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Abstract

Exosomes are nano-sized membrane vesicles (50-120 nm), which are released from a wide variety
of cells. Depending on their cellular origin, they can induce immune stimulatory-, inhibitory-, or
tolerance-inducing effects. However, it is still unclear what role exosomes play during human
inflammatory diseases. It has not been studied whether exosomes derived from human dendritic
cells (DCs), the first cells to encounter allergens in the mucosa, can carry aeroallergens and
contribute to allergic immune responses. We therefore explored whether DC-derived exosomes can
present the major cat allergen Fel d 1 and whether they thereby contribute to the pathogenesis of
allergic disease. Our results demonstrate that exosomes are able to present aeroallergens and
thereby induce T-cell T(H)2-like cytokine production in allergic donors. Thus, these exosomes
may be important immune-stimulatory factors in allergic immune responses and important targets
or engineered tools in immunotherapy.
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Exosomes are nano-sized membrane vesicles (50—120 nm) derived from the endosomal
compartment, released from a wide variety of cells, and they can be found in several body
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fluids such as plasma, breastmilk, and bronchoalveolar lavage (BAL) (1, 2). They have been
demonstrated to have immune stimulatory-, inhibitory-, or tolerance-inducing effects,
depending on their cellular origin (3). In particular, exosomes from antigen-presenting cells
(APCs) have gained interest, as they carry immunorelevant molecules such as MHC classes I
and II and costimulatory molecules, and thus are investigated for use in vaccine and immune
therapeutic strategies. Previous studies have demonstrated that exosomes are able to transfer
functional MHC I/Il/peptide complexes to bystander APCs (2). It has also been
demonstrated that exosomes isolated from B cells can present T-cell-activating peptides from
the major birch allergen Bet v 1 and thereby induce T-cell proliferation and T(H)2-like
cytokine production (4). However, it has not been studied whether exosomes derived from
human dendritic cells (DCs), the first cells to encounter allergens in the mucosa, can carry
aeroallergens and contribute to allergic inflammation. We therefore explored whether DC-
derived exosomes can present aeroallergens, such as the major cat allergen Fel d 1, and
whether they thereby contribute to the allergic immune response.

Material and methods

Detailed experimental methods are given in Supporting information.

Results and discussion

Peripheral blood mononuclear cells (PBMCs) were isolated from cat-allergic or healthy
blood donors, whose plasma had been analyzed for IgE and IgGy4 to Fel d 1 (Table S1). The
concentration of IgE was in the range of 0.49-37 ko U/ to Fel d 1 in the allergic donors and
below <0.10 ko U/1 in each of the healthy blood donors, and the IgG4 levels were above 0.05
mg/l in only two of the cat-allergic donors (Table S1). We started to investigate exosomes
isolated from healthy blood donors. The exosomes were either generated from monocyte-
derived dendritic cells (MDDCs) cultured alone (Exos), from MDDCs cocultured with rFel
d 1 (10 pg/ml; Exos-rFel d 1), or from MDDCs cultured with similar amount of LPS (0.08
ng/ml; Sigma-Aldrich, Steinheim, Germany) found in the rFel d 1 preparation (Exos/LPS)
for 48 h. To prove that Exos-rFel d 1 carries Fel d 1 which first has been taken up by
MDDCs, another control was added where MDDCs were first cultured in the presence of
rFel d 1 for 15 h; thereafter, the MDDCs were washed to remove any rFel d 1 not
endocytosed by the MDDCs. After additional culture for 48 h in fresh media without rFel d
1, the supernatant was collected for isolation of exosomes (Exos-rFel d 1 15 h). To address
whether Fel d 1 is able to bind directly to exosomes without the involvement of cells, rFel d
1 (10 pg/ml) was added for 30 min to one part of the supernatant from MDDCs cultured
alone (Exos + rFel d 1). The phenotype of MDDCs was not affected by the LPS amount
found in rFel d 1 or by rFel d 1 itself as seen by flow cytometry (Fig. S1). The exosomes
from the various supernatants were isolated by ultracentrifugation. Flow cytometry showed
that both Exos and Exos-rFel d 1 had a similar surface expression of HLA-DR, CD63, and
CD81 (Fig. 1A,B), which corresponds to a typical phenotype of MDDC-derived exosomes
(3). Immuno-negative electron microscopy staining (iIEM) showed the characteristic
morphology of exosomes and the presence of the exosome marker CD81 on the surface of
Exos-rFel d 1 (Fig. 1C) (3), which was not seen when using the isotype control (Fig. 1C).
Nanoparticle tracking analysis indicated that Exos, Exos/LPS, Exos — rFel d 1, and Exos +
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rFel d 1 exhibited relatively similar sizes with a diameter ranging from 135 to 150 nm (Fig.
1D). To investigate the presence of rFel d 1 on exosomes, ELISA was performed, indicating
that Exos-rFel d 1, Exos + rFel d 1, and Exos-rFel d 1 15 h are able to carry rFel d 1 (Fig.
2A). Similar amounts of rFel d 1 were found on the different exosomes, within the range of
3-390 ng rFel d 1/ml (2= 15) in 10 pg exosome preparations (Fig. 2A). The wide range
reflects the individual variations between the different blood donors. As rFel d 1 is detected
on all types of rFel d 1-exosomes, Fel d 1 seems to be able to be endocytosed by MDDCs,
loaded onto exosomes and released on exosomes (Exos + rFel d 1 15 h), and also to bind
directly to exosomes isolated from MDDCs cultured alone (Exos + rFel d 1). The presence
of rFel d 1 on rFel d 1-exosomes was further supported by TEM, which visualizes how rFel
d 1-exosomes (Fig. 2B), but not Exos (Fig. 2C), bind to latex beads covered with anti-Fel d 1
Abs, representing the presence of rFel d 1 on the surface of exosomes. Beads covered with
the isotype control showed no binding to Exos-rFel d 1 (Fig. 2D).

