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Abstract

Exosomes are nanosized membrane-bound vesicles that are released by various cell types and are capable of carrying
proteins, lipids and RNAs which can be delivered to recipient cells. Exosomes play a role in intercellular communication and
have been described to mediate immunologic information. In this article we report the first isolation and characterization of
exosomes from human thymic tissue. Using electron microscopy, particle size determination, density gradient
measurement, flow cytometry, proteomic analysis and microRNA profiling we describe the morphology, size, density,
protein composition and microRNA content of human thymic exosomes. The thymic exosomes share characteristics with
previously described exosomes such as antigen presentation molecules, but they also exhibit thymus specific features
regarding surface markers, protein content and microRNA profile. Interestingly, thymic exosomes carry proteins that have a
tissue restricted expression in the periphery which may suggest a role in T cell selection and the induction of central
tolerance. We speculate that thymic exosomes may provide the means for intercellular information exchange necessary for
negative selection and regulatory T cell formation of the developing thymocytes within the human thymic medulla.
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Introduction

Extracellular vesicles (EVs) are membrane bound vesicles shed

from various types of cells into the extracellular space. Exosomes,

ectosomes and apoptotic bodies (ABs) are all examples of EV

subgroups [1]. Exosomes are defined as 40–100 nm vesicles with a

density ranging from 1.10–1.21 g/ml that carry proteins such as

tumor susceptibility gene 101 (TSG101), which indicate an

endocytic origin [1]. Exosomes are formed from inward budding

of late endosomes and are released at the cell surface when

multivesicular endosomes fuse with the outer cell membrane.

Several recent studies have focused on a diverse set of exosomal

functions such as antigen presentation and microRNA (miRNA)

transfer between cells [2], induction of transplant tolerance [3],

tolerance to fed antigens [4], tumor immunosuppression [5],

transporting vesicles used by retroviruses [6] and prions [7,8] and

their ability to cross the blood brain barrier [9].

In mice, thymic exosome-like particles (ELPs) have been

demonstrated to express membrane bound transforming growth

factor beta (TGF-b) and MHC class II [10]. These thymic ELPs

seem to posses the ability to induce the formation of natural

regulatory T cells (nTregs) from thymocytes. Interestingly,

intercellular transfer of thymic stromal material to thymic

dendritic cells (DCs) has also been observed in mice [11]. To

our knowledge, there is no previous report on the existence,

characterization or function of exosomes from the human thymus.

In the thymus progenitor T cells go through sequential selection

and maturation steps that determine the fate of the individual

thymocyte. This process is orchestrated by surrounding cells and

leads to the final export of mature CD4 and CD8 single positive T

cells to the periphery. During this process nTregs, capable of

regulating other T cells, are also formed. The intercellular

communication, which is pivotal for this process is classically

based on direct cell-cell contact, and the production of cytokines

and chemokines. However, the precise mechanisms that regulate

thymic T cell maturation, are still not completely clear. One

crucial event in this process is the presentation of tissue restricted

antigens (TRAs) to maturing thymocytes. The TRAs mirror parts

of the self-antigen repertoire and are presented to maturing

thymocytes during the selection process. Medullary thymic

epithelial cells (mTECs) express TRAs [12] under the influence

of the autoimmune regulator protein [13]. However, there is an

ongoing discussion as to what extent mTECs are able to present

antigens directly to thymocytes or if DCs are needed as a route to

aid the presentation of mTEC derived antigens to thymocytes

[14,15,16]. Also, adding to the complexity of antigen presence in

the thymic medulla, not every mTEC express every TRA at a

given timepoint [12], [17] which lowers the probability that all

TRAs are to be presented by mTECs directly to the thymocytes.

