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Most blood transfusion-related adverse reactions involve the immunologic responses of recipients to exogenous blood components. Extracellular vesicles isolated from packed red cells can affect the recipient’s immune system. Mast cells are traditionally known as effector cells for allergic transfusion reactions. However, growing evidence supports the notion that activated mast cells might disturb host innate immunologic responses. Exosomes are a type of extracellular vesicle. To determine the effect of exosomes on mast cells, we enriched exosomes derived from volunteer plasma (EXs-nor) and packed red cells (EXs-RBCs) using ultracentrifugation and incubated them with a human mast cell line (HMC-1). We found that EXs-RBC exposure increased the expression of tryptase-1 and prostaglandin D2, the production of multiple inflammatory mediators, and the levels of Toll-like receptor-3 (TLR-3) and phospho-mitogen-activated protein kinase (MAPK) in HMC-1 cells. MAPK inhibitors (SB203580, PD98059, and SP600125) and a TLR-3/dsRNA complex inhibitor reduced the EXs-RBC-stimulated production of inflammatory mediators in HMC-1 cells, whereas the TLR-3 agonist [poly (A:U)] elevated the production of these mediators. These results indicate that EXs-RBCs activate HMC-1 cells and elicit the production of multiple inflammatory mediators, partly via the TLR-3 and MAPK pathways. Mast cells activated by EXs-RBCs exhibit complex inflammatory properties and might play a potential role in transfusion-related adverse reactions.
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Introduction

Blood transfusion is an essential therapeutic method in clinical practice, and packed red cell (RBC) transfusion is the primary blood transfusion administration used to treat hemorrhage and improve tissue oxygenation (1). Although RBC transfusion is lifesaving, it is associated with many transfusion-related adverse reactions (2), most of which involve immunologic responses of recipients to exogenous blood components. However, the blood components that attack the recipient’s immune response and the underlying mechanism of this process are mostly unknown.

Recently, the potential immunologic effect of extracellular vesicles from RBCs has attracted growing interest (3). Extracellular vesicles are small double-membrane vesicles that can be secreted by RBCs and increase in number with storage time. Extracellular vesicles in RBCs possess pro-inflammatory (4) and immunosuppressive abilities (5) and can activate monocytes (6) and complement systems (7). Extracellular vesicles can be classified into three types according to size. Particularly, exosomes (EXs), a type of extracellular vesicle with a diameter ranging between 30 and 150 nm, contain RNA, DNA, and protein, which might participate in many critical physiological and pathological processes (8).

Mast cells are robust and rapidly activated immune cells with tissue-resident and hematopoietic origins (9). Mast cells are best known for their role in allergic reactions. The primary mechanism of allergic reactions involves mast cell activation by IgE via the high-affinity receptor FcϵRI and the release of histamine by the activated mast cells. One example of transfusion-related events that might occur via this mechanism is the allergic transfusion reaction (10, 11). In addition to their critical role in allergic reactions, mast cells can be activated via the IgE-independent pathway to produce various cytokines, which interact with other immune cells (12–14). Activated mast cells can disturb the host immunologic response to exogenous stimuli and might be detrimental to the host (15). Importantly, mast cells can also be the target cells of extracellular vesicles derived from platelets and activated T cells (16–18). We hypothesized that EXs isolated from RBCs (herein, EXs-RBCs) would elicit mast cell activation based on previous findings (12–18).

If mast cells can respond to EXs-RBCs, identifying the holistic inflammatory patterns of these mast cells responding to EXs-RBCs is essential for discovering their potential role in transfusion-related adverse events. The activation of mast cells via the Toll-like receptor-3 (TLR-3) and mitogen-activated protein kinase (MAPK) pathways has been investigated (19, 20). TLR-3 agonists can mediate the immune response in a mouse RBC transfusion model (21). Therefore, we investigated whether TLR-3 and MAPK pathways are involved in mast cell activation after EXs-RBC stimulation. This study thus aimed to determine whether EXs-RBCs can elicit mast cell activation and explore the inflammatory patterns of mast cells responding to EXs-RBCs, as well as the involvement of TLR-3 and MAPK signaling pathways.



Materials and Methods

The study protocol was approved by the Biological-Medical Ethical Committee of the West China Hospital of Sichuan University (Chengdu, Sichuan, China) on July 18, 2019 (Ethical approval number: 2019494). Details are presented as Supplementary Data 1. The flowchart is presented in Figure 1.




Figure 1 | Flowchart of this study. EXs, exosomes; RBC, red cell units; EXs-nor, exosomes from normal volunteer plasma; EXs-RBC, exosomes from red cell units; WB, western blotting analysis; IMF, immunofluorescence; qPCR, quantitative real-time PCR; ELISA, enzyme-linked immunosorbent assay; NTA, nanoparticle tracking analysis; TEM, transmission electron microscopy.




Isolation and Identification of EXs

Healthy volunteers 16 to 60 years of age were recruited; volunteers with a history of allergic diseases were excluded. Blood samples were collected from four healthy volunteers after patient consent was obtained, and four bags of stored red cells (8 mL each) of A, B, O, and AB types were obtained. Subject information is presented in Supplementary Table 1. EXs were extracted from platelet-free plasma of healthy volunteers (herein, EXs-nor) and stored red cells using ultracentrifugation. The characterization of EXs was performed using transmission electron microscopy (TEM), nanoparticle tracking analysis (NTA), and western blot analysis. The protein concentrations of the EXs were quantified using the Pierce™ BCA Protein Assay kit (Thermo Fisher Scientific Inc.) as previously described (22). All EXs were diluted to 1 µg protein/µL with PBS.



