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Accepted: 10 October 2016 : Eytensive knowledge has been gained the last years concerning mechanisms underlying the selection
Published: 08 November2016 : of single positive thymocytes in the thymic medulla. Less is known regarding other important processes
. inthe thymic medulla such as the regulation of late stage thymocyte maturation. We have previously
reported that exosomes are abundant in the thymus with a phenotype that indicates an epithelial
cell origin and immunoregulatory properties. In this study we use an in vitro system to investigate the
effects of thymic exosomes on the maturation of single positive thymocytes as well as effects on nTreg
formation. We show that thymic exosomes promote the maturation of single positive CD47CD25 cells
into mature thymocytes with S1P,*Qa2* and CCR7+*Qa2" phenotypes. Furthermore, we show that
thymic exosomes reduce the formation of CD4*CD25"FoxP3* thymocytes and that these exosome
effects are independent of dendritic cell co-stimulation but require intact exosomal RNA content and
surface proteins. An efficient direct uptake of exosomes by both thymocytes and thymic DC’s is also
demonstrated. In conclusion, this study demonstrates that exosomes may represent a new route of
communication within the thymus.

The thymus is a primary lymphoid organ responsible for the generation of a self-tolerant and diverse popula-
tion of T cells from bone marrow precursors. After entering the thymus the hematopoietic progenitors undergo
several differentiation steps in the thymic cortex in which CD4~CD8~ double negative thymocytes differen-
tiate into CD4"CD8™" double positive cells, which are subject to positive selection resulting in single positive
(SP) CD4*CD8" or CD4 CD8" cells entering the medulla. In the medulla, negative selection eliminates most
self-reactive SP thymocytes, but some are rescued to form the nTreg population. The selected SP thymocytes
undergo further maturational steps before exiting to the periphery!. Thymic stromal cells are indispensable for
thymocyte differentiation and selection®. A key stromal cell population is the medullary thymic epithelial cells
(mTECs), which express many otherwise tissue-restricted antigens (TRAs) that are crucial for the negative selec-
tion process®*, and for the formation of the nTreg population. The expression of TRAs is in part under the control
of the autoimmune regulator (Aire), but also controlled by the transcription factor Fez2f>¢. Aire has also been
implicated to be important for antigen transfer from mTECs to dendritic cells (DCs) as well as for regulation of
the expression of mTEC specific miRNAs important for TRA expression and TEC maturation”®. Antigen transfer
from TECs to DCs and thymocytes as well as intercellular sharing of miRNA within the thymic microenviron-
ment might be prerequisites for optimal thymic function. We and others have suggested that exosomes could
shuttle antigens as well as miRNA within the thymus®!°.

Exosomes are membrane-enclosed nano-sized vesicles of endocytic origin. Cells secrete exosomes into the
extracellular space by the fusion of multivesicular bodies (MVBs) with the cell plasma membrane!!. The biological
significance of exosomes is still debated although their potential role in cell communication has been recognized
for the presentation of antigenic peptides'? and shuttling of mRNAs and miRNAs between cells'. Furthermore,
intestinal epithelial derived exosomes have been shown to mediate MHC class II-dependent immune tolerance
to dietary antigens'*. The presence of exosomes is established both in the murine and human thymus, but their
function is less well studied!>'®.

While the mechanisms underlying the medullar selection process are relatively well studied, the knowledge
of the regulation of final thymocyte maturation and thymic egress is still scarce. Following positive selection
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Figure 1. Proteomic analysis of thymic exosomes. Following isolation and proteomic analysis of thymic
exosomes, the resulting 1531 proteins were grouped into 5 different cell categories based on the BioGPS
database. Data was visualized using a Venn diagram as; peripheral tissues (green), T cells (red), B cells
(purple), macrophages (yellow) or DCs (blue). A total of 377 proteins could not be allocated to any of these cell
categories.

thymocytes up-regulate CCR7 and relocate to the thymic medulla in response to the increased concentration of
CCL19 and CCL21, mainly produced by mTECs*'”-°. Furthermore, the thymocytes change their gene expression
profile and up-regulate genes involved in late stage maturation, thymic egress and extrathymic functions. One
such gene is the Kruppel-like factor 2 (KLF2), which drives the gene expression of both S1P, and CD62L in SP
thymocytes®. Whereas CD62L is important for the homing of mature T-lymphocytes to secondary lymphoid
organs®!, S1P expressed by neural crest-derived pericytes on the vessel wall bind S1P, on mature thymocytes and
thereby promote their egress at the corticomedullary junction®-2. Qa2 is a non-classical MHC class I molecule
used as a marker for thymocyte maturation and expression of Qa2 is up-regulated in the final SP4 stage of thymo-
cyte development just before their exit to the periphery?*%.