This could in part be compensated by the long, up to two weeks

time [18], that thymocytes reside in the thymic medulla. However,
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recent work suggests that the time in the medulla is as short as 4–

5 days [19]. If the DCs are important in the presentation of

mTEC generated antigens to the thymocytes [14], the question

arises regarding how these antigens are transferred from mTECs

to DCs within the thymic medulla. Several proposed mechanisms

have been discussed, among them; gap junctions [20], DC uptake

and presentation of mTEC ABs, DC uptake and presentation of

mTEC exosomes, DC nibbling on mTECs (trogocytosis) and the

formation of membrane nanotubes [21] between mTECs and

dendritic cells.

The same mechanisms are likely to be involved in the

generation of nTregs in the thymus. It has been shown that

exosomes, displaying TGF-b on their surface, can induce the

development of Tregs in the periphery [22,23]. This supports the

hypothesis that thymic exosomes, co-expressing TGF-b and

antigen loaded MHCII complexes, could have the capability to

directly induce the development of nTregs from thymocytes.

Exosomes may also carry miRNA that aids to stabilize the Treg

phenotype [24].

Exosomes represent a recently discovered mode of intercellular

communication with a potential role in the thymus. In this study

we set out to isolate and characterize exosomes from human

thymic tissue. Here, we report the existence of human thymic

exosomes that carry immunologically relevant surface markers as

well as TRAs indicating a role in thymic intercellular communi-

cation.

Results

Isolated Thymic EVs Display the Morphology, Size and
Density of Exosomes
Isolated EVs were visualized by electron microscopy to observe

their size and shape. In our preparations 30–100 nm vesicles were

visible in electron microscopy (Figure 1A). The EVs had typical

exosomal morphology with a cup-shaped appearance in fixated

samples. Size determination of the EVs performed with the

NanoSight system showed a size distribution where a vast majority

of the EVs were below 100 nm. (Figure 1B). This matches the size

that was revealed in the electron microscope. In the NanoSight

measurements, as with the electron microscopy, particles smaller

than 30 nm were also observed. The density profile determined

with a D2O/sucrose gradient is presented in figure 1C. The

thymic EVs spans from 1.13 to 1.22 g/ml with the highest peak at

1.19 g/ml, which is consistent with a typical exosome density [25].

Analysis of the expression of TSG101 in fractions using flow

cytometry showed the highest peak at 1.19 g/ml (Figure 2A).

Flow Cytometry Reveals Exosomal and Immunological
Markers on Thymic EVs
Surface markers were detected by flow cytometry staining for

typical exosomal markers as well as other selected markers

associated with immune regulation. The thymic EVs carry

TSG101, CD81, HLA-DR, milk fat globulin (MFG)-E8 and

CD9 to a variable extent, which all are typical markers of

exosomes also from other sources. In addition the thymic EVs also

carry the cytokine TGF-b (Figure 2B). Sample replicates and

statistical analyses of the groups are presented in Figure 2C. Two

of four samples were positive for CD54/ICAM-1 and integrin

alpha(v)beta8 (avb8) and all samples were negative for CD3, CD4,

CD8 and epithelial cell adhesion molecule (EpCAM) (not shown)

while CD63 staining resulted in a very subtle shift in the flow

cytometry analysis which indicates very low expression (Supple-

mental Figure S1).

Proteomic Analysis Identifies TRAs in Thymic EVs
The proteomic analysis of two individual thymic EV prepara-

tions identified a total of 1853 proteins of which 1168 were shared

whereas 135 and 550 proteins were unique for each individual

sample. A complete list of all identified proteins is reported in

supplementary results (Supplemental Table S1), and the distribu-

tion of the subcellular localization associated with the proteins is

presented in figure 3. Among the identified proteins found was the

programmed cell death 6-interacting protein known as ALIX that

is frequently found in proteomic studies of exosomes [25]. The

presence of lysosomal-associated membrane protein 2 suggests a

late endosomal origin of the EVs. The epithelial marker EpCAM

and DEC205, which stain both DCs and thymic epithelia [26],

were both present indicating a possible epithelial origin of EVs. In

addition to MHC class I and II the MHC class I-like molecules

CD1a and b were also present on the EVs which are known to

present self glycolipid and lipid antigens as well as microbial

antigens to a subgroup of CD1d restricted T cells [27]. Several rab

proteins, a protein group connected to exosome docking and

fusion were also found in the thymic EVs [28].

