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Introduction: Extracellular vesicles (EVs) can be released by any cell and are
crucial for cell-to-cell communications. EVs have been characterized in patients
with solid and hematological tumors, where they play an important role in tumor
progression and metastasis. EVs may express different surface proteins derived
from the parental cells, including immunomodulatory molecules, such as HLA-G
and PDLL.

Methods: We isolated EV from bone marrow (BM) samples of patients with
Neuroblastoma (NB) and healthy controls and we analyzed the expression of
CD56, GD2 and immune checkpoints on EV by flow cytometry. Next, we
analyzed the function of T cells in vitro in the presence or absence of NB
patients’ BM-derived EV, in terms of proliferation and cytokine production.
Finally, we analyzed the correlation between the expression of immune
checkpoints on EV and the clinical outcome of patients.

Results: We found a higher expression of CD56 on EVs derived from BM of
patients with NB than in those from healthy donors (HD). However, CD56
expression was not dependent on BM infiltration of NB cells. Moreover, the
analysis of GD2 expression revealed that only a small fraction of EVs was released
by infiltrating NB cells, whereas the majority may derive from BM-resident cells.
BM-derived EVs from NB patients display a higher expression of HLA-G and PD-
L1 than those derived from HD. Nonetheless, such EVs are able to modulate T cell
immune responses. We measured a robust response, in vitro, towards a common
bacterial antigen, including the release of GM-CSF and proinflammatory
cytokines, like IFN-a and IL-6, from mononuclear cells. Some of these
immunomodulatory features are dependent on the expression of HLA-G and
PD-L1, whereas others may rely on other mechanism(s). Finally, a high expression
of CD56, HLA-G and PD-L1 on BM-derived EVs may represent a good
prognostic factor.
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Conclusions: We described the presence of HLA-G and PDL1-bearing EVs in the
BM of NB patients, which may represent a mechanism performed by resident BM
cells to counteract the inflammation occurring in the BM microenvironment of

NB patients.

neuroblastoma, extracellular vesicles, HLA-G, PD-L1, bone marrow

1 Introduction

Neuroblastoma (NB) is the most common extracranial solid
tumor of childhood, with an incidence of approximately 10 cases
per million individuals with an age below 15 years (1). The primary
tumor is derived from neural crest progenitor cells, and displays
genetic and biological features which are crucial for the clinical fate
of the tumor (2). Indeed, several parameters, including age at
diagnosis, histologic category, tumor differentiation, the MYCN
oncogene status, chromosome 11q status, and DNA ploidy are
relevant for the clinical outcome of patients (3). NB patients are
currently stratified by the International Neuroblastoma Risk Group
Staging System (INRG-SS) into low risk (L1-stage), intermediate
risk (L2-stage) and high risk (M-stage) (3). High-risk NB patients
represent half of total cases and display a 50% overall survival, in
spite of aggressive treatments (3). In M-stage patients, infiltration of
metastatic NB cells in the bone marrow (BM) represents the worst
prognostic factor for these children (4). Malignant cells infiltrating
the BM express different immune checkpoints which are involved in
the inhibition of anti-tumor immune responses (5-7). HLA-G is a
non-classical HLA-Ib molecule exerting immunomodulatory
properties through the interaction with inhibitory receptors on T
lymphocytes and NK cells (8). Such a non-polymorphic HLA can be
detected with seven different isoforms as surface molecules or
soluble moiety, with limited expression and secretion in NB cell
lines or primary tumors (9). Nonetheless, BM-infiltrating NB cells
express high levels of HLA-G on their surface and secreted in the
BM microenvironment high levels of sHLA-G, found to correlate
directly with the stage of the disease (5, 10). Another mediator
recently recognized as relevant in oncological disorders and NB is
Programmed cell Death-1 (PD-1). PD-1 is an inhibitory receptor
expressed mainly by T lymphocytes, but also activated NK cells (11,
12). PD-1 is expressed on T lymphocytes in the late phase of
activation and, upon interaction with specific ligands, it may trigger
the inhibition of several intracellular pathways started by kinases
(13). Two different ligands of PD-1, namely PD-L1 and PD-L2, can
be detected on antigen presenting cells (mostly PD-L2) and other
cells in healthy tissues (PD-L1) (14, 15). Notably, PD-L1 expression
can be induced on NB cell lines and BM-infiltrating metastatic NB
cells following stimulation with IFN-vy. Thus, the PD-1/PD-L1 axis
may play a role in the NB-mediated immune suppression (6).
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Indeed, in preclinical models, the blockade of PD-1/PD-L1
interaction increased therapeutic efficacy and phase I clinical
trials are currently ongoing using anti-PD-1 or anti-PD-L1
monoclonal antibodies (16, 17). Growing interest has been raised
in biological vehicles for such important molecular mediators.
Indeed, tumor-derived extracellular vesicles (EVs) have been
recognized as main actors in tumor progression, formation of
metastatic niche and inhibition of anti-tumor immune response
(18-21). EVs isolated from plasma of NB patients have been shown
to vehiculate proteic cargos different from healthy subject vesicles,
with an increased expression of proteins belonging to tumor-
associated pathways, like nucleolin and NCAM (22).
Furthermore, other factors vehiculated by those EVs modulated
immune response (23, 24) and are involved in the onset of therapy
resistance (25). Collectively, several studies have recently supported
the role of EVs in the progression of NB (26). Recently, a direct
immunosuppressive role played by EVs released by BM cells of NB
patients has been elucidated, in connection with high expression of
adenosinergic ectoenzymes (CD38, CD39, CD203a, and CD73)
generating an immunosuppressive molecule such as adenosine
(ADO) (27). To further elucidate such immune evasive capacity
and specifically the role of EVs and molecules vehiculated by such
soluble mediators, we i) analyzed vesicles isolated from BM of NB
patients in comparison with healthy subjects; ii) assessed HLA-G,
PD-1 and PD-L1 expression on such EVs; iii) evaluated the
contribution of HLA-G and PD-1/PD-L1 axis on immune-
regulatory properties of such EVs.

2 Materials and methods

2.1 Patients

Twenty-nine (29) samples of BM aspirates were collected from
NB patients at diagnosis (9 L-stage, 16 M-stage, 2 MS-stage and 2
not defined) for diagnostic purposes from December 2010 to
August 2018. Written informed consent for research use of
samples and clinical data was obtained by the legal guardians. An
analog cohort of BM aspirates were donated for research use by 15
healthy donors (HD), selected according to the Transplant Unit
Clinical Protocol of Hematology at the IRCCS San Martino-IST in
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Genoa, following a written informed consent at the time of
donation. The study design was approved by the IRCCS Istituto
Giannina Gaslini Ethics Committee (14/3/2008) in conformity with
the principles of the Declaration of Helsinki. Demographic,
biological and clinical features of patients are summarized in
Table 1. BM infiltration by metastatic NB cells was assessed by
morphological analyses of 6 May-Grunwald Giemsa-stained smears
of each BM aspirate. Positivity was graded by a semi-quantitative
score (1+: infiltration <10%; 2+: infiltration between 10 and 30%; 3
+: infiltration > 30% with respect to resident mononuclear cells).

2.2 Isolation and characterization of EVs

BM aspirates were centrifuged at 3000 x g for 15 minutes at 4°C
to obtain BM plasma, preserved at -80°C in small aliquots (300 pl)
until use. After thawing, EVs were characterized in terms of size and
number in a cohort of subjects (NB, n=14; HD, n=10) and then
isolated, as reported (27). Briefly, 300 pl of each sample was diluted
(1:3) in PBS and centrifuged at 3000 x g for 15 minutes at 4°C to
remove platelets and large cell debris. The supernatants were
collected in a suitable centrifugation tube and, on a small aliquot
from these samples, EVs size and concentration were determined
via a nanoparticle tracking analysis (NTA) using NanoSight NS300
(Malvern Panalytical Ltd, Malvern, UK) equipped with NTA 2.3
analytical software and a 532 nm laser (28). Then, supernatants
were centrifuged at 20000 x g for 1 hour at 4°C in a fixed-angle
rotor, and EVs were suspended in MACS buffer, composed by PBS/
EDTA (Miltenyi Biotec, Bergisch Gladbach, Germany) with 0.5%
BSA (Sigma Aldrich, St. Louis, Missouri, USA) or in RPMI
(Euroclone, Milan, Italy). In a few NB samples (n=8) EVs were
characterized in terms of size and yield before and after their
enrichment. The whole procedure was performed under a
laminar flow cabinet to preserve the sterility of EV samples, later
used in in vitro functional studies on cultured cells.