In this report we investigate the effects of thymic exosomes on the late stage maturation of CD4" single
positive thymocytes using an in vitro system. We demonstrate that thymic exosomes stimulate maturation of
CD4%CD25" SP thymocytes into an S1P,"Qa2" and SIP,*CCR7* phenotype and reduce the formation of
CD25"FoxP3* thymocytes.

Results

Characterization of thymic exosomes. Zetaview analysis revealed a heterogeneous thymic exosome
population with a typical size range of 50-200 nm. Flow cytometry confirmed surface expression of the known
exosome markers CD9, TSG101, MFGE8, MHCII and Lamp-1. Furthermore, expression of TGF(3 was detected,
which may indicate that thymic exosomes could be involved in generation of thymic regulatory T cells (nTregs).
To study the origin of the thymic exosomes, we analyzed surface markers for thymic epithelial cells (EpCAM),
thymocytes (CD3) and DCs (CD11c). Interestingly, there was a positive shift for EpCAM, whereas CD3 and
CD11c were barely detectable, which indicates that the majority of thymic exosomes origin from TECs (Fig. S1).

The protein content of thymic exosomes suggests a large contribution of exosomes with an
epithelial cell origin to the thymic exosome pool. The analysis of the protein content of thymic
exosomes from 8 C57BL/6 mice using mass spectrometry identified 1556 proteins (Table S2). Based on expres-
sion data from BioGPS database (http://ds.biogps.org/), the proteins were divided into 62 different categories
that were further grouped into five different main categories representing possible cellular sources of exosomes
in the thymus; peripheral tissues, B cells, T cells, macrophages and DCs. 458 proteins (29.9%) were specifically
expressed in different peripheral tissues, 53 (3.5%) in B cells, 41 (2.7%) in T cells, 28 (1.8%) in macrophages and
3 (0.2%) in DCs. 54 proteins (3.5%) were expressed in all five categories, whereas 377 proteins (24.6%) were
expressed in none of the categories (Fig. 1). Since the expression of peripheral tissue antigens is a hallmark for
thymic epithelial cells, especially mTECs, the presence of proteins normally expressed in peripheral tissues can be
regarded as an indicator of an epithelial cell origin of a fraction of the thymic exosomes.

Typical exosomal markers such as Lamp1, Annexin I, Il and V and several Ras-related proteins (Rab) were
present?. The identification of cytokeratins with a known TEC expression, e.g. K5, K8 and K14 further supports
a TEC origin of a proportion of the thymic exosomes. Furthermore, thymic exosomes contain TRAs with a pre-
viously described mTEC expression, such as Fatty acid binding protein (Fabp), Alpha actin (Actcl), Fibrinogen
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Figure 2. Exosomes are taken up by thymic DCs and CD4* thymocytes. SP CD4" thymocytes and thymic
DCs were isolated and stained with CD4 PE-Cy7 and CD11c APC, respectively. After addition of FITC-stained
thymic exosomes, cells were harvested after 15, 30, 60 and 240 min, and analyzed on an ImageStream X Mark II,
imaging flow cytometry. (a) Representative images of SP CD4" thymocytes (red, left) and thymic CD11c* DCs
(red, right) at indicated time points (min) after addition of FITC-stained thymic exosomes (green).

(b) Representative cytometry plots of SP CD4" thymocytes (top) or CD11c* thymic DCs (bottom) at indicated
time points after addition of thymic exosomes. (c) Kinetics of exosome uptake by SP CD4" thymocytes (dashed
line) and thymic DCs (solid line). (d) Representative images of SP CD4* thymocytes (red) 240 min after
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addition of untreated FITC-stained thymic exosomes (green, top left), FITC stained 100 nm latex beads (green,
top right), FITC stained thymic exosomes treated with Proteinase K (green, bottom left) or FITC stained thymic
exosomes treated with RNase (green, bottom right). (e) Representative cytometry plots of SP CD4" thymocytes
(top) or CD11c" thymic DCs (bottom) at indicated time points after addition of FITC stained 100 nm latex
beads. (f) Amounts of cell associated thymic exosomes, normalized to untreated CD11c¢™ DCs or SP CD4*
thymocytes, 240 min after addition to RNase or Proteinase K treated SP CD4* thymocytes and CD11c* DCs.
FITC-dye centrifuged in the same way as FITC stained exosomes was added to SP CD4" thymocytes or tymic
DCs, without generating any detectable staining of the cells.

