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Abstract
Among the mechanisms of suppression that T regulatory (Treg) cells exert to con-
trol the immune responses, the secretion of small extracellular vesicles (sEV) has
been recently proposed as a novel contact-independent immunomodulatory mech-
anism. Previous studies have demonstrated that Treg cells produce sEV, including
exosomes, able to modulate the effector function of CD4+ T cells, and antigen pre-
senting cells (APCs) such as dendritic cells (DCs) through the transfer of microRNA,
cytokines, the production of adenosine, among others. Previously, we have demon-
strated that Neuropilin-1 (Nrp1) is required for Tregs-mediated immunosuppression
mainly by impacting on the phenotype and function of effector CD4+ T cells. Here,
we show that Foxp3+ Treg cells secrete sEV, which bear Nrp1 in their membrane.
These sEV modulate effector CD4+ T cell phenotype and proliferation in vitro in a
Nrp1-dependent manner. Proteomic analysis indicated that sEV obtained from wild
type (wt) and NrpKO Treg cells differed in proteins related to immune tolerance,
finding less representation of CD73 and Granzyme B in sEV obtained from NrpKO
Treg cells. Likewise, we show that Nrp1 is required in Treg cell-derived sEV for induc-
ing skin transplantation tolerance, since a reduction in graft survival and an increase
on M1/M2 ratio were found in animals treated with NrpKO Treg cell-derived sEV.
Altogether, this study describes for the first time that Treg cells secrete sEV contain-
ing Nrp1 and that this protein, among others, is necessary to promote transplantation
tolerance in vivo via sEV local administration.
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 INTRODUCTION

Transplant rejection is still one major barrier to achieve long-term allogeneic transplantation tolerance, despite established
immunosuppressive drug treatment and improvements in surgical techniques, mainly due to chronic allograft rejection and
toxicity associated with immunosuppression sustained for several years post-transplantation (Safinia et al., 2015). Among several
alternatives developed, the transfusion of T regulatory (Treg) cells as cell-based therapy has been reported in several clinical
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studies, with additional ongoing trials pending for reporting (reviewed in detail elsewhere) (Romano et al., 2017). Treg cells are
essential to maintain self-tolerance in homeostasis and proper immune response completion, considering Treg cell-related defi-
ciency as the cause of autoimmune diseases and uncontrolled, undesired immune responses (Ohkura et al., 2013). These cells
inhibit the effector function and proliferation of several leukocyte populations through a myriad of mechanisms (reviewed in
depth by Josefowicz et al. (2012)). Treg cells are characterized by the expression of Foxp3, CD25, CD73 and Neuropilin-1 (Nrp1),
and the production of IL-10 and IL-35 (Wing et al., 2019).
Nrp1 is a membrane protein highly expressed in bothmurines and humans. Foxp3+ Treg cells (Battaglia et al., 2008; Gao et al.,

2016; Weiss et al., 2012; Yadav et al., 2012). Nrp1 contains a large extracellular domain with affinity for a variety of ligands, such
as semaphorins, several growth factors and even other membrane-bound Nrp1 molecules (Campos-Mora et al., 2013; Parker
et al., 2012). Although initially a privileging function for Treg cells was attributed in the context of the immune synapse (Sarris
et al., 2008), later reports described a cell-intrinsic requirement of Nrp1 expression on Treg cells to maintain phenotypic stability
and suppressor function (Overacre & Vignali, 2016). Treg cells with high Nrp1 expression have consistently shown increased
suppressive function in the tumour microenvironment (Delgoffe et al., 2013; Overacre-Delgoffe et al., 2017), sepsis (Gao et al.,
2016), allogeneic materno-foetal tolerance (Roy et al., 2017) and transplantation (Campos-Mora et al., 2015; Yuan et al., 2013).
In parallel, Nrp1 deficiency or its blockade impacts Treg cell phenotypic stability, immuno-regulatory gene expression and sup-
pressive function (Overacre-Delgoffe et al., 2017). In line with these antecedents, other studies have related Nrp1 expression on
T cells with immunosuppression, since mice with Nrp1 deletion on CD4+ T cells exhibited severe experimental autoimmune
encephalomyelitis (EAE) (Roy et al., 2017; Solomon et al., 2011), and enhanced anti-tumour immune response (Hansen et al.,
2012). Furthermore, our recent work showed that the expression of Nrp1 is necessary on Treg cells to control IL-10 secretion, to
inhibit CD4+ T cell proliferation and pro-inflammatory cytokine production, and to favour skin transplantation tolerance via
suppressor T cells differentiation (Campos-Mora et al., 2019).
As mentioned above, Treg cells use different mechanisms to exert immune suppression, and one of these processes, poorly

studied in this T cell population, corresponds to the production of small extracellular vesicles (sEV) (Agarwal et al., 2014; Li et al.,
2016). sEV comprises a heterogeneous subset of vesicles derived from endosomal compartments or plasma membrane, which
shares features such as protein composition, round shape and a diameter between 30 and 200 nm (Jeppesen et al., 2019; Théry
et al., 2018). sEV play an important role in intercellular communication, acting as “information packages” carrying proteins,
nucleic acids, and other molecules from one cell to another, exerting an effect in recipient cells (Mathieu et al., 2019; Valadi
et al., 2007). On T cells, TCR-mediated activation has shown to increase the release of sEV, and it has been reported that in
vitro activated murine Treg cells secrete more sEV in comparison with conventional T or B cells (Wen et al., 2017). Furthermore,
a blockade in the ability of Treg cells to release exosomes drastically decreases its suppressor activity (Wen et al., 2017), and
Treg cell-derived sEV have shown intrinsic suppressive functions, inhibiting the proliferation and secretion of IL-2 and IFN-γ
from activated T cells in vitro (Azimi et al., 2018; Smyth et al., 2013; Yu et al., 2013). Other studies have shown that Treg cell-
derived exosomes drive the differentiation of in vitro activated CD4+ T cells into IL-10-expressing Tr1-like cells (Aiello et al.,
2017) and favour the conversion of DCs to an anti-inflammatory phenotype with increased production of IL-10 and decreased
production of IL-6 in response to LPS treatment (Tung et al., 2018). Furthermore, Treg cell-associated immune-modulatory
proteins such as CD73, CTLA-4 and CD25 have been found in Treg cell-derived sEV, but among these, only CD73 seems to
contribute to the suppressive activity of these vesicles (Li et al., 2016; Smyth et al., 2013). Recently, it was reported that Treg
cells secrete sEV containing the immunosuppressive cytokine IL-35, which promotes T and B cells exhaustion (Sullivan et al.,
2020). Other proteins, such as iNOS, were reported to be present on sEV from murine in vitro induced-Treg cells, showing a
negative effect on T cells by blocking their proliferation and inducing apoptosis (Aiello et al., 2017). in vivo, Treg cell-derived
sEV have shown to prolong allograft tolerance in mice and rat models (Aiello et al., 2017; Yu et al., 2013). Moreover, the Treg
cell-derived sEV effects on target cells are probably due to their complex molecular content, including proteins. For example,
vesicle membrane proteins could initiate signalling pathways in target cells and several additional protein components could
contribute to the functional change of target cells (Bebelman et al., 2020; Kim et al., 2020).
Considering that the presence ofNrp1 has been reported in exosomes derived fromhuman (Lazar et al., 2015; Stamer et al., 2011)

and mouse cells (Hassani & Olivier, 2013), we propose that Treg cell-derived sEV contain Nrp1 in their vesicular membrane, and
that Nrp1 participates in the function of these vesicles. Thus, Nrp1 could contribute to Treg cell-mediated immune modulation
in a contact-independent manner.
In this work, we demonstrate that Foxp3+ Treg cells produce sEV containing Nrp1, and that wt Foxp3+ Treg cell-derived

sEV, and not those obtained from NrpKO Foxp3+ Treg cells, inhibit conventional T (convT) cells proliferation and modulate
their gene expression in vitro. Interestingly, local administration of sEV acquired from NrpKO Foxp3+ Treg cells were unable
to facilitate skin transplantation tolerance, which was correlated with less presence of M2 in the grafts and higher frequency of
Th17 cells in dLN. In addition, proteomic analysis indicated that Foxp3+ Treg cell-derived sEV contain several proteins linked to
immune regulation, such as CD73, CD25, CD82, CD43 and lactate dehydrogenase type C (LDHC), which were less represented
in sEV obtained fromNrpKOTreg cells. Altogether, our study points out that Nrp1 contributes importantly to immune tolerance
via sEV release from Treg cells.
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 MATERIALS ANDMETHODS