2.3 Flow cytometric analysis

The expression of the immune checkpoint inhibitors on EVs
was evaluated by flow cytometry using the following mouse
monoclonal antibodies (mAbs, all purchased from BioLegend. San
Diego, California, USA): PE-conjugated anti-HLA-G (clone #87G),
Alexa Fluor 488 conjugated anti PD-1 (clone NAT105), PE/Cyanine
7-conjugated anti-PD-L1 (clone 29E2A3). The expression of CD56
and GD2 was assessed using APC-conjugated anti-CD56 (clone
AF12-7H3, Miltenyi Biotec) and PE-conjugated anti-GD2 (clone
14G2a, BioLegend), respectively. To investigate the cellular origin of
EV, the following mAbs were used: FITC-conjugated anti-CD45
(clone HI30, BD), PE-conjugated anti-CD34 (clone ACI136,
Miltenyi Biotec), APC-conjugated anti-HLA-DR (clone G46-6,
BD), PE-CF594-conjugated anti-CD3 (clone UCHT-1, BD),
FITC-conjugated anti-CD19 (clone HIB19, BD), APC-conjugated
anti-CD90 (clone 5E10, BD), PE-conjugated anti-CD105 (clone
266, BD) and PC5-conjugated anti-CD14 (clone A07765, Beckman
Coulter). Samples were incubated in MACS buffer with specific
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mADbs for 20 minutes in the dark at 4°C, then diluted with 1 ml of
MACS buffer and centrifuged at 20000 x g for 1 hour at 4°C. EVs
were then suspended in 200 pul MACS buffer and subjected to flow
cytometric analysis using a Gallios cytometer and Kaluza software
(Beckman Coulter, Brea, California, USA). Results were expressed
as percentage of positive EV or mean relative of fluorescence
intensity (MRFI), calculated as mean fluorescence generated by
specific mAb/mean fluorescence using irrelevant isotype-
matched mAb.

2.4 Functional studies

To investigate the immune modulation exerted by BM-derived
EVs isolated from NB patients, functional experiments were set up
as follows. Buffy-coat preparations (BC) were obtained from 3
healthy blood donors at IRCCS San Martino after informed
consent. Total mononuclear cells (MNC) were isolated by Ficoll/
Hypaque density gradient (Cytiva, Marlborough, USA) following
centrifugation at 2000 x g for 30 minutes at room temperature and
subsequent washing steps. MNCs were seeded in flat-bottom 96
well plates at 1x10° cells/well in RPMI (Euroclone) supplemented
with 5% human AB serum (obtained from normal donors enrolled
by our Institute). After quantification, each EV preparation was
sub-divided into three aliquots: one left untreated, one treated with
anti-HLA-G blocking mAb (clone 87G, pure functional grade,
Miltenyi Biotec) and one with anti-PD-L1 blocking mAb (clone
2340D, R&D Systems, Minneapolis, Minnesota, USA). Each aliquot
was incubated for 30 minutes at room temperature (RT), before
addition to the seeded MNC in a ratio of 200:1 (200x10° EVs/well).
Each EV preparation was isolated from a pool of three BM samples
or three different NB patients, to minimize the variability and to
generate a sufficient amount of EVs for functional studies. In some
wells, EVs were not added (untreated control). MNC were
incubated overnight at 37°C, 5% CO2, in the presence or absence
of EVs. EVs isolated from HD were not included in functional
studies, since insufficient in quantity. The volume of BM plasma
collected from HDs was contained to limit risks to volunteers and
for ethical reasons.

2.4.1 IFN-y secretion assay

The effects of NB patients’ BM-derived EVs from on IFN-y
secretion were evaluated by using the Rapid Cytokine Inspector
(RCI CD4/CDS8, Miltenyi Biotec), following manufacturer’s
instructions. MNC were incubated overnight as described above,
and stimulated with 1 pg/ml of Staphylococcus Enterotoxin B (SEB,
Sigma Aldrich). SEB served as a superantigen activating T
lymphocytes, thus triggering T cell proliferation and secretion of
IFN-y and other cytokines. After incubation of MNC at 37°C, 5%
CO2 for 2 hours, Brefeldin A was added to each well and incubation
continued for an additional 4 hours. Next, 80 ul of supernatant were
removed and 50 pl of staining mix (including anti-IFN-y mAb)
were added to each well. After 10 minutes of incubation at room
temperature, equal volume of fixative and permeabilizing solutions
were subsequently added and incubated for 20 and 10 minutes,
respectively. Finally, MACS buffer was added and samples

frontiersin.org


https://doi.org/10.3389/fimmu.2024.1469771
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

ABojounwiwi| Ul s1a13U044

0

640°UISISNUOY

TABLE 1 Demographic, biological and clinical features of the 29 NB patients.

N Sex Age (months) Stage BM infiltration MYCN status Relapse EFS (years) State at follow-up OS (years)
1 | Female 72 M 2 single copy No 6,4 Alive 6,4
2 Male 43 M 2 MYCN gain Yes 0,4 Alive 3,7
3 Female 26 M 3 MYCN gain No 9,4 Alive 9,4
4 Female 17 M 3 amplified Yes 0,9 Dead 1,5
5 Female 36 M 3 MYCN gain Yes 2,0 Dead 3,0
6 | Female 24 M 3 ND Yes 1,3 Dead 1,5
7 | Female 3 M 1 Amplified No 2,4 Alive 2,4
8 Male 1 L2 0 single copy No 4,8 Alive 4,8
9 Female 45 ND 0 ND No 3,3 Alive 3,3
10 = Female 11 1 single copy No 1,1 Alive 1,1
11 Male 39 2 ND Lost

12 Female 4 MS 0 single copy No 4,7 Alive 4,7
13 | Female 17 L2 0 single copy No 4,5 Alive 4,5
14 = Female 39 L2 0 ND Lost

15  Female 140 M 1 single copy Yes 3,1 Alive 4,8
16 | Female 34 L2 0 single copy No 0,3 Alive 0,3
17 = Female 21 2 amplified Yes 0,1 Dead 3,5
18 Male 14 1 amplified No 1,7 Alive 1,7
19 | Male 34 2 single copy No 34 Alive 34
20 | Male 45 L2 0 single copy No 1,3 Alive 1,3
21 | Female 51 3 single copy Yes 2,2 Dead 2,7
22 Male 21 1 ND Lost

23 Male 4 L2 0 single copy No 32 Alive 32
24 | Female 30 M 1 MYCN gain No 2,6 Alive 2,6
25 | Female 6 L2 0 single copy No 3,9 Alive 3,9
26 | Female 30 L2 0 single copy No 2,4 Alive 2,4
27 Male 12 L2 ND ND Lost

28 | Female 24 ND ND ND Lost

29 Male 32 M ND ND Lost
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centrifuged at 300 x g for 5 minutes at 4°C. Supernatants were then
carefully removed, and 200 ul of MACS buffer were added in each
well. Cells were then analyzed by the MACS Quant 10 flow
cytometer analyzer, using the automated “Express Mode”
(Miltenyi Biotec) to detect IFN-y production by intracellular
staining of both CD4 and CD8 T cell populations. Results were
expressed as percentage of IFN-y+ producing cells among CD3
+CD4+ or CD3+CD8+ T lymphocytes.