(Fbg), Alpha-enolase (Enol) and Antitrypsin (Serpinalb). In addition, we could detect proteins involved in thy-
mocyte maturation and egress, including Sphingosine-1-phosphatase lyase (SGPL1), Dedicator of cytokinesis
protein 2 (DOCK2), Rho GDP-dissociation inhibitor 1 (GDIR1) and p21 protein-activated kinase 2 (PAK2)*-3
(Table S2).

Taken together, these data suggests a mixed cellular origin of the thymic exosomes and that a significant frac-
tion of the exosomes has an epithelial origin.

miRNA analysis of thymic exosomes. Using microarray screening we identified 1175 different miRNA
in thymic exosomes, compared to 1086 miRNA in the spleen exosome preparation (Fig. S1, Tables S3 and S4).
Of the miRNAs found in exosomes from thymus and spleen 104 were unique for thymic exosomes and 15 were
exclusively found in splenic exosomes. When comparing the expression ratios between thymic and splenic
exosomes we Identified 450 miRNA that were expressed more than twofold, and 34 miRNA expressed more than
10-fold in thymic exosomes. In spleen exosomes 147 miRNA were expressed more than twofold and 14 miRNA
expressed more than 10-fold as compared with thymic exosomes (Fig. S1).

Efficient uptake of exosomes by SP CD4* thymocytes and DCs. Multiple potential target cells for
thymic exosomes exist in the thymus, for example DCs, thymocytes, TECs and macrophages. Since thymic DCs
and CD4" thymocytes are the cell types we used in our in vitro studies of exosome effects we next focused on
studying exosome uptake by these cells. For this we performed ImageStream analyses, which enable simultaneous
imaging and quantification of exosome uptake. Internalization of FITC labeled thymic exosomes by DCs and
CD4" thymocytes was seen already after 15 minutes. After 240 minutes 34% of the CD4* thymocytes and 49%
of the DCs showed co-localization with exosomes (Fig. 2a,b). The uptake of exosomes by DCs increased during
the whole observation period, wheras the thymocyte-associated exosomes increased during the initial 60 minutes
and plateaued thereafter (Fig. 2¢).

As a reference particle the uptake of 100 nm FITC stained latex beads was studied. Thymocytes stained posi-
tive for the 100 nm latex beads after 240 minutes incubation, however, in contrast to the exosomes the beads were
mainly localized at the cell surface and not internalized into the intracellular space (Fig. 2d,e).

It has previously been shown that Proteinase-K pre-treatment of tumor derived exosomes reduce their uptake
by cells***, and we next aimed to study whether this was true also for the uptake of thymic exosomes into thymic
DCs and CD4" thymocytes. Internalization of thymic exosomes by thymic CD4" thymocytes was completely
inhibited by pre-treatment of thymic exosomes with Proteinase-K, whereas no reduction was seen for thymic
DCs. Furthermore, incubation with saponin and RNase did not reduce the association of thymic exosomes with
thymic DCs and CD4" thymocytes (Fig. 2d,f).

Thymic exosomes induce the maturation of thymocytes in vitro. In order to assess the influence of
exosomes and DCs on thymocyte maturation, SP CD4"CD25" thymocytes were isolated and cultured together
with thymic exosomes and/or thymic DC for three days. The expression of S1P;, Qa2 and CCR7 was used to eval-
uate thymocyte maturation. The effective exosome concentration used in this study was based on dose response
experiments (Fig. $2) and earlier studies'®. Thymic exosomes, independently of DCs, significantly increased the
number of CD47S1P,*Qa2* thymocytes, which suggests that thymic exosomes are important for the maturation
of SP CD4" thymocytes (Fig. 3a). Furthermore, splenic exosomes could not induce SIP,*Qa2" expression as
potently as thymic exosomes, indicating a superior efficacy of thymic exosomes in the thymocyte maturation pro-
cess (Fig. 3b). The exosome effects on maturation observed for the CD47S1P,7Qa2" population was confirmed
when we used the CD4*CCR7"Qa2" phenotype as an endpoint. Thymic exosomes increased the population of
CD4+*CCR7"Qa2* thymocytes, independently of the presence of DCs (Fig. 4a). This effect was less potent when
stimulating with an equivalent dose of splenic exosomes (Fig. 4b). To test if any type of nano-sized particle could
induce CD4"CD25~ thymocyte maturation, 100 nm latex beads were added to the cultures. However, latex beads
had no effect on thymocyte maturation (Figs 3¢ and.4c).