. Mice

Female and male mice of 6–8 weeks old were used. FoxpCre-YFP 92, Nrpflox/flox 93 and RAG-KO mice were purchased from The
Jackson Laboratory (Maine, USA). BALB/c (H-2d), C57Bl/6 (H-2b), F1 (C57BL/6 × BALB/c, H-2b/d) and FoxpGFP (CD45.1+
or Ly5.2) mice were maintained under pathogen-free conditions at the animal facility located at Facultad de Medicina, of the
Universidad de los Andes. All procedures were carried out according to the bioethics committee guidelines fromUniversidad de
los Andes, and National Commission of Science and Technology (CONICYT).

. sEV preparation and isolation

sEV-free media was prepared as previously described (Théry et al., 2006). In brief, RPMI media was supplemented with peni-
cillin/streptomycin (Corning, NY, USA), HEPES (Gibco, MD, USA), β-mercaptoethanol (Sigma, MO, USA) and 20% FBS
(Gibco). This medium was subjected to ultracentrifugation (at least 16 h) at 100,000 × g followed by filtration using 0.22 μm
filter (Millipore, MA, USA). Then, the sEV-depleted medium was diluted with no FBS-supplemented RPMI until 10% FBS final
concentration was reached. After antibody staining, splenic CD3+CD4+YFP- (CD4+Foxp3- T cells) and CD3+CD4+YFP+
(CD4+Foxp3+ T cells) were FACS-sorted as CD4+ T conventional cells (convT) and Foxp3+ Treg cells. These cells were cul-
tured at 1 × 106/ml in sEV-free supplemented RPMI media and activated with plate-bound anti-CD3 (5 μg/mL, clone 145.2C11,
Biolegend) and anti-CD28 (2 μg/ml, clone 37.51, Biolegend) for 72 h. Conditioned media (CM) was collected and exosome-
enriched sEV were obtained as described previously (Théry et al., 2006). In short, cells plus cell debris were removed from CM
by serial centrifugation at 300 × g for 5 min, 2000 × g for 20 min and 10,000 × g for 30 min. After filtration using 0.22 μm filter
(Millipore), sEV were recovered after ultracentrifugation at 100,000 × g for 90 min at 4◦C, followed by washing with PBS 1× and
another step of ultracentrifugation. sEV were resuspended in ∼100 μl of PBS 1×, and both sEV and CM aliquots were stored at
-80◦C for further analysis.

. Western blot

Western blots were performed as previously described (Lobb et al., 2015; Théry et al., 2006). In brief, sEV and cell samples were
lysed in RIPA buffer (10 mMTris-HCl pH 6.8, 140mMNaCl, 1 mMEDTA, 1% Triton X-100, 0.1% sodium deoxycolate, 0.1% SDS)
on ice for 20 min. Lysates were vortexed and spinned at 17,200 × g for 20 min, and lysate supernatants were kept at -80◦C until
further use. The protein concentration was determined using Pierce BCA Protein Assay Kit (Life Technologies, US). 5× reducing
sample buffer (60 mMTris-HCl pH 6.8, 25% glycerol, 2% SDS, 5% β-mercaptoethanol and 0.04% bromophenol blue) was added
to lysates at proper proportion, samples were heated at 95◦C for 10 min and cooled to room temperature before being resolved by
12% SDS-polyacrylamide gel electrophoresis. Proteins were resolved under fully denaturing and reducing conditions, transferred
to nitrocellulose membranes, blocked in 4% non-fat powdered milk in PBS-T (0.1% Tween-20) and probed with antibodies. The
following antibodies were used for Immunoblot: mouse anti-Alix (clone 1A12; dilution 1:250), -Calnexin (clone AF18, dilution
1:250), -TSG101 (clone C-2; dilution 1:250), -α-Tubulin (clone B-7, dilution 1:1000), all from Santa Cruz Biotechnologies (USA),
anti-CD73 (clone 1D7, dilution 1:500) from ThermoScientific (USA) and anti-β-actin (clone 8H10D10, dilution 1:10,000) from
Cell SignalingTechnologies (USA).When indicated,we performed stripping of themembranes using 62.5mMTris-HCl (pH6.8),
2% SDS, 0.7% β-mercaptoethanol for 15min at RT, and re-probed using polyclonal anti-Nrp1 (dilution 1:1000) fromR&DSystems
(USA). The following secondary antibodies were used: Goat Anti-Mouse IgG (H+L) (dilution 1:8000; Jackson ImmunoResearch
Laboratories, PA), and Rabbit anti-Goat IgG (H+L) (dilution 1:3000; ThermoFischer Scientific, IL, USA). Protein bands were
detected using Pierce ECLWestern Blotting Substrate (ThermoFisher, USA) in aMini HD9 equipment (Uvitec Ltd., Cambridge,
UK).

. Nanoparticle tracking analysis

Nanoparticle tracking analysis (NTA) was performed using a NanoSight NS300 (Malvern Instruments, UK), equipped with a
532 nm laser and a 565 nm LP filter. PBS 1× was used to dilute the starting samples. Three videos of 60 s were recorded for
each sample, with temperature monitored along the readings. Videos recorded for each sample were analysed with the NTA
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TABLE  List of primers used in this study for qRT-PCR

Gene Forward primer Reverse primer

Foxp CTG CTG GCA AAT GGA GTC TG CCA GAG ACT GCA CCA CTT CT

Il- TGG GTT GCC AAG CCT TAT AGA AAT CGA TGA CAG CGC CTC

Ifnγ GCC AAG TTT GAG GTC AAC AAC C ATC TCT TCC CCA CCC CGA AT

Il-a AGCA GCGA TCAT CCCT CAAA CTTC ATTG CGGT GGAG AGTCC

s GCC CGA AGC GTT TAC TTT GA TTG CGC CGG TCC AAG AAT TT

Software in order to determine size and concentration of particles from samples of resuspended sEV. The Nanosight instrument
was calibrated using 100-nm diameter polystyrene latex beads and 100-nm diameter 532-nm green fluorescence standards (all
fromMalvern Panalytical, UK).

. In vitro modulation assay

Splenic CD4+CD25- T cells were magnetically isolated (MACS, Miltenyi Biotec, Germany) and cultured in 96-well plates for
3 days, previously coated with 5 μg/ml anti-CD3 (clone 145-2C11, Biolegend) and 2 μg/ml anti-CD28 (clone 37.51, Biolegend)
in complete RPMI media. Cells received 5 μg/ml of Tregs-derived sEV at 0 and 24 h of culture. After 48 h cells were harvested
and RNA was isolated using the RNeasy Kit (Qiagen, Germany), following manufacturer’s instructions. cDNA libraries were
prepared with iScript cDNA synthesis kit (BioRad, USA). Then, mRNA expression levels of Foxp3, IL-10, IFN-γ and IL-17A
were measured in Mx3000P qPCR system (Agilent Technologies, CA) using SsoFast EvaGreen qPCR Supermix (BioRad) as
fluorescent detector. Nucleotide sequences of used primers are shown in Table 1. For analysis, relative expression was determined
using the ΔΔCt method, using s as housekeeping control.