2.4.2 Proliferation assay

T cell proliferation was assessed by flow cytometry using
CellTrace " CESE Cell Proliferation Kit (Thermo Fisher
Scientific, Waltham, Massachusetts, USA). Briefly, an aliquot of
MNC preparation was suspended in RPMI and stained with 2 uM
Carboxyfluorescein diacetate N-succinimidyl ester (CFSE) for 15
minutes at 37°C. Next, RPMI supplemented with 20% FBS (Thermo
Fisher, Waltham, Massachusetts, USA) was added, cells were
centrifuged at 300 x g for 10 minutes and suspended in RPMI
containing 5% human AB serum. After overnight incubation in the
presence or absence of EVs (as described above), MNC were
stimulated with SEB (1 pg/ml). In some wells, SEB was not added
(negative control). Plate was incubated at 37°C, 5% CO2, for 6 days.
Supernatants were then collected and stored at -20°C while cells
after washing were stained with anti-CD3 PC7 (Beckman Coulter),
anti-CD4 APC and anti-CD8 PE (Miltenyi Biotec) for 20 minutes at
room temperature. After washing, cells were suspended in MACS
buffer and subjected to flow cytometric analysis using Gallios
Cytometer and Kaluza software (Beckman Coulter). Results are
expressed as % of proliferating CD3+CD4+ and CD3+CD8+ T cells
(as witnessed by CFSE dilution).

2.4.3 Cytokine secretion

The concentration of different cytokines was measured on the
supernatants collected from the proliferation assay and stored at
-20°C until use, by using the MACSPlex Cytokine 12 kit (Miltenyi
Biotec), following manufacturer’s protocol. This assay allows to
determine the concentration of GM-CSF, IFN-q, IFN-y, IL-2, IL-4,
IL-5, IL-6, IL-9, IL-10, IL-12p70, IL-17A and TNF-o in a 96 well
filter plate. Briefly, supernatants were thawed and centrifuged to
remove particulates at 10000 x g for 10 minutes at 4°C. The assay
was carried out in 96 well filter plate after a washing step with
MACSPlex Buffer (by centrifugation using an adapter at 300 x g for
3 minutes). Samples, standards and negative controls (RPMI
containing 5% human AB serum) were seeded (50 pl/well) and
MACSPlex capture beads added and incubated on an orbital shaker
for 2 hours at room temperature. After a washing step, MACSPlex
Cytokine 12 Detection Reagent was added and the plate was
incubated in an orbital shaker for one additional hour. The plate
was then washed twice and 200 pl of MACSPlex Buffer was added to
each well before sample acquisition using MACS Quant 10
Analyzer. Samples were acquired using the “Express Mode”
specific to this assay (Miltenyi Biotec). Cytokine concentration in
the samples is expressed as pg/ml.
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2.5 Statistical analysis

Statistical analysis was performed using Prism software, version
5.03 (GraphPad Software Inc.). Data distribution was analyzed
using D’Agostino and Pearson omnibus normality test. Student’s
t-test or Mann-Whitney test were used to compare data sets,
depending on data distribution. Log-rank Test and Gehan-
Breslow-Wilcoxon Test were performed to compare patients’
survival. Differences were considered significant when p value was
< 0.05. Receiver operating characteristic (ROC) curve analysis was
performed using MedCalc (MedCalc Software Ltd, Ostend,
Belgium). Results are reported as median + standard error (SE) or
standard deviation (SD).

3 Results
3.1 Characterization of BM-derived EVs

Firstly, we determined the concentration and size of EVs in BM
plasma samples collected from 10 HD and 14 NB patients (6 at L2-
stage and 8 at M-stage) and by Nano Tracking Analysis (NTA). As
shown in Figure 1A, EV size was similar between NB (median + SE,
137.2 + 31.4 nm) and HD (136.6 + 11.57 nm). Minor differences were
measured between M-stage (141.3 + 33.42 nm) and L-stage (131.6 +
30.58 nm) NB patients. Furthermore, the amount of EVs was
significantly higher in BM plasma samples from NB patients (3 +
2.65x10"/ml) than HD (1 + 0.52x10"'/ml, p=0.03) (Figure 1B). Indeed,
both the number of EVs from L-stage (2.43 + 1.58x10"'/ml) or M-stage
(3.43 + 3.28x10"'/ml) patients were significantly higher compared to
HD (p=0.015 and p=0.0022, respectively), although no significant
differences were measured among NB patients (Figure 1B). Since L-
stage patients commonly do not have BM-infiltrating NB cells, we
hypothesize that EVs found in the BM of NB patients do not derive
exclusively from neuroblasts. Furthermore, to assess whether the
enrichment of EVs through centrifugation may alter the mean size of
EVs, we performed NTA on samples from a cohort of NB patients
(n=8) before and after isolation. As shown in Figure 1C, the mean size
of EVs was higher after the enrichment (mean + SD, 135.3 + 4.2 nm)
than before (125.8 + 8.0 nm, p=0.01). These data support the
hypothesis that large EVs were enriched from BM plasma samples
after centrifugation.

3.2 Phenotypic analysis of BM-derived EVs

We exposed EV preparations to flow cytometric characterization
for selective membrane mediators. First, we determined the expression
of CD56 on EVs isolated from BM plasma samples of NB patients and
healthy donors. CD56 was chosen as NB-associated marker, although
its expression can be detected also on NK cells, activated T cells,
monocytes, and dendritic cells (29). As shown in Figure 1D, the
expression of CD56 was significantly lower in EVs isolated from 17
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FIGURE 1

Characterization and phenotypical analysis of EVs in BM samples. The size (A) and concentration (B) of EVs has been analyzed in BM samples from
healthy controls (white dots) and NB patients (black dots), and in L-stage (light grey dots) or M-stage (dark grey dots) NB patients. The results are
expressed as nm and particles/ml x 10", respectively. (C) The size of EVs has been also analyzed in samples from NB patients before (white dots) and
after (black dots) EVs enrichment. (D) The expression of CD56 has been analyzed on EVs isolated from BM samples of i) healthy controls (white dots)
and NB patients (black dots), ii) M-stage (grey dots) and L-stage (dark grey dots) NB patients and iii) M-stage NB patients with low (grey dots) and
high (dark grey dots) BM infiltration of NB cells. The results are expressed as MRFI. Horizontal bars indicated medians. Statistically significant
differences are indicated. (E) A representative staining for CD56 is shown. Grey peaks indicated staining with isotype controls, whereas black peaks

indicated staining with specific mAbs.