RNase and Proteinase K pre-treatment of thymic exosomes reduce their maturation inducing
capacity. Inorder to investigate possible mechanisms underlying the observed maturation inducing capacity
of thymic exosomes we tested if the effects depend on surface protein expression and/or transfer of RNA.
CD4*CD25~ thymocytes were isolated and co-cultured together with or without thymic CD11¢* DCs, and
thymic exosomes pretreated with either Proteinase K or RNase!*?>%. The expression of S1P,, Qa2 and CCR7 was
used to evaluate the thymocyte maturation.

RNase pretreatment of thymic exosomes efficiently reduced the exosomal RNA content and blocked their
maturation inducing effect on CD4*CD25~ thymocytes, as judged by reduced induction of CD47S1P,"Qa2"
(Fig. 3d and S3) as well as CD4"CCR7"Qa2" cells (Fig. 4d and S3). Similarly, Proteinase K pretreatment of thymic
exosomes efficiently prevented their uptake by target cells, reduced surface protein expression of MFG-E8 and
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Figure 3. Thymic exosomes induce maturation of thymocytes. After three days in culture with thymic
CD11ct DCs and/or thymic exosomes (a), spleen exosomes (b), 100 nm latex beads (c), RNase treated thymic
exosomes (d) or Proteinase K treated thymic exosomes (e); thymocytes were stained for surface expression

of CD4*S1P,*Qa2*. After three days in culture with C57BL/6 or Balb/c thymic CD11c*" DCs, or C57BL/6 or
Balb/c thymic exosomes, the C57BL/6 thymocytes were stained for surface expression of CD4S1P, Qa2 "

(f). Left figure shows representative flow cytometry plots with indicated stimulations and surface markers. Right
figure shows normalized flow cytometry data from at least three individual experiments. Data from exosome
experiments are representative from at least three to five individual experiments.

CD?9 and blocked the induction of CD47S1P,7Qa2" (Fig. 3e and S4) and CD4"CCR77Qa2" (Fig. 4e and S4)
expression on the thymocytes. Interestingly, Proteinase K treatment of exosomes did not lower the MHC class II
expression on exosomes. The relative resistance of MHCII to proteinase K treatment was confirmed in additional
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Figure 4. Thymic exosomes induce expression of the thymocyte maturation markers CCR7 and Qa2.

After three days in culture with thymic CD11c* DCs and/or thymic exosomes (a), spleen exosomes

(b), 100 nm latex beads (c), RNase treated thymic exosomes (d) or Proteinase K treated thymic exosomes

(e); thymocytes were stained for surface expression of CD4"CCR7%Qa2". After three days in culture with
C57BL/6 or Balb/c thymic CD11c* DCs, or C57BL/6 or Balb/c thymic exosomes, the C57BL/6 thymocytes were
stained for surface expression of CD4"CCR7"Qa2" (f). Left figure shows representative flow cytometry plots
with indicated stimulations and surface markers. Right figure shows normalized flow cytometry data from at
least three individual experiments. Data from the exosome experiments are representative from at least three to
five individual experiments.

experiments on B cells (Fig. S4). Zetaview analysis confirmed that the size and numbers of exosomes was not

affected by treatment with Proteinase K or Saponin and RNase (Fig. S4).
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Collectively, these data suggests that the maturation inducing effects of thymic exosomes are dependent both
on exosomal surface proteins and the intraexosomal RNA.

The effects of thymic exosomes on thymocyte maturation is not MHC restricted. In cross-strain
experiments we incubated C57BL/6 CD4*CD25" thymocytes and DCs with thymic exosomes from either
C57BL/6 or Balb/c mice to study if the exosome effects were depending on MHC compatibility. Regardless of
whether exosomes were of C57BL/6 (H2) or Balb/c (H2¢) origin, the effects on thymocyte maturation, as judged
by their expression of CD4"S1P,*Qa2" (Fig. 3f) and CD4"CCR7+Qa2" (Fig. 4f) did not differ, which shows that
the observed effects are not MHC dependent. This result was confirmed by the observation that pre-incubation of
the exosomes with blocking antibodies against MHC class II did not alter the exosome effects (data not shown),
and supported by the abrogated maturation effect as a result of Proteinase K treatment which left MHCII mole-
cules intact on the exosomes (Figs 3e and 4e).

