
established by EV-TRACK, including failing to report an analysis
of EV-enriched and non-EV—enriched proteins, and not using a
density gradient to purify the EV-enriched fraction. However,
the authors did provide details regarding their EV enrichment
method, their characterization of EVs using nanoparticle
tracking analysis (NTA), and their analysis of the EV cargo,
which is reflected in the relatively higher PedEV score (60.5%).

Haug et al. examined the miRNA profile of EVs derived from
two MYCN-amplified neuroblastoma cell lines (Table 3) (80)
and found a total of 11 EV-derived miRNAs that were expressed
at high levels in both cell lines. Functional enrichment analysis
showed that these miRNAs are involved in several processes in
cancer, including tumor survival, proliferation, and metastasis. A
strength of this study is that they validated the origin of the
isolated miRNAs by measuring the expression of EV-derived
miRNAs in a single neuroblastoma cell line using two different
isolation protocols, yielding nearly identical expression levels.
Among all of the publications that we analyzed, this study had
the highest EV-METRIC (44%) and PedEV (88%) scores,
reflecting its sound methodology and study design.

Among these four studies, miR-199a-3p was the only miRNA
reported to be upregulated in neuroblastoma both in vivo and in
vitro (67). In addition, miR-21-5p was upregulated in two in vitro
studies (79, 80). Based on the various groups’ reporting of their
EV methodologies, we found disparity between the EV-METRIC
and PedEV scores. This disparity reflects the efforts that the
researchers put into characterizing EVs, but it also reflects
possible limitations with respect to EV-specific equipment and/
or the knowledge available at the various research centers.

Osteosarcoma
Osteosarcoma is a highly aggressive primary bone tumor that
typically presents in children and adolescents, although a second
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TABLE 3 | Overview of the in vitro studies involving pediatric solid tumors and EVs.

Tumor type Cell lines Method Result Biological function
Isolation Platform
Neuroblastoma
Ma (67) SK-N-SH Differential centrifugation (10 min 300 g, 10 min ~ miRNA
SH-SY5Y 2,000 g, 30 min 10,000 g, 70 min 100,000 g, 1 miR-199a-3p Cell proliferation, migration
SK-N- BE(2) 60 min 100,000 g)
BGlseg-500 miRNA platform (500 targets)
Challagundla SK-N-BE(2) Precipitation (ExoQuick) miRNA
(79) CHLA-255 Affymetrix human exon arrays (> 10° targets) 1T miR-21-5p Drug resistance
IMR-32
Haug (80) MYCN-amplified Differential centrifugation (10 min 200 g, 20 min ~ MIRNA Survival, proliferation, apoptosis, angiogenesis,
Kelly 2,000 g, 30 min 10,000 g, 70 min 110,000 g) 1 miR-92a-3p differentiation, invasion, metastasis m
MYCN-amplified mMIiRCURY gPCR panels 1 + 2 V2.M (752 1 miR-23a-3p
SK-N-BE(2)-C targets) 1 miR-218-5p
SK-N-AS 1 miR-320a
1 miR-24-3p
1 miR-27b-3p
1 miR-16-5p
1 miR-25-3p
1 miR-21-5p
1 miR-125b-5p
1 miR-320b
Osteosarcoma
Baglio (70) MG63 Differential centrifugation (2x 10 min 500 g, 2x  Protein Tumor growth, metastasis = .
HOS 15 min 2,000 g, 2x 30 min 10,000 g, 2x 60 min 1 TGFR ===
143B 70,000 g)
ELISA (target: TGFp)
Gong (72) MG63 Differential centrifugation (10 min 300 g, 10 min ~ MIRNA
HOS 2,000 g, 30 min 10,000 g, 2x 70 min 100,000 1 miR-675 Migration, invasion
143B 9
Well5 Small RNA library sequencing (lllumina) s
Metastasis | ] &
U
Jerez (81) SAOS2 Ultracentrifugation (90 min 100,000 g) Protein Angiogenesis, adhesion, migration, metastasis m
MG63 Proteomics (MS) 565 unique proteins
u20Ss
HOS
143B
Yoshida (82) 143B Ultracentrifugation (2x 70 min 110,000 g) miRNA Proliferation, invasion, migration, angiogenesis, drug
U208 RT-gPCR (target miR-25-3p) 1 miR-25-3p
resistance
Fujiwara (83) U208 Ultracentrifugation (70 min 110,000 g) mMiRNA Cell proliferation, tumor growth m
HOS RT-gPCR (target miR-25-3p) 1 miR-25-3p .
143B 1 miR-17-5p Survival | 2
Sa0s2 Y&
Macklin (84) KHOS Precipitation (ExoQuick) Protein
(HiMet-C1, HiMet-  Proteomics (MS) 31 unique proteins Migration, invasion
CB6, LoMet-C4,
LoMet-C5) Rt
Lung metastasis )
Jerez (85) SAOS2 Ultracentrifugation (90 min 100,000 g) miRNA Tumor progression, metastasis m
MG63 NEBNext Small RNA library (lllumina) 1 miR-21-5p
HOS 1 miR-143-3p
143B 1t miR-181a-5p
U20s 1 miR-148a-3p
hFOB1.19
Raimondi (86) ~ SAOS2 Differential centrifugation (5 min 300 g, 15 min miRNA Carcinogenesis m
MG63 3,000 g, 30 min, 10,000 g, 90 min 100,000 g) 1 miR-21-5p
U2 MiSeq Reagent Kit v3 (lllumina) 1 miR-148a-3p