HD (MRFIL, median + SE:4.01 + 0.35) than in those from 29 NB
patients (20 at M and 9 at L stage; 9.79 + 2.35, p<0.0001). CD56
expression on EVs was similar in both M-stage (n=20, 7.39 £ 2.63) and
L-stage (n=9, 11.25 + 3.89) NB patients. We next compared the
expression of CD56 on EVs isolated from M-stage NB patients with
low (grade 1) or intermediate/high (grade 2-3) infiltration of NB cells in
the BM, as assessed by cytomorphological analysis of BM smears (see
M&M for details). No significant difference was measured in such
cohorts of patients (5.64 + 2.81 and 8.75 + 4.78, respectively in low- or
high-grade infiltration). Collectively, these data suggested that CD56
may be derived from resident BM cell populations rather than
infiltrating NB cells. A representative staining for CD56 on EVs is
shown in Figure 1E. Thus, we investigated the expression of
disialoganglioside GD2, another NB-associated antigen, on EVs
isolated from a cohort of NB patients (5 L-stage and 5 M-stage). As
shown in Figure 2A, the expression of GD2 was significantly higher in
EVs from M-stage (MRFI mean + SD, 1.57 + 0.20) than in L-stage
(1.15 £ 0.08, p=0.04) NB patients. Since GD2 was not expressed on the
whole EVs population but in a small fraction, we also analyzed the
percentage of GD2" EVs. As shown in Figure 2B, the percentage of
GD2" EVs was higher in M-stage (% GD2" EVs, mean + SD, 9.77 +
2.99) than in L-stage (2.70 * 1.02, p=0.02) NB patients. A
representative staining for GD2 on EVs is shown in Figure 2C. The
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extremely low GD2 expression on EVs isolated from BM of NB
patients, in particular in L-stage subjects where it was virtually
undetectable, suggested such vesicles were mainly derived from BM-
resident cells rather than BM-infiltrating NB cells. Thus, we
investigated the expression of different markers for leukocytes
(CD45), T lymphocytes (CD3), B lymphocytes (CD19), monocytes
(CD14), hemopoietic stem cells (CD34), antigen-presenting cells
(HLA-DR), and mesenchymal stromal cells (CD105 and CD90). As
shown in Figure 2D, the percentage of CD45" EV was low (% of
positive EV, range 5.79-36.34, median 11.41). The majority of these
EVs were CD3" (range 1.96-22.92, median 7.11) or CD14" (range 3.25-
10.15, median), whereas CD19" (range 0.53-1.56, median 0.96) and
HLA-DR" (range 0.37-4.92, median 1.29) EVs were low to absent.
CD34 antigen was also present on these EV's (range 1.53-36.75, median
10.71). The most expressed markers on EVs were those derived from
mesenchymal stromal cells (MSC): CD105 (range 10.12-70.47, median
29.36) and CD90 (range 21.53-74.79, median 67.2). Collectively, these
data suggested that EV's are partially released by mature leukocytes and
hemopoietic stem cells, but MSCs are the major releaser of EVs in the
BM microenvironment. We expanded our analyses on additional,
critical immune checkpoint inhibitors such as HLA-G, PD-1 and
PD-LI. As shown in Figure 3A, the expression of HLA-G and PD-
L1 was significantly higher in EVs isolated from NB samples (MRFI,
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median + SE: 3.65 + 2.68, and 53.06 *+ 19.51, respectively) than in
controls (2.58 + 0.27 and 14.23 + 6.60, respectively). By contrast, the
expression of PD-1 was similar in NB patients and HD (4.98 + 1.91 and
7.50 £ 1.68, respectively). A representative cytofluorimetric analysis is
shown in Figure 3D. The expression of HLA-G, PD-1, and PD-L1 was
similar when we compared M-stage (3.95 + 5.00, 5.36 + 2.71 and 56.97
+ 35.22, respectively) and L-stage (3.41 + 0.93, 4.41 + 3.09 and 43.73 +
13.10, respectively) NB patients (Figure 3B). As shown in Figure 3C, no
significant differences were detected either in M-stage patients with
low- or high NB infiltration rates regarding the expression of HLA-G
(MRFI median + SE, 4.52 + 3.2 vs 3.86 + 9.49), PD-1 (3.71 + 6.75 vs
744 +3.29) and PD-L1 (82.38 + 18.75 vs 26.89 + 69.85). Since HLA-G
and PD-L1 are immune checkpoints described in tumor cells, we
checked whether their expressions on BM-derived EVs isolated from
NB patients are mutually associated. As shown in Figure 4A, HLA-G
and PD-LI expression significantly correlated on EVs isolated from NB
patients (r=0.6, p=0.0001). Similar results were obtained by analyzing
the correlation between CD56 and HLA-G (Figure 4B; r=0.5, p=0.001)
and between CD56 and PD-L1 (Figure 4C; r=0.5, p=0.001).
Collectively, these results may suggest a common origin for BM-
derived EVs. Furthermore, all these data suggest that BM-derived
EVs from NB patients are mainly released from BM resident cells
rather than from BM-infiltrating NB cells. Thus, since CD56 may
represent an activation marker on immune cell populations, BM-
derived CD56+ EVs from NB patients may be derived from activated
cell subsets among BM-resident cells, witnessing a high inflammatory
state in the BM microenvironment of NB patients which is lacking in
healthy subjects. A representative plot of distribution size of EVs and
phenotypical analysis is shown in Supplementary Figure 1.
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3.3 Effect of BM-derived EVs from NB
patients on T cell proliferation and IFN-
Y secretion

We analyzed whether BM-derived EVs isolated from NB
patients affect the proliferation of CD4" and CD8" T
lymphocytes, previously induced by SEB. As shown in
Figures 5A, B, the percentage of proliferating CD4" increased in
the presence of SEB (% of cells, median + SE: unstimulated 10.3 +
2.2; SEB 76.5 + 0.21) as well as in and CD8" T lymphocytes
(unstimulated 18.40 + 4.60; SEB 39.40 + 0.96). However, the
presence of EVs dampened the proliferation of both CD4" (59.3
+ 1.37, p=0.02) and CD8" (22.9 + 2.37, p=0.02) T lymphocytes. Of
note, blocking antibodies directed against HLA-G or PD-L1 were
not effective in restoring T cell proliferation, suggesting the vesicle
effect was not related to HLA-G or PD-1/PD-L1 pathways. A
representative gating strategy panel is shown in Supplementary
Figure 2. Next, we evaluated whether BM-derived EVs from NB
patients were able to modulate T cell immune response against
bacterial antigen SEB. Total MNC from healthy subjects were
incubated in the presence or absence of EVs, and then stimulated
with SEB. CD4" and CD8" T cell subsets were then analyzed for the
intracellular IFN-y production. As shown in Figures 5C, D, CD4"
and CD8" T lymphocytes efficiently produced IFN-y in response to
SEB (% of cells, median + SE: unstimulated 0.035 + 0.01; SEB-
stimulated 2.7 + 0.06 and unstimulated 0.06 + 0.01; SEB-stimulated
4.11 + 0.08, respectively). The presence of NB-derived EVs did not
alter the production of IFN-y either in CD4" (2.55 + 0.05) or in
CDS8" (3.89 + 0.07) T cell subsets.
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Immunoregulatory functions of NB patients’ BM-derived EVs. The proliferation of CD4 (A) or CD8 (B) T cells from normal donors (either
unstimulated or stimulated with SEB) was assessed by flow cytometry in the presence or absence of NB patients’ BM-derived EVs and in the
presence or absence of blocking antibodies against HLA-G or PD-L1. The results are expressed as median+SE of the % of proliferating cells (as
witnessed by CFSE dilution). In the same experimental conditions, the intracellular IFN-y secretion was assessed by flow cytometry in CD4* (C) or
CD8" (D) T cells. The results are expressed as median+SE of the % of IFN-y* cells. Statistically significant differences are indicated.

3.4 Effect of BM-derived EVs from NB
patients on cytokine release from MNC
stimulated with SEB

We next investigated the ability of BM-derived EVs from NB
patients to modulate the release of 12 pro- or anti-inflammatory
cytokines by SEB-stimulated MNC. As shown in Figure 6A, the
bacterial enterotoxin B actively induces the secretion of GM-CSF by
MNC (median * SE: unstimulated 0 + 0.02 pg/ml; SEB-stimulated
6154 + 49.2 pg/ml). The presence of NB-derived EVs significantly
increased GM-CSF secretion (7223 + 273.6 pg/ml, p=0.02, panel A).
Such a secretion was significantly inhibited by anti-HLA-G blocking
mAb (5578 + 335 pg/ml, p=0.05), but not in the presence of anti-
PD-L1 blocking mAb (7558 + 131.4 pg/ml). Bacterial enterotoxin
also induced also the secretion of IFN-a. (Figure 6B) (unstimulated
0 £ 0.002 pg/ml; SEB-stimulated 15.35 + 2.02 pg/ml). Once again,
such a secretion was significantly and strongly dampened in the
presence of NB-derived EVs (1.8 + 0.89 pg/ml, p=0.02), with no
significant effects when blocking mAbs against HLA-G (4.1 + 1.22
pg/ml) or PD-L1 (4 + 2.1 pg/ml) were added (Figure 4B). Another
soluble mediator released in high quantity in the presence of SEB is
IL-6 (Figure 6C) (unstimulated 0.35 + 0.04 pg/ml; SEB-stimulated
617.2 + 35.16 pg/ml). Similarly, the presence of NB-derived EVs
significantly inhibited IL-6 secretion (359.4 + 9.24 pg/ml, p=0.02).