Exosomes impair CD4TCD25"FoxP3* development. To investigate the relative effect of thymic
exosomes and DCs on Treg (CD4"CD25"FoxP3") development, CD4"CD25" thymocytes were isolated and
cultured together with thymic DCs and/or thymic exosomes for three days. Thymic DCs alone, without the
presence of thymic exosomes, stimulated the formation of CD4tCD25"FoxP3* cells. Interestingly, addition of
thymic exosomes resulted in reduced proportions of CD4* CD25" FoxP3" thymocytes, both in the presence
and absence of DCs (Fig. 5a). This was confirmed in dose-response experiments where increased concentra-
tions of thymic exosomes resulted in reduced proportions of CD4*FoxP3™ thymocytes (Fig. 5b). No reduction of
CD4*CD25%FoxP3" thymocytes was detected when thymocytes were cultured with 100 nm latex beads, which
indicates that the mere presence of nano sized patricles was not responsible for this effect (Fig. 5¢).

Treatment of exosomes with RNase (Fig. 5d) or Proteinase K (Fig. 5e) reduced their inhibitory effect on
CD4%CD25%FoxP3" cells, both in presence and absence of thymic DCs, indicating that the observed exosome
effects are RNA and surface protein dependent. Furthermore, the inhibitory effect of thymic exosomes on
CD4"CD25"FoxP3" thymocytes was not dependent on MHCII compatibility (Fig. 5f).

Taken together, these data suggests that induction of thymic CD4"FoxP3™" cells is dependent on thymic DCs
whereas thymic exosomes seems to hamper the formation of CD4*CD25"FoxP3* cells via an exosomal surface
protein- and RNA-dependent mechanism.

Discussion

We have previously reported that human thymic exosomes display a protein content including TRAs, miRNA
and surface markers which together indicate a thymic epithelial cell origin'®. In the current study, we identify
exosomes as key regulators of late stage thymocyte maturation in vitro. The basic characterization of the murine
thymic exosomes regarding size and surface markers confirmed their identity as exosomes and showed that they
share the previously described phenotype of human thymic exosomes'é. Furthermore, proteomic analysis of
thymic exosomes revealed that 458 (29.9%) of the identified proteins are normally expressed in peripheral tissues,
whereas proteins restricted to thymocytes, DCs, B cells and macrophages were only present in minute numbers.
In addition, we could also identify many TEC associated proteins and TRAs. Taken togehther, these data supports
that a large proportion of thymic exosomes originates from TECs.

The mechanisms behind late stage thymocyte maturation are complex. Here we identify thymic exosomes
as potent stimulators of the final maturation of thymocytes and that they suppress, at least in quantitative
terms, the Treg development. When we studied the impact of thymic exosomes and DCs on SP thymocyte
maturation in vitro we combined the markers CCR7, S1P; and Qa2, and used the two different combinations;
CD4*CCR7%Qa2* and CD4*S1P,"Qa2", to define finally mature SP thymocytes. We observed a significant
increase in the proportion of mature thymocytes in the presence of exosomes, using any of the two surface marker
combinations (CD4*S1P,"Qa2" or CD4"CCR7"Qa2"). As shown in the present study thymic exosomes carry
proteins involved in maturation and egress of developing thymocytes, including SGPL1, PAK2, DOCK2 and
GDIR] 223293032,

Since exosomes are nanosized particles we used 100 nm latex beads as a reference particle for the presence of
nanosized particles in the cultures, however the similarly sized latex beads had no effect on thymocyte maturation.

We observe that the exosomal effects were independent of the presence or absence of DCs in the cultures,
which indicates a direct interaction between exosomes and thymocytes rather than an indirect effect via the
DCs. Interactions between exosomes and target cells may depend on internalization, interaction with membrane
bound structures or fusing with the target cell membrane!. The efficient internalization of thymic exosomes by
both DCs and thymocytes seen in the ImageStream analyses indicate that internalization of exosomes by the
target cells is a main route of interaction (Fig. 2).

The exosome effect on thymocyte maturation was shown to be dependent on an intact surface proteome
since treatment of the exosomes with Proteinase K effectively inhibited the induction of thymocyte maturation.
Furthermore, also RNAse treatment of the exosomes inhibited maturation, which indicates that the RNA content
of the exosomes mediates the effects on the thymocytes. In conclusion, both exosomal surface proteins and RNA
content are important for their maturation inducing effect.