Tissue restricted expression of the identified proteins was

determined using the immunohistochemistry data available in

the Human Protein Atlas (HPA) [29] database, 855 of the 1168

shared proteins and 426 of the 685 sample unique proteins were

represented in the database. By use of hierarchical clustering the

855 shared proteins are visualized using a heatmap (Figure 4). The

heat map reveals a group of proteins that are tissue restricted, ie

they are expressed only in a few tissues and therefore are TRAs.

Two TRA examples are the enzyme 29,39-cyclic nucleotide 39

phosphodiesterase which is normally only found in the brain,

mainly glial cells, and reticulon 3 which in the HPA selectively

stain neuronal and glial cells. Further TRA examples found are

the muscle cell expressed tropomyosin 3, the GNAS protein which

in the HPA stain cells in the gastro-intestinal tract and pancreas

and rootletin which stain ciliated cells in the respiratory system

and the fallopian tube. A list of all the proteins included in figure 4

and a list of the sample unique proteins represented in the HPA

database are found in supplemental results (Supplemental Tables

S2 and S3).

Thymic EV miRNA Profile Suggest a Non-T Cell Origin
The four individual samples of thymic EVs that were subject to

miRNA analysis shared 83 miRNAs out of the arrays 887 probes

in total. A complete list of these shared miRNAs is reported in the

supplementary results (Supplemental Table S4).

The miRNA content of human thymic EVs was compared to

previously published data of exosome miRNAs descending from

Jurkat T cells and Raji B cells [30].

For Raji cells 136 probes out of 817 probes on the array were

detected, and for Jurkat cells 117 out of 815 probes. A comparison

showed that 40 miRNAs were shared between all three sources

(Figure 5). Furthermore we found 38 miRNAs that were

exclusively expressed in EVs that derived from human thymus.

In Raji-cells we found 28 and in Jurkat-cells 14 miRNAs that were

exclusively expressed in exosomes from these cell-types. 5 miRNAs

were exclusively in common for Raji B cells exosomes and thymic

EVs whereas no detected miRNA was exclusive for Jurkat T cell

exosomes and thymic EVs.

Discussion

In this article we have described the first isolation and

characterization of human thymic EVs. In terms of morphology,

size, density, surface marker expression, protein content and

Characterization of Human Thymic Exosomes
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miRNA profile the identified EVs match the characteristics of

exosomes [1].

From 1 g of thymic tissue we typically isolated approximately

1 mg of exosomes. This is a relatively high yield compared to e.g.

placental tissue which, using a similar isolation technique, yields

approximately 25 mg of exosomes from 1 g of tissue [31]. The high

yield of exosomes retrieved from thymic tissue might reflect an

extensive intercellular communication within the thymus mediated

by exosomes and/or an accumulation of exosomes with a non-

thymic origin in the thymus. However, the likelihood of a thymic

origin of the described exosomes is supported by the isolation

method in which a major fraction of the exosomes is produced ex

vivo by cultured thymic explants. When we isolate exosomes

directly from thymic tissue without culturing the yield is

approximately halved. In addition there was a nearmost complete

lack of CD63 expression on the thymic exosomes, a marker that is

typically found on non-thymic exosomes [32,33].

In an electron microscopy fixated exosomes typically display a

characteristic cup shape morphology and appear to be less than

100 nm in size. These features were also seen in the ultra

structural examination of the thymic exosomes (Figure 1A). In the

NanoSight size distribution plot most of the isolated thymic EVs

fall into the presumed size range of exosomes since they span from

30 to 100 nm (Figure 1B). The larger particles observed in this

analysis may be explained by a true variation in EV size or an

aggregation of the EVs. Probably both these explanations

contribute since exosomes are prone to form aggregates and the

isolation technique used does not completely exclude the

contamination of larger EVs.

