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Background

Allergic rhinitis (AR) is characterized by IgE-mediated mucosa response after exposure to allergens. Extracellular vesicles (EVs) are nano-size vesicles containing biological cargos for intercellular communications. However, the role of plasma EVs in pathogenesis of AR remains largely unknown.



Methods

Plasma EVs from patients with AR were isolated, quantified, and characterized. The expression of Der p 1 and antigen-presenting molecules on EVs was determined by Western blot, flow cytometry, or ELISA. PKH26- and CFSE (carboxyfluorescein succinimidyl ester)-stained AR-EVs were used to determine the uptake of EVs by CD4+T cells and their effects on CD4+T cell proliferation, respectively.



Results

Plasma EVs in healthy control (HC) and AR patients were similar in the concentration of particles, expression for specific EV markers, and both had structural lipid bilayer. However, the levels of Der p 1 on plasma EVs from both mild and moderate-severe AR patients were significantly higher than that on HC. The levels of antigen-presenting molecules on plasma EVs were similar from three subjects. Moreover, levels of Der p 1 on EVs in plasma, but not nasal secretion, were significantly associated with the symptom score of AR patients and level of plasma IL-13. Additionally, plasma EVs from patients with AR promoted the development of Th2 cells, while no effect was found on CD4+ T-cell proliferation.



Conclusions

Plasma EVs derived from patients with AR exhibited antigen-presenting characteristics and promoted differentiation of Th2 cells, thus providing novel understanding of the pathogenesis of AR.
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Introduction

Allergic rhinitis (AR) is one of the most common allergic diseases that globally affects 10% to 40% of the population across all age groups (1). A number of evidences have shown that environmental allergens, such as house dust mites and pollen, are significant causes of the induction, persistence, and exacerbation of AR (2), leading to great impacts on patient’s quality of life and serious economic damages to our society (3). Although striking progresses have been made in the pathogenesis and treatment of AR during the past decades, morbidities of AR are still becoming increasingly higher and the clinical management for AR patients remained unsatisfied (4). Therefore, further studies are required to reveal the molecular and cellular mechanisms involved in the pathogenesis of AR, and thus providing potential therapeutic targets for treatment of AR.

Extracellular vesicles (EVs) are nano-vesicles that are substantially released by almost all cells and extensively involved in physiological and pathological processes in human bodies (5). Based on their size and mechanism of formation, these nano-sized particles are generally classified into exosomes released by multivesicular endosomes and microvesicles pinching off from plasma membrane (6). It has been widely demonstrated that EVs play crucial roles in local and systemic intercellular communication by transferring of their bioactive components, such as proteins, RNAs, and lipids (7). In the setting of allergic airway inflammation, EVs are secreted by various immunocytes such as antigen-presenting cells and airway epithelial cells, and presented in biofluids, including plasma and airway secretion (8). Previous studies have shown that miRNAs contained in EVs were able to exhibit immunoregulatory effects on allergic airway inflammation (9–11). Nevertheless, the roles of EVs in the interaction with immunocytes remain to be further elucidated.

In allergic airway inflammation, exposure to aeroallergen stimulates the activation and infiltration of CD4+ T cells, which are regarded as the key players in allergic responses (12). It has been well acknowledged that APCs, especially dendritic cells (DCs), are able to recognize and present foreign antigens to these CD4+ T cells for induction of allergen-specific Th2 responses. Besides, EVs released by APCs were considered as a novel and more complicated mode of interaction between APCs and T helper cells (5, 13). Particularly, it has been reported that allergen peptides, MHC II, and co-stimulatory molecules were present on EVs secreted by DCs and were able to mediate antigen-specific activation of T cells that were analogous to their parental APCs (14–17). In this scenario, EVs derived from APCs carrying antigen-presenting molecules are also present in airway lavage fluids (18, 19) and elicited antigen-specific immunoregulatory effects in allergic airway inflammation (19–21). In addition, it has been demonstrated that allergen peptides/MHC II-bearing EVs isolated from plasma of allergen-immunized mice were able to suppress delayed-type hypersensitivity inflammatory response in an antigen-specific manner (22). All these previous results suggest that EVs are able to play a significant role in antigen presentation of immune responses. However, it has never been reported whether or not allergen peptides/MHC II-bearing EVs are present in plasma of AR patients. Besides, the roles of plasma EVs on differentiation of Th2 cells remained to be further elucidated.