Frontiers in Immunology

IL-6 release was significantly restored by the exposure to blocking
mAbs against HLA-G (892.5 + 105.1 pg/ml, p=0.03) or PD-L1
(574.3 £ 103.8 pg/ml, p=0.03) (Figure 6C). Another interleukin
presenting a similar pattern was IL-2: we measured a low basal
secretion equal to 1.15 + 2.1 pg/ml in unstimulated cells, and one
thousand times higher in the presence of bacterial endotoxin (1297
+ 810.5 pg/ml). NB-derived EVs inhibited IL-2 secretion (383.3
271.7 pg/ml) and the supplementation of blocking antibodies
partially restored the secretion, although these differences were
not significant (Figure 6D). Finally, the production and secretion
of other soluble mediators such as IL-4, IL-10, TNF-o,, IL-5, IL-9,
IL-12p70, and IL-17A were induced by bacterial enterotoxin, but no
modulation was observed by exposure to NB-derived EVs. We were
unable to determine the effects on IFN-y secretion, since the
concentration was above the limit of detection of the assay in all
experimental conditions (data not shown).

3.5 High expression of CD56, HLA-G, PD-1
and PD-L1 and prognosis of NB patients

To assess whether the phenotype of BM-derived EVs may

impact the clinical outcome, we selected 23 NB patients (14 M-
stage, 7 L-stage, and 2 MS-stage) with available data at follow-up
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Modulation of cytokine production by NB patients’ BM-derived EVs. The secretion of different cytokines (A GM-CSF, B INF-o, C IL-6, D IL-2) by MNC
from normal donors (either unstimulated or stimulated with SEB) was assessed by flow cytometry in the presence or absence of NB patients’ BM-
derived EVs and in the presence or absence of blocking antibodies against HLA-G or PD-L1. The results are expressed as pg/ml (median+SE).

Statistically significant differences are indicated.

regarding event-free survival (EFS) and overall survival (OS). We
performed an ROC curve analysis to calculate the cut-off MRFI
values for CD56, HLA-G, PD-1, and PD-L1 able to discriminate
patients with different prognoses. We obtained similar results for all
4 molecular signatures, with a slight difference for OS. Specifically,
we measured MRFI for CD56 equal to 2.62 in EFS and 1.76 as OS;
2.1 and 1.61 for HLA-G, respectively for EFS and OS; 8.1 and 6.8 for
PD-1. PD-L1 had the same result for EFS and OS (12.5). Such values
were used to plot the survival curves of NB patients with MRFI
values on EVs above or below the cut-off values for each molecule.
Complete data of ROC analyses are shown in Supplementary
Figure 3. Patients with MRFI values of HLA-G on BM-derived
EVs above the cut-off value display a better EFS (Figure 7A, Hazard
Ratio 13,16, 95% CI of ratio 1,940 to 89,22) and OS (Figure 8A,
Hazard Ratio 23361, 95% CI of ratio 224,1 to 2,436)(106) than NB
patients with MRFI values below the cut-off (p=0.008 and p<0.0001,
respectively). Similar results were obtained for CD56 (EFS: p=0.002,
Figure 7B, Hazard Ratio 51,64, 95% CI of ratio 4 to 666,8; OS:
p<0.0001, Figure 8B, Hazard Ratio 23361, 95% CI of ratio 224,1 to
2,43x106) and PD-L1 (EFS: p=0.0005, Figure 7C, Hazard Ratio
323,5,95% CI of ratio 16,42 to 6373; OS p=0.008, Figure 8C, Hazard
Ratio 17,13, 95% CI of ratio 1,064 to 276,0) expression. No
significant difference in survival probability was found when the
cut-off level for PD-1 expression was used (Figures 7, 8D). Finally,
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we analyzed the number of control samples with MRFI values above
the cut-off levels. The majority of control samples display MRFI
values above the cut-off levels calculated for EFS (CD56 12/15,
HLA-G 10/15, PD-L1 8/15, PD-1 6/15) and OS (CD56 15/15, HLA-
G 13/15, PD-L1 8/15, PD-1 9/15) (data not shown).

4 Discussion

The important and longly underestimated role of EVs in tumor
progression has gained recognition over the last few years, both for
solid and hematological tumors (21, 30). Consequently, EVs have
been recently proposed as tumor biomarkers for diagnostic
purposes as well as possible targets for novel therapeutic
strategies (31, 32). Several studies have addressed the role of EVs
in the inhibition of anti-tumor immune response, in the formation
of tumor metastasis and, more importantly, in the resistance to
drugs in NB (26). Neoplastic cell-derived vesicles can express a
variety of surface proteins, derived from the parental cells. Among
them, ligands for inhibitory receptors and immune checkpoints
may be relevant, since their presence on tumor-derived EVs may
generate a protective halo, supporting tumor cell evasion from
immune recognition. Indeed, effector cells, like T lymphocytes and
NK cells are likely impeded in recognizing and eliminating
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neoplastic cells, shielded by secreted EVs equipped with a specific
arsenal. Indeed, the presence of HLA-G-bearing EV's and their effect
on T lymphocytes has been described in tumors (33, 34) and
consequently proposed as a marker for tumor progression (35).
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Similarly, PD-LI1-expressing EVs have been detected in several

tumors (36-42), representing a prognostic marker for the clinical

outcome as well as for the response to therapy (36-39, 43). The

current study moved from such a hypothesis and elucidated the
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large presence of EVs bearing HLA-G and PD-L1 in samples
collected from patients affected by NB. We successfully isolated
extracellular vesicles from BM plasma samples withdrawn by NB
patients and we detected CD56, a marker of immune cell activation,
along with high amount of immune-modulatory mediators such as
HLA-G, PD-1 and PD-L1. The level of expression in patients with
NB was significantly higher than the amount detected in EVs
equally isolated from healthy subjects. The surface expression of
immune mediators was independent of the stage of NB disease, and
among patients with high-risk classification, we measured
independence from the degree of BM infiltration by NB
metastatic cells. These findings strongly support the tenet that the
BM-derived EVs are mainly secreted by BM resident cells rather
than from the BM-infiltrating NB cells. In particular, our data
suggested that EVs in the BM microenvironment are mainly
released by MSC, with a smaller contribution from HSC and
mature leukocytes. A further support for this conclusion comes
from the finding that GD2, a NB-associated antigen, is expressed at
very low levels, and only on a small fraction of BM-derived EVs.
Furthermore, the higher the expression of CD56, HLA-G, or PD-L1
on EVs, the better the outcome of the patient. However, a
multivariate analysis by the Cox-regression model, which is
required to confirm the prognostic value of these observations,
did not reach the statistical significance, due to the limited number
of samples analyzed (data not shown). By examining the effects of
the BM-derived EVs isolated from NB patients on T cells and MNC
immune response we found no direct effect on the production of
IFN-y by CD4" or CD8" T cells, whereas they significantly
dampened proliferation of both T cell subsets. The inhibition of T
cell proliferation, however, is independent from HLA-G or PD-L1
expression, suggesting that inhibition was likely mediated by other
mechanisms. In this context, the contribution of different molecules
to the immune escape of NB cells has been reported, including IDO
(22) and adenosinergic ectoenzymes (27). Patients-derived EVs
enhance the secretion of GM-CSF by activated MNC, mainly
through the expression of HLA-G and inhibit the secretion of IL-
6 through the expression of both HLA-G and PD-L1. BM-derived
EVs collected from NB patients also seem to modulate the MNC
secretion of IL-2 and IFN-a: by MNC. Notably, it has been reported
that GM-CSF may modulate immune response through the
activation of tumor-associated neutrophils and macrophages and
up-regulate PD-L1 expression on the latter cells (44, 45). IL-6 may
be a malevolent player in anti-tumor immune response, since it may
promote survival and proliferation of tumor cells and metastatic
spread. However, IL-6 may also support T cell activation,
proliferation and survival and boost cytotoxic function and anti-
tumor activities (46). Taken together, all these findings suggest that
BM-derived EVs may positively impact NB patients’ survival
through an immunomodulatory effect on the inflammatory state
of BM, which is induced by NB disease regardless of the NB
infiltration of the BM niche (47). Indeed, previous reports
highlighted that inflammation is related to a worse clinical
outcome in NB patients (48, 49). Furthermore, tumor cells not