In the flow cytometry analysis the thymic exosomes carry

several markers such as TSG101, HLA-DR, CD81 and CD9 that

are frequently known to be present on exosomes from other

sources (Figure 2). In addition the proteomic analysis reveals the

presence of lysosomal-associated membrane protein 2, which

supports the classification of these thymic EVs as exosomes with a

multivesicular endosome origin. The expression of HLA-DR is

particularly important since it indicates that these exosomes are

capable of presenting antigens or deliver MHCII-peptide

complexes to cells e.g DCs. We also detected TGF-ß on the

thymic exosomes, which when co-expressed with HLA-DR

possibly could aid in the formation of nTregs. This mechanism

has been described for mouse thymic ELPs [10]. Interestingly, the

integrin avb8 was found on the exosomes in two out of four

samples tested, which could be of importance since avb8 has been
implemented in the activation of TGF-b [34]. The consistent

expression of MFG-E8 on the surface of the thymic exosomes

facilitates their uptake by DCs [35] and suggests that indirect

presentation of exosome loaded antigens via DCs is important.

The occasional expression of ICAM-1 on the thymic exosomes

could indicate that a fraction of them descend from thymic DCs.

Figure 1. Morphological characteristics of human thymic EVs. (A) EVs from human thymic cultures visualized with electron microscopy.
Arrow heads point toward EVs with a typical exosomal cup-shaped morphology and a size range of 50–100 nm. Samples from 3 individuals were
analyzed with electron microscopy. (B) Size distribution of isolated EVs observed in a NanoSight LM10. The data was analyzed with Nanoparticle
tracking analysis software, with a minimum expected particle size setting of 30 nm and the number of tracks analyzed for each sample exceeding
200. In agreement with exosome characteristics, most of the isolated EVs have a size of less than 100 nm. Data is presented as mean 6 SEM as a result
of 5 analyzed samples. (C) Density profile of isolated EVs. EVs were layered on top of a D2O/sucrose gradient and centrifuged at 100,000 g for 14
hours. Fractions were collected and their density and protein concentration was measured. The density of the isolated EVs peaked at 1.18–1.19 g/ml,
which is within the density range of exosomes. Data is presented as mean 6 SEM as a result of 5 density gradients.
doi:10.1371/journal.pone.0067554.g001
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ICAM-1 is expressed on DC exosomes and is important for

efficient priming of T cells [36]. Further, it has also been suggested

that ICAM-1 is taking part in the uptake of exosomes by DCs [37]

which strengthens the idea that at least a subpopulation of thymic

exosomes are homing to DCs.

When interpreting flow cytometry results it is of importance to

bear in mind that one individual bead carries many exosomes (in

theory, a fully occupied 4 mm bead has enough surface to bind

approximately 6500 50 nm sized exosomes) with potentially

different origins. One consequence of this is that a weak positive

signal can be the result of either a low expression in a

homogeneous population of exosomes or from a high expression

found on a subpopulation of exosomes. The isolated thymic

exosomes are probably a mixture of exosomes emanating from

different types of thymic cells such as thymocytes, cortical TECs,

mTECs, and DCs but possibly also peripheral exosomes derived

from the circulation. We have so far been unable to identify a

specific cellular origin using cell surface markers present on thymic

cells. The lack of specific markers for thymic cell populations can

be expected since the markers generally found on exosomes rarely

reflect the cell surface markers of the exosome-producing cell.