Spleen exosomes could only induce 40-50% of CD4*S1P,*Qa2" and CD4*CCR7*Qa2" thymocytes as com-
pared to exosomes of thymic origin (Figs 3b and 4b). The miRNA profile of thymic exosomes reveals that a signif-
icant number of miRNAs are exclusively found in thymic exosomes and not in exosomes isolated from the spleen.
This may partly explain why the splenic derived exosomes were inferior in causing maturation of the thymocytes
and the differentially expressed miRNAs are potential mediators of the effects of thymic exosomes.

We were not able to confirm the reported TGF3-dependent stimulatory effects on nTreg by thymic
exosome like particles'. On the contrary, in our system a significant reduction of the formation of cells with a
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Figure 5. Thymic exosomes suppress formation of CD4"CD25"FoxP3" thymocytes. After three days

in culture with thymic CD11c* DCs and/or thymic exosomes, the thymocytes were stained for surface
expression of CD4*CD25"FoxP3*. (a) Representative flow cytometry plot with indicated stimulations (left)
and normalized flow cytometry data from 6 individual experiments with the indicated stimulations (right).
Data is displayed as means & SEM. (b) Representative diagram of CD4*CD25~ thymocytes cultured for three
days with CD11c* DCs and indicated concentrations of thymic exosomes followed by staining for surface
expression of CD4+tCD257FoxP3*. Data is representative for two individual experiments. (c) After three days
in culture with thymic CD11c* DCs and/or 100 nm latex beads thymocytes were stained for surface expression
of CD4+*CD25"FoxP3". After three days in culture with thymic CD11c¢* DCs and/or RNase (d) or Proteinase
K (e) treated thymic exosomes, the thymocytes were stained for surface expression of CD4tCD25"FoxP3™.
Data is representative of three individual experiments. After three days in culture with C57BL/6 or Balb/c
thymic CD11c* DCs, or C57BL/6 or Balb/c thymic exosomes, the C57BL/6 thymocytes were stained for surface
expression of CD4tCD257FoxP3™ (f). Data is pooled from two independent experiments and displayed as
means £ SEM.
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CD47CD25"FoxP3™ phenotype was seen when adding thymic exosomes to cultures of CD47CD25~ thymocytes.
This effect is dose-dependent, and is not a result of the mere presence of nanosized particles since adding 100 nm
latex beads in the culture did not affect the thymocytes. The exosome effect on the Treg development is seen both
in the presence and absence of DCs. Similar to the exosome effects on thymocyte maturation, the DC independ-
ency suggests that direct effects of exosomes underlie the inhibition of the DC independent CD4"CD25*FoxP3™*
cell formation. This notion is supported by the efficient uptake of exosomes by CD4* thymocytes demonstrated
in the present study. However, hampering of the DC induced CD4+tCD25*FoxP3™ cell formation could still be
due to effects of exosomes on the DCs themself.

Treatment of thymic exosomes with RNase or Proteinase K inhibited the effect of thymic exosomes on
CD4"CD25"FoxP3* formation, suggesting that both exosomal RNA and surface proteins are involved in the
reduction of CD4*CD25"FoxP3" cell formation in vitro.

A hallmark of thymic exosomes is a strong surface expression of MHCIIL. However, the the C57BL/6-H2b -
Balb/c-H2d cross-strain experiments suggested that both the stimulatory effect of exosomes on thymocyte mat-
uration and the inhibitory effect on Treg formation are independent of MHC compatibility between the exosome
producing cells and the target cells. These results argue against involvement of the TCR- MHC interaction in
this process. Indeed, it has been shown that exosomes from DCs have immunoregulatory effects on T cells inde-
pendent of MHC compatibility®. Our findings are also congruent with observations by Li et al. that TECs are
potent inducers of final maturation of SP thymocytes in an MHC independent manner. However this does not
exclude the possibility that exosomes are important in the presentation of specific MHC-peptide complexes,
either directly or via thymic DCs, to individual thymocytes in the thymocyte selection process, and the presence
of a strong MHC class II expression on exosomes favors the hypothesis that thymic exosomes may be involved in
the transfer of MHC-peptide complexes or in direct presentation of antigens to developing thymocytes.

In conclusion, our data show that thymic exosomes facilitate maturation of thymocytes but suppress both DC
dependent and DC independent Treg formation. Both these effects rely on the presence of exosomal RNA and
exosomal surface proteins, but do not require MHC compatibility.

