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ARTICLE INFO ABSTRACT
Keywords: Circulating tumour-derived extracellular vesicles are supposed to contribute to the spreading of distant metas-
Extracellular vesicles tasis. In this study, we investigated the impact of circulating extracellular vesicles derived from tumour-

Tumour microenvironment
Tumour endothelial cells
Tumour immune editing

endothelial cells (TEVs) in the expansion of the metastatic bulk. We focus on the role of immune cells in con-
trolling this process using the 4T1 triple negative breast cancer (TNBC) syngeneic model.

4T1 cells were intravenously injected and exposed to circulating TEVs from day 7. The lung, spleen, and bone
marrow (BM) were recovered and analysed. We demonstrated that circulating TEVs boost lung metastasis and
angiogenesis. FACS and immunohistochemically analyses revealed a significant enrichment of Ly6G"/F4/80"/
CD11b" cells and Ly6G*/F4/807/CD11b" in the lung and in the spleen, while Ly6G'/F4/80"/CD11b" in the BM,
indicating the occurrence of a systemic and local immune suppression. TEV immune suppressive properties were
further supported by the increased expression of PD-L1, PD-1, and iNOS in the tumour mass. In addition, in vitro
experiments demonstrated an increase of CD117" cells, PD-L1" myeloid and cancer cells, upregulation of LAG3,
CTLA4 and PD-1 in T-cells, release of ROS and NOS, and impaired T-cell-mediated cytotoxic effect in co-culture
of TEVs-preconditioned PBMCs and cancer cells. Granulocyte-colony stimulating factor (G-CSF) level was
increased in vivo, and was involved in reshaping the immune response. Mechanistically, we also found that mTOR
enriched TEVs support G-CSF release and trigger the phosphorylation of the S6 (Ser235/236) mTOR downstream
target. Overall, we provided evidence that circulating TEVs enriched in mTOR supported G-CSF release thereby
granting tumour immune suppression and metastasis outgrowth.

1. Introduction 12 % of all new annual cancer diagnosis. Moreover, BC is the second
cause of mortality in Europe and United States [1]. Triple negative

According to the World Health Organization (WHO), breast cancer breast cancer (TNBC) is defined by the lack of oestrogen receptor (ER),
(BC) is the most common cancer worldwide, accounting for more than progesterone receptor (PR), and human epidermal growth factor
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receptor 2 (HER2) expression and is associated with aggressive growth,
high rate of metastasis, and poor prognosis compared to all BC sub-types
[11.

Cancer progression highly depends on the capability of cancer cells
to interact with other cell types and to adapt into the dynamic tumour
microenvironment (TME) [2]. TME is a complex microenvironment
composed not only by tumour cells but also by endothelial cells, stromal
cells, innate and adaptive immune cells, each of which communicates
among themselves through a network of growth factors, cytokines,
chemokines, and extracellular vesicles (EVs) [3]. Small size (30-200
nm) and virtual stability allow EVs to move from their site of origin, the
TME in cancer, to the circulation, thereby impacting cellular activities at
distant sites [4]. In cancer, the TME itself hijacks the EV cargo, like
lipids, proteins, coding and non-coding RNAs (e.g. miRNAs and InRNAs)
to facilitate the multi-step metastatic process [4]. Angiogenesis, cancer
cell homing, and tumor immune editing have also been attributed to
tumor derived EVs.

Tumour-derived EVs are involved in both tumour specific and non-
specific immune responses [5]. Although originally described as po-
tential drivers of the anti-tumour immune response, several evidence
provides insights on their role in hampering T-cell, natural killer and
dendritic cell activation, while promoting the expansion of T-reg,
myeloid derived suppressor cells (MDSCs), and T-cell exhaustion [6].
T-cell exhaustion was first described as an immune disorder [7].
Currently, exhausted T-cells are widely described as an immunosup-
pression mechanism accounting for tumor evasion [8]. T-cells, chroni-
cally exposed to programmed death-ligand 1 (PD-L1) on tumor and
immune cells express inhibitory receptors (IRs), such as programmed
death-1 (PD-1), cytotoxic T-lymphocyte antigen 4 (CTLA4) and
lymphocyte activation gene 3 (LAG3), steadily lose their cytotoxic ac-
tion [9]. T-cell exhaustion could be managed by MDSCs, characterized
by the expression of Ly6G and CD11b, among other markers [10].
Immunosuppressive macrophages recognized by the expression of Ly6G,
and F4/80 and CD11b, were also described [11].

Tumour endothelial cells (TECs) allow immune cell entrance into the
TME and malignant cell entry into the circulation to reach secondary
sites [12]. TECs display distinctive features and differ from normal
endothelial cells in terms of surface protein expression, proliferation,
and secretome, including EV cargo [13,14]. TECs and their released EVs
(TEVs) share several properties. We have recently demonstrated in a
xenograft model that circulating TEVs boost tumour vessel growth [15],
while promote lung and liver metastases [16], and modulate the
expression of PD-L1 on mononuclear cells, thereby dictating the tumour
fate [17,18]. The impact of tumour cell-derived EVs in changing the
TME has been deeply investigated, while the role of circulating TEVs in
governing the immune response at distant sites still lack robust
evidence.

In this study, we aimed to investigate the role of circulating TEVs in
the establishment of a tumour supportive milieu and their impact on the
systemic and local immune responses.