(Continued)
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TABLE 3 | Continued

Tumor type Cell lines Method Result Biological function
Ye (73) NHOst EV isolation not reported miRNA Proliferation, apoptosis inhibition, G2/M cell cycle arrest,
u20s RT-gPCR miR130a-30
143B miR195-3p invasion
Rhabdomyosarcoma
Ghayad (87) Rh30 Differential centrifugation miRNA
Rh41 (10 min 300 g, 10 min 2,000 g, 30 min 10,000 1 miR-1246 Proliferation, migration, invasion, metastasis
RD g, 2x 70 min 100,000 g) 1 miR-1268
JR1 Affymetrix GeneChip miRNA 3.0 Arrays kit
Rh36 (19724 targets)
Rammal (88) Rh30 Differential centrifugation Protein Invasion, proliferation, metastasis m
Rh41 (10 min 300 g, 20 min 2,000 g, 30 min 10,000 36 unique proteins
RD g, 2x 70 min 100,000 g)
JR1 Proteomics (MS)
Rh36
Ghamloush (75) Rh30 Differential centrifugation miRNA
Rh41 (10 min 300 g, 10 min 2,000 g, 30 min 10,000 1 miR-486-5p Invasion, migration, proliferation
RD g, 2x 70 min 100,000 g)
JR1 TagMan miRNA assay (target: miR-486)
Rh36
Ewing sarcoma
Miller (89) A673 Differential centrifugation MRNA Signal transduction, stemness m
SK-N-MC 10 min 300 g, 10 min 2,000g, 30 min 10,000,  NROB1, NKX2.2,
SB-KMS-KS1 70 min 100,000, 60 min 100,000 STEAPT, LIPI,
Affymetrix HumanGene 1.0 ST arrays EWSR1-FLI fusion
Zhang (90) Hs919.T Differential centrifugation mRNA NR
CHLA-258 5 min 2500 rpm, 45 min 10,000 g, 120 min EWSR1-FLI1 fusion
CHLA-9 100,000 g
Dong (76) AB73 Differential centrifugation mRNA NR
SKES 1 (10 min 300 g, 30 min 4600 g, 120 min EWSR1
ES5838 100,000 g) rearrangement
Exoquick
Immunomagnetic beads
ES-EV Click Chips
RT-ddPCR
Samuel (77) TC-71 Differential centrifugation Protein Bulk: Exosomal proteins (membrane transport and
RD-ES 5 min 2500 rpm, 45 min 10,000 g, 75 min Bulk analysis fusion), metabolic enzymes, antigen presenting,
SK-ES-1 110,000 g, 60 min 35,800 rpm CD99, NGFR cytoskeletal, protein binding m
CHLA-258 Proteomics mRNA
COG-E-352 Immunoprecipitation EWSR1-ETS fusion
Hs919.T RT-gPCR
Sun (78) AB73 Differential centrifugation MRNA NR
10 min 300 g, 10 min 2800 g, 90 min 100,000 EWSR1-FLI1 fusion
g
Click beads
ExoQuick
Magnetic biotin-PEG-DSPE beads
RT-dPCR
MS, mass spectrometry. Function derived from: m ! literature; 2 in vitro; L J '/ & : Clinical; O mice.

peak in incidence can occur among individuals >60 years of age
(109). The primary tumors typically arise in the appendicular
skeleton, with metastatic disease commonly occurring in the
lungs and other bones (110). The tumor is mesenchymal in
origin and is characterized by the production of osteoid (111),
and includes a wide range of distinct histological subtypes (112).
Although the genetic landscape of osteosarcoma varies widely
between tumors, osteosarcoma has been associated with
recurrent somatic mutations in several genes, including TP53,

RBI, ARTX, and DLG2 (113, 114). The survival rate among
patients with metastatic disease remains low, emphasizing the
urgent need to identify reliable biomarkers for diagnosis and
tracking the disease progression (115). Our search revealed six in
vivo studies involving EVs in osteosarcoma (of which three
studies also included in vitro experiments) and six distinct in
vitro studies.

Xu et al. examined the potential of using serum EV—derived
miRNA expression profiles to predict the response to
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TABLE 4 | Critical appraisal of the clinical studies using the GRADE system.

Reference Study Patient inclu- Patient characteris-  Selection = Reproducibility In vitro valida- End Outcome Funding Score
design sion tics bias tion point

Colletti (64) 2 0 1 0 0 0 1 2 1 7
Liu (65) 2 1 1 0 0 0 1 2 1 8
Jiao (66) 1 1 1 0 1 0 1 2 1 8
Ma (67) 2 1 1 0 2 1 1 2 1 11
Morini (68) 2 1 1 0 0 0 1 2 1 8
Xu (69) 2 1 1 0 2 0 1 2 1 10
Baglio (70) 2 0 1 0 0 1* 1 2 0 7
Shen (71) 2 1 1 0 0 0 1 2 1 8
Gong (72) 2 1 0 0 2 1* 1 2 1 10
Ye (73) 2 0 1 1 0 1 1 1 0 7
Cambier (74) 2 0 1 0 1 0 1 2 0 7
Ghamloush 1 0 0 0 0 1* 1 2 0 5
(75)

Dong ( (76) 1 0 0 0 0 2 1 0 1 5
Samuel ( (77) 1 1 0 1 0 1 1 1 1 7
Sun (78) 1 1 1 1 0 1 1 2 0 8

See Supplementary Table S1 for a detailed description of the criteria. *: in vivo validation of in vitro findings.