Frontiers in Immunology

12

10.3389/fimmu.2024.1469771

only cross-talk with immune and non-immune cells and signal
within the primary tumor microenvironment, but neoplastic cells
may also generate signals traveling long distances, inducing pre-
metastatic niche and promoting the spread of primary tumors (50).
Thus, we cannot exclude the presence of EVs in the BM
microenvironment could be due to the presence of NB cells in the
primary tumor site.

In conclusion, we found evidence supporting the fact that EVs
isolated from BM of NB patients may be predominantly secreted by
normal resident BM cells. These vesicles, differently from EVs
reported in other neoplastic tissues, where they represent an
immune mechanism of escape performed by metastatic cells (18,
36, 37, 39-44, 46, 48, 49, 51), can be secreted by normal cells as a
mechanism to counteract the inflammation-dependent immune-
suppressive state occurring in the marrow of patients with
neuroblastoma. However, such a hypothesis requires further
investigation and needs to be confirmed in future studies where
the inflammatory state of BM-resident cells, as well as the
expression of other markers on BM-derived EVs, will be
specifically addressed and elucidated.

Data availability statement

The raw data supporting the conclusions of this article will be
made available by the authors, without undue reservation.

Ethics statement

The studies involving humans were approved by the IRCCS
Istituto Giannina Gaslini Ethics Committee (14/3/2008). The
studies were conducted in accordance with the local legislation
and institutional requirements. The participants provided their
written informed consent to participate in this study.

Author contributions

DM: Investigation, Methodology, Writing - original draft,
Writing - review & editing. MC: Data curation, Investigation,
Writing - review & editing. GT: Resources, Writing - review &
editing. RG: Resources, Writing — review & editing. IA: Resources,
Writing - review & editing. FM: Conceptualization, Data curation,
Funding acquisition, Investigation, Methodology, Resources,
Supervision, Writing — original draft, Writing - review & editing.

Funding

The author(s) declare financial support was received for the
research, authorship, and/or publication of this article. This study

frontiersin.org


https://doi.org/10.3389/fimmu.2024.1469771
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Marimpietri et al.

has been supported by Ministero della Salute, Progetti di Ricerca
Corrente and from Sanofi (Grant “Research to Care” to FM).

Acknowledgments

We thank the Transfusion Medicine Unit at IRCCS Ospedale
Policlinico San Martino for providing us Buffy-Coat samples for
this study.

Conflict of interest

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

Publisher’s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the

References

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

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

3. Cohn SL, Pearson AD, London WB, Monclair T, Ambros PF, Brodeur GM, et al.
The International Neuroblastoma Risk Group (INRG) classification system: an INRG
Task Force report. J Clin Oncol. (2009) 27:289-97. doi: 10.1200/JC0.2008.16.6785

4. Morandi F, Corrias MV, Pistoia V. Evaluation of bone marrow as a metastatic site
of human neuroblastoma. Ann N Y Acad Sci. (2015) 1335:23-31. doi: 10.1111/
nyas.2015.1335.issue-1

5. Morandi F, Scaruffi P, Gallo F, Stigliani S, Moretti S, Bonassi S, et al. Bone
marrow-infiltrating human neuroblastoma cells express high levels of calprotectin and
HLA-G proteins. PloS One. (2012) 7:¢29922. doi: 10.1371/journal.pone.0029922

6. Dondero A, Pastorino F, Della Chiesa M, Corrias MV, Morandi F, Pistoia V, et al.
PD-LI expression in metastatic neuroblastoma as an additional mechanism for limiting
immune surveillance. Oncoimmunology. (2016) 5:¢1064578. doi: 10.1080/
2162402X.2015.1064578

7. Wienke J, Dierselhuis MP, Tytgat GAM, Kiinkele A, Nierkens S, Molenaar JJ. The
immune landscape of neuroblastoma: Challenges and opportunities for novel
therapeutic strategies in pediatric oncology. Eur J Cancer. (2021) 144:123-50.
doi: 10.1016/j.jca.2020.11.014

8. Pistoia V, Morandi F, Wang X, Ferrone S. Soluble HLA-G: Are they clinically
relevant? Semin Cancer Biol. (2007) 17:469-79. doi: 10.1016/j.semcancer.2007.07.004

9. Morandi F, Levreri I, Bocca P, Galleni B, Raffaghello L, Ferrone S, et al. Human
neuroblastoma cells trigger an immunosuppressive program in monocytes by
stimulating soluble HLA-G release. Cancer Res. (2007) 67:6433-41. doi: 10.1158/
0008-5472.CAN-06-4588

10. Morandi F, Pozzi S, Carlini B, Amoroso L, Pistoia V, Corrias MV. Soluble HLA-
G and HLA-E levels in bone marrow plasma samples are related to disease stage in
neuroblastoma patients. J Immunol Res. (2016) 2016:7465741. doi: 10.1155/2016/
7465741

11. Benson DMJr., Bakan CE, Mishra A, Hofmeister CC, Efebera Y, Becknell B, et al.
The PD-1/PD-L1 axis modulates the natural killer cell versus multiple myeloma effect: a
therapeutic target for CT-011, a novel monoclonal anti-PD-1 antibody. Blood. (2010)
116:2286-94. doi: 10.1182/blood-2010-02-271874

12. Terme M, Ullrich E, Aymeric L, Meinhardt K, Desbois M, Delahaye N, et al. IL-
18 induces PD-1-dependent immunosuppression in cancer. Cancer Res. (2011)
71:5393-9. doi: 10.1158/0008-5472.CAN-11-0993

Frontiers in Immunology

13

10.3389/fimmu.2024.1469771

reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fimmu.2024.
1469771/full#supplementary-material

SUPPLEMENTARY FIGURE 1

Flow cytometric analysis. Representative distribution of EV isolated from one
NB patient's BM sample, and representative plots for isotype controls and
staining with anti-CD56, anti-HLA-G, anti-PD-1 and anti-PD-L1 mAbs.

SUPPLEMENTARY FIGURE 2

Gating strategy for proliferation assay. Cells were firstly gated on
lymphocytes, and then on CD3* and CD4" or CD4" cells. CFSE dilution was
analyzed on CD4"* or CD8" (CD3*CD4") T lymphocytes.

SUPPLEMENTARY FIGURE 3

ROC curve analysis in NB patients. Data from ROC curve analysis performed
in NB patients on the expression of HLA-G, CD56, PD-L1 and PD-1. (A) shows
data obtained by the analysis of EFS, whereas (B) shows data obtained
with OS.