. In vitro suppression assay

Splenic CD4+CD25–Nrp1–Foxp3GFP– cells were sorted from FoxpGFPCD45.1+ mice as responder convT cells and labelled with
5 μM CellTrace Violet (CTV, ThermoFisher Scientific, MA, USA). Responder cells (5 × 104) were polyclonally activated with
plate-bound 5 μg/ml anti-CD3 (clone 145-2c11) and 2 μg/ml anti-CD28 (clone 37.51, both from Biolegend) alone or co-cultured
with wt Foxp3YFP/Cre+ Treg cells (at 1:1 Treg:convT ratio), or treated with 5 μg/ml of sEV derived from wt Treg, NrpKO Treg
or convT cells, in round-bottom, 96-well plates in 200 μl sEV-free supplemented RPMI for 72 h. Responder T cell proliferation
was analysed by tracking CTV dilution by flow cytometry using FACSCanto II (BD Biosciences). Suppression was calculated
as previously described (Mcmurchy & Levings, 2012). In short, it uses the formula % Suppression = (1 – DITreg/DITresp) × 100%
(whereDITreg stands for the division index of responder cells with Treg cells, andDITresp stands for the division index of responder
cells activated without treatment).

. Skin transplantation and sEV treatment

Spleen and lymph node CD4+ T cells were pre-enriched using the mouse CD4+ T Cell Isolation Kit (MACS, Miltenyi
Biotec, CA, USA). CD4+Foxp3GFP–Nrp1– cells were sort-purified as convT cells from FoxpGFPCD45.1+ reporter mice, and
CD4+Foxp3Cre/YFP+ were FACS-sorted as Tregs from FoxpCre/YFPCD45.2+ (wt). Then, convT cells (1.5× 105) were intravenously
injected alone or co-transferred with Treg cells (5 × 104) into RAG-KOmice, one day before transplant surgery. Some animals in
separated groups received 100 μl PBS 1× (vehicle) or a solution of 5 μg of sEV derived fromwt orNrpKO Tregs, by subcutaneous
injection surrounding the grafting area. Tail skin (∼1 cm2) from C57BL/6 (syngeneic) or F1 (allogeneic) donors was transplanted
onto the dorsal area of RAG-KO recipient mice, as described previously (Beilke & Gill, 2007). Survival of skin allografts was
evaluated twice per week and grafts were considered rejected when 80% of the initial graft had disappeared or become necrotic.

. Preparation of tissue cell suspensions

Fifteen days post-transplant mice were euthanized, graft draining lymph nodes (dLNs) and skin grafts were harvested for flow
cytometry analysis. dLNs weremechanically disaggregated in PBS 1× containing 5% FBS, and single cell suspension was obtained
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by filtering in a 40 μm cell strainer (BD Falcon) and maintained at 4◦C. Skin-infiltrating leukocytes were obtained as previously
described (Galvez-Cancino et al., 2019). Briefly, skin grafts excised from transplanted animals were cut in small fragments and
digested in 1 ml of non-supplemented RPMImedium containing 5 mg/ml collagenase D and 5 μg/ml DNase I for 30 min at 37◦C
(both from Roche). Then, digested skin pieces were mechanically disaggregated in a 40 μm cell strainer (BD Falcon) and single
cell suspensions were obtained. After a washing step with supplemented RPMI medium, cells were digested a second time with
1 ml of supplemented RPMI medium containing 25 μg/ml DNase I for 5 min on ice. Finally, cells were stimulated for cytokine
expression analysis, or directly stained for surface marker expression with antibodies as described below.

. Flow cytometry

After cell viability staining with ZombieDye NIR (Biolegend, CA, USA), cell suspensions were stained in PBS 1 × 5% heat-
inactivated FBS (Gibco, USA) with the following antibodies: CD3e (clone 145-2c11), CD4 (clone RM4-5), CD11b (clone M1/70),
CD11c (clone N418), CD25 (clone PC61), CD45.1 (clone A20), CD45.2 (clone 104), CD206 (clone C068C2), I-A/I-E (clone
M5/114.15.2), Ly-6C (clone HK1.4), Ly-6G (clone 1A8), NK1.1 (clone PK136), Nrp1 (clone 3E12), all from Biolegend, CA, USA.
Surface staining was performed for 30 min at 4◦C. Intracellular staining was performed with anti-Foxp3 (clone FJK-16s) and
the Fixation/Permeabilization Staining Kit (all from eBioscience, CA, USA), following manufacturer’s instruction. For cytokine
expression analysis, cells were activated with 50 ng/ml PMA (Sigma) and 1 μg/ml Ionomycin (Sigma) in RPMI containing 10%
FBS and Brefeldin-A (eBioscience, CA) for 4 h. Cells were washed, stained for surface markers, and treated with the Fixa-
tion/Permeabilization StainingKit (all from eBioscience, CA, USA), followingmanufacturer’s instructions. Intracellular cytokine
stainingwas performedwith the following antibodies: IFN-γ (clone XMG1.2), IL-17A (clone TC11-18H10.1, both fromBiolegend).
Cells were analysed on FACSCanto II (BD Biosciences, USA) or FACS-sorted in a FACSAria II (BD Biosciences, USA). Data
analysis was performed on FlowJo software (CA, USA).

. Mass spectrometric analysis of sEV content

sEV proteins were separated using polyacrylamide gradient gel electrophoresis. Each lane was divided into 6 sections to perform
in-gel digestion according to Kolodziej et al., 2016.

Liquid chromatography followed by tandem-mass spectrometry (MS/MS) of the sample fractions was performed on a hybrid
dual-pressure linear ion trap/orbitrap mass spectrometer (LTQ Orbitrap Velos Pro, Thermo Scientific) equipped with an EASY-
nLC Ultra HPLC (Thermo Scientific). Peptide samples were dissolved in 10 μl of 2% acetonitrile/0.1% trifluoric acid and
fractionated on a 75-μm i.d., 25-cm PepMap C18-column, packed with 2 μm resin (Dionex, Germany). Separation was achieved
by applying a gradient of 2% to 35% acetonitrile in 0.1% formic acid over 150 min at a flow rate of 300 nl/min. An Orbitrap
full MS scan was followed by up to 20 LTQ MS/MS runs using collision-induced dissociation (CID) fragmentation of the most
abundantly detected peptide ions. The essential MS settings were as follows: full MS (resolution, 60,000; mass to charge ratio
range, 400–2000); MS/MS (Linear Trap; minimum signal threshold, 500; isolation width, 2 Da; dynamic exclusion time setting,
30 s; and singly charged ions were excluded from the selection). Normalized collision energy was set to 35%, and activation
time was set to 10 ms. Raw data processing, protein identification and result comparison were performed by PEAKS Studio 8.0
(Bioinformatics Solutions Inc., Canada). The false discovery rate was set to <1%.

. Bioinformatics analysis

The differentially expressed proteins of each sEV sample were analysed by Venn diagrams using VENNY 2.1. Gene ontology
analysis, Functional Annotation, Gene Functional Classification and Gene ID Conversion were performed using GeneOntology
Consortium (Ashburner et al., 2000; The Gene Ontology, 2019; Thomas et al., 2003) and PANTHER version 11 (Mi et al., 2017;
Thomas et al., 2003). Heatmaps of protein expression data were performusingHeatMapper (Babicki et al., 2016), which calculates
the sample-to-sample distances using the Euclidean distance measurement method between the samples and clustering method
of average linkage.