chemotherapy in patients with osteosarcoma (Table 2) (69). The
authors identified the differential expression of 30 miRNAs, 8 of
which were confirmed in a validation cohort, and they found that
the expression levels were correlated with poor response.
Comparative pathway analysis revealed that the differentially
regulated miRNAs affect several pathways involved in cancer.
Based on these results, the authors suggest that both miRNAs
and mRNAs derived from EVs could be used as markers to
monitor and predict disease progression in patients with
osteosarcoma undergoing chemotherapy. This study had
several strengths, including the use of a uniform method for
EV enrichment in all samples, the relatively large size of the
patient cohort (n=53) and validation cohort (n=40), and their
assessment of both miRNA and mRNA. On the other hand, a
limitation of their study is that pre-analysis factors such as the
collection and processing of the serum samples were not
described, and no results were reported with respect to EV
characterization or validation. These limitations are reflected in
both a low EV-METRIC score (0%) and a low PedEV score
(11%). In contrast, the GRADE score was 10, which is
relatively good.

Baglio et al. studied the effect of tumor EV-educated
mesenchymal stem cells on osteosarcoma progression
(Tables 2, 3) (70). They found that EVs derived from three
osteosarcoma cell lines contained higher levels of transforming
growth factor B (TGFP) compared to EVs derived from fibroblast
cells (as a control group). They also studied the effect of
osteosarcoma-derived EVs on tumor growth and metastasis in
a preclinical mouse model. Finally, they measured serum TGF3
levels in osteosarcoma patients and healthy controls and found
increased levels in the patient group; however, they did not
indicate whether the healthy controls were age-matched.
Importantly, this study was not designed to identify
biomarkers for osteosarcoma, but rather to perform an in vitro
analysis of osteosarcoma-derived EVs. Furthermore, they used
different EV isolation protocols for the in vitro and in vivo

samples. This difference is reflected in the EV-METRIC scores of
0% and 22% for the in vivo and in vitro experiments, respectively.
This difference between the in vivo and in vitro protocols cannot
be captured by the PedEV score (66%), which scores overall
methodological quality. Finally, the GRADE score for this study
was 7, as the authors failed to report their patient inclusion
criteria and no validation cohort was included.

Shen et al. found that serum-derived EVs obtained from
patients with osteosarcoma can affect the adhesion, migration,
and viability of MG-63 cells, a human pre-osteoblastic cell line
(Table 2) (71). They then used mass spectrometry (MS) to
identify the proteins in these EVs, finding that 233 proteins
were expressed in the osteosarcoma patients but not in healthy
(albeit not age- or gender-matched) controls. KEGG (Kyoto
Encyclopedia of Genes and Genomes) pathway analysis
revealed that these proteins play a role in four pathways that
are important for osteosarcoma progression. Interestingly, the
protein G6PD (glucose-6-phospate dehydrogenase) was
expressed at particularly high levels in the EVs obtained from
patients with osteosarcoma and was suggested as a diagnostic
and/or therapeutic target in osteosarcoma; however, this finding
should be substantiated in a validation cohort. More extensive
characterization of the EVs and the inclusion of age- and gender-
matched healthy controls would have increased the study’s
validity; these limitations resulted in a GRADE score of 8. The
PedEV score of 49.5% indicates that the EV characterization was
reported in sufficient detail; however, the EV-METRIC score was
only 25% based on the authors failing to report EV quantitation
and not mentioning whether they purified the EV-enriched
fraction using a density gradient.

Gong et al. examined the miRNA profiles of EVs isolated from
metastatic osteosarcoma cell lines and non-metastatic
osteosarcoma cell lines (Tables 2, 3) (72). Small RNA
sequencing identified a total of 61 miRNAs that were
differentially expressed in EVs between the metastatic and non-
metastatic cell lines, as well as patient serum. miR-675 was the
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most significantly upregulated miRNA in EVs isolated from the
metastatic cell lines, and this result was confirmed both in vitro
and in vivo using RT-qPCR. In vitro functional studies indicated
that miR-675 can increase tumor cell migration and invasion by
targeting expression of the calcium-binding protein CALN1
(Calneuron-1); thus, miR-675 might serve as a valuable
mechanism-based prognostic biomarker for osteosarcoma
metastasis. A strength of this study is that it included both in
vivo and in vitro data. However, it is limited by the small patient
cohort (n=2) and the fact that the patient characteristics are not
reported. The GRADE score was therefore 10. A follow-up study
with a larger clinical cohort is needed in order to validate these
findings. The PedEV and EV-METRIC scores were relatively high
for the in vitro experiments (66% and 44%, respectively); however,
the in vivo experiments lacked sufficient EV characterization.

Jerez et al. performed a proteomic analysis of EVs derived from
three osteosarcoma cell lines (Table 3) (81). The authors identified a
total of 1,741 proteins that were unique to the osteosarcoma-derived
EVs, 565 of which were found in all three cell lines. Gene Ontology
analysis revealed that these proteins are involved in angiogenesis,
adhesion, and cell migration.

In a separate, more recent study the same group used next-
generation sequencing to characterize the miRNAs in EVs
derived from five osteosarcoma cell lines, some of which were
included in their previous report (Table 3) (85). They found 237
miRNAs that were present exclusively in the osteosarcoma cell
lines, and they found that the metastatic cell lines clustered
differently than the non-metastatic cell lines. In particular, they
found four miRNAs (miR-21-5p, miR-143-3p, miR-181a-5p,
and miR-148a-3p) that were enriched in the metastatic SaOS2
cell line. Gene Ontology analysis revealed that the genes targeted
by these highly abundant miRNAs in osteosarcoma cell lines are
related to tumor progression and metastasis. The EV
methodology used in both the 2017 and 2019 studies had
rather high standards with respect to EV isolation and
characterization, resulting in a PedEV score of 71.5% for both
studies. However, in their 2019 paper (85) they did not report the
results regarding EV characterization by EV-enriched proteins,
resulting in a slightly lower EV-METRIC score for this paper
(14%) compared to their previous publication (22%).