2. Material and methods
2.1. Cell cultures

The 4T1 cell line was purchased from ATCC and cultured in RPMI
1640 (Euroclone) supplemented with 10 % FBS (GIBCO). Human-
derived TECs was obtained from surgical tumor specimens using anti-
CD105-positive selection and grown in the complete EndoGro medium
(Millipore) [19].

2.2. EV isolation and characterization
For TEV isolation, confluent TEC were cultured in serum-free DMEM

(Euroclone) for 18 h. The conditioned medium was centrifuged for 30
min at 3000 g and filtered with 0.22 um filters (Millipore) to remove cell
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debris and apoptotic bodies. After that the supernatant was ultra
centrifuged for 2 h at 100,000 g at 4 °C (Beckman Coulter Optima L-100
K Ultracentrifuge, rotor type 45 Ti 45000RPM). TEV pellet was resus-
pended in PBS (Euroclone) supplemented with 1 % of DMSO and stored
at — 80 °C for further use [17,18]. As control EVs recovered from serum
of patients (3 different patients) without cancer and expressing high
level of endothelial markers were used. Isolation and characterization
were performed as previously reported [20,21].

TEVs were analysed using the Nanoparticle tracking analysis (NTA)
by NanoSight NS300 system (Malvern Instruments, Ltd), transmission
electron microscopy (Jeol 1140 Flash electron microscope, Jeol, Tokyo,
Japan) and western blot analysis. For further characterization, flow
cytometry analysis was performed using the MACSPlex Exosome Kit
(Miltenyi Biotec), following the manufacturer’s protocol [18].
Super-resolution microscopy acquisition of TEVs was performed using
Nanoimager S Mark II microscope from ONI (Oxford Nanoimaging,
Oxford, UK) equipped with a 100x, 1.4NA oil immersion objective, an
XYZ closed-loop piezo 736 stage, and triple emission channels split at
640, 488 and 555 nm. The experiment was performed using EV profiler
Kit (ONI) following manufacturer’s protocol. The EV profiler Kit con-
tains fluorescent antibodies anti CD9-488, CD63-568 and CD81-647.
Images were taken in dSTORM mode acquired sequentially in total
reflection fluorescence (TIRF) mode. Single-molecule data was filtered
using NimOS software (v.1.18.3, ONI). Data has been processed with the
Collaborative Discovery (CODI) online analysis platform www.alto.codi.
bio from ONI and the drift correction pipeline version 0.2.3 was used
[22].

2.3. Western blot

Western blot analysis for TEVs was performed under reducing con-
ditions using a 10 % SDS-PAGE (BioRad) using 30 pg proteins/lane.
Proteins were transferred to nitrocellulose membranes, saturated with
10 % BSA for 2 h and incubated with specific antibodies overnight at
4 °C. For detection peroxidase-conjugated secondary antibodies were
used, the chemiluminescent ECL reagent and ChemiDoc™ XRS+ System
(BioRad). The following anti-human antibodies were used: CD63
(abcam, #ab134045), CD81 (abcam, #ab109201), CD29 (Invitrogen,
#Ma5-17103), GM-130 (abcam, #ab52649), CD9 (abcam, #ab92726),
mTOR (Cell Signaling, #11/2015) and anti-human p-S6 ribosomal
protein (Ser235/236) (Cell Signaling, #4858).

2.4. In-vivo metastasis model

Animal studies were conducted in accordance with the Italian Na-
tional Institute of Health Guide for the Care and Use of Laboratory An-
imals (protocol # 518/2022-PR). Mice were housed according to the
guidelines of the Federation of European Laboratory Animal Science
Association and the Ethical Committee of the University of Turin.

Eight week-old female BALB/c mice were intravenously injected
with 1.5 x 10* 4T1 cells. After one-week, animals were treated with
saline, circulating EVs recovered from patients without cancer, or TEVs,
(1 x 10'%/injection, TEV number resulting for our previous investiga-
tion) at day 7-9-11-15 after 4T1 cell injection. At day 18 mice were
sacrificed and sera, lung, spleen, and bone marrow were recovered for
further analysis.

2.5. Mice sample processing and analysis of the immune cell infiltrate

For FACS analysis of immune cells, lung, spleen and bone marrow
were collected. Lung and spleen tissue was first minced into a petri dish
in small pieces and passed through 40 um cell strainer using the back of a
2,5 ml syringe and PBS (Euroclone) in order to obtain a single cell so-
lution. The samples were centrifuged 5 min at 25xg, supernatants were
removed, and the pellets resuspended in PBS 1 % BSA for immune
staining. Red blood cell lysis was performed on spleen samples by
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adding 1 ml of red blood cells lysis solution in each tube and incubated 5
min. All samples were therefore centrifuged 5 min at 25 x g and washed.
Bone marrow cells were isolated from femur and tibia by flushing with 5
ml of DMEM supplemented with 5 % of non-enzymatic cell dissociation
solution (Gibco). Then, the samples were centrifuged and resuspended
in 2 ml of PBS 1 % BSA for immune staining and FACS analysis. A pool of
approximately 5 x 10° cells was dissolved in 100 pl and incubated with
antibodies and incubated 30 min at 4 °C in the dark. FITC, PerCP, ACP,
VioBlue or PE non-immune isotypic IgG, or unstained control were used
to normalise physical and electrical parameters and to design the gating
strategy. The following antibodies were used for mix 1: CD45-APC
(Cat#130-110-803), CD4-VioBlue (Cat#130-118-696), CD8-PerCP
(Cat#130-123-240); for mix 2: CD45-APC (Cat#130-110-803), Ly6G-
PE (Cat#130-123-780), F4/80-FITC (Cat#130-117-509), CD11b-
VioBlue (Cat#130-113-810), all from Miltenyi Biotec. For data acqui-
sition, CytoFLEX Flow Cytometer (Beckman Coulter) was used and data
were analysed with Cytexpert software.