. Statistical analysis

Statistical analysis was performed using Student’s t-test, two-way ANOVA and log-rank test using the software GraphPad Prism
(CA,USA). Differences with p-values less than 0.05were considered significant. *< 0.05; **< 0.01; ***< 0.001; ns, not significant.



 of  CAMPOS-MORA et al.

F IGURE  Nrp1 deletion on Foxp3+ Treg cells does not alter sEV secretion. Conventional T cells (convT) and Foxp3+ Treg cells from wt, het and
NrpKOmice were sort-purified and activated in sEV-depleted cRPMI media with plate-bound αCD3/αCD28 for 72 h. Conditioned media (CM) was harvested
and sEV were obtained by ultracentrifugation. (a) Characterization of sEV size and relative concentration by nanoparticle tracking analysis (NTA) from convT
(dark grey), and wt (dark green), het (light green) or NrpKO (white) Treg cells sEV. Numbers at peaks correspond to mean size reported by NanoSight. (b)
Accumulated data of sEV production of aforementioned T cells populations. (c) Immunoblot analysis for sEV markers in the total lysate from Treg (Treg) cells
or sEV from by wt and NrpKO animals. Numbers on the right side of the panel represent molecular size (kDa). (d) sEV from wt or Nrp1KO Treg cells were
stained with PE-coupled IgG2a (isotype, left) or anti-Nrp1 antibodies (right), and then analyzed to determine size and relative concentration using no filter
(black line) or 565 nm fluorescence filter (red line). Numbers at peaks correspond to mean size reported by NanoSight. (e) Immunoblot analysis of total lysates
depicting Nrp1 expression in Treg cells and Treg-derived sEV lysates after performing stripping of the membranes shown in (c). Numbers on the right side of
the panel represent molecular size (kDa). For (b), bars represent mean, and each circle represents one sEV purification. Representative data from 3 (Het) to 6
(wt and NrpKO) sEV purifications. One-way ANOVA (Tukey’s multiple comparisons test), ns = not significant

 RESULTS

. Foxp+ Treg cells produce Nrp+ sEV

In previous reports, our group and others reported that Nrp1 deficiency in Foxp3+ Treg cells impaired their capacity to exert
in vitro, contact-independent immune suppression, using a 0.4 μm pore diameter transwell system (Campos-Mora et al., 2019;
Delgoffe et al., 2013). This observation suggested that Nrp1might be involved in a Treg cell-mediated suppressivemechanism that
it is not fully described yet: the production of sEV with immunosuppressive properties (Li et al., 2016). To unveil this potential
mechanism, we first isolated sEV from polyclonally activated Foxp3+ Treg cells obtained from FoxpYFP/Cre (wild-type control,
wt), FoxpYFP/CreNrp+/flox (heterozygous, het), and FoxpYFP/CreNrpflox/flox (NrpKO) animals. These sEV were isolated follow-
ing the ultracentrifugation approach (Théry et al., 2006), enriching for 100,000 g pellet (which was used throughout the study),
and quantified using Nano Tracking Analysis (NTA)-based technique and characterized using Western Blot (Buzás et al., 2017;
Théry et al., 2006) (the reader should note that there may be a possibility that non-sEV associated factors may contribute to
the observed effects described below). We found that the mean particle size of all isolated sEV was similar (154.2 ± 43.4 for wt
Treg cells sEV; 159.7 ± 25.7 for het Treg cells sEV; and 139.9 ± 67.7 for NrpKO Treg cells sEV), regardless of the genotype of
Treg cells used as source (Figure 1a). When we consider the cell number and the empiric dilution for NTA measurements, we
found that all three Foxp3+ Treg cells genotypes are capable of secreting similar amounts of sEV (∼ 2.5 × 108 sEV/106 cultured
Treg cells) (Figure 1b). In addition, we found that Treg cells tend to secrete higher amounts of sEV compared to convT cells
(∼1.0 × 108 sEV/106 cultured convT), although this result is not statistically significant (Figure 1b) (Okoye et al., 2014). We also
characterized Treg cell-sEV studying the expression of canonical markers associated with exosomes-like vesicles. Immunoblot
analysis performed to total protein extracts of Treg cell-derived sEV, probing for the presence of the proteins Alix and Tsg-101
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(specific markers for vesicles of endocytic origin) (Lötvall et al., 2014; Witwer et al., 2013), and the absence of calnexin (a marker
of vesicles of endoplasmic reticulum origin), confirmed that Treg cell-derived vesicles obtained from wt and NrpKO genotypes
were enriched in sEV (Lötvall et al., 2014) (Figure 1c). Some components of cellular cytoskeleton (such as Tubulin subunits) have
been reported as present in exosomes from leukocytes and non-leukocyte cells (Buschow et al., 2010; Mathivanan et al., 2010)
however, we could not detect the presence of α-Tubulin in sEV samples isolated fromTreg cells, independently of their expression
of Nrp1 (Figure 1c). Together, these results strongly suggest that indeed these nanometric vesicles isolated from in vitro cultured
Foxp3+ Treg cells correspond to exosome-enriched sEV and, importantly, the deficiency of Nrp1 in Foxp3+ Treg cells does not
affect sEV production and/or secretion.
Next, we analysed the presence of Nrp1 protein in sEV from wt and NrpKO Treg cells using two approaches: first, we stained

the sEV with Phycoerithrin (PE)-coupled anti-Nrp1 antibody and measured PE fluorescence emission signal by NTA (Carnell-
Morris et al., 2017). Following this strategy, we only found PE signal in sEV obtained from wt Treg cells and not from those
isolated from NrpKO Treg cells (Figure 1d). This observation was confirmed by immunoblot, where Nrp1 was found in both
wt Treg cell lysates and wt Treg cell-derived sEV lysates (Figure 1e), but was not detected in lysates from either NrpKO Treg
cells orNrpKO Treg cell-derived sEV (Figure 1e). Lastly, sEV shape and size were confirmed by SEM, finding semi-rounded and
∼150 nm average size sEV, irrespective of the Treg cell genotype (data not shown). These results suggest that wt Treg cells secrete
sEV “loaded” with Nrp1 molecules in its surface.

. Nrp is required for Treg cell-mediated suppression of convT via sEV

The expression of Nrp1 in T cells has long been associated with immune tolerance in several immune settings (Campos-Mora
et al., 2019; Campos-Mora et al., 2015; Solomon et al., 2011), but the mechanisms by which Nrp1 expression is involved in control-
ling the immune response is not fully known. Recently, we reported that Nrp1 plays a role in modulating convT cells phenotype
and function in vivo in a Treg cell-dependent manner, as ex vivo alloreactive T cells displayed suppressive function when co-
transferred with Nrp1+ Treg cells but not when transferred with NrpKO Treg cells, suggesting that Nrp1 may play a role in
generating CD4+ T cells with suppressive properties in the periphery (Campos-Mora et al., 2019). Hence, the presence of Nrp1
in Treg cell-derived sEV might be relevant for the immunosuppressive capability of these nanovesicles.
Therefore, we proceeded to study the in vitro suppressive function ofwt andNrpKO-Treg cell-derived sEVon the proliferation