Fujiwara et al. screened circulating miRNAs in patient serum
samples and in EVs secreted by osteosarcoma cell lines (Table 3)
(83). They found that miR-25-3p and miR-17-5p were
upregulated in the osteosarcoma cell lines and culture media,
and the expression of these two miRNAs was even higher in EVs
derived from the osteosarcoma cell lines than in the cells
themselves. They also found that the serum levels of these
miRNAs were higher in patients with osteosarcoma than in
healthy controls. Due to the limited volume of serum, miRNAs
were isolated only from total serum and not from EV-enriched
samples. Moreover, the low EV-METRIC and PedEV scores of
0% and 5, respectively, reflect the limited effort that the authors
put into providing a detailed description of their isolation and
characterization of EVs.

In a follow-up study by the same group, Yoshida et al.
assessed the role of miR-25-3p in osteosarcoma (Table 3) (82)

and found that high expression levels of miR-25-3p were
correlated with poor prognosis. They also performed
functional analyses and found that this miRNA is involved in
proliferation, invasion, migration, and multi-drug resistance in
osteosarcoma cells. The encapsulation of the miRNAs in the lipid
vesicles was believed to increase the stability of miR-25-3p and
facilitate delivery to the tumor microenvironment, promoting
tumor progression. In this follow-up study, the authors included
more details regarding their EV methodology and
characterization, as reflected by the PedEV and EV-METRIC
scores of 66% and 22%, respectively.

Macklin et al. analyzed EVs secreted by both high and low
metastatic clonal variants of the KHOS human osteosarcoma cell
line (Table 3) (84). The authors found that the high metastatic
cells secreted three times more EVs than the low metastatic cells,
and transfer of these EVs to low metastatic cells induced a
migratory and invasive phenotype in those cells. Using MS,
they identified 64 proteins in the high metastatic cell-derived
EVs, 31 of which were unique to these vesicles. In in vivo mouse
experiments, they also found that high metastatic EVs
preferentially colonized the lung tissue, which is the principal
site of metastatic development in osteosarcoma (110). The
quality of reporting their EV methodology was high, with EV-
METRIC and PedEV scores of 38% and 15%, respectively.

Raimondi et al. performed small RNA sequencing on
osteosarcoma-derived EVs and on their parental cells (Table 3)
(86). The authors found a total of 21 differentially expressed
miRNAs, and bioinformatic analysis revealed that these miRNAs
are associated with carcinogenesis. In addition, they found that
expression of miR-21-5p and miR-148a was increased in
cultured osteoclast-like and endothelial cells that were treated
with osteosarcoma-derived EVs, promoting osteoclast formation
and angiogenesis; this finding confirmed the notion that these
miRNAs are transferred from EVs to their target cells, in which
they exert functional effects. The PedEV score of 82.5% and EV-
METRIC score of 44% reflect the fact that the authors reported
more details regarding their EV methodology than the other
publications assessed in our review.

Ye et al. also performed small RNA sequencing on EV derived
from osteosarcoma patients and healthy controls (73). They
identified 10 miRNA that were upregulated in patients. They
went on to perform RT-qPCR on a selection of these miRNA and
compared that to EV from 3 osteosarcoma cell lines. This
comparison found only miR195-3p and miR130a-3p to be
upregulated in both patient and cell line-derived EV. They
further analyzed the function of miR195-3p in several
experiments with an osteosarcoma cell line and mice, from
which they concluded that miR195-3p promotes cell
proliferation and migration, and inhibits apoptosis. The
investigators do not state the exact starting volume for EV
isolation from plasma. They also do not report the EV
isolation method from the cell lines for the functional
experiments, nor if these EVs were analyzed by transmission
electron microscopy and/or western blot, as was done for the EV's
from plasma. Considering the clinical part of the study, a
validation cohort is missing, as is a clear description of patient
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inclusion criteria. This results in a PedEV score of 66% and an
EV-METRIC score of 11%, and a GRADE score of 7.

Cambier et al. analyzed repetitive DNA and RNA elements
present in EVs isolated from serum from patients and healthy
controls (74). In this report, different EV isolation and
purification approaches were used: ExoQuick in the discovery
cohort and PEG precipitation, SEC and immunoaffinity capture
in different subgroups within the validation cohort. In both the
discovery and validation cohort, size and concentration of EV
were analyzed by nanoparticle analysis after each EV purification
method. However, the samples isolated by PEG precipitation and
immunoaffinity were also analyzed by ExoView. This
visualization technique depends on immunocapture of EVs to
a microarray chip by different EV-enriched surface proteins (74).
In the discovery cohort sequencing of RNA and DNA resulted in
identification of 4 repetitive elements upregulated in serum from
patients with osteosarcoma, in comparison to healthy controls.
This finding was then confirmed in the validation cohort. The
complex subgrouping and different techniques within the
validation weakens the possibility to draw any conclusions. It
demands further validation in a patient cohort analyzed with a
uniform approach to EV isolation, visualization and
characterization. These limitations result in a PedEV score of
55% and EV-METRIC score of 14%. Patient inclusion and
exclusion is not clearly described, which precludes assessment
of selection bias. The presence of a validation cohort is good,
however it is not fully independent to the discovery cohort since
2 samples from the discovery cohort were also analyzed in the
validation cohort. Furthermore, the validation cohort is divided
in several subgroups with different techniques. This results in a
GRADE score of 7.