In this study, we sought to identify the presence of Der p 1 and antigen-presenting molecules on plasma EVs in AR patients, explore the relationship of EVs-carrying Der p 1 with the severity of AR patients, and reveal the effects of plasma EVs of AR patients on proliferation and differentiation of Th2 cells.



Methods


Subjects

Peripheral blood or nasal secretion was collected from patients with AR and healthy subjects for evaluation of level of EV-bearing Der p 1 in plasma or nasal secretion, isolation of plasma EVs, and in vitro cell culture experiments, as indicated in Supplementary Table S1. The detailed methods are presented in Supplemental Materials. Our study was approved by The Ethics Committee of The First Affiliated Hospital, Sun Yat-sen University. We obtained written informed consent from all the subjects before sample collection. Human blood buffy coats from “anonymous donors” were from Guangzhou Blood Center and the exemption of written informed consent was approved by The Ethics Committee of The First Affiliated Hospital, Sun Yat-sen University.



Collection of Nasal Secretion

Nasal secretion of the subjects was collected as we previously reported (23). The detailed methods are presented in Supplemental Materials.



Enzyme-Linked Immunosorbent Assay for Der p 1 on EVs

No commercial kits for determining the levels of Der p 1 on EVs are available. Therefore, we developed an ELISA assay for Der p 1 on EVs. The detailed methods are presented in Supplemental Materials. Level of IL-13 in plasma and cell culture supernatants was assayed using high-sensitivity commercial ELISA kit purchased from Neobioscience (Shenzhen, Guangdong, China) and Uncoated ELISA Kit purchased from Thermo Fisher Scientific (Waltham, MA, USA).



Isolation of Plasma EVs

EVs were isolated from plasma of HC subjects (HC-EVs) and patients with moderate AR (M-AR-EVs) or moderate-severe AR (S-AR-EVs) by differential ultracentrifugation, as previously described with minor modifications (24). The detailed methods are presented in Supplemental Materials.



Nanoparticle Tracking Analysis

Concentration and size distribution of plasma EVs were determined by nanoparticle tracking analysis using a NS300 Nanosight instrument (Malvern, UK). The detailed methods are presented in Supplemental Materials.



Transmission Electron Microscopy

Morphologies of plasma EVs were observed using a TEM instrument (H7650; HITACHI, Tokyo, Japan) as we previously reported (25). The detailed methods are presented in Supplemental Materials.



Western Blot Analysis

To determine levels of specific EV markers (CD9/CD63/CD81/Alix/TSG101) and molecules associated with antigen presentation (Der p 1/CD40/CD80/CD86/HLA-ABC/HLA-DR) in plasma EVs, Western blot analysis was conducted as we previously reported (25). The detailed methods are presented in Supplemental Materials.



Staining of Plasma EVs With Carboxyfluorescein Succinimidyl Ester

The isolated plasma EVs were incubated with 20 nM CFSE for 1 h at room temperature, and the CFSE-stained plasma EVs were further isolated by ultracentrifugation. The CFSE-stained plasma EVs were significantly characterized by flow cytometry analysis (Supplementary Figure S1).



Treatments of PBMCs or CD4+T Cells With EVs

Human PBMCs were isolated from buffy coats of anonymous donors provided by Guangzhou Blood Center by using density centrifugation with LSM™ Lymphocyte Separation Medium (MP Biomedicals, Santa Ana, CA, USA). Human CD4+ T cells were purified from PBMCs by using CD4+ T cell isolation kit (Miltenyi Biotec, Bergisch Gladbach, Germany) following manufacturer’s instructions.