However, T cell derived exosomes generally carry CD3 [38], a

Figure 2. Human thymic EV surface markers analyzed by flow cytometry. (A) Histograms represent density gradient samples red (1.19 g/ml)
and orange (1.15 g/ml) stained for the exosomal marker TSG101 (EVs+beads+antibodies) and blue represent negative control (beads+antibodies). (B)
Red histograms represent samples (EVs+beads+antibodies) and blue represent negative controls (beads+antibodies). Hence, the isolated EVs were
positive for the markers shown in the figure. A gate was created covering the latex bead population and from the bead population the histogram was
created. Representative data in terms of median fluorescence intensity is shown (MFITSG101 = 77 600, MFICD81 = 7287, MFICD9 = 4000, MFITGF-b = 34 500,
MFIHLA-DR = 209 000, MFIMFG-E8 = 33 800). (C) Experimental replicates of the flow cytometry analysis evaluated statistically with the Mann-Whitney test.
PTSG101,0.0001, PCD81 = 0.0286, PCD9 = 0.0571, PTGF-b = 0.0022, PHLA-DR = 0.0079, PMFG-E8 = 0.0022. Data is presented as median with interquartile range.
doi:10.1371/journal.pone.0067554.g002

Figure 3. Cellular localization of EV proteins. Protein annotation was retrieved from UniProt and subcellular distribution was assigned based on
gene ontology cellular component reduced to generic terms to give a broad overview of the localization. The pie chart is constructed from the
shared proteins of two analyzed EV samples.
doi:10.1371/journal.pone.0067554.g003
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marker that was not detected in flow cytometry of thymic

exosomes in the present study. This indicates that the thymic EVs

are of non-thymocyte origin and rather emanates from thymic

epithelial, thymic DC or from cells of a non-thymic origin.

Thymic Evs seemed to lack CD63 expression, which may be a

characteristic of human thymic exosomes that distinguishes them

from exosomes of many other sources. This lack of CD63 could be

necessary in the thymic milieu to enable the production of high

numbers of exosomes from a relatively small population of

Figure 4. Heat-map illustrating a hierarchical cluster analysis of tissue expression of proteins identified in thymic EVs. The heat map
is constructed from the proteins shared between two analyzed EV samples (proteins not yet investigated in the HPA database are not included).
Proteins and tissues are hierarchally clustered according to biological function on the y- and x-axis, respectively. The expression level is graded 0–3
and illustrated by colour shift from blue to red. Encircled and enlarged is a cluster of proteins with an expression pattern in the HPA concentrated to
immune-tissues. Also note the high frequency of TRAs, only expressed in a few tissues, in the left panel.
doi:10.1371/journal.pone.0067554.g004
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epithelial cells. Cells lacking CD63 has previously been shown to

release higher amounts of exosomes without disabling their

functional capacity of the released exosomes [39].

CD3 and EpCAM were detected in the proteomic analysis but

not in the flow cytometry analysis, which suggests that the

contamination of other vesicles such as ABs is low. This notion is

further strengthened by the size distribution plot in which a vast

majority of the EVs are under 100 nm in size (Figure 1B) and by

the density range. It has previously been shown that apoptotic cells

in addition to larger ABs release small apoptotic vesicles but these

have a density in the range of 1.24–1.28 g/ml [25] in contrast to

the vesicles isolated in this work (Figure 1C). In addition it is likely

that most ABs are eliminated by the 0.2 micron filtering and the

10 000 g centrifugation step.

One highly interesting observation regarding the proteomic

content of the thymic exosomes is the presence of proteins that, are

expressed only in a few tissues throughout the body according to

the HPA (Figure 4). Since the HPA at the moment only covers

about half of the human proteome, it is possible that human

thymic exosomes carry an even higher number of proteins that are

tissue restricted than those found in our analysis. We also found a

TRA group within the list of proteins that are not shared between

the two samples examined, that is, each protein is found in one or

the other sample. The sample uniqueness of these TRAs could

both be due to an inter-individual TRA expression or a time

dependent expression of the TRAs since these samples only

represent the exosomal proteomic profile at a specific time point.

The function of these TRAs in the thymic exosomes is unknown,

but they may be presented to developing thymocytes in the

negative selection process. The possible immunological relevance

of the thymic exosomes is strengthened by the identification of a

cluster of proteins with an expression pattern in the HPA

concentrated to immunologically relevant tissues (Figure 4).