2.6. Immunohistochemistry

Immunohistochemistry was performed using an automated slide-
processing platform (Ventana BenchMark AutoStainer, Ventana Medi-
cal Systems, Tucson, AZ, USA), with Universal DAB Detection Kit
detection systems. 5-um paraffin embedded lung sections were stained.
Three or five sections/group were analysed using ImageJ software, and
the results expressed as the percentage of positive area + SEM. Quan-
tifications of positive areas were performed using Fiji software.

The following antibodies were used: CD31 (abcam, #ab7388), PD-1
(abcam, #ab214421), PD-L1 (abcam #ab233482), CD11b (abcam
#ab75476), iINOS (Biocompare, #A14031), F4/80 (abcam,
#ab300421), Ly6G (abcam, #ab238132), CD83 (SantaCruz Biotech-
nology, #sc-55535) and CD8 (abcam, ab217344).

2.7. PBMC isolation and culture

Fresh PBMCs were isolated from healthy donors. The heparinized
blood samples were used for the density gradient centrifugation. PBMCs
were seeded in 24 well plates at a density of 2 x 106 cells per well in 2 ml
of serum-free AIM V medium. The use of PBMC was approved by the
Ethic Committee of A.O.U. Citta della Salute e della Scienza di Torino,
Turin, Italy (CS21255-Protocol # 0050416). TEVs were added to PBMCs
at the concentration of 1 x 10%/cell. Unstimulated PBMC served as
control. After 48 h, PBMCs were analysed by FACS using the anti-human
PD-1 (BD Pharmigen, #557946), LAG3 (Biolegend, #369306), CTLA4
(Biolgend, #349906), CD11b (Dako, #R0841) and PD-L1 (Biolegend,
#329705).

For co-culture experiments, 4T1 cells were seeded in 24 well plates,
at the concentration of 2 x 10*/well. Meanwhile, freshly isolated PBMCs
were stimulated with TEVs as above described for 24 h. Finally, pre-
stimulated PBMCs were added to 4T1 cells for 48 h. As control, 4T1
cells co-cultured with unstimulated PBMCs were used. FACS analysis
was performed using the aforementioned anti-human antibodies and the
anti-mouse PD-L1 (Biolegend, #124334).

In selected experiments the anti-human G-CSF antibody was used
(R&D System, #MAB214) at 0,6 pg/ml concentration, while rapamycin
was used at the concentration of 50 nM (Selleckchem, #S1039).

2.8. Measurement of ROS production and NOS activity

The intracellular production of ROS was measured using the Muse
oxidative stress kit (Millipore, #MCH100111), following manufacturer
instructions. NO activity was detected by using the Nitric oxide assay kit
(Millipore, #482650) according to manufacturer instructions.
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2.9. ELISA Assay

ELISA assay was performed to investigate the presence of anti-human
antibodies in mouse serum. For this purpose, TEVs were used as
captured antigens. In total 10 pg of TEVs per well was used for coating
the plate over night at RT. Serum from mice experiencing circulating
TEVs, from control or healthy mice was analysed the day after. Anti-
human mouse antibodies were detected using the peroxidase-
conjugated secondary anti-mouse goat antibodies.

Relative quantification of human G-CSF (R&D Systems, #DY214), IL-
1B (R&D Systems, #DY201) IL-10 (R&D Systems, #DY217B), and mu-
rine G-CSF (PeproTech, #900-M103) were performed according to
manufacturer instructions.

2.10. miR screening

TEVs were analysed for their miRNA content by qRT-PCR by using
the Applied Biosystems TagManH MicroRNA Assay Human Panel Early
Access kit (Life Technologies). Reverse transcription using Applied
Biosystems 7900 H qRT-PCR instrument, as previously described [15]
investigated the expression profile of 375 human mature miRNAs in
TEVs. The evaluation of miRNAs expression was analysed using the
Expression Suite software (Life Technologies). miRNA fold change was
calculated as 2724, The expression of miRNAs of importance was
confirmed using the TagMan microR specific assay kit (Applied Bio-
systems, Foster City, CA, USA).

2.11. Enriched miRNAs with RQ>10were selected for miRNA gene
targeting and pathway analysis

miRNA target genes were retrieved by miRWalk2.0 database [23].
Validated miRNA gene targets from MiRTarBase were used for the
following analysis [24]. Enriched “Reactome 2022” pathways were
generated by testing MiRTarBase-derived gene sets with EnrichR
(retrieved in March 2023) [25]. Adjustment of p-value for multiple
testing was performed with Benjamini-Hochberg to calculate g-values.
The pathway network and cluster analysis were performed with Gephi
0.9.2 and shows significantly enriched pathways (q<0.01). The nodes
represent enriched pathways and the node size is proportional to - log (q
value) of each pathway. Connection thickness is proportional to the
number of overlapping genes, as calculated by Jaccard Index. Connec-
tions with Jaccard Index< 0.1 were excluded. Unbiased clustering of
pathways was performed through modularity assessment [26].
Gene-pathway network analysis was performed for the community
enriched in “immune system” pathways. In this presentation,
gene-nodes representing the genes enriched in each specific pathway are
connected to pathway-nodes of origin.