In summary, several miRNAs were identified in several
osteosarcoma studies, including miR-25-3p (82, 83) and miR-21-5p
(85, 86). Interestingly, miR-675 (72), miR-148a (69, 85, 86) were
found in both in vivo and in vitro studies. With respect to EV
methodology, we found differences in the extent of details reported
for EV characterization between the in vitro and in vivo experiments.

Rhabdomyosarcoma

Rhabdomyosarcoma is a highly malignant cancer that develops
from skeletal myoblast-like cells (116). Rhabdomyosarcoma is
the most common soft tissue sarcoma in children and has a slight
male predominance (117). The primary tumor can arise in a
variety of anatomical sites, including the head, neck, and
extremities, and metastases in the lungs, bone, and/or bone
marrow are quite common (118, 119). Two major histological
subtypes of rhabdomyosarcoma—embryonal and alveolar—have
been identified. Alveolar tumors are often associated with the
recurrent chromosomal translocations t(2;13) and t(1;13), which
generate fusion oncoproteins between PAX3 and FOXOI and
between PAX7 and FOXOI, respectively (120). Although the 5-
year overall survival rate is now as high as 70% due to therapeutic
advances, the cure rate among patients with metastatic and/or
recurrent rthabdomyosarcoma is still low (121). Our literature
study identified one study that examined EVs in
rhabdomyosarcoma using both in vivo and in vitro

experiments and two additional in vitro studies; all three
studies were performed by the same group.

In their first study, Ghayad et al. characterized the miRNA
expression profiles of EVs secreted by five rhabdomyosarcoma cell
lines (Table 3) (87). They found miRNAs that were differentially
expressed between rhabdomyosarcoma-derived EVs and the
corresponding cell lysates, and they also found differential
expression between cell lines. Two miRNAs—miR-1246 and miR-
1268—were enriched in the EVs of all five rhabdomyosarcoma cell
lines. Rhabdomyosarcoma-derived EVs were also shown to increase
the proliferation of recipient fibroblasts and rhabdomyosarcoma
cells. Moreover, these EVs also induced the migration and invasion
of normal fibroblasts, and they promoted angiogenesis in
endothelial cells. Subsequently, Rammal et al. examined the
protein composition of EVs derived from five rhabdomyosarcoma
cell lines using liquid chromatography-MS/MS (LC-MS/MS)
(Table 3) (88). They found a total of 80 proteins that were
common to all five cell lines, as well as 81 that were specific to
embryonal rhabdomyosarcoma cells and 42 that were specific to
alveolar rhabdomyosarcoma cells. Pathway analysis revealed that
these EV proteins are involved in pathways related to tumor cell
invasion, proliferation, and metastasis. Thus, these proteins may
serve as potential biomarkers, although this should be tested in a
clinical study.

Finally, in their recent study, Ghamloush et al. found that
expressing the PAX3-FOXOLI fusion protein in murine myoblasts
modulated the miRNA content and paracrine function of their EVs,
promoting the proliferation, migration, and invasion of recipient
fibroblasts (Tables 2, 3) (75). Hierarchical clustering of miRNA
microarray profiling data showed that expressing the
PAX3-FOXOL1 fusion protein altered the EVs' miRNA content.
Interestingly, miR-486-5p was identified as a downstream effector of
PAX3-FOXOL1 expressed in the EVs of all five rhabdomyosarcoma
cell lines, albeit at higher levels in the alveolar rhabdomyosarcoma
cell lines compared to the embryonal cell lines. The authors also
found this miRNA in serum-derived EVs obtained from patients
with rhabdomyosarcoma; in one patient with an alveolar tumor, the
levels of miR-486-5p decreased after chemotherapy when the
patient was in remission. Despite the relatively small patient
cohort, these findings suggest that this miRNA may play a
clinically relevant role in patients with rhabdomyosarcoma. A
follow-up study with a larger cohort may provide additional
insights into the potential use of miR-486-5p as a diagnostic
biomarker and for assessing the patient’s response to
chemotherapy. However, this study received a GRADE score of
only 5, as the patient cohort and inclusion criteria were not
described in sufficient detail, and their findings were not validated
in an independent cohort.

With respect to the EV methodology for the in vitro experiments,
these three reports had good EV-METRIC scores (33%, 33%, and
38% for the first, second, and third studies, respectively) and PedEV
scores (71.5%, 66%, and 66%, respectively). However, for the in vivo
experiments EV characterization was not performed, and—
importantly—no healthy controls were included.

Overall, miR-486-5p was the only miRNA that was found to
be upregulated in the rhabdomyosarcoma-derived EVs isolated
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from both patient serum samples and cell lines (75). However,
given the low number of patients with rhabdomyosarcoma
included in this study, additional fundamental work regarding
characterization of the EVs is warranted before EV-derived
diagnostics can be applied in clinical practice.