A peculiar trait of thymic epithelia is its starvation-independent

macroautophagic activity that enables the delivery of endogenous

proteins/peptides to MHC class II molecules [40,41]. Notable is

that the autophagy related protein 7 is found in our proteomic

analysis. Autophagy related protein 7 is absent in the Vesiclepedia

database [1,42], which covers a majority of proteins identified in

exosomes. Hence, a link within the thymus between autophago-

somes and the late endosomes opens the possibility for autophaged

thymic proteins to be loaded on MHC II and transported out of

the cell on exosomes.

The intracellular localization of thymic exosomal proteins is

roughly in agreement with what has been reported for human

exosomes from other sources [43,44] (Figure 3).

Based on the Venn diagram of the miRNA content (Figure 5) it

is likely that the thymic exosomes are heterogeneous in the sense

that they originate from different thymic cell populations, since

miRNAs are common with both Jurkat T cells and Raji B cells. It

is interesting that the miRNA profile of the thymic exosomes

actually displays a higher degree of similarity with exosomes from

Raji B cells than with exosomes from Jurkat T cells, despite the

fact that the most common cell type in the thymus is developing

thymocytes. This may reflect that a substantial portion of thymic

exosomes actually does not descend from thymocytes, but rather

from epithelial cells and DCs. Based on previous observations of

exosomes released from various epithelial cells [45,46], and the

observation that thymic epithelial cells are rich in multivesicular

compartments [47], it is not unlikely that TECs are potent

exosome producers. Finally, our lab has observed nanosized

particles produced by cultured thymic epithelial primary cells in

ongoing study (not shown).

To conclude, we report the first isolation and characterization

of human thymic exosomes and speculate that they may have a

role as messengers in the education of thymocytes. The exosomes

may be of importance for the spreading of self antigens and

miRNAs from thymic epithelia to professional antigen presenting

cells in the process of negative selection and/or to promote the

formation of nTregs.

Methods

Ethics Statement
The collection of human samples was approved by the regional

ethics board of Gothenburg (no. 477-05, 2006-12-18) and all

parents gave written informed consent for participation in the

study. The study was performed in accordance with the

declaration of Helsinki.

Collection of Human Thymic Tissue
Human thymuses were collected during cardiac surgery from

children 0–6 months of age (n = 10) at Sahlgrenska University

Hospital in Gothenburg, Sweden.

EV Isolation
EVs were isolated as previously described by Thery et al [48].

Briefly, 1–2 g of thymic tissue from each patient was fragmented

(cut into small pieces) and incubated in RPMI1640 (Invitrogen,

Paisley, Scotland) with 5% exosome depleted FBS (Sigma-Aldrich,

St. Louis, MO, United States), 2 mM L-glutamine (Invitrogen)

and penicillin/streptomycin (Sigma-Aldrich) for 8 hours. Cultures

were centrifuged 10 min at 850 g. Supernatants were collected

and centrifuged for 15 min at 3000 g. Further, the supernatants

were spun for 30 minutes at 10 000 g followed by filtration

through 0.2 mm filter. Finally the supernatants were ultracentri-

fuged for 70 minutes at 100,000 g to pellet the EVs. The pellets

Figure 5. miRNAs from exosomes of different origin compared
in a Venn-diagram. Green circle: shared miRNAs isolated from human
thymic EVs (n = 4). Red circle: miRNAs isolated from exosomes
descending from Raji B cells. Blue circle: miRNAs isolated from
exosomes descending from Jurkat T cells. 40 miRNAs were shared
between all three sources while 38 miRNAs were exclusively found in
EVs from human thymic tissue.
doi:10.1371/journal.pone.0067554.g005
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were washed in PBS and repelleted by an additional 100,000 g

centrifugation.