The PBMCs or CD4+ T cells were seeded at a density of 5 × 105 cells in 96-well plates and cultured with RPMI 1640 medium supplemented with 10% fetal bovine serum (FBS; Gibco, Carlsbad, CA, USA), 10 ng/ml IL-2 (Peprotech, Rocky Hill, NJ, USA) and penicillin/streptomycin (Gibco, Carlsbad, CA, USA) in the presence or absence of HC-EVs or AR-EVs at a concentration of 5 × 108 particles/ml for 3 days. The cells were collected for Th1, Th2, and Th17 examination by flow cytometry analysis. The isolated CD4+ T cells were treated with CFSE-stained EVs and evaluated their uptake for EVs using flow cytometry  or immunofluorescence.

For determination of the effects of plasma EVs on proliferation of CD4+ T cells, PBMCs were stained with CFSE, then stimulated with 5 mg/ml phytohemagglutinin (PHA), and treated with HC-EVs and AR-EVs as described above. The cells were then detected by flow cytometry analysis.



Immunofluorescence

The detailed methods are presented in Supplemental Materials.



Flow Cytometry Analysis

Levels of antigen-presenting molecules on plasma EVs CD4+ T cells treated with CFSE-stained EVs  were analyzed as previously reported with minor modifications (26). The detailed methods are presented in Supplemental Materials.



Statistical Analysis

Statistical analyses were performed with Prism software (GraphPad Software, La Jolla, CA, USA). All values were expressed as mean ± SEM for each group. Normal distribution was performed by using Kolmogorov-Smirnov test. For data with normal distribution, statistical significance was assessed by using one-way ANOVA with Tukey’s correction for multiple comparisons. For data with abnormal distribution, statistical significance was assessed by Mann-Whitney U test. Correlation analyses were performed using Pearson correlation coefficient. A P value less than 0.05 was considered statistically significant.




Results


The Characteristics of Plasma EVs Derived From Patients With AR

We first isolated plasma EVs from HC and AR patients that were sensitive to HDM by differential centrifugation, and we found no significant difference on the concentration of plasma EVs derived from HC, M-AR, and S-AR as determined by NTA (Figure 1A). All the three types of plasma EVs were nano-sized lipid-bilayer particles as determined by TEM (Figure 1B). Moreover, EVs isolated from HC and AR patients were both positive in specific EV markers, such as CD9, CD63, CD81, TSG101, and Alix, as determined by Western blot (Figure 1C). Our data suggested that EVs were successfully isolated from plasma of HC, M-AR, and S-AR subjects, which were similar in concentration, morphology, size, and expression of specific EV markers.




Figure 1 | Characterization of plasma EVs. (A) Nanoparticle tracking analysis for determination of the particle numbers and size distribution of plasma EVs. (B) Transmission electron microscopy for characterization of the morphology of plasma EVs. (C) Plasma EVs isolated from HC subjects and patients with M-AR and S-AR were positive in the expression of specific EV markers. HC, Healthy control; M-AR, Mild allergic rhinitis; S-AR, Moderate-severe allergic rhinitis.





Determination of Immunocyte-Related Markers on Plasma EVs

It has been well acknowledged that some cells were able to secrete EVs to carry corresponding specific markers of their parental cells into the circulation. Given that many immunocytes were involved in the inflammatory responses of AR, we first determined whether plasma EVs isolated from AR patients expressed some immunocyte-related markers. Flow cytometry analysis suggested that the markers about T cells (CD3+), B cells (CD19+), NK cells (CD56+), monocytes (CD14+), and granulocytes (CD66b+) were almost undetectable, while the expression of HLA-DR+ on plasma EVs were significantly detected (Figures 2A, B). Of note, APCs, especially DCs, are the key immunocytes that release HLA-DR+ EVs. Therefore, we speculated that circulating HLA-DR+ EVs could possibly be released by APCs in AR patients.




Figure 2 | Determination of the immunocyte-associated markers on plasma EVs of AR patients. (A) Representative dot plots for flow cytometry analysis of immunocyte-related markers on plasma EVs. (B) Flow cytometry analysis of the expression of immunocyte-related markers on plasma EVs. Data are shown as mean ± SEM. ****p < 0.0001 by one-way ANOVA multiple comparison.