13. Freeman GJ, Long AJ, Iwai Y, Bourque K, Chernova T, Nishimura H, et al.
Engagement of the PD-1 immunoinhibitory receptor by a novel B7 family member
leads to negative regulation of lymphocyte activation. J Exp Med. (2000) 192:1027-34.
doi: 10.1084/jem.192.7.1027

14. Pardoll DM. The blockade of immune checkpoints in cancer immunotherapy.
Nat Rev Cancer. (2012) 12:252-64. doi: 10.1038/nrc3239

15. Shin DS, Ribas A. The evolution of checkpoint blockade as a cancer therapy:
what’s here, what’s next? Curr Opin Immunol. (2015) 33:23-35. doi: 10.1016/
j.€01.2015.01.006

16. Ivasko SM, Anders K, Grunewald L, Launspach M, Klaus A, Schwiebert S, et al.
Combination of GD2-directed bispecific trifunctional antibody therapy with Pd-1
immune checkpoint blockade induces anti-neuroblastoma immunity in a syngeneic
mouse model. Front Immunol. (2022) 13:1023206. doi: 10.3389/fimmu.2022.1023206

17. Webb ER, Moreno-Vincente J, Easton A, Lanati S, Taylor M, James S, et al.
Cyclophosphamide depletes tumor infiltrating T regulatory cells and combined with
anti-PD-1 therapy improves survival in murine neuroblastoma. iScience. (2022)
25:104995. doi: 10.1016/j.is¢i.2022.104995

18. Wang S, Sun J, Dastgheyb RM, Li Z. Tumor-derived extracellular vesicles
modulate innate immune responses to affect tumor progression. Front Immunol.
(2022) 13:1045624. doi: 10.3389/fimmu.2022.1045624

19. Castillo-Pefia A, Molina-Pinelo S. Landscape of tumor and immune system cells-
derived exosomes in lung cancer: mediators of antitumor immunity regulation. Front
Immunol. (2023) 14:1279495. doi: 10.3389/fimmu.2023.1279495

20. Giusti I, Poppa G, Di Fazio G, D’ascenzo S, Dolo V. Metastatic dissemination:
role of tumor-derived extracellular vesicles and their use as clinical biomarkers. Int |
Mol Sci. (2023) 24. doi: 10.3390/ijms24119590

21. Mitchell MI, Loudig O. Communicator extraordinaire: extracellular vesicles in
the tumor microenvironment are essential local and long-distance mediators of cancer
metastasis. Biomedicines. (2023) 11. doi: 10.3390/biomedicines11092534

22. Morini M, Raggi F, Bartolucci M, Petretto A, Ardito M, Rossi C, et al. Plasma-
derived exosome proteins as novel diagnostic and prognostic biomarkers in
neuroblastoma patients. Cells. (2023) 12. doi: 10.3390/cells12212516

23. Schmittgen TD. Exosomal miRNA cargo as mediator of immune escape
mechanisms in neuroblastoma. Cancer Res. (2019) 79:1293-4. doi: 10.1158/0008-
5472.CAN-19-0021

24. Bhavsar SP. Recent advances in the roles of exosomal microRNAs in
neuroblastoma. Front Oncol. (2022) 12:1091847. doi: 10.3389/fonc.2023.1091847

frontiersin.org


https://www.frontiersin.org/articles/10.3389/fimmu.2024.1469771/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fimmu.2024.1469771/full#supplementary-material
https://doi.org/10.1056/NEJMra0804577
https://doi.org/10.1038/nrc3526
https://doi.org/10.1200/JCO.2008.16.6785
https://doi.org/10.1111/nyas.2015.1335.issue-1
https://doi.org/10.1111/nyas.2015.1335.issue-1
https://doi.org/10.1371/journal.pone.0029922
https://doi.org/10.1080/2162402X.2015.1064578
https://doi.org/10.1080/2162402X.2015.1064578
https://doi.org/10.1016/j.ejca.2020.11.014
https://doi.org/10.1016/j.semcancer.2007.07.004
https://doi.org/10.1158/0008-5472.CAN-06-4588
https://doi.org/10.1158/0008-5472.CAN-06-4588
https://doi.org/10.1155/2016/7465741
https://doi.org/10.1155/2016/7465741
https://doi.org/10.1182/blood-2010-02-271874
https://doi.org/10.1158/0008-5472.CAN-11-0993
https://doi.org/10.1084/jem.192.7.1027
https://doi.org/10.1038/nrc3239
https://doi.org/10.1016/j.coi.2015.01.006
https://doi.org/10.1016/j.coi.2015.01.006
https://doi.org/10.3389/fimmu.2022.1023206
https://doi.org/10.1016/j.isci.2022.104995
https://doi.org/10.3389/fimmu.2022.1045624
https://doi.org/10.3389/fimmu.2023.1279495
https://doi.org/10.3390/ijms24119590
https://doi.org/10.3390/biomedicines11092534
https://doi.org/10.3390/cells12212516
https://doi.org/10.1158/0008-5472.CAN-19-0021
https://doi.org/10.1158/0008-5472.CAN-19-0021
https://doi.org/10.3389/fonc.2023.1091847
https://doi.org/10.3389/fimmu.2024.1469771
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Marimpietri et al.

25. Richard H, Pokhrel A, Chava S, Pathania A, Katta SS, Challagundla KB.
Exosomes: novel players of therapy resistance in neuroblastoma. Adv Exp Med Biol.
(2020) 1277:75-85. doi: 10.1007/978-3-030-50224-9_5

26. Marimpietri D, Airoldi I, Faini AC, Malavasi F, Morandi F. The role of
extracellular vesicles in the progression of human neuroblastoma. Int J Mol Sci.
(2021) 22. doi: 10.3390/ijms22083964

27. Morandi F, Marimpietri D, Horenstein AL, Corrias MV, Malavasi F.
Microvesicles expressing adenosinergic ectoenzymes and their potential role in
modulating bone marrow infiltration by neuroblastoma cells. Oncoimmunology.
(2019) 8:¢1574198. doi: 10.1080/2162402X.2019.1574198

28. Morandi F, Marimpietri D, Gérgens A, Gallo A, Srinivasan RC, El-Andaloussi S,
et al. Human amnion epithelial cells impair T cell proliferation: the role of HLA-G and
HLA-E molecules. Cells. (2020) 9. doi: 10.3390/cells9092123

29. Van Acker HH, Capsomidis A, Smits EL, Van Tendeloo VF. CD56 in the
immune system: more than a marker for cytotoxicity? Front Immunol. (2017) 8:892.
doi: 10.3389/fimmu.2017.00892

30. Van Morckhoven D, Dubois N, Bron D, Meuleman N, Lagneaux L,
Stamatopoulos B. Extracellular vesicles in hematological Malignancies: EV-dence for
reshaping the tumoral microenvironment. Front Immunol. (2023) 14:1265969.
doi: 10.3389/fimmu.2023.1265969

31. Das K, Mukherjee T, Shankar P. The role of extracellular vesicles in the
pathogenesis of hematological Malignancies: interaction with tumor
microenvironment; a potential biomarker and targeted therapy. Biomolecules. (2023)
13. doi: 10.3390/biom13060897

32. Trifylli EM, Kriebardis AG, Koustas E, Papadopoulos N, Vasileiadi S, Fortis SP,
et al. The arising role of extracellular vesicles in cholangiocarcinoma: A rundown of the
current knowledge regarding diagnostic and therapeutic approaches. Int J Mol Sci.
(2023) 24. doi: 10.3390/ijms242115563

33. Schwich E, Ho GT, Lemaoult ], Bade-Déding C, Carosella ED, Horn PA, et al.
Soluble HLA-G and HLA-G bearing extracellular vesicles affect ILT-2 positive and ILT-
2 negative CD8 T cells complementary. Front Immunol. (2020) 11:2046. doi: 10.3389/
fimmu.2020.02046

34. Li P, Wang N, Zhang Y, Wang C, Du L. HLA-G/sHLA-G and HLA-G-bearing
extracellular vesicles in cancers: potential role as biomarkers. Front Immunol. (2021)
12:791535. doi: 10.3389/fimmu.2021.791535

35. Schwich E, Rebmann V, Horn PA, Celik AA, Bade-Déding C, Kimmig R, et al.
Vesicular-bound HLA-G as a predictive marker for disease progression in epithelial
ovarian cancer. Cancers (Basel). (2019) 11. doi: 10.3390/cancers11081106