Electron Microscopy of the Isolated EVs
Drops of 15 ml of the isolated EVs in PBS were placed on 2%

agarose to concentrate the content. Formvar/carbon-coated nickel

grids were placed on top of the EV - containing drops and allowed

to stand for 5–10 min to absorb the EVs on the grids and get rid of

excess fluid. The grids with adherent EVs were then washed by

transferring them several times to 50 ml drops of PBS for 10 min.

Thereafter, the EVs on the grids were fixed in 2% paraformal-

dehyde in PBS for 10 min. Negative contrast staining was

performed by incubating the grids with 25 ml drops of 1.9%

methylcellulose (Sigma-Aldrich) containing 0.3% uranyl acetate

(Ted Pella Inc., Redding, CA, United States) for 10 min on ice.

Excess fluid was removed and the grids were allowed to dry before

examination in a Zeiss EM 900 electron microscope (Carl Zeiss,

Oberkochen, Germany).

Size Distribution Measurement of EVs
Size distribution was estimated by the Brownian motion of the

particles in a NanoSight LM10 instrument with the Nanoparticle

Tracking Analysis software (NanoSight, Amesbury, UK). Samples

were diluted with PBS in the optical chamber to reach a suitable

concentration for the analysis. Particle concentration was evalu-

ated in intervals of 10 nm.

EV Density in D2O/sucrose Gradient
EVs were layered on top of a sucrose gradient (D2O/sucrose)

(both from Sigma-Aldrich) with a density ranging from 1.12–1.25

and centrifuged at 100,000 g for 14 hours. Fractions (1 ml each)

were collected from which the sucrose content was measured with

a refractometer (VMR International, Stockholm, Sweden) giving

the relative density (the relative density was also validated by

weighing the fractions). The protein concentration in each fraction

was measured with the Bradford protein concentration assay

according to manufacturers instructions (Bio-rad Laboratories,

Hercules, CA, United States).

Flow Cytometry Analysis of EV Surface Markers
EVs were coupled to 4 mm latex beads (Invitrogen) over night at

4uC during gentle agitation. Based on the Bradford protein

concentration assay, 5 mg of EVs were used together with 0.125 ml
of latex beads per staining. After incubation the unspecific

antibody binding to the latex beads was blocked with 0.5% BSA

(Sigma-Aldrich) followed by Fc-blocking (Biolegend, San Diego,

CA, United States). The beads were then stained with primary

antibodies to TSG101 (Abnova, Jhongli City, Taiwan), CD9,

CD81, CD63 (Becton Dickinson, Franklin Lakes, NJ, United

States.), TGF-b, HLA-DR, MFG-E8, avb8 (all R&D Systems,

Minneapolis, MN, United States), ICAM-1 (eBioscience, San

Diego, CA, United States), CD3, CD4, CD8 (BD Biosciences, San

Jose, CA, United States) and EpCAM (Abcam, Cambridge, UK),

followed by a FITC labeled secondary antibody (Sigma-Aldrich).

The samples were analyzed on an Eclipse flow cytometer (iCyt,

Champaign, IL, United States) using FlowJo 7.6.1 software and

evaluated using median fluorescence intensity.

Protein Identification by Tandem Masspectrometry
50 mg of the EV sample was separated by one-dimensional