Plasma EVs From AR Patients Expressed Antigen-Presenting Markers

Then, we further investigated whether or not plasma EVs in AR patients elicited phenotypical signatures of APCs. Der p 1, one of the major allergens contained in HDM, can be presented by APCs to T cells and induces inflammatory responses. We thus first explored whether there was Der p 1 expression in AR-EVs. Our results showed that the level of Der p 1 on S-AR-EVs was significantly higher than that on HC-EVs and M-AR-EVs as detected by Western blot (Figure 3A). Furthermore, we found that costimulatory molecules, such as CD40, CD80 and CD86 (Figure 3A), as well as antigen presentation molecules, including HLA-ABC and HLA-DR (Figure 3B), were all presented in HC-EVs, M-AR-EVs, and S-AR-EVs by using Western blot but without significant difference among them (Figures 3A, B). In addition, we further confirmed that levels of costimulation and antigen presentation molecules on plasma EVs from HC and patients with M-AR or S-AR by bead-based flow cytometry and the results were almost similar to that of Western blot. Importantly, we also found that there was higher level of HLA-DR (1.77% ± 1.27%) than HLA-ABC (0.39% ± 0.12%) in plasma EVs of S-AR patients (Figure 3C), suggesting that plasma EVs may play more with CD4+ T cells. Because HLA-DR and HLA-ABC are mainly involved in the presentation of antigens to CD4+ and CD8+ T cells, respectively, our data at least partly suggested that plasma EVs of S-AR patients could play an important role in activation of T cells, especially CD4+ T cells. Collectively, our results have showed that plasma EVs derived from patients with AR especially severe patients with AR expressed Der p 1 and exhibited some APC properties. It suggests that plasma EVs derived from patients with AR might act as mini-APCs for antigen presentation in the pathogenesis of AR.




Figure 3 | Determination of Der p 1, costimulatory molecules, and antigen presentation molecules on plasma EVs. The expression of costimulatory molecules (A) and antigen presentation molecules (B) was similar among plasma EVs derived from HC subjects and patients with M-AR and S-AR, while the expression of Der p 1 was significantly higher in patients with S-AR, as determined by Western blot. (C) No significant difference was found on levels of costimulatory and antigen presentation molecules on plasma EVs derived from HC subjects and patients with M-AR and S-AR, as suggested by flow cytometry analysis. EVs, Extracellular vesicles; HC, Healthy control; M-AR, Mild allergic rhinitis; ns, no significance; S-AR, Moderate-severe allergic rhinitis. Data are shown as mean ± SEM. Western blot of Der p 1, CD40, CD80, and CD86, as well as flow cytometry analysis of CD86 and HLA-ABC, were analyzed by Mann–Whitney U test; the other data were analyzed by one-way ANOVA multiple comparison. *p < 0.05. The data were combined from two independent experiments.





The Level of Der p 1 on Plasma EVs Was Significantly Associated With the Severity of the Patients

To investigate the association of Der p 1 on plasma EVs with the severity of AR patients, we next detected the level of EVs-associated Der p 1 in plasma of HC and AR patients by using an ELISA method designed by ourselves (Figure 4A). We found that the level of Der p 1 on plasma M-AR-EVs and S-AR-EVs was both significantly higher than that on HC-EVs, and higher level of Der p 1 was found on S-AR-EVs compared to M-AR-EVs (p < 0.01 or 0.001; Figure 4B). To understand whether level of Der p 1 on plasma EVs was related to the severity of AR patients, we further analyzed its correlation with the symptom scores. Our results showed that the level of Der p 1 on plasma EVs was significantly correlated with the visual analogue scale score (VAS; p = 0.0095, R = 0.5785; Figure 4C) and total nasal symptom score (TNSS; p = 0.0120, R = 0.3175; Figure 4D) of patients with AR. Besides, a significant correlation of plasma EV-carried Der p 1 and plasma IL-13 in AR patients was also observed (p = 0.0288, R = 0.5013; Figure 4E). Overall, our data demonstrated that Der p 1 on plasma EVs was highly associated with disease severity of AR. The above results mainly demonstrated that plasma EVs could be involved in the pathogenesis of AR.