2.12. Phosphorylation assay

PBMCs were isolated as previously described and seeded in 24 well
plates at the density of 2 x 10° cells per well in 2 ml of serum-free AIM V
medium. TEVs (1 x103/cell) and Rapamycin (50 nM) (Selleckchem,
#S51039) were added to PBMCs. After 25 min, PBMCs were recovered,
centrifuged, and immediately placed at 4 °C in RIPA lysis and Extraction
Buffer (Thermo Scientific™ #89900) in the presence of 1X diluted
Protease/Phosphatase Inhibitor Cocktail (Cell SignalingTechnology™
#5872) for 1 h. Protein phosphorylation was analysed by western blot.

2.13. Statistical analysis

All data are reported as mean + SEM. Comparison between two
groups was analysed out by Student’s t-test while comparisons amid 3 or
more groups have been performed using one-way ANOVA or followed
by Tukey’s multiple-comparison test or two-way ANOVA followed by
Sidak’s multiple comparisons test. p-value < 0.05 was considered as
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significant. All in vitro and in vivo data are representative of at least 3
independent experiments. Graph Pad Prism (Graph Pad Software, 8.0.1
version) was used for all statistical analyses.

3. Results
3.1. TEVs increase lung metastasis formation and angiogenesis

Firstly, TEVs were characterized by TEM, NanoSight, MACSPlex and
Western blot analyses (Supplementary Fig. S1). We have previously
demonstrated that circulating TEVs may provide the “soil” for the
recruitment and outgrowth of TNBC cells in the lung [16,18]. In the
present study we aimed to investigate their role in boosting the
outgrowth of lung metastases by systemically and/or locally shaping the
immune system. To this purpose the murine mammary 4T1 cancer cell
line was selected as syngeneic model [27]. Firstly, BALB/c mice intra-
venously injected with the 4T1 tumour cells were subjected to vehicle,
TEVs, or EVs from patients without cancer starting from day 7 as indi-
cated in the model (Fig. 1A). Macroscopic evaluation and histological
analyses of the lung demonstrated the presence of massive metastatic
nodules mostly in TEV exposed group, thereby corroborating that 4T1
cells forcefully expanded in the presence of circulating TEVs (Fig. 1B-D).
Moreover, as shown by the CD31 staining, vascular density was also
increased in the lung of these animals (Fig. 1D). Overall, these data
demonstrated that circulating TEVs boost lung metastasis and expand
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the vessel network in the lung of immunocompetent mice. No metastatic
foci were found in the liver (Supplementary Fig. S2). Since no differ-
ences between vehicle and circulating EVs recovered from patients
without cancer were found, vehicle was used as internal control
throughout the study.

3.2. Circulating TEVs promote a strong systemic immune reaction
involving the spleen and the bone marrow

The effect of TEVs on the immune activation was first evaluated by
analysing the spleen. Our results showed a striking difference in the
spleen size between mice exposed to circulating TEVs or saline. As
shown in Fig. 2A, circulating TEV exposed mice displayed a significant
increase of the spleen mass compared to control and healthy animals
The average size of the spleen recovered from the TEV group was 2.3
+ 0.2 cm, compared to 1.7 + 0.1 cm and 1.5 + 0.1 cm of control and
healthy group respectively, suggesting that circulating TEVs boosted a
systemic immune reaction. We also tested the possibility that TEVs can
induce a specific anti-TEV immune response. Serum recovered from
healthy, control, and TEV exposed mice were analysed for the presence
of anti-TEV specific antibodies. According to this analysis, we demon-
strated that serum from TEV exposed animals was enriched of TEV-
binding antibodies compared to healthy and control mice (Fig. 2B).

We next investigated the effect of circulating TEVs on the systemic
immune response by examining the immune cell compartment in the
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Fig. 1. Effects of circulating TEVs on metastasis outgrowth. (A) Schematic representation of the in vivo study. (B) Representative images of lungs obtained from
healthy (H), saline (Ctrl), EVs isolated from serum of patients without cancer (EVs), or TEV mice (TEVs). (C) Representative images of lung metastasis derived from
healthy (H), control (Ctrl), EVs and TEV mice (TEVs) stained with haematoxylin/eosin. Quantification of metastasis was expressed as the percentage of positive area/
total area (D) Representative images of immune-histochemical staining for CD31 and quantification of lung capillaries in healthy (H), saline (Ctrl), EVs from patient’s
cancer free, and TEV mice (TEVs). Original magnification 20X, scale bar: 100 um. Data are presented as the mean + SEM (n = 3 or n = 5).
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Fig. 2. Circulating TEVs induce systemic immune response. (A) Representative images of spleens recovered from healthy (H), saline (Ctrl) and TEV mice (TEVs).
Their enlargement is expressed in cm. (B) ELISA assay was performed for the quantification of specific anti-TEV antibodies in mice. TEVs were used to coat the plate,
and serum from different experimental conditions added to detect the presence of specific anti-TEV antibodies. Data are presented as the mean absorbance + SEM

(n=3orn=6).

spleen and bone marrow. We demonstrated that circulating TEVs were
able to significantly increase the number of MDSCs (Ly6G"/F4/807/
CD11b™) both in the spleen and bone marrow, while Ly6G*/F4/80"/
CD11b" cells only in the spleen (Fig. 3 and Fig. 4 respectively). No
difference in the number of CD4" and CD8" cells was detected in the
lung, spleen and bone marrow of mice exposed to circulating TEVs
(Supplementary Fig. S3 and S4). Overall, these results indicate that
circulating TEVs promote a systemic accumulation of myeloid immu-
nosuppressive cells.