SDS-PAGE (4–12% Bis-Tris Novex mini-gel, Invitrogen) and

visualized by Coomassie staining (Novex, Invitrogen). The

complete gel lanes were excised and divided into equal slices

and subjected to in-gel protein digestion with trypsin overnight at

37uC [49]. Peptides were extracted with 50% acetonitrile in 1%

formic acid and the supernatant was lyophilized in a vacuum

centrifuge and reconstituted in 0.2% formic acid. Two-microliter

sample injections were made with an HTC-PAL autosampler

(CTC Analytics AG, Zwingen, Switzerland) connected to an

Agilent 1200 binary pump (Agilent Technologies, Palo Alto, CA,

USA). The peptides were trapped on a precolumn (45 x

0.075 mm i.d.) and separated on a 200 x 0.050 mm column

packed with 3 mm Reprosil-Pur C18-AQ particles (Dr. Maisch,

Ammerbuch, Germany). The flow through of the analytical

column was passively split to approximately 100 nl/min. A 40 min

gradient 5–35% acetonitrile in 0.2% formic acid was applied for

peptide separation. The LTQ-Orbitrap was operated in a data-

dependent mode automatically switching between MS and MS/

MS mode. Full MS scans were acquired in the orbitrap (from m/z

400 to 2000) with a resolution of 60.000 at m/z 400. The top six

most intense double or triple protonated ions were selected for

fragmentation in the linear ion trap using collision induced

dissociation fragmentation. All tandem mass spectra were searched

using MASCOT (v.2.3, Matrix Science, London, UK) against the

SwissProt database (release 2011_04) concatenated with a reversed

version of all entries. The search parameters were set to: species

Human, MS accuracy 5 ppm, MS/MS accuracy 0.5 Da, enzyme

trypsin allowing one missed cleavage, fixed modification of

propionamide on cysteine and variable modifications of oxidized

methionine and acetylation protein N-terminal. The false discov-

ery rate threshold for protein identification was set to,1% at both

peptide and protein level, corresponding to a minimum peptide

score of 19. Protein identifications are based on a minimum of one

unique peptide. Protein annotation was retrieved from UniProt

[50] and subcellular distribution was assigned based on gene

ontology cellular component reduced to generic terms to give a

broad overview of the localization. Tissue specific expression for

the identified proteins in two different patient samples was

extracted from the HPA when available, converted to numerical

values (0–3 for none, low, medium and high expression respec-

tively) and evaluated by hierarchical cluster analysis, using

‘‘Euclidean distance’’ as similarity metric combined with complete

linkage clustering. The proteomic data has been submitted to the

Vesiclepedia database, http://www.microvesicles.org/(accession

number: Vesiclepedia_350).

Analysis of EV miRNA Content
The miRNA-expression analysis of human EVs was performed

on samples from four individuals. 60 ng of total RNA was isolated

with Qiagen miRNA mini kit, (Qiagen, Hilden, Germany) each

sample was then dephosphorylated and labeled with the miRNA

complete labeling kit, (Agilent) all according to the manufacturers

instructions. The labeled RNA was desalted with MicroBioSpin 6

Columns (Bio-Rad) and dried in a vacuum concentrator for 90

minutes at 55uC. The dried samples were resuspended in 18 ml
nuclease-free water, incubated for 5 minutes at 100uC and then

transferred to ice water bath for 5 minutes. Each array (Agilent

human miRNA microarray release 14.0, 8615K), representing

894 human miRNAs was loaded with a sample volume of 45 ml
and hybridized in an oven for 20 hours at 55uC with 20 rpm. After

hybridization, the microarray-slides were washed, scanned (Agi-

lent, G2505C) and extracted (Feature Extraction 10.7.3.1)

according to the manufacturers instructions. The raw data was

analyzed with GeneSpring 11.5.1, compromised and undetected

miRNA probes were excluded. In the same way exosome derived

miRNA from Jurkat [30] and Raji-cells [30] was analyzed and

compared with miRNA from thymic EVs.
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Statistical Analysis
Continous variables are presented with mean 6 SEM.

Statistical evaluation was performed, using Prism version 6.0b

(GraphPad Software), with two tailed Mann-Whitney test to

calculate a P-value which was considered significant if less than

0.05 and higly significant if less than 0.01.

Supporting Information

Figure S1 Flow cytometry staining for CD63. Red:

(EVs+beads+antiCD63), blue: negative control (beads+antiCD63).

(TIF)

Table S1 All proteins found in the two thymic exosomal
samples.
(PDF)

Table S2 Shared proteins between the two individual
exosomal samples.
(PDF)

Table S3 Proteins found in one or the other of the two
induvidual exosomal samples.

(PDF)

Table S4 miRNAs in human thymic exosomes.

(PDF)
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