Ewing Sarcoma

Ewing sarcoma is the second most common bone tumor, mostly
presenting in adolescents (122, 123). It is characterized by the
presence of a tumor-driving fusion gene, the most common one
is EWSRI-FLII, but several other combinations by members
from the FET and ETS gene families have been described, e.g.
EWSRI-ERG or FUS-FEV (122). Currently, risk stratification at
initial diagnosis relies on imaging and molecular pathology. The
first step is often FISH and/or RT-qPCR for the detection of the
most common EWSR1 rearrangements (124). Prognosis depends
heavily on the presence of metastatic lesions at diagnosis, which
mostly presents in the lungs, bone and bone marrow (122).
Treatment consists of a combination of chemotherapy, local
control by surgery and radiotherapy (122, 123). Evaluation of
treatment response is an important challenge, since relapse is
associated with <10% 5-years survival (122). Currently, response
evaluation depends on imaging. However, liquid biopsies are also
gaining attention. The use of cell-free DNA has been explored in
several reports (29, 30, 125) but often the level of tumor-derived
cell-free DNA is low which limits sensitivity. Detection of
circulating tumor cells from blood is also an option, but
sensitivity is challenging, due to a high signal-to-noise ratio in
peripheral blood cells and not all tumors shedding cells into
circulation (34, 124). Considering the limitations of other liquid
biopsy-based targets, EVs are also an interesting source of
biomarkers in Ewing sarcoma. We identified 3 reports that
studied EVs from Ewing sarcoma both in vivo and in vitro,
and 2 that contained only in vitro data.

Miller et al. (89) were one of the first in 2013 to demonstrate
the presence of the EWSRI fusion gene in RNA isolated from
Ewing sarcoma cell line-derived EV (Table 3). They identified
several other potential Ewing sarcoma-specific genes through
analysis of publicly available array data and then confirmed the
presence of this panel in their own EV preparations. They went
one step further, using RNAse experiments to show that these
mRNA markers are truly present within EV. Lastly, they mixed
EVs derived from Ewing sarcoma cell lines with plasma from
healthy controls, and were also able to detect these markers. On
the contrary, in the plasma from 20 healthy controls without EV,
these markers were not present. This study reports the EV
methodology in detail, which is reflected by a good PedEV
score of 77% and also EV METRIC score is quite good with
25%. No clinical samples were included.

Zhang et al. (90) present a microfluidic, chip-based
approach for the quantification of tumor-specific mRNA
from EV (Table 3). All their experiments were performed on
EVs purified from conditioned culture medium originating
from Ewing sarcoma cell lines, without any in vivo validation.
PedEV score was 60.5%, resulting from a detailed reporting on
EV-enrichment and characterization, but lacking any report on

the analysis of EV-derived protein. EV-METRIC score is 29%,
which is quite high and is mostly caused by very detailed
reporting on the qualitative and quantitative analysis, and the
ultracentrifugation specifics.

Dong et al. (76) present a new technique for purifying EVs
from plasma from patients with Ewing sarcoma (Tables 2, 3). In
their report, they describe in detail the development,
optimization and validation of the ‘ES-EV Click Chip’, first in
conditioned culture medium from Ewing sarcoma cell lines. The
ES-EV Click Chip combines click chemistry-mediated EV
capture within a nanostructure-embedded microchip, which
depends on the presence of the protein LINGO1 on Ewing
sarcoma-derived EVs. LINGO1 is presented as a Ewing
sarcoma-specific marker by the authors. The presence of
tumor-specific EVs is then confirmed by RT-ddPCR targeted
to the EWSRI rearrangement. Dong et al. compared this novel
ES-EV Click Chip technique to more conventional EV
purification approaches, e.g. differential centrifugation,
immunocapture and Exoquick. The focus is clearly on the
development and optimization of this new technique and the
small number of plasma samples included at the end just serves
as a small validation. There are no details reported on pre-
analytical variables for the plasma samples, such as type of blood
tube. Patient characteristics and timing of sampling are also not
reported. This results in a low GRADE score of 5. PedEV is more
average (55%) since the in vitro details are well described,
however conventional EV characterization techniques are not
reported (or not detailed enough) which leads to an EV-
METRIC score of 0%.

Samuel et al. (77) also report on a new approach to isolating
Ewing sarcoma-specific EVs (Tables 2, 3). They started by
performing proteomics on EVs isolated from different Ewing
sarcoma cell lines. By comparing these data to proteomics data
from healthy human plasma, they identified Ewing sarcoma-
specfic markers CD99 and NGFR. The next step was to develop
an immunocapture approach combining CD99 and NGFR and
thereby purifying tumor-specific EVs. They confirmed the
presence of Ewing sarcoma-specific mRNA by performing RT-
qPCR for the EWSRI1 fusions. Finally, they performed this
Ewing-EV-specific immunocapture on plasma of a small
cohort of patients and compared this to healthy controls. It is
an impressive effort, however especially the details on the clinical
samples (type of blood tube, preparation of plasma) are not
reported, as are some details of the Western Blot procedures,
resulting in an EV METRIC score of 0% for the in vivo and 11%
for the in vitro part. Within PedEV, in vivo and in vitro are taken
together, which results in a score of 60.5%. Considering the
clinical part of the study, patient details are not reported in detail
and there is no independent validation cohort, resulting in a
GRADE score of 7.