3.3. Circulating TEVs boost the recruitment of immune cells in the lung

Since circulating TEVs significantly increased the metastatic
outgrowth, the lung immune microenvironment was also analysed and
compared among the different experimental groups. Based on the pan
immune CD45 cell marker, we found a significantly increase in their
number in TEV exposed animals compared to control and healthy
groups. Along with an increased CD45" cells, we also demonstrated that
circulating TEVs significantly increase the amount of Ly6G"/F4/80"/
CD11b" and Ly6G'/F4/80/CD11b" cells (Fig. 5). Accumulation of
Ly6G", F4/80", and CD11b" cells in the lung of mice exposed to
circulating TEVs was also confirmed by immunohistochemistry (Fig. 6).

We have previously shown, in a xenograft model, that TEVs up-
regulate PD-L1 expression on tumour cells [18]. In this immunocom-
petent model we observed a significant increase of PD-L1 positive cells
in the lung tissue of animals exposed to circulating TEVs (Fig. 7B). In
addition, an increase number of PD-1" and CD83™ cells [28,29] were
found in the lung of these animals, suggesting that TEVs also suppress
T-cell-mediated anti-tumour activities (Fig. 7A and C).

3.4. TEVs contribute to T-cell exhaustion

To confirm the in vivo immunosuppressive action of TEVs and to
likely identify TEV mechanism of action on T-cells, firstly, PBMCs from
healthy-donors were cultured with TEVs and evaluated for the

expression of PD-L1 and T-cell exhaustion markers. As shown in Fig. 8
TEVs induced the expression of PD-L1 in myeloid cells (Fig. 8A) and PD-
1, LAG3, and CTLA4 in isolated T-cells (Fig. 8B). TEV-primed PBMCs
were also co-cultured with 4T1 cells and both cell types were analysed
for PD-L1 expression. Indeed, we found that in these experimental
conditions PD-L1 expression was increased in both myeloid and 4T1
cells (Fig. 8D and G). Moreover, when T-cell exhaustion markers were
analysed, we demonstrated the increased expression of all of them
(Fig. 8E). Finally, consistent with the in vivo data, we demonstrated that
TEVs expand CD1 1b™ cells even in co-culture conditions (F ig. 8Cand F).
These findings confirm in vitro the immunosuppressive environment
generated by TEVs.

Mitochondrial dysfunction and metabolic alteration reflect disorder
of the redox homeostasis in cancer cells [30,31]. Several studies have
shown that oxidative stress promotes tumour immune escape by
creating an immunosuppressive TME [31]. iNOS was first evaluated in
the lung. As shown in Fig. 6D, iNOS was increased in animals exposed to
circulating TEVs. An increased NOS production was also detected in
TEVs-preconditioned PBMCs (Supplementary Fig S2A). ROS generation
was therefore evaluated in PMBCs preconditioned with TEVs, as well as
in co-culture experiments. Notably, upon TEV administration an in-
crease of ROS generation was detected in both experimental conditions
(Supplementary Fig. S5B-C).

To functionally confirm the immunosuppression environment
generated by TEVs, PBMC cytotoxic activity was evaluated in 4T1 cells.
As expected, TEVs-primed PBMCs failed to exert their cytotoxic action
(Supplementary Fig. S5D). Consistent with this observation we
demonstrated that IL-10 and IL-1p are also increased (Supplementary
Fig. S5E-F). Overall, these results further sustain the multifaceted im-
mune suppression generated by TEVs.

3.5. G-CSF contributes to TEVs-mediated immune-suppression

It has been extensively demonstrated that human donors subjected to
G-CSF administration increase the numbers of both monocyte and
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Fig. 5. Circulating TEVs account for MDSC accumulation in the lung. Total mouse lung cells from BALB/C mice were prepared as described in Materials and
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granulocytic MDSC subtypes [32]. In addition, G-CSF can induce T-cell end, G-CSF was evaluated in vivo, in animals exposed to circulating
transition from Th1 to Th2 phenotype, inhibit T-cell proliferation and TEVs, and in vitro in the conditioned media (CM) of PBMCs undergoing
promote apoptosis [33,34]. Therefore, we sought to determine whether TEV preconditioning. As shown in Fig. 9A G-CSF was enriched in sera of
G-CSF may contribute to TEVs-induced immune suppression. To this animals exposed to circulating TEVs. Moreover, since TEVs may carry
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G-CSF, its content was also evaluated. No G-CSF was detected in TEVs
(data not shown), while its level was significantly high in the CM of
TEVs-pre-conditioned PBMCs (Fig. 9B). Finally, to exclude the possi-
bility that EVs released by PBMCs upon TEVs-preconditioning may
contain G-CSF, CM depleted of EVs was analysed for G-CSF content.
Again, G-CSF was only detected in the CM but not in EVs (Fig. 9C),
suggesting that, TEVs, rather than transfer their G-CSF content, induce
its release from myeloid cells. The impact of G-CSF on the immuno-
suppressive compartments was further investigated by analysing
CD11b™" cells in co-culture condition before and after G-CSF blockade.
As shown in Fig. 9E-F, CD11b" cell accumulation was significantly
reduced upon G-CSF blockade.