Methods

Mice. (C57BL/6 and Balb/c mice (The Jackson Laboratory, Bar Harbor, ME) were kept under pathogen free
conditions, sacrificed at three weeks of age and thymus tissue was retrieved. The work was surveyed and approved
by the Gothenburg University ethics committee (ethics approval no: 2012-158). The methods were carried out in
accordance with the approved guidelines.

Isolation and characterization of thymic exosomes. Thymic tissues were collected in cold PBS and
pressed against a 40 pm filter. The resulting cell suspension was centrifuged for 5min at 400 x g to remove cells
and the supernatant was used for isolation of exosomes as previously described'®. Protein concentration of the
isolated exosomes was determined by the Bradford protein assay (Bio-Rad, Hercules, CA) according to the man-
ufacturer’s instruction. A typical exosomal yield from eight thymuses was 30 pg.

The size of the exosomes was estimated by the Brownian motion of the particles in a ZetaView instrument
(Fig. S1). Flow cytometry analyses of exosomes were performed after they had been adsorbed on 4 um latex beads
(Invitrogen) as previously described (24). Monoclonal antibodies used for chacterisation of exosomes are dis-
played in supplementary table 1 (Table S1).

Isolated exosomes equivalent to 50 ug of protein was used for tandem mass spectrometry as previously
described!®.

Proteomic analysis of thymic exosomes. Total protein from thymic exosomes were isolated and identi-
fied by tandem masspectometry, as previously described!®. Entrez IDs for each of the 1556 proteins were obtained
using DAVID (https://david.ncifcrf.gob/). Since several of the proteins had multiple measurements from different
probe sets, probe sets with a low maximum value was filtered out, whereas probe sets with the highest maximum
value was used for analysis. The remaining 1531 proteins were grouped into 62 different categories based on the
BioGPS database (http://ds.biogps.org/). Since values of different proteins generally come from different probe
sets, expression data were normalized by protein. Filtering and construction of the heat map was done using the
statistical software R (R Foundation for Statistical Computing, Vienna, Austria. URL: https://www.R-projects.
org/). Based on the BioGPS database the 62 categories were further grouped into 5 different cellular sources;
peripheral tissues, T cells, B cells, macrophages and DCs. A protein was defined as expressed in a category if its
expression value was above 3 times the median expression of that protein. The Venn diagram was created using R
package gplots (https://www.CRAN.R-project.org/package=gplots).

miRNA analysis by 3D-gene microarray. Thymus and spleen exosomes from 8 female C57BL/6 mice
were isolated as previously described and divided in 2 4 2 samples. Samples were normalized to 113.6 ng/pl and
2.2l of the normalized sample (total amount 250 ng) was mixed with miRNA spike (Cat No. TRT-XR304, Toray,
Tokyo, Japan) and further labelled, hybridized and washed according to the instruction manual from Toray
(H-M-R miRNA protocol 4-Plex V3) using Toray miRNA Labelling kit (Cat No TRT-XE211) and Mouse miRNA
Oligo chip 4plex, based on miRBase 21 (Cat No TRT-XR530, Toray). The intensity of each miRNA was analyzed
with the 3D-Gene Scanner 3000 (Toray) with auto gain, auto focus and auto analysis settings, all according to
manufacturer’s instructions. Quality control was performed on all four samples based on the QC report from the
instrument.

Isolation of single positive SP CD4* thymocytes. Freshly isolated thymic tissues were cleaned from fat
and connective tissue and placed into cold PBS. The thymic tissues were passed through a 40 um filter, and the cell
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suspensions were collected and incubated for 15 minutes with rotation in FACS buffer+ DNAse (1%). Cells were
then again passed through a 40 um filter and incubated with FACS buffer+DNAse for 15 minutes. Untouched
single positive (SP) CD4*CD25~ cells were isolated by negative selection using Dynabeads FlowComp Mouse
CD4+CD25~ Treg Cells Kit (Life Technologies, Carlsbad, CA), according to the manufacturers instructions. The
purity of SP CD4+CD25" cells was 90%, as determined by flow cytometry.

Isolation of CDIlc* DCs. Thymic tissues were cleaned from fat and connective tissue and cut into small
pieces. Pre-warmed enzymes, 1ml/thymus (Liberase 0.5 U/ml, DNAse 0.2 mg/ml), were added to the tissue and
incubated for 20 minutes, in 37 °C, under rotation followed by gentle flushing of the pieces. The supernatant was
removed and placed in cold FACS buffer (2% exosome-free FBS, 2mM EDTA) on ice. This was repeated three
times, to assure complete tissue dissociation. The supernatants were pooled, washed and Fc-blocked for 15 min.
CDIIc* cells were enriched to a purity of 70% using CDIlc microbeads (Miltenyi Biotec, Bergisch Gladbach,
Germany). Futhermore, CDllc" cells were characterized as 45% CDllc+CD8a* Sirpad®” and 33%CDllc+CD8alo¥
Sirpact, and 20% of the CDIIc™ cells were identified as plasmacytoid DCs cells (B220" BDA1*) (data not shown).