Sun et al. (78) also developed a click chemistry-based
approach for the purification of EV (Tables 2, 3). They first
optimized this approach in conditioned medium from an Ewing
sarcoma cell line, and then validated its in vivo potential in
plasma from Ewing sarcoma patients and even patients with
pancreatic cancer, coupled to a cohort of healthy controls.
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To confirm that the EVs from patient plasma are originating
from the tumor, RT-dPCR is performed for the EWSR1-FLI1
fusion gene. For 2 patients, sequential samples were also tested
and the number of EWSR1-FLI1 copies tracks the course of the
disease, as is determined by clinical imaging. This is an
interesting finding, suggesting a true potential as a minimal
residual disease marker for these EVs isolated with click
chemistry. Concerning the GRADE score, this report has an
average score (8), with one of the most important limitations
being a lack of a validation cohort. The reporting of the
methodology behind the report is also sound, only
characterization of the EV-related proteins is lacking. This is
reflected in a PedEV score of 60.5%. However, EV METRIC
score for both in vivo and in vitro experiments is 0%, since the
level of details of the EV enrichment and characterization
techniques is not sufficient for EV-TRACK.

Overview of the miRNAs Identified in EVs
Derived from Pediatric Solid Tumors, and
the Role of the miRNAs in the Hallmarks
of Cancer

The majority of studies included in our systematic review
involved an analysis of miRNA, and nearly all studies
reported their putative biological function. This allowed us to
provide an overview of the reported miRNAs (both from in vivo
and in vitro studies) in relation to the hallmarks of cancer. In
Figure 4A, we summarize the miRNAs involved in the “classic”
hallmarks of cancer described by Hanahan and Weinberg first
in 2000 (126) and again in 2011 (127), and we included an
emerging cancer trait: drug resistance (19). In addition, changes
in several miRNAs were found in different tumor entities, as
illustrated in Figure 4B. For example, miR-21—which is known
to play a role in metastasis and tumor progression (128)—was
upregulated in neuroblastoma (79, 80), hepatoblastoma (65)
and osteosarcoma (85, 86). Consistent with this finding, miR-
21 has been shown to be overexpressed in many types of solid
tumors (129). In addition, miR-25-3p was upregulated in both
neuroblastoma (80) and osteosarcoma (82, 83). This miRNA
was shown previously to play a role in these two tumor types
(130, 131), as well as in other types of cancer, particularly with
respect to tumor initiation and progression (132); miR-25-3p
has also been reported as a potential biomarker for breast
cancer and hepatocarcinoma (133, 134). miR-34a-5p was
upregulated in DSRCT (64), while miR-34 miRNAs were
downregulated in hepatoblastoma (66). The miR-34 family
members play an important role in tumor suppression and
are dysregulated in several cancers (135-137). miR-199a-3p
was upregulated in neuroblastoma (67) but downregulated in
osteosarcoma (69); this miRNA is known to exert opposite
effects in different tumors (138), acting as a promoter of
leukemic transformation (139) and as a tumor-suppressor
gene in both renal cancer (140) and esophageal cancer (141).
Finally, miR-342-3p was downregulated in both neuroblastoma
(68) and DSRCT (64); this miRNA has been shown to suppress
cell proliferation and migration in several types of cancer
(142-144).

SUMMARY AND FUTURE DIRECTIONS

EVs have high potential as diagnostic and prognostic biomarkers
for both adult and pediatric cancers (145, 146). However, major
discrepancies exist between the number of novel EV-based
biomarkers that are reported and the biomarkers that have
been successfully incorporated into daily clinical practice, and
many obstacles must still be overcome along the road to
developing and implementing these biomarkers (147).

Peripheral blood is a suitable source of EVs, as it can be
obtained by minimally invasive sampling methods and contains
high levels of tumor-derived EVs (148, 149). However,
challenges have arisen with respect to the isolation,
purification, and analysis of blood-derived EVs. For example,
pre-analytical factors such as the type of collection tubes and the
conditions used to store the samples can affect several EV
characteristics, ranging from the final EV concentration to the
origin of the EVs (e.g., platelet-derived versus tumor-derived)
(150-154). The method used to enrich EVs from the blood can
also affect the subsequent RNA (44, 155, 156) and protein (157,
158) analyses, thereby affecting the final result. Moreover, the
complex composition of blood—including non-EV-bound
proteins and lipoprotein particles—can complicate the
identification of bona fide EV-derived molecules and can
potentially hinder the discovery and validation of these
biomarkers (159-162). This issue is illustrated by two recent
reports by Palviainen et al. (154) and Chiam et al. (163). In their
study, Palviainen et al. found that serum contains more platelet-
derived EVs compared to plasma; moreover, they found that the
protein composition differs between plasma and serum, as well as
between samples obtained using different anticoagulants (154).
Chiam et al. examined miRNAs in EVs purified from serum and
plasma samples obtained from patients with esophageal
carcinoma and found that although the plasma contained
more miRNA than serum, the plasma also contained more
non-EV—derived miRNA (163). With respect to pediatric solid
tumors, the clinical studies that we identified from our literature
search evaluated EVs that were derived from either serum or
plasma; however, detailed descriptions of the pre-analytical
factors and the starting sample volumes were often absent, for
example in studies involving hepatoblastoma (65, 66) and
osteosarcoma (69, 71, 72). Moreover, a wide range of methods
were used for enriching and characterizing the EVs, in some
cases even within the same publication (67, 70). These missing
details limit the studies’ reproducibility and our ability to
correctly interpret the resulting data, thereby preventing
subsequent validation in a clinical setting.