3.6. TEV-enriched in mTOR contribute to G-CSF release and tumour
immune suppression

TEVs deliver messages via their miRNA and protein cargoes to pro-
mote tumour progression [35]. Super-resolution microscopy was per-
formed on 3 representative TEV samples confirming the EV size and the
expression of the classical exosomal markers such as CD63, CD9 and
CD81. As shown in Fig. 10A, TEVs are heterogeneous and all the com-
bination of exosomal markers were detectable. Using TEV miRNAome
analysis (Supplementary Table 1), we selected the top 35 miRNAs
enriched in TEVs (RQ>10) for pathway and network-cluster analysis of
miRNA target genes (Supplementary Table S2). Consistent with in vivo
and in vitro results the immune system regulation was found as one of the
most enriched pathways clustered into the 3 network communities

(Fig. 10B). Details of the “signal transduction and immune system
regulation” community is shown in Fig. 10C and reported as
gene-pathway network analysis in Supplementary Table S3. These ob-
servations strongly support the immunomodulatory properties of
TEV-miRNA content, without providing a clear-cut information on the
miRNAs specifically involved in. Thereby, based on TEV action on
MDSCs, potential target protein(s) has been searched. Indeed, MDSC
accumulation has been correlated with the Akt-mTOR in different
tumour models [36,37], and more recently mTOR-G-CSF pathway has
been recognized as crucial for MDSC accumulation [38]. Evaluating
mTOR TEV content, we demonstrated that it was significantly enriched
(Fig. 10D). Conversely, consistent with the failure of circulating EVs
recovered from patients without cancer to increase lung metastases,
mTOR was not detected (Supplementary Fig. S6). mTOR was also un-
detectable in EVs released from normal endothelial cells recovered from
umbilical cord (data not shown). To further validate the potential
contribute of mTOR in mediating TEV biological response, PBMCs either
pre-treated or untreated with rapamycin and subjected to TEV admin-
istration were analysed for the phosphorylation of the mTOR
down-stream target, S6 ribosomal protein [39]. As shown in Fig. 10E, S6
ribosomal protein underwent phosphorylation at Ser235/236 upon TEV
treatment and rapamycin prevented its phosphorylation (Fig. 10E).
These observations prompted us to investigate the effect of rapamycin in
mediating G-CSF release. To this end, rapamycin was used during PBMC
preconditioning and in co-cultures. Of note, we found that rapamycin
significantly reduces TEVs-mediated G-CSF release in both experimental
conditions (Fig. 11A-B). Moreover, an increase of human G-CSF was also
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+ SEM (n = 3 for healthy, n = 5 for experimental groups).

detected in co-culture experiments in the absence of TEVs, indicating
that the crosstalk between PBMCs and cancer cells activates signals ac-
counting for G-CSF release.

The release of G-CSF from cancer cells has been also reported [40,
41]. Therefore, the ability of TEV mTOR cargo to contribute to G-CSF
release by cancer cells was analysed. As shown in Fig. 11, the release of
G-CSF by cancer cells was not increased by TEVs, and as expected
rapamycin was ineffective (Fig. 11C). By contrast, in
TEVs-preconditioned PBMCs co-cultured with cancer cells a significant
increase of murine G-CSF was detected, and rapamycin rescued the ef-
fect of PBMC-preconditioning on murine G-CSF release (Fig. 11D).
Overall, these data support the notion that the interplay between cancer
cells and PBMCs provides additional signals accounting for both cancer
cells and PBMC-mediated G-CSF release, further boosted by TEVs.

4. Discussion

In the present study we first demonstrated that circulating EVs
derived from tumour endothelial cells (TEVs), but not circulating EVs
from patients without cancer, boosted neo-vessel formation and meta-
static growth in the lung. Moreover, we found that TEVs induced a
strong systemic and local immune reaction. Specifically, we demon-
strated that circulating TEVs expand the population of Ly6G*/F4/807/
CD11b™" cells in the spleen, bone marrow, and lung, while Ly6G"/F4/
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807/CD11b" in the spleen and lung. Moreover, we demonstrated that
circulating TEVs were effective in inducing the expression of PD-1 and
PD-L1 in the tumour setting. In the in vitro studies the expansion of
CD11" cells and the exhaustion of T-cells exposed to TEVs were also
demonstrated. Finally, mTOR- TEV content was found to induce the
phosphorylation of its target S6 (Ser235/236) and the release of G-CSF
by myeloid cells which, on turn, results in CD11" cell expansion.
Overall, this study identifies circulating TEVs as instrumental to sort out
a wide spectrum of immunosuppressive actions allowing the outgrowth
of lung metastases.