36. Dou X, Hua Y, Chen Z, Chao F, Li M. Extracellular vesicles containing PD-L1
contribute to CD8+ T-cell immune suppression and predict poor outcomes in small
cell lung cancer. Clin Exp Immunol. (2022) 207:307-17. doi: 10.1093/cei/uxac006

37. Serrati S, Guida M, Di Fonte R, De Summa S, Strippoli S, Iacobazzi RM, et al.
Circulating extracellular vesicles expressing PD1 and PD-L1 predict response and
mediate resistance to checkpoint inhibitors immunotherapy in metastatic melanoma.
Mol Cancer. (2022) 21:20. doi: 10.1186/512943-021-01490-9

38. Eslami SZ, Cortés-Hernandez LE, Sinoquet L, Gauthier L, Vautrot V,
Cayrefourcq L, et al. Circulating tumour cells and PD-LI-positive small extracellular
vesicles: the liquid biopsy combination for prognostic information in patients with

Frontiers in Immunology

14

10.3389/fimmu.2024.1469771

metastatic non-small cell lung cancer. Br ] Cancer. (2023). doi: 10.1038/s41416-023-
02491-9

39. Genova C, Tasso R, Rosa A, Rossi G, Reverberi D, Fontana V, et al. Prognostic
role of soluble and extracellular vesicle-associated PD-L1, B7-H3 and B7-H4 in non-
small cell lung cancer patients treated with immune checkpoint inhibitors. Cells. (2023)
12. doi: 10.3390/cells12060832

40. Ko HH, Peng HH, Cheng AN, Chou HE, Hou HH, Kuo WT, et al. Metastasis
and immunosuppression promoted by mtDNA and PD-L1 in extracellular vesicles are
reversed by WGP B-glucan in oral squamous cell carcinoma. Cancer Sci. (2023)
114:3857-72. doi: 10.1111/cas.v114.10

41. Lu X, Shen J, Huang S, Liu D, Wang H. Tumor cells-derived exosomal PD-L1
promotes the growth and invasion of lung cancer cells in vitro via mediating
macrophages M2 polarization. Eur J Histochem. (2023) 67. doi: 10.4081/
€jh.2023.3784

42. Xu P, Liu J, Chen H, Shang L, Wang F, Zhu Y, et al. Clinical significance of
plasma PD-L1(+) exosomes in the management of diffuse large B cell lymphoma. Ann
Hematol. (2023) 102:2435-44. doi: 10.1007/s00277-023-05259-6

43. De Miguel-Perez D, Russo A, Arrieta O, Ak M, Barron F, Gunasekaran M, et al.
Extracellular vesicle PD-L1 dynamics predict durable response to immune-checkpoint
inhibitors and survival in patients with non-small cell lung cancer. ] Exp Clin Cancer
Res. (2022) 41:186. doi: 10.1186/513046-022-02379-1

44. Tang D, Zhang D, Heng Y, Zhu XK, Lin HQ, Zhou J, et al. Tumor-infiltrating
PD-L1+ Neutrophils induced by GM-CSF suppress T cell function in laryngeal
squamous cell carcinoma and predict unfavorable prognosis. ] Inflammation Res.
(2022) 15:1079-97. doi: 10.2147/JIR.S347777

45. Wang P, Tao L, Yu Y, Wang Q, Ye P, Sun Y, et al. Oral squamous cell carcinoma
cell-derived GM-CSF regulates PD-L1 expression in tumor-associated macrophages
through the JAK2/STATS3 signaling pathway. Am J Cancer Res. (2023) 13:589-601.

46. Fisher DT, Appenheimer MM, Evans SS. The two faces of IL-6 in the tumor
microenvironment. Semin Immunol. (2014) 26:38-47. doi: 10.1016/j.smim.2014.01.008

47. Scaruffi P, Morandi F, Gallo F, Stigliani S, Parodi S, Moretti S, et al. Bone
marrow of neuroblastoma patients shows downregulation of CXCL12 expression
and presence of IFN signature. Pediatr Blood Cancer. (2012) 59:44-51. doi: 10.1002/
pbc.23339

48. Zheng C, Liu S, Feng ], Zhao X. Prognostic value of inflammation biomarkers for
survival of patients with neuroblastoma. Cancer Manag Res. (2020) 12:2415-25.
doi: 10.2147/CMAR.S245622

49. Cesur 1B, Ozgelik Z. Systemic immune-inflammation index may predict
mortality in neuroblastoma. Cureus. (2023) 15:e35705. doi: 10.7759/cureus.35705

50. Peinado H, Zhang H, Matei IR, Costa-Silva B, Hoshino A, Rodrigues G, et al.
Pre-metastatic niches: organ-specific homes for metastases. Nat Rev Cancer. (2017)
17:302-17. doi: 10.1038/nrc.2017.6

51. Morandi F, Marimpietri D, Horenstein AL, Bolzoni M, Toscani D, Costa F, et al.
Microvesicles released from multiple myeloma cells are equipped with ectoenzymes
belonging to canonical and non-canonical adenosinergic pathways and produce
adenosine from ATP and NAD(). Oncoimmunology. (2018) 7:e1458809.
doi: 10.1080/2162402X.2018.1458809

frontiersin.org


https://doi.org/10.1007/978-3-030-50224-9_5
https://doi.org/10.3390/ijms22083964
https://doi.org/10.1080/2162402X.2019.1574198
https://doi.org/10.3390/cells9092123
https://doi.org/10.3389/fimmu.2017.00892
https://doi.org/10.3389/fimmu.2023.1265969
https://doi.org/10.3390/biom13060897
https://doi.org/10.3390/ijms242115563
https://doi.org/10.3389/fimmu.2020.02046
https://doi.org/10.3389/fimmu.2020.02046
https://doi.org/10.3389/fimmu.2021.791535
https://doi.org/10.3390/cancers11081106
https://doi.org/10.1093/cei/uxac006
https://doi.org/10.1186/s12943-021-01490-9
https://doi.org/10.1038/s41416-023-02491-9
https://doi.org/10.1038/s41416-023-02491-9
https://doi.org/10.3390/cells12060832
https://doi.org/10.1111/cas.v114.10
https://doi.org/10.4081/ejh.2023.3784
https://doi.org/10.4081/ejh.2023.3784
https://doi.org/10.1007/s00277-023-05259-6
https://doi.org/10.1186/s13046-022-02379-1
https://doi.org/10.2147/JIR.S347777
https://doi.org/10.1016/j.smim.2014.01.008
https://doi.org/10.1002/pbc.23339
https://doi.org/10.1002/pbc.23339
https://doi.org/10.2147/CMAR.S245622
https://doi.org/10.7759/cureus.35705
https://doi.org/10.1038/nrc.2017.6
https://doi.org/10.1080/2162402X.2018.1458809
https://doi.org/10.3389/fimmu.2024.1469771
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

	Immunomodulatory properties of extracellular vesicles isolated from bone marrow of patients with neuroblastoma: role of PD-L1 and HLA-G
	1 Introduction
	2 Materials and methods
	2.1 Patients
	2.2 Isolation and characterization of EVs
	2.3 Flow cytometric analysis
	2.4 Functional studies
	2.4.1 IFN-&gamma; secretion assay
	2.4.2 Proliferation assay
	2.4.3 Cytokine secretion

	2.5 Statistical analysis

	3 Results
	3.1 Characterization of BM-derived EVs
	3.2 Phenotypic analysis of BM-derived EVs
	3.3 Effect of BM-derived EVs from NB patients on T cell proliferation and IFN-&gamma; secretion
	3.4 Effect of BM-derived EVs from NB patients on cytokine release from MNC stimulated with SEB
	3.5 High expression of CD56, HLA-G, PD-1 and PD-L1 and prognosis of NB patients

	4 Discussion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Acknowledgments
	Conflict of interest
	Publisher’s note
	Supplementary material
	References