ImageStream uptake analysis. Exosomes were purified as described above and stained with FITC 0.05 ug/ml
(Sigma-Aldrich, cat no. F3651). As a reference particle, 100 nm latex beads were stained with FITC. Unbound
FITC was removed by washing step and ultracentrifugation at 100 000 x g for 70 min. CD4"CD25~ thymocytes
and CD11c* DCs were enriched as described. Purified cells were stained with antibodies for flow cytometry:
CD4 PeCy7 (BD Bioscience cat no. 552775) and CDllc biotin (eBioscience cat no 13-0114-82) followed by
APC-Streptavidin (BD Pharming cat no 554067). Cells were cultured in 37 °C and FITC stained exosomes or
100 nm latex beads were added to cultures at 15, 30, 60 and 240 minutes. Ultracentrifuged FITC dye without
exosomes was used as background control. CDllct DC or SP CD4" thymocytes incubated with exosomes, beads
or FITC dye without exosomes were fixated with 1% paraformaldehyd and analyzed on an ImageStream X Mark
IT imaging flow cytometer (Amnis, Seattle, WA).

Cell culture. 100,000 sorted SP CD4*CD25~ thymocytes were co-cultured in 96-well round bottom plates
together with 5000 thymic DCs and 10 pg of thymic exosomes (final concentration 20 x 10° exosomes/ml) in
200 pl medium for 3 days. In addition, CD4"CD25" thymocytes were cultured alone or with either exosomes or
DCs. The exosome concentration used was based on dose-response experiments and earlier studies*. To study if
the exosome effects were MHC restricted, cells and exosomes from different mouse strains (C57BL/6 and Balb/c)
were used in cross-strain experiments. 100 nm latex beads (Sigma-Aldrich, St- Louis, MO) were added to a final
concentration of 75 x 10° beads/ml to separate cultures as described for the exosomes and used as a reference
for nano particle presence. The cell medium consisted of RPMI 1640 (Invitrogen, Paisley, Scotland), with 5%
exosome-depleted FBS (Sigma-Aldrich, St- Louis, MO), 2mM L-glutamine (Life Technologies), 100U penicillin/
100 pg streptomycin (Sigma-Aldrich) and 50 uM 2-mercapthoethanol (Gibco (Life Technologies). To support
thymocyte survival, IL-7 (Peprotech, Rocky Hill, NJ), 0.2 ng/ml and IL-2 (RnDSystems), 20 ng/ml, were added
to the cultures.

Flow cytometry of cells.  Cell surface stainings were performed using the monoclonal antibodies displayed
in supplementary Table 1 (Table S1). Flow cytometry analysis was performed on a FacsCantolI (BD Bioscience)
and analyzed using Flow]Jo software (Tree Star, Ashland, OR).

Protein cleavage and RNAse treatment of exosomes. Exosomes were isolated as previously
described and incubated with Proteinase K 100 pg/ml in 37 °C for 30 min and then washed by ultracentrifugation
at 100 000 x g for 70 minutes. Proteinase K treated exosomes were stained for thymic exosome surface proteins
and analyzed by the flow cytometer to evaluate the degradation of surface proteins. The size of the exosomes was
estimated by the Brownian motion of the particles in a ZetaView instrument (Particlemetrix, Germany).
Exosomes were incubated with RNase in 37 °C for 30 minutes to degrade exosomal RNA, 0.2% Saponin
was added to the solution to make the membrane permeable. Exosomes were washed by ultracentrifugation,
100 000 x g for 70 minutes. RNase and Saponin concentrations were titrated for the most effective deletion
of RNA with the lowest possible concentration of Saponin (data not shown). RNA quality of the treated and
untreated thymic exosomes was analyzed with a Fragment Analyzer at TATAA Biocenter Gothenburg (Fig. S3).

Statistical analysis. Values are presented as mean =+ standard error of the mean (SEM). Data were statisti-
cally evaluated using Student’s T-test, in the Prism 6 software (GraphPad, La Jolla, CA). Values of P < 0.05 were
considered as statistically significant.
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