Figure 4 | Detection of Der p 1-carrying EVs and the correlation between Der p 1+ EVs with the signs of the diseases and level of IL-13 in AR patients. (A) Schematic diagram of the ELISA for detection of Der p 1 on plasma EVs. (B) Levels of Der p 1 in patients with M-AR and S-AR were both significantly higher than HC subjects, as determined by ELISA. (C–E) Level of plasma EV-bearing Der p 1 in AR patients was significantly correlated with the VAS score (C), TNSS score (D), and level of IL-13 in plasma (E). (F–H) Level of Der p 1 on nasal secretion-derived EVs in AR patients has no significant correlation with VAS score (F), TNSS score (G), and level of IL-13 in nasal secretion (H). ELISA, Enzyme-linked immunosorbent assay; EVs, Extracellular vesicles; HC, Healthy control; M-AR, Mild allergic rhinitis; S-AR, Moderate-severe allergic rhinitis; TNSS, Total nasal symptom score; VAS, Visual analogue scale. **p < 0.01, ***p < 0.001 by one-way ANOVA multiple comparison. Correlation analyses were performed using Pearson correlation coefficient.



We further evaluated the correlation of level of Der p 1 on EVs in nasal secretion with the symptom scores and type 2 cytokines in AR patients. We observed positive correlation between level of EV-carried Der p 1 in nasal secretion and VAS score but without significant difference (p = 0.07838, R = 0.4589; Figure 4F). Additionally, no significant correlation was found on the level of EV-carried Der p 1 and TNSS or IL-13 (Figures 4G, H). Our data suggested that there was no significant correlation between Der p 1 on EVs in nasal secretion with severity of AR patients.



Plasma EVs From Patients With AR Promoted the Differentiation of Th2 Cells

To confirm the role of plasma EVs in pathogenesis of AR, we further determined the effect of AR-EVs on differentiation of T helper cells. The FMO for flow cytometry analysis of Th1, Th2 and Th17 cells was shown in supplementary Figure S2. We observed no significant effects on the proliferation of CD4+ T cells treated with both HC-EVs and AR-EVs (Figure 5A). Interestingly, both M-AR-EVs and S-AR-EVs were able to significantly increase the level of Th2 cells in PBMCs compared to HC-EVs, and oppositely decrease the levels of Th1 and Th17 cells, as shown by flow cytometry analysis (p < 0.05, Figure 5B). Consistently, we also found that level of IL-13 in the supernatants was significantly increased by the treatment of M-AR-EVs (p < 0.05) and S-AR-EVs compared to HC-EVs (p < 0.01, Figure 5C).




Figure 5 | Effects of plasma EVs isolated from AR patients on the differentiation of T helper cells in PBMCs. (A) Flow cytometry analysis showed that no significant difference was observed on the proliferation of CD4+ T cells after treated with HC-EVs and AR-EVs. (B) Level of Th2 was increased in PBMCs treated with M-AR-EVs and S-AR-EVs compared with those treated with HC-EVs, while levels of Th1 and Th17 were oppositely reduced by M-AR-EVs and S-AR-EVs. (C) Level of IL-13 was significantly increased in the supernatants of AR-EV-stimulated PBMCs. EVs, Extracellular vesicles; HC, Healthy control; M-AR, Mild allergic rhinitis; S-AR, Moderate-severe allergic rhinitis; Th1, type 1 T helper cells; Th2, type 2 T helper cells; Th17, type 17 T helper cells; ns, no significance. Flow cytometry analyses of T helper cells and ELISA for IL-13 were analyzed by Mann–Whitney U test. Flow cytometry analyses of proliferation were analyzed by one-way ANOVA multiple comparison. *p < 0.05, **p < 0.01. The data were combined from two independent experiments.



To confirm whether or not AR-EVs were able to regulate CD4+ T cells directly, we further incubated plasma EVs with isolated CD4+ T cells. We observed that administration of AR-EVs increased the levels of Th2 cells (p = 0.0571, Figure 6A) and IL-13 (p = 0.1143, Figure 6B) compared to the treatment of HC-EVs but without significant differences. No significant decrease was observed on levels of Th1 and Th17 cells in AR-EVs stimulated purified CD4+ T cells (Figure 6A).