of freshly isolated, CellTraceTMViolet-stained CD4+CD25- convT cells polyclonally activated. We used 50,000 freshly isolated
wt Treg cells as control for suppression, and convT cells-derived sEV as biologically active sEV control. As previously described
(Wahlgren et al., 2012), we found that 1 μg of convT cells-derived sEV boosted convT cells proliferation compared with vehicle
control (∼91% vs. 83% of proliferation, respectively) (Figure 2a). On the contrary, we observed that the treatment with 1 μg of
wt Treg cell-derived sEV (equivalent to 200,000 Treg cells) decreased convT cell proliferation and their overall division index
(Figure 2a-c). Conversely, NrpKO Treg cell-derived sEV could not inhibit convT proliferation and division index as their wt
counterpart (∼81% vs. ∼74% of convT cells in proliferation; and ∼0.9 vs. ∼0.75 for division indexes, respectively) (Figure 2a-c).
After calculating the mean suppression percentage, we confirmed that the suppressive function of NrpKO Treg cell-derived
sEV was lower than wt Treg cell-derived sEV (∼25% vs. ∼1%, respectively) (Figure 2c). Altogether, these results suggest that the
presence of Nrp1 in Treg cell-derived sEV is required for optimal inhibition of convT cell proliferation in vitro. Next, we sought
to evaluate whether Treg cell-derived sEV modulate convT cells phenotype in vitro and to elucidate a potential involvement of
Nrp1 in this process. For this, CD4+CD25– T cells were sorted from C57BL/6 spleens and polyclonally activated in the presence
of PBS 1X (vehicle) or 5 μg/ml sEV obtained fromwt orNrpKO Treg cells. After 48 h, CD4+ T cells were harvested and RNAwas
isolated to test for the expression of Foxp, Il, Ifng and Il-a transcripts. As observed, the addition of wt Treg cell-derived sEV
induced the expression of Foxp, Il and IfngmRNA, although the differences observed were not statistically significant, except
for Foxp (Figure 2d). No change for Il-a mRNA was obtained. Furthermore, sEV isolated from NrpKO Treg cells did not
induce changes in the expression of Foxp or IfngmRNA, although a modest up-regulation on Il-amRNA levels was obtained
with NrpKO Treg cell-derived sEV.

. Nrp+ Treg cell-derived sEV favor transplant tolerance by accumulating intragraft M

The immunomodulatory role of murine Treg cell-derived sEV has been evaluated in several studies as reviewed by Rojas et al.
(2020). Moreover, it has been recently reported that human Treg cell-derived sEVs can inhibit the proliferation and modify
cytokine production of effector T cells protecting against human skin allograft damage (Tung et al., 2018). To elucidate the rel-
evance of Nrp1 in Treg cell-derived sEV, we tested wt and NrpKO Treg cell-derived sEV capacity of inducing in vivo immune
tolerance to skin allografts. Briefly, sEV was obtained from wt or NrpKO Treg cells and injected subcutaneously in the area sur-
rounding the transplant bed (back of the mouse) of RAG-KOmice previously receiving convT cells. Skin transplanted RAG-KO
mice without adoptively transferred convT cells were used as acceptance controls (Figure 3). The next day, mice were allografted
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F IGURE  sEV from Nrp1+ Treg cells modulate convT cells’ phenotype in vitro. Conventional T (convT) cells were stained with CTV and activated in
vitro with plate-bound anti-CD3 (5 μg/ml)/anti-CD28 (2 μg/ml) in sEV-free media, alone or in the presence of wt Treg cells (suppression control), treated with
PBS 1X (vehicle) or 5 μg/ml sEV from wt or NrpKO Treg cells, or convT-derived sEV, for 72 h. (a) Representative histograms show proliferation of
unstimulated convT (white), or activated convT treated with vehicle (black), or co-cultured with wt Treg cells (dark green), or treated with sEV derived from wt
(green dotted) or NrpKO Treg cells (black dotted) or convT cells (red dotted). Numbers at top-left indicate frequency of proliferating convT cells. (b) Bar
graph shows suppression (%) of convT cell proliferation, calculated as described in Material and Methods. (c) Bar graph shows Division Index of convT cells
under the aforementioned conditions. (d) Cells were harvested at 48 h postsEV treatment, and gene expression for Foxp, Il-, Ifng and Il-a was measured by
qRT-PCR on convT cells treated with vehicle (black) or with wt (dark green) or NrpKO Treg-derived sEV. For b-d, bars represent mean, and each point
represents one independent experiment. One-way ANOVA (Tukey’s multiple comparisons test), *p < 0.05; **p < 0.01; ***p < 0.001; ns = not significant. n = 3
independent experiments

and transplant survival was monitored three times per week. As depicted in Figure 3c-d, RAG-KO animals receiving convT
cells reject the skin grafts, showing ∼10% of transplant survival, while the administration of wt Treg cell-derived sEV prevents
rejection, raising transplant survival to ∼57% (Figure 3b-d). Conversely, the treatment with NrpKO Treg cell-derived sEV did
not protect against transplant rejection, obtaining only ∼28% of graft survival.
During the progression of the immune response against the allograft, several immune populations are recruited to the trans-

planted tissue by released inflammatory signals, among others (Béland et al., 2015). It has been described that immune cells
from the innate compartment, such as monocytes/macrophages and NK cells, also play a pivotal role in the final outcome of
the response, determining allograft tolerance or rejection (Benichou et al., 2012; Ordikhani et al., 2020). Accordingly, we studied
cell infiltration into the skin grafts and dLN in rejecting animals and those treated with wt or NrpKO Treg cells-derived sEV,
in order to elucidate the effect of Treg cells sEV treatment on allograft leukocyte infiltration and the role of Nrp1 in this phe-
nomenon. After following enzymatic digestion of the skin grafts, we analysed different cell populations residing in the tissue. We
evaluated the presence of CD4+ T cells, Type-1 Macrophages or M1 (CD11b+MHC-II+/highCD206-), Type-2 Macrophages or
M2 (CD11b+MHC-II+/-CD206+), NK cells (CD11b+NK1.1+), conventional Dendritic Cells or cDC (CD11c+MHC-II+) and
Neutrophils (CD11c-CD11b+Ly6G+) (Crane et al., 2014; Rose et al., 2012; Rusinkevich et al., 2019), Figure S1 and S2. As depicted,
we found a robust population of M1 cells, which did not vary among the three experimental groups (∼30%; Figure 4a,b). On
the contrary, the frequencies of M2 cells displayed variations: whereas ∼5% of M2 cells were found in the rejecting and ∼8%
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F IGURE  Nrp1KO Treg cell-derived sEV fails to induce skin graft tolerance. RAG-KO mice received 1.5 × 105 convT cells by intravenous injection, and
one dose of PBS 1× (vehicle) or sEV derived from wt or NrpKO Treg cells by subcutaneous injection. Next day, all mice were transplanted with allogeneic skin
grafts, and 20 days post-transplant graft survival was evaluated. (a) Representative scheme depicts sEV isolation from wt (blue) or NrpKO (red) Foxp3+ Tregs,
and the location of sEV administration before skin transplantation. (b) Representative photographs showing the outcome of graft survival at day 20 after
surgeries in mice with no cell transfer (control group), mice receiving only convT cells (No treatment, rejection group) or mice receiving convT cells and sEV
obtained from wt or NrpKO Treg cells. (c) Table showing experimental groups, treatment, number of animals per group (n), graft survival (%) and p-value at
day 20 postsurgery. For c, N-1 Chi-squared test. n = 3 independent experiments. (d) Survival plot showing the percentage of skin graft survival, including the
number of animals per group