Dynamic changes in tumour are mainly orchestrated inside the TME
by the crosstalk among mesenchymal stem cells, cancer associated fi-
broblasts, endothelial cells, and immune cells [2]. Immune cells in the
TME include innate (neutrophils, dendritic cells, macrophages, natural
killer cells and MDSCs) and adaptive immune cells (T- and B cells) [42].
In this study, we provide evidence for the contribute of circulating TEVs
in hijacking the local and systemic immune system to favour immune
suppression and tumour outgrowth. More importantly, we provide evi-
dence that circulating TEVs generate a systemic and local pro-tumour
immune reaction involving both the innate and adaptive immune
response. MDSCs and T-lymphocytes are indeed among the most rele-
vant populations involved in evasion from immune-surveillance [42]. It
has been extensively demonstrated that MDSC immunosuppressive
mechanisms rely on TGFp release, production of NO and ROS, and
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Fig. 8. TEVs drive an immune suppressive milieu involving both innate and adaptive immune cells. (A-B) Human PBMCs were treated or not with TEVs for 48 h and
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Fig. 9. G-CSF is increased both in vivo and in vitro. (A) Relative level of circulating G-CSF in vivo. Sera from control (Ctrl) and TEV mice (TEVs) were recovered to
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48 h were analysed for G-CSF by ELISA. (n = 4) (E-F) Representative FACS analysis of CD11b™ cells (gated on myeloid population) before and after human G-CSF
blockade. (n = 4 for control, n = 5 for TEVs). Diagram data are presented as the mean + SEM.

depletion of L-arginine [43]. Consistent with the role of NO in MDSC
accumulation immunohistochemical analysis demonstrated that Ly6G™,
F4/80%, CD11b" cells and iNOS are increased in lung metastases
generated by circulating TEVs. Moreover, NOS and ROS generation was
associated with the increase of CD11b" cells when healthy PBMCs were
preconditioned with TEVs or co-cultured with cancer cells.

FACS analysis of cells recovered from different organs demonstrated
an increase of Ly6G'/F4/807/CD11b" and Ly6G'/F4/807/CD11b"
cells in the spleen and in the lung metastases generated by TEVs, while
only Ly6G'/F4/80/CD11b" cells in the bone marrow. This suggests
that in the bone marrow, circulating TEVs mainly contribute to the
commitment of a specific myeloid compartment. G-CSF is recognized
from among cytokines contributing to the expansion and bone marrow
mobilization of MDSCs in cancer settings resulting in tumor angiogen-
esis, immune suppression, and tumor progression [44,45]. We herein
demonstrated that G-CSF was increased in animals experiencing circu-
lating TEVs. An increased G-CSF release was also found in vitro when
PBMCs were stimulated with TEVs and when TEV-preconditioned
PBMCs were co-cultured with tumour cells. Since TEVs are enriched of
proteins and genetic materials [46], we first evaluated G-CSF in TEVs.
Consistent with data obtained by Tkach et al. [47], we failed to detect
G-CSF in TEVs. Moreover, no G-CSF was found in EVs released by PBMCs
pre-conditioned with TEVs, indicating that PBMCs are the most relevant
source of G-CSF when get in touch with TEVs or cancer cells. Moreover,
consistent with the role of G-CSF in expanding CD11b" cells, we
demonstrated that G-CSF blockade was able to reduce the percentage of
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CD11b™ positive cells either in TEVs-preconditioned PBMCs or in
co-culture experiments.

Tumour cells by themselves are mostly involved in driving immu-
nosuppression and in dictating their shift into cancer stem cells to
accomplish their outgrowth and spread by releasing G-CSF [6]. Indeed,
we demonstrated that cancer cells produce G-CSF, while TEVs have no
additional effects. However, when cancer cells were co-cultured with
TEVs-preconditioned PBMCs an increase of murine G-CSF was detected.
This suggests that the amount of circulating G-CSF can both reflect the
crosstalk between cancer cells and immune cells, and the ability of TEVs
to trigger immune cells to release G-CSF.

Ly6G' CD11b" cells could secrete IL-1p to support angiogenesis,
tumour cell dissemination, and immune suppression [48]. Indeed, ani-
mals exposed to TEVs are featured by the presence of Ly6G™ CD11b™
cells, and an increased network of vessels in the lung. Moreover, we
demonstrated that IL-1p and IL-10 were increased in
TEV-preconditioned PBMC co-cultured with cancer cells. Thereby we
can speculate that besides on G-CSF, the impairment of the antitumor
immune response may also relay on TEVs-mediated IL-1p [49] and IL-10
release [50]. However, since in immune-deficient models the proan-
giogenic and immune suppressive properties of TEVs were described as
mediated by a specific miR package, it is most reasonable that the
transfer of the entire TEV cargoes can contribute to vessel formation and
tumour evasion in animals exposed to circulating TEVs.

The immunosuppressive network arranged by MDSCs in tumour
setting is complex and involves a variety of immune cells including
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Fig. 10. Network analysis of miRNA TEV content and mTOR TEV cargo (A) Representative super-resolution microscopy images of TEVs showing triple (CD63, CD81
and CD9) and double (CD9/CD81 and CD63/CD81) tetraspaning expression; CD63 appears in green, CD81 in red and CD9 in pink. The scale bares are below each EV
image (50 nm/100 nm). Lower panel: clustering analysis of super-resolution microscopy images showing the single, double, and triple positive EV fractions. The
analyses were performed in 3 EV preparations using CODI software; the graph shows the mean + SD of a cumulative analysis of 3 fields for each preparation. (B-C)
The pathway network and cluster analysis show the miRNA target genes-related pathways include the top 35 miRNAs enriched in TEC EVs. Node size is proportional
to — log(g-value) of each pathway. Thickness of connections is proportional to the number of overlapping genes. Gene-pathway network analysis show pathways
enriched in “immune system” cluster. Gene-nodes representing the genes enriched in each specific pathway are connected to pathway-nodes of origin. (D) Repre-
sentative western blot analysis showing mTOR content in TECs and TEVs. CD29 and CD63 were used as exosomal marker, while GM130 served as negative exosomal
marker. (E) Representative western blot analysis of p-S6 (Ser235/2369) in PBMCs 30 min treated with TEVs in the presence or in the absence of rapamycin. Anti-
vinculin antibody was used as housekeeping protein (left panel). The histogram reports changes in S6 (Ser 235/236) phosphorylation in response to the indicated

treatment (n = 3).