Figure 6 | Plasma EVs isolated from AR patients promoted Th2 differentiation in isolated CD4+ T cells. (A) The levels of Th2, Th1 and Th17 with the treatment of AR-EVs or HC-EVs. (B) The level of IL-13 in the supernatants of AR-EV-stimulated CD4+ T cells. (C) Flow cytometry analysis of the uptake effects of CD4+ T cells on HC-EVs and AR-EVs. (D) Immunofluorescent images showing that both HC-EVs and AR-EVs were able to adhere to CD4+ T cells. EVs, extracellular vesicles; HC, healthy control, M-AR, Mild allergic rhinitis; S-AR, Moderate-severe allergic rhinitis; Th1, type 1 T helper cells; Th2, type 2 T helper cells; Th17, type 17 T helper cells; ns, no significance. Statistical analyses were performed by Mann–Whitney U test.



Using CFSE-labeled EVs, we found that level of MFI of CFSE in CD4+ T cells were significantly increased at 4 h but not at 24 h after the treatments of HC-EVs and AR-EVs especially for M-AR-EVs (p < 0.05 or 0.01, Figure 6C), suggesting the uptake of EVs by CD4+ T cells. Moreover, we found that there were immunofluorescent EVs surrounding or binding to CD4+ T cells both for HC-EVs and AR-EVs (Figure 6D). It suggests that AR-EVs could possibly interact with or taken up by CD4+ T cells to promote Th2 differentiation. Our data demonstrated that plasma EVs could be a critical factor in promoting the differentiation of Th2 cells.




Discussion

In our study, for the first time, we revealed that Der p 1 was presented on plasma EVs of patients with AR, and that phenotypical APC signatures were found on AR plasma EVs. Moreover, the level of Der p 1 on EVs in plasma was highly associated with the symptom score and type 2 cytokines in AR patients. Importantly, we demonstrated that plasma EVs from AR patients was able to promote the development of Th2 cells.

It has been widely reported that EVs were presented in body fluids such as plasma and airway secretion, and these EVs were intensively involved in the pathogenesis of different diseases (27). In allergic diseases, previous studies have demonstrated the differential expression of miRNAs in EVs isolated from airway secretion and plasma, which could play a significant role in the immunoregulation on their recipient cells (9, 11, 28). Besides miRNAs, EVs also contain many other bioactive components such as proteins. However, to our knowledge, the role of proteins contained in plasma EVs has never been reported in allergic airway diseases. In our studies, we set out to isolate EVs from plasma of AR patients, and preliminarily determined levels of typical markers of different immunocytes on the isolated plasma EVs to investigate the possible cellular sources of plasma EVs. Interestingly, we found that HLA-DR, one of the representative markers of APCs, can be detected in plasma EVs of AR patients. These results led us to the hypothesis that APCs may release EVs into circulation of AR patients and mediated allergic responses. To confirm our hypothesis, we further investigated the expression of Der p 1 and antigen presentation-associated molecules on plasma EVs of HDM-sensitive AR patients. As expected, we observed that Der p 1 on S-AR-EVs was significantly higher than that on M-AR-EVs and HC-EVs, and expression of costimulatory and antigen presentation molecules was also detected. However, no significant difference was found on levels of costimulatory and antigen presentation molecules in means of Western blot or flow cytometry analysis. This in part could be because that release of EVs from APCs by allergen stimulation was not significant enough to be identified by the detection methods we applied. Our findings suggested that circulating EVs in AR patients would possibly work as mini-APCs in antigen-specific immune responses.