in wt Treg cell-derived sEV conditions, animals treated with Nrp1KO Treg cells-derived sEV reached a significant reduction to
∼2% (Figure 4a and c). Consequently, theM1/M2 ratio was higher in the Nrp1KO Treg cell-derived sEV-treated group compared
to animals receiving wt Treg cell-derived sEV, Figure 4d. In contrast, when we looked at these populations in transplant-dLN,
no differences were found, Figure 4h-j. Furthermore, the frequencies of cDC, and NK cells in the skin grafts were unchanged
among all groups tested, whereas the population of neutrophils was reduced in wt Treg cell-derived sEV treated animals versus
rejection controls (from ∼18% to 8%, respectively). In dLN, NK cells and Neutrophils remained constant in all groups, but the
frequency of cDC was decreased in NrpKO Treg cell-derived sEV-treated group compared to rejecting animals (from ∼10% to
6%, respectively), Figure S3. These results suggest that Nrp1-bearing sEV may be involved in M2 cells accumulation in the skin
transplants. To complement this data, we studied the frequencies of CD4+ T cell populations in skin grafts and transplant-dLN,
focusing in Th1 (CD4+IFNγ+), Th17 (CD4+IL-17+) and Foxp3+ Treg cells. In this case, we did not find differences in Th1, Th17
and Treg cell populations between wt andNrpKO Treg cell-derived sEV treated groups, either in the skin grafts (Figure 4e-g) or
transplant-dLN (Figure 4k-m).
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F IGURE  Nrp1+ Treg-derived sEV induces transplant tolerance by modulating intragraft M1/M2 ratio. Graft-draining lymph nodes and skin grafts were
harvested from transplanted animals, and single cell suspensions were obtained for analysis. From skin preparations, CD45+CD11b+macrophages were gated,
and expression of MHC-II and CD206 we used to define M1-type (MHC-II+/high CD206-) and M2-type (MHC-IIlow CD206+/high) by flow cytometry. (a)
Representative contour plots show the frequency (%) of graft-infiltrating M1-type, M2-type macrophages, IFN-γ+ Th1, IL-17A+ Th17 and Foxp3+ Treg cells
from animals treated with vehicle (rejection group) or treated with wt Treg- or Nrp1KO Treg cells-derived sEV. Below, bar graphs represent (b) the frequency of
M1-type macrophages; (c) the frequency of M2-type macrophages; (d) the M1/M2 ratio; (e) the frequency of Th1 cells; (f) the frequency of Th17 cells; and (g)
the frequency of Foxp3+ Treg cells detected in skin-infiltrating lymphocyte samples from mice of untreated group (R, dark orange), treated with sEV derived
from wt Treg (dashed orange) or Nrp1KO Treg cells (dashed white). From graft-draining lymph node (dLN) preparations, bar graphs show the frequency of (h)
the frequency of M1-type macrophages; (i) the frequency of M2-type macrophages; (j) the M1/M2 ratio; (k) the frequency of Th1 cells; (l) the frequency of Th17
cells; and (m) the frequency of Foxp3+ Treg cells present in graft dLN of rejecting mice (R, blue), and those treated with sEV obtained from wt (dashed green)
or Nrp1KO (dashed white). For (b)-(m), One-way ANOVA (Tukey’s multiple comparison test). *p < 0.05; **p < 0.01; ***p < 0.001; ns = not significant. n = 3
independent experiments, with n = 3–8 mice group, per experiment

. Deletion of Nrp on Foxp+ Treg cells affects the cargo composition of sEV

After evaluating the immune-suppressive capacity of wt versus NrpKO Treg cell-derived sEV, an extensive proteomic analysis
was performed to assess whether the deficiency of Nrp1 on Treg cells affects the cargo composition of their sEV in compar-
ison to wt control. The composition of sEV obtained from wt and NrpKO Treg cells was determined using label-free liquid
chromatography- tandem mass spectrometry (LC-MS/MS)-based proteomics.
The proteomes of two biological replicates for each sample (wt orNrpKOderived sEV)were analysed and compared, obtaining

a total of 172 unique proteins identified across the combined samples. Venn diagram analysis showed that 84 of the identified
sEV proteins were present in both types of sEV, while 51 proteins were found exclusively on wt and 37 exclusively on NrpKO
Treg cell-derived sEV (Figure 5a).
To elucidate the biological functions of the proteins differentially expressed in wt and NrpKO Treg cell-derived sEV, we per-

formed Gene Ontology (GO) enrichment analysis comparing the 51 proteins exclusively expressed on wt versus the 37 proteins
exclusively found on NrpKO Treg-cell-derived sEVs using Panther GenOntology Consortium. Among the GO Biological Pro-
cess (GO-BP) categories that were significantly involved (adjusted p value< 0.05), we found a higher enrichment in the categories
of “Cell Process,” “Metabolic Process” and “Biological Regulation” in samples derived from sEV from wt Treg cells over NrpKO
Treg cell-derived sEV (Figure 5b). Interestingly, we also found that categories like “Immune system Process,” “Locomotion” and
“Reproductive Process” are exclusively enriched in samples derived from wt Treg cell-derived sEV.
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F IGURE  Analysis of sEV proteome reveals that Nrp1+ Treg cell-derived sEV are enriched in proteins with immunosuppressive potential. sEV derived
from wt or NrpKO Treg cells were isolated and proteomic analysis was performed as described in Material and Methods. (a) The lists of proteins expressed in
the different sEV samples were compared using Venn diagram (VENNY 2.1). 172 proteins were analyzed in total, of these 51 were expressed only in wt Treg
cells, and 37 in NrpKO Treg cell-derived sEV. (b) GO-biological processes (GO-BP) analysis showed GO: 0002376 “’”immune response’’ as exclusively
enriched in wt Treg cell-derived sEV (p < 0.05). (c) Heatmap of differentially expressed proteins from wt and NrpKO Treg cell-derived sEV samples (p < 0.05).
The differential expression of the different proteins was analyzed using HeatMapper. Log2 signal intensity values for any single protein were resized to Row
Z-Score scale (from − 2, the lowest expression to+ 2, the highest expression for a single protein). (d) Table including five more relevant proteins with
immunosuppressive potential. We also included the synonymous of protein name and a brief description of the biological function associated to the immune
response. (e) Western blot analysis for evaluating the presence of CD73 on Treg cell lysates obtained from wt or NrpKOmice (KO) and sEV enriched from in
vitro cultured Treg cells isolated from wt or NrpKO animals (KO). All conditions were normalized to load 30 μg of total protein. L: ladder

Next, we performed a heatmap graph of variance using HeatMapper. Each sample is shown in the heatmap according to their
protein expression represented with a band intensity (arbitrary units) conveyed as single values for each protein (Figure 5c). We
observed that some proteins derived from wt Treg cell-derived sEV are exclusively overexpressed with respect to those isolated
from NrpKO Treg cells, particularly, proteins related to immune modulation such as IL2RA, CD73, CD82, CD43 and LDHC
(Figure 5d). Preliminary western blot experiment suggests that at least CD73 is less abundant in sEV isolated from NrpKO Treg
cells compared to wt Treg cells (Figure 5e). A complete list of proteins identified in sEV isolated from wt and NrpKO Treg cells
are shown in Table 2 and Table 3, respectively (Supplementary Material).
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TABLE  List of proteins exclusively found in sEV isolated from wt Treg cells