Our search of the literature for in vitro studies assessing EV-
derived biomarkers in pediatric solid tumors yielded >3000 hits.
However, when focusing on clinical studies that described EV's
derived from liquid biopsies from children with solid tumors,
and when we evaluated whether these in vivo findings were
supported using in vitro data, we found only the 27 reports that
we discussed in this review. It is interesting that we did not find
many reports studying the use of microfluidics or nanostructure-
based approaches, apart from the two reports in Ewing sarcoma
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Drug resistance

miR-342-3py

(76, 90), even though in theory these approaches would be suited
for low input samples and point-of-care use. Also, more novel
particle characterization platforms like Raman scattering (164,
165) were not used in the reports that we found. However, these
techniques are often still in early development phases, and pre-
clinical testing, which is challenging considering the limited
sample number and volumes available in pediatric oncology.
The majority of studies included in this review, were in vitro
and focused on EVs secreted from cultured cancer cell lines,

FIGURE 4 | (A) Overview of the hallmarks of cancer and the differentially regulated miRNAs described in the various in vitro and in vivo reports, classified according
to their function. DSRCT, desmoplastic small round cell tumor (B) Differentially regulated miRNAs in the indicated solid tumors (hepatoblastoma, neuroblastoma,
DSRCT, and osteosarcoma) based on the in vivo and in vitro publications (1, upregulated; |, downregulated). References for miR-21 (65, 79, 80, 85, 86); for miR-25-
3p (80, 82, 83); for miR199a-3p (67, 69):; for miR-34 (64, 66); for miR92a (73, 80) and for miR-342-3p (64, 68).
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whereas validation of these biomarkers in physiologically
relevant biofluids was often not performed. With respect to the
in vivo studies, important details regarding the enrichment and
characterization platforms of EVs were often not reported, as
reflected by the relatively low PedEV scores for these studies.
Moreover, many studies did not report using—and therefore
may not have used—a density gradient for EV enrichment and/
or purification, and they did not report in details on EV
characterization, thus resulting in low EV-METRIC scores.
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Overall, many studies yielded relatively higher scores from
PedEV than from EV-TRACK. This is probably caused by the
rigorous EV-TRACK scoring system, with points allocated for
reporting on specific techniques, e.g. density gradient and details
on both qualitative and quantitative analysis. As mentioned
before, pediatric studies on patient samples are limited by
sample volumes which results in a limitation in the number of
techniques that can be performed. The PedEV score requires no
specific techniques to be performed and allocates scores for more
generally defined criteria (e.g. at least one method for particle
characterization not further specified). This also increases the
PedEV scores for studies using less conventional EV enrichment
approaches, e.g. click chemistry-based approaches. Furthermore,
PedEV allocates a general score for the entire report, creating the
possibility for a report with less detailed reporting on in vivo
experiments but with a very detailed report of in vitro
experiments to still receive a good score. In this respect, it is
important to emphasize that EV-TRACK was developed as a
general tool for scoring the reproducibility and reporting of EV
research and is based on studies using conditioned culture
medium or biofluids collected from adults. Given that pediatric
studies are far more limited with respect to patient numbers and
the volume of biofluids, the extent of EV characterization is
limited, as is the inclusion of healthy controls, particularly age-
matched controls. Another consideration is that because the field
of EV research in pediatric oncology is relatively new and often
limited to pediatric oncology centers, EV-specific knowledge and
equipment are not yet widely available. Thus, our PedEV score
may provide a more lenient and flexible scoring system for EV
characterization, at least until the pediatric research community
reaches the level of standards that are only now emerging in adult
studies involving EVs. Indeed, the EV field is not the first to
experience a gap in the quality of study designs between pediatric
and adult research (166). Closing this gap will require
collaboration beyond the borders of the respective centers and
countries, as well as collaboration between scientists in the fields
of pediatrics and adult medicine.

Altered regulation of miRNAs has been associated with the
initiation and progression of cancer (167). Moreover, the
potential of miRNAs was previously demonstrated in adults,
with several ongoing clinical trials investigating the potential of
using EV-derived miRNAs as diagnostic, predictive, and/or
prognostic biomarkers (168). In the studies we evaluated in
this review, the same miRNAs were upregulated both in vivo
and in vitro in neuroblastoma (67), osteosarcoma (72), and
rhabdomyosarcoma (69, 72, 85, 86). This finding suggests that
in vitro screening of candidate biomarkers can be highly valuable
before moving to in vivo validation. However, it is important to
note that most of these biomarkers were identified within the
same study and/or by the same group. In addition, a study using
alveolar rhabdomyosarcoma cell lines suggests that gene
expression can differ between in vitro conditions and the
primary tumor (169). This finding calls into question the value
of in vitro validation studies, as they may not fully recapitulate
the clinical situation. Nevertheless, if in vitro studies are
performed, we recommend using the same techniques that

were used in the corresponding clinical studies, thus reducing
technical variations and improving the resulting conclusions. An
even better strategy would be to validate the in vivo findings in an
independent cohort, thus strengthening the claim of identifying a
promising new biomarker.

The finding that the same miRNAs are differentially regulated
in different tumor types suggests that a panel of miRNAs may be
more suitable than any given miRNA as a general pediatric
oncology marker, as it may span the entire spectrum of pediatric
solid tumors. Studying the changes in this miRNA panel
throughout the course of the disease may even lead to the use
of miRNAs as a marker of minimal residual disease, as shown
previously in adults with Hodgkin lymphoma (4).

To conclude, EVs remain a promising diagnostic biomarker
for use in pediatric solid tumors. However, for many tumor types
the methodical research—and in particular, in vivo validation—is
currently lacking. Thus, studies using standardized methods and
clear reporting of each step in the enrichment and analysis of
EVs derived from liquid biopsies are urgently needed in the field
of pediatric oncology. Such studies will likely accelerate both the
validation of EV-based techniques and the translation of these
biomarkers from the bench to the bedside.
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