Antigen presentation has been considered as an important aspect of the pathophysiological mechanism of AR, in which APCs acted as the major sentinel in the immune responses. Previous studies have shown that APCs, such as dendritic cells and B cells, were able to release “mini-APC-like” EVs and mediated antigen-specific activation of CD4+ T cells in vitro (13–15). Some studies also reported that systemic administration of EVs isolated from APCs were able to interact with cells far away from the injection site (29, 30). However, it remains largely unknown whether EVs secreted by APCs in airway were able to be introduced into the circulation for immune responses. In our study, we found that level of Der p 1 on plasma EVs in AR patients was highly correlated with symptom severity and type 2 cytokines in plasma. Our findings suggested that EVs, unlike APCs that require specific chemokines and their receptors for migration, could in part pass through impermeable blood vessels and enter the circulation for mediation of antigen-specific responses. As far as we know, our study was the first time to reveal the presentation of foreign antigen peptide and APC characteristics on plasma EVs in AR patients, which provides novel understanding for the pattern of antigen presentation in allergic responses. Besides, we found that Der p 1 was presented on EVs in secretion of nasal cavity, the local site of immune responses in AR patients. However, we found no significant correlation of EV-carrying Der p 1 with the symptom severity and type 2 cytokine in AR patients. This might be because the concentration of EVs in nasal secretion was greatly influenced by the amount of nasal secretion. Since we could not obtain enough nasal secretion for isolation of EVs, we did not go further to investigate whether EVs in nasal secretion exhibited APC characteristics as plasma EVs did in AR patients. Overall, our findings suggested that Der p 1 in EVs derived from nasal secretion showed less importance than plasma EVs in AR patients.

It has been well established that levels of Th2 cells were significantly increased in circulation of AR patients and were significantly correlated with the symptom severity of AR patients (31). The differentiation of T helper cells was typically considered to be mediated by soluble cytokines produced by immunocytes like APCs in non-lymphoid tissues (32). In our study, we demonstrated that the plasma EVs of AR patients were able to promote the activation of Th2 cells as demonstrated by flow cytometry analysis of Th cells and ELISA for IL-13. It may be because that circulating EVs in AR patients possessed APC signatures. However, circulating EVs showed no effects on the proliferation of CD4+ T cells. Since AR is mainly Th2-dominant, we did not measure the levels of the Th1- or Th17-associated cytokines in plasma of AR patients. In our study, we found that AR-EVs showed effects on Th2 differentiation but not on proliferation of CD4+ T cells. However, it still cannot be excluded that AR-EVs might elicit effects on CD4+ T-cell proliferation under the treatments of higher concentration of AR-EVs. Also, our data revealed the possibility that plasma EVs could be a novel factor for Th2 differentiation in the circulation during the pathogenesis of AR. It has been established that the effects of Der p 1-bearing EVs released by APCs were able to directly interact with CD4+ T cells or indirectly be taken up and presented by APCs for promoting the differentiation of Th2 cells (13). Our results have showed that AR-EVs promote the differentiation of Th2 cells and increase level of IL-13 in PBMCs. Similarly, AR-EVs also increased the levels of Th2 cells and IL-13 in purified CD4+ T cells, though no significant effects were observed due to the limited sample size. We further confirmed that AR-EVs were able to adhere to or be taken up by CD4+ T cells, which at least in part demonstrated that AR-EVs were possibly able to interact directly with CD4+ T cells for promoting differentiation of Th2 cells.

We acknowledge that there are some limitations in our study. Firstly, the sample size of our study is relatively small due to limited collection of human blood samples. Besides, we only showed that plasma EVs of AR patients were able to promote the differentiation of Th2 cells. However, whether or not the effects of Der p 1-carrying plasma EVs on activation of Th2 cells were antigen-dependent remains to be further elucidated. Also, we did not investigate the presence of other antigen peptides on plasma EVs of AR patients, because most of the AR patients in Southern China were sensitive to HDM and we were not able to recruit enough AR patients that were sensitive to other allergens.



Conclusions

In conclusion, we found that plasma EVs in AR patients carried antigen peptides and exhibited antigen-presenting characteristics, level of Der p 1 on plasma EVs was significantly correlated with symptom severity and type 2 inflammatory cytokines, and AR-EVs were able to activate Th2 cells. Our study provided novel understanding of the pattern of antigen presentation in allergic responses of AR patients, which could work as novel therapeutic targets for AR patients in the future.
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