Gene name Uniprot ID

RE1-silencing transcription factor Q8VIG1

Phosphoglycerate kinase 1 P09411

Sodium/potassium-transporting ATPase subunit beta-3 P97370

Myb-binding protein 1A Q7TPV4

Anaphase-promoting complex subunit 1 P53995

5′-nucleotidase Q61503

Membrane-associated guanylate kinase, WW and PDZ domain-containing
protein 1

Q6RHR9

Actin, cytoplasmic 1 P60710

Peroxiredoxin-2 Q61171

Poly(rC)-binding protein 1 P60335

GRIP and coiled-coil domain-containing protein 2 Q8CHG3

Heterochromatin protein 1-binding protein 3 Q3TEA8

Alpha-2-HS-glycoprotein P29699

Protein ITPRID2 Q922B9

Neutral amino acid transporter B(0) P51912

60S ribosomal protein L24 Q8BP67

Perilipin-1 Q8CGN5

Histone H2AX P27661

60S ribosomal protein L27a P14115

Receptor-type tyrosine-protein phosphatase C P06800

Leukosialin P15702

ATP synthase subunit alpha, mitochondrial Q03265

Lysosomal acid glucosylceramidase P17439

Vitrin Q8VHI5

Serine/arginine repetitive matrix protein 2 Q8BTI8

Histone H1t Q07133

Keratin, type I cytoskeletal 12 Q64291

L-lactate dehydrogenase C chain P00342

Heat shock protein HSP 90-alpha P07901

Sodium/potassium-transporting ATPase subunit alpha-2 Q6PIE5

RNA-binding protein FUS P56959

Tumour necrosis factor receptor superfamily member 18 O35714

60S ribosomal protein L15 Q9CZM2

Peripherin P15331

Alpha-1-antitrypsin 1–4 Q00897

Basigin P18572

T-complex protein 1 subunit theta P42932

60S ribosomal protein L10a P53026

Testis-expressed protein 2 Q6ZPJ0

Adhesion G-protein coupled receptor V1 Q8VHN7

Dihydropyrimidinase-related protein 2 O08553

Elongation factor 2 P58252

Ubiquitin carboxyl-terminal hydrolase BAP1 Q99PU7

Splicing factor, proline- and glutamine-rich Q8VIJ6

Elongation factor 1-alpha 2 P62631

(Continues)
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TABLE  (Continued)

Gene name Uniprot ID

60S ribosomal protein L27 P61358

EF-hand and coiled-coil domain-containing protein 1 Q9JJF6

Alpha-1-antitrypsin 1–3 Q00896

Interleukin-2 receptor subunit alpha P01590

Ubiquitin-associated and SH3 domain-containing protein A Q3V3E1

CD82 antigen P40237

 DISCUSSION

Treg cells secrete sEV as part of their immune suppression mechanisms (Li et al., 2016; Okoye et al., 2014; Smyth et al., 2013),
and some proteins highly expressed in Treg cells (CD73, CD25, CTLA-4) were reported to be present in sEV derived from these
cells (Agarwal et al., 2014). Among them, it was found that CD73 contributes to the immunomodulatory function of these sEV
(Smyth et al., 2013). However, it has not been described yet whether other markers expressed in Treg cells are present in their
sEV (such as PD-1, GITR, or Nrp1). The Nrp1 protein has only been reported in sEV derived from macrophages and tumour
cells, both human andmouse (Demory Beckler et al., 2013; Hassani & Olivier, 2013; Lazar et al., 2015; Stamer et al., 2011). To date,
there are no reports involving Nrp1 in the biogenesis, cargo content or secretion of sEV of any cell type; thus, the possibility that
the production of sEV by Treg cells could be altered by Nrp1 deficiency was addressed. In this work we demonstrated for the first
time that Nrp1 is present in sEV secreted by wt Treg cells, and that Nrp1 deficiency in Treg cells does not impair the release (or
the quantity) of sEV released by in vitro activated murine Treg cells. In addition, when we analysed protein extracts from these
sEV fractions, we did not observe changes in the presence of proteins classically associated with sEV, such as Tsg-101 and Alix,
which are part of the endosomal sorting complex required for transport (ESCRT) complexes, (Latifkar et al., 2019) in sEV derived
fromNrpKO Treg cells. Therefore, these results suggest that Nrp1 may not participate in the biogenesis of Treg cell-derived sEV
activated in vitro, although further research should be performed to confirm this observation.

Moreover, this study showed that onlywt Treg cell-derived sEV exerted suppressive function in vitro, decreasing the prolifera-
tion and cell division (division index) of polyclonally-activated convT cells On average, treatment withNrpKO Treg cell-derived
sEV did not inhibit convT proliferation, suggesting that the presence of Nrp1 on Foxp3+ Treg cell-derived sEV (or their cargo)
is involved in the suppressive function of sEV, either directly or indirectly. The contribution of Nrp1 to the function of sEV from
Treg cells could be intrinsic to the Treg cells themselves, due to the role of Nrp1 in maintaining phenotypic stability of these cells
(Overacre & Vignali, 2016).

On the other hand, the proteomic cargo of sEV has an evident importance and remains as the focus of significant interest,
because it can provide valuable information about their intracellular origin, their potential “homing” (cell targeting) or the sEV
cellular effect once received/incorporated on target cells (Schey et al., 2015; Vagner et al., 2019). Asmentioned above, some highly
expressed Treg cells proteins such as CD73, CD25 andCTLA-4 have been also found inwtTreg cell-derived sEV.Our results from
the proteomic analysis showed that CD73 was over-represented in wt Treg cell-derived sEV, as previously described by Smyth
and collaborators (Smyth et al., 2013), which could lead to the increased ability of the of wt Treg cell-derived sEV to suppress the
proliferation of activated T lymphocytes. We also found increased expression of CD25 or IL2RA in wt Treg cell-derived sEV, a
molecule that is also associated with increased immunosuppressive potential. The role of CD73 and CD25 on Treg cell’s function,
and the implications of their down-regulation, have been reported (Smyth et al., 2013). CD82 is a tetraspanin associated with lipid
rafts in the cell membrane, that it has been described as an exosome-enriched marker, and it can elicit inhibitory effects on cell
migration (Huang et al., 2020; Yeung et al., 2018). Among immune cells, CD82 is expressed by DCs and T cells, where it reduces
cell motility through regulation of cytoskeleton proteins, such as RhoA, and this tetraspanin also promotes actin polymerization
(Delaguillaumie et al., 2004; Delaguillaumie et al., 2002). Therefore, it is possible that Nrp1+ Treg cell-derived sEV, containing
cytoskeleton-modulating proteins, could participate in the modulation of immune cell migration to the inflammation site and
the infiltration into the allograft.
LDHC is an isoenzyme of LDH preferentially expressed in testis and associated with glucose and ATP in mammalian germ

cells (Gupta, 2012), and its presence in sEV from different cell types has been reported (Anand et al., 2018; Bruno et al., 2009;
Gangoda et al., 2017). Furthermore, the activation marker CD43 is coded by the gen Spn (Fulton et al., 2010), and it has been
reported that it collaborates with P-selectin glycoprotein ligand-1 to mediate T cell migration to inflamed skin (Matsumoto et al.,
2007). Activated Treg cells express CD43 on the surface membrane during viral infection (Fulton et al., 2010; Joedicke et al.,
2014). Also, it has been shown that CD43 serves as a marker for a sub-population of skin-homing Treg cells expressing Il and
Gzmb that inhibit immune responses in a murine model of contact hypersensitivity (Ikebuchi et al., 2016). CD43 deficiency
decreases Treg cell frequency and worsens overall mortality in a murine model of sepsis through a mechanism that is still not
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TABLE  List of proteins exclusively found in sEV isolated from Nrp1KO Treg cells