To investigate whether rFel d 1 on the exosomes has immunogenic effects on PBMCs,
cultures of PBMCs from healthy or cat-allergic donors were set up pairwise and cocultured
with either Exos, Exos/LPS control, Exos-rFel d 1, Exos + rFel d 1, Exos-rFel d 1 15 h, or
only rFel d 1. Cytokine analysis was performed using ELISpot. Results showed that Exos-
rFel d 1 and Exos + rFel d 1 did not induce IL-4 production in PBMCs from healthy donors,
whereas in the cat-allergic donors, Exos-rFel d 1 and Exos + rFel d 1 were able to induce
IL-4 responses (Fig. 2E). IL-4 responses were also detected in control experiments with
Exos-rFel d 1 15 h, where we had a response of 10 and 47 IL-4 spots/2.5 9 105 PBMCs,
respectively, from two cat-allergic donors, whereas no spots were detected by PBMCs from
two healthy donors. Despite the low amount of rFel d 1 found on the different rFel d 1-
exosomes (Fig. 2A), they are still able to induce similar IL-4 responses as 10 ug/ml pure rFel
d 1 (Fig. 2E and Fig. S2). Thus, these data suggest that exosomes are able to enhance the
IL-4 stimulatory capacity of rFel d 1 in cat-allergic individuals.

Additional cytokine analysis (IL-6, IL-10, IL-17A, IFN-vy, and TNF) was performed with
CBA, but no significant differences were observed between PBMCs from cat-allergic and
healthy donors cocultured with the different exosome preparations (data not shown). Similar
results for IL-10 and IFN+y have been previously observed for PBMCs treated with only Fel
d1(5).

Our results demonstrate a novel route for distribution of aeroallergens via exosomes derived
from DCs. These exosomes are able to present allergens and thereby induce T-cell T(H)2-
like cytokine production in allergic donors, and may therefore be important immune-
stimulatory factors in allergic immune responses. Thus, exosomes carrying allergens may be
important targets in immunotherapy. Our novel finding also shows the ability to engineer
exosomes by adding allergens, which may be useful for future exosome-based vaccines.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figurel.

Characterization of Exos-rFel d1. Expression of the surface markers HLA-DR, CD63, and
CDS81 on Exos and Exos-rFel d 1 was measured by flow cytometry and is shown as (A)
histograms and % positive cells from one representative experiment of three independent
experiments using exosomes from different healthy blood donors (isotype control in black),
or as (B) the ratio of the mean fluorescence intensity (MFI). Results represent the mean +
SEM from three independent experiments. (C) The morphology of Exos-rFel d 1 was
visualized by performing iEM on pools of Exos-rFel d 1 from five healthy blood donors
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using a mAb against CD81 (detected with a 10 nm gold particle-conjugated anti-rabbit Ab;
indicated by arrows) and corresponding isotype control. (D) The mean particle size
distribution from five different exosome batches for Exos, Exos/LPS, Exos-rFel d 1 and
Exos + rFel d 1 analyzed by nanoparticle tracking analysis (NanoSight).
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Figure 2.
Exosomes generated from MDDCs carry rFel d 1 and induce IL-4 production in PBMCs

from cat-allergic donors. (A) The presence of rFel d 1 on Exos-rFel d 1 (7= 7), Exos + rFel
d 1 (n=5), and Exos-Fel d 1 15 h (#=3) generated from MDDCs from healthy nonallergic
blood donors was analyzed using ELISA and a mouse mAb against Fel d 1. Exos and
Exos/LPS were used as controls (n= 7). (B) Exos-rFel d 1, but not (C) Exos, binds to latex
beads coupled with anti-Fel d 1 rabbit Abs, as visualized using TEM on a pool of Exos-rFel
d 1 from 2 healthy blood donors. (D) No binding is seen with latex beads coupled with an
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isotype control Ab. (E) IL-4 production in PBMCs from cat-allergic (CA) donors and
healthy controls (HC) measured by ELISpot when cultured alone (nonstimulated; n = 7),
with Exos (1= 7), Exos/LPS (n=7), Exos-rFel d 1 (n="7), Exos + rFel d 1 (n=15), or only
rFel d 1 (10 pg; n="7) for 48 h. Data represent mean + SEM. *P< 0.05, **P<0.01, and
*#*% P<0.001, Mann—Whitney U-test.
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