adaptive immune cells [6]. Several evidence indicates that MDSCs act as
a powerful suppressor of T-cell activities to mediate tumour immune
escape [6,7]. In vivo, we found that the increase of MDSCs was not
associated with changes in CD3", CD8" or CD4" cells. However, when
the expression of inhibitory receptors was analysed, animals experi-
encing circulating TEVs displayed and increased number of PD-L1, PD-1
and CD83 positive cells in the lung. Consistent with this observation, in
vitro studies demonstrated that TEVs generate an immune suppressive
milieu engaging T-cells, myeloid cells, and cancer cells expressing PD-1,
CTLA4, LAG3, and PD-L1.

Tumour derived EVs move into circulation and reach distant sites to
induce tumour progression also acting on immune cell reprogramming
[35]. In the present study we provide evidence that also circulating TEVs
may reach different tissues to expand specific immune suppressor cells.
TEVs action relies on their specific cargoes, and major breakthrough in
dissecting their role have unveiled as their miR content is crucial to
reprogram the transcriptome of target cells [51]. We and other have
reported in immune-deficient animals that a specific miR package drives
tumour outgrowth also involving the expression of PD-L1 [18,52].
miR-10a [53], miR-21 [54], miR-29a [55], miR-92a [55] miR-107 [56],
miR-155 [57], and miR-1246 [58] are among EV miRNAs involved in
immunosuppression in many tumour types. Almost all these miRs are
included in TEV cargo, and pathway and network-cluster analyses of
miR target genes, obtained by selecting the most TEV-expressed miRs,
demonstrated that the immune system regulation was one of the most
enriched pathways clustered into the 3 network communities. This
suggests that TEVs just transferring their miRNAs can act as strong
immunomodulatory tumour arm. However, since these results have
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been obtained only by bioinformatic analysis, additional information
are required to further validate these observations. Nevertheless,
recently Akt—-mTOR signalling and mTOR-G-CSF pathway have been
reported as crucial regulators of MDSC accumulation [36,37]. There-
fore, since MDSCs accumulate in different organs, G-CSF was found
increased in vivo and in vitro, and G-CSF was found crucial for the
expansion of CD11" cells, we investigated the possibility that a specific
TEV protein cargo may also impact this process. Of note, we demon-
strated that, unlike circulating EVs from patients without tumour, TEVs
are enriched in mTOR and in vitro they were able to phosphorylate the
mTOR downstream target [39]. Consistently, mTOR inhibition abro-
gated the phosphorylation of the S6 ribosomal protein at Ser235/236 in
PBMCs treated with TEVs and reduced, without completely abrogating,
the release of G-CSF by both PBMCs preconditioned with TEVs or in
co-culture with cancer cells. Overall, these observations, besides
demonstrating that TEV-mTOR cargo grants for G-CSF release, further
support the impact of the entire TEV cargo in rearranging the
anti-tumour immune response. Finally, although sera from TEV-animals
are enriched in anti-TEV antibodies, our study demonstrated that
circulating TEVs are still able to hijack the immune system.

In conclusion, this study highlights the impact of circulating TEVs in
inducing a strong local and systemic immune reaction and in dictating
the fate of tumour by reprogramming immune cells to inhibit rather than
boosting the anti-tumour immune response. This on turn translates into
a favourable “soil” letting tumour forming vessels and grow. We also
provide evidence that the release of G-CSF, at least mediated by mTOR-
TEV cargo, impacts on the rearrangement of the immune system.
Finally, since TEVs are worthy referred as tumour biomarkers and we
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Fig. 11. mTOR TEV-content is involved in G-CSF release. (A) Supernatants of PBMCs preconditioned with TEVs were analysed for human G-CSF in the presence of
50 nM rapamycin. Untreated cells were used as control. (n = 3 or n = 4) (B) Supernatants of PBMCs preconditioned with TEVs co-cultured with 4T1 cells for 48 h
were analysed for human G-CSF by ELISA upon 50 nM rapamycin. (n = 3 or n = 4) (C) Supernatants of 4T1 cells were analysed for murine G-CSF in the presence or
absence of 50 nM rapamycin. (n = 6) (D) Supernatants of PBMCs preconditioned with TEVs co-cultured with 4T1 cells for 48 h were analysed for murine G-CSF in the
presence or in the absence of 50 nM of rapamycin (n = 3 or n = 4). Diagram data are presented as the mean + SEM.

failed to detect mTOR in circulating EVs from patients without cancer,
we propose mTOR as an additional challenging circulating TEV marker
and a potential predictor of tumour response to immunotherapeutic
approaches.
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