Gene name Uniprot ID

Ras-related protein Rap-1A P62835

Keratin, type II cytoskeletal 7 Q9DCV7

Obscurin A2AAJ9

Glyceraldehyde-3-phosphate dehydrogenase, testis-specific Q64467

Monocarboxylate transporter 1 P53986

Arf-GAP with SH3 domain, ANK repeat and PH domain-containing protein 2 Q7SIG6

A-kinase anchor protein 13 E9Q394

Eukaryotic initiation factor 4A-I P60843

Keratin, type I cytoskeletal 40 Q6IFX3

60S ribosomal protein L10-like P86048

Keratin, type I cuticular Ha2 Q62168

Keratin, type II cuticular Hb1 Q9ERE2

Annexin A2 P07356

Keratin, type II cuticular 87 Q6IMF0

Keratin, type I cuticular Ha3-I Q8K0Y2

Hydrocephalus-inducing protein Q80W93

Glial fibrillary acidic protein P03995

Tubulin alpha-1A chain P68369

Keratin, type I cuticular Ha6 B1AQ75

Nestin Q6P5H2

Ubiquitin-40S ribosomal protein S27a P62983

60S ribosomal protein L29 P47915

Collagen alpha-1(XVI) chain Q8BLX7

Mitogen-activated protein kinase kinase kinase 12 Q60700

Triosephosphate isomerase P17751

Segment polarity protein dishevelled homolog DVL-2 Q60838

Gem-associated protein 5 Q8BX17

Sperm-associated antigen 1 Q80ZX8

Keratin, type I cuticular Ha1 Q61765

Nuclease-sensitive element-binding protein 1 P62960

60S ribosomal protein L10 Q6ZWV3

Myeloperoxidase P11247

Ras-related protein Rap-1b Q99JI6

Dystonin Q91ZU6

Keratin, type II cuticular Hb4 Q99M73

Keratin, type I cuticular Ha5 Q497I4

Protocadherin Fat 3 Q8BNA6

fully described (Fay et al., 2018). Considering that CD43 expression on Treg cells could be important for Treg cells’ beneficial
effect during sepsis, it is reasonable to suggest that the presence of CD43 on Treg cell-derived sEV could participate in the control
of immune dysregulation and mortality.
We think that convT cells (and other inflammatory cells) receiving sEV with less abundance of these immune regulation-

related proteins could explain the less effective suppressive activity of sEV purified from NrpKO Treg cells, as observed in vitro
(convT cell proliferation) and in vivo (transplant experiments).

There are few reports describing that the treatment with Foxp3+ Treg cell-derived sEV extended allograft survival. Using a
rat kidney transplantation model, a study found that intravenous injection of sEV derived from Treg cells could delay transplant
rejection and inhibit the proliferation of allo-reactive T cells (Yu et al., 2013). Using the same model, another study showed that
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Treg cell-derived sEV increase allograft survival by decreasing pro-inflammatory cytokine levels in the serum of treated animals
(Aiello et al., 2017). Hence, we set out to analyse the participation of Nrp1 in the tolerogenic function of sEV derived from Treg
cells in vivo, using a murine skin transplantationmodel. Our results indicated that only Nrp1+ Treg cell-derived sEVwere able to
promote allograft survival, whereas the NrpKO sEV counterpart was unable to prevent rejection, proving that Nrp1 expression
could also be relevant for the function of sEV derived from Foxp3+ Treg cells. The content of these sEV could play a key role in
inducing transplant tolerance. In this context, previous reports showed that DCs transduced to express the immunosuppressive
cytokines IL-10 and TGF-β, were capable of secreting sEV containing these cytokines, and these sEV were capable of inhibiting
inflammation in models of rheumatoid arthritis and experimental colitis (Cai et al., 2012; Kim et al., 2005). A recently published
report showed for the first time that sEV released by murine Treg cells possess IL-35 associated at sEV surface, and these Treg
cell-derived sEV not only induced T-cell and B-cell anergy, but also promote tolerance to heart transplants through infectious
tolerance (Sullivan et al., 2020). Previous results by our group showed that NrpKO Treg cells secreted decreased levels of IL-10
in vivo during skin transplant rejection (Campos-Mora et al., 2019). If cytokines like IL-10 were contained in Treg cell-derived
sEV, it is possible that decreased suppressive function of sEV derived from NrpKO Treg cells may also be partially attributed to
lower IL-10 content.
In our model, treatment with these Treg cell-derived sEV consisted of a single dose of 5 μg by subcutaneous administration

at the dorsal region of the animals, flanking the skin area where grafting would be performed the next day. In this way, wt Treg
cell-derived sEV effectively promoted transplant survival. Transferred convT cells or endogenous APCs recruited to the allograft
site are likely to capture these sEV (Agarwal et al., 2014; Li et al., 2016; Rojas et al., 2020). Therefore, we analysed the frequency
of several innate immune populations infiltrating the skin grafts, and we found that the treatment with wt Treg cell-derived
sEV increased the proportion of M2 cells. Macrophages are critical mediators of immune responses against transplants, and
M1 cells have shown to infiltrate and contribute to graft loss through inflammatory mechanisms (Liu et al., 2012). Conversely,
CD206-expressing M2 cells (also known as “alternative-activated macrophages”) have anti-inflammatory capacity promoting
the resolution of inflammation, facilitate wound healing and angiogenesis, and therefore, they may promote allograft damage
repair (Li et al., 2019). In a murine corneal allograft model, it was shown that M2 macrophages were present in animals that
did not reject the transplants (Oh et al., 2013). However, other studies have reported that M2 cells might contribute to chronic
rejection by promoting fibrosis and vasculopathies both in mice models and in graft biopsies from patients (Nadeau et al., 1995;
Toki et al., 2014; Wu et al., 2016; Yang et al., 2003), suggesting that further research is needed to determine the participation of
M2 cells in allograft rejection. Nevertheless, recent evidence also suggests that macrophages can participate in transplantation
tolerance, as the case of regulatory macrophages (Mregs), a distinct macrophage subset with suppressive functions mediated by
an iNOS-dependent mechanism (Riquelme et al., 2013). Mregs are capable to inhibit CD8+ T cell immunity, promote Treg cell
expansion and induce graft tolerance (Conde et al., 2015; Hutchinson et al., 2011). Some studies have shown that Mregs/Treg cell
and M2/Treg cell cross-talk is crucial to the maintenance of immune tolerance (Ikebuchi et al., 2016), due to the capacity of M2
cells to induce Treg cells (Savage et al., 2008), or due to the acquisition of an immunomodulatory phenotype onM2 linked to the
presence of Treg cell-derived IL-10 and TGF-β (Okeke &Uzonna, 2019). Considering this, it is remarkable that allograft rejection
was associated to M1/M2 ratio increase in animals treated with a single dose of NrpKO Treg cell-derived sEV, suggesting that
the presence of Nrp1 on these vesicles could be important for proper intercellular communication and crosstalk betweenM2 and
Treg cells.
Lastly, we found that Nrp1 was present in wt Treg cell-derived sEV samples by western blot assays and fluorescence detection

usingNTA; however, in the proteomic analysis wewere not able to detect Nrp1 in Treg cell-derived sEV samples.Missing peptides
are common in MS-based proteomic data. In fact, it is common to have 20%–40% of all attempted intensity measures missing.
This can happen in several ways: (i) the peptide is present in low abundances, and in some samples the peak intensities are not
high enough to be detected or for the corresponding ions to be selected for MS/MS fragmentation, (ii) competition for charge
in the ionization process, by which some ion species are liable to be dominated by others, and (iii) peptides whose chemical or
physical structure cause them to get trapped in the LC column, among others.
Taken together, this study reveals that Nrp1 expression participates in the function of Treg cell-derived sEV, and that its deple-

tion significantly dampens sEV immunosuppressive function, which proposes a novel role for Nrp1 in the immunosuppressive
mechanism of Treg cells to control the immune response and to promote tolerance.
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