Culture and Treatment of HMC-1 cells

HMC-1 cells were cultivated under the conditions of 95% oxygen/5% CO2 and 37°C and grown in IMDM (SH30228.01, Gibco), consisting of streptomycin (100 μg/mL)/penicillin (100 U/mL) and 10% heat-inactivated fetal bovine serum. Before the experiments, HMC-1 cells were cultivated with the serum-free basal medium and washed twice using PBS, then fresh IMDM (1 mL) was add in each culture dish. At a 1,000,000 cells/mL concentration, HMC-1 cells received diverse treatments. In the first part of the experiment, 40 μL PBS, 40 μL EXs-nors, and 40 μL EXs-RBCs were used to investigate the effect of exosomes on mast cells. In the second part, 40 μL EXs-RBCs plus SP600125 (a JNK pathway inhibitor) at 10 μM, 40 μL EXs-RBCs plus SB203580 (P38 MAPK selective inhibitor) at 10 μM, 40 μL EXs-RBCs plus PD98059 (ERK1/2 MAPK inhibitor) at 10 μM, 40 μL EXs-RBCs plus poly (A:U) at 10 μM, and 40 μL EXs-RBCs plus TLR-3/dsRNA complex at 50 μM were employed to explore the possible functions of MAPKs pathways and TLR-3.

We chose an amount of 40 micrograms/mL (40µL EX in 1mL medium) because of the visible cell death observed with 100, 70, and 50 micrograms/mL EX treatment (data not shown). The time-frame of the study was based on our preliminary experiments and a previous study using a mouse mast cell line (23). Forty microliters (40 µg protein) of EXs was used in all of our experiments.



HMC-1 Cell Incubation

We focused on the expression of mast cell activated markers, tryptase-1 and prostaglandin D2 (PGD-2), the inflammatory pattern of HMC-1 cells responding to EXs-RBCs, and the activation of TLR-3 and MAPK pathways. After incubation with PBS, EXs-nors, and EXs-RBCs, HMC-1 cell culture plates were centrifugated for 10 min at 450 × g at 4°C. At 2 h after incubation, the cells were harvested and analyzed using quantitative real-time PCR (qPCR) and Immunofluorescence. After incubation for 2 h and 4 h, cells were collected for western blot analysis. After incubation for 8 h, supernatants were collected and analyzed using enzyme-linked immunosorbent assay.

To evaluate the involvement of MAPK signaling pathways in HMC-1 cell activation after EXs-RBC stimulation, we incubated HMC-1 cells with PBS, EXs-nors, EXs-RBCs, EXs-RBCs + SP600125 at 10 µM, EXs-RBCs + SB203580 at 10 µM, and EXs-RBCs + PD98059 at 10 µM. After 2 h, cells were collected for qPCR analysis. To investigate the effect of TLR-3 on the response of HMC-1 cells to EXs-RBCs, HMC-1 cells were incubated with PBS, EXs-nors, EXs-RBCs, EXs-RBCs plus poly (A:U; 10 µM), and EXs-RBCs + TLR-3/dsRNA complex (50 µM) for 2 h. Cells were collected for qPCR analysis. Details of qPCR, western blotting, and ELISA are presented in Supplementary Data 1.



HMC-1 Cell Viability

HMC-1 cells (10,000 cells/mL) were seeded in 96-well plates and administered various treatments. After 24 h of treatment, mentioned previously herein, 10 µL of CCK8 (Dojindo, Japan) solution was added into the wells, and the cells were cultured for a further 90 min at 37°C with 5% CO2. The optical density (OD) at 450 nm was measured using a spectrophotometer. Relative cell viability was equal to the ratio between the OD of treatment groups and the OD of the blank group.



qPCR

For qPCR, total RNA was extracted using the TRizol reagent. A reverse transcription kit (Bio-Rad, Britain) was used to synthesize cDNA. cDNA expression was analyzed using Maxima™ SYBR Green qPCR Master Mix (Fermentas, Vilnius, Lithuania) according to the manufacturer’s introductions. Relative mRNA expression was normalized to that of 18S RNA. The qPCR primers used are listed in Supplementary Table 2. In the first part of the experiment, qPCR was employed to evaluate the expression of inflammatory mediators in HMC-1 cells respond to EXs-RBC. In the second part, qPCR was used to evaluate the regulation of MAPK and TLR-3 on inflammatory mediators’ production in HMC-1 cells induced by EXs-RBC.



Western Blotting

For western blotting, cells were collected, washed twice, mixed with RIPA buffer, and centrifuged. Total protein concentration was normalized using the BCA assay. Mixtures were electrophoresed and transmitted to the PVDF membrane. After blocking for 1 h by 5% milk, membranes were incubated at 4°C overnight with human antibodies against lamin B1, α-tubulin, TLR-3, Tryptase-1, phosphorylated-JNK, phosphorylated-P38 (Thr180/Tyr182), phosphorylated-ERK1/2(p44/42), total JNK, P38 and ERK1/2, and then secondary antibodies (HRP-conjugated). Blots were visualized as the procedure mentioned above (subsection 2.1). The relative amount of protein was quantified by the ratio to α-tubulin or lamin B1. Western blotting was performed to determine the expression of tryptase-1, PGD-2, TLR-3, and MAPK in HMC-1 cells induced by EXs-RBCs.



Immunofluorescence

For immunofluorescence, HMC-1 was resuspended, and 100 µL solution was transferred into 96-well plates, which have been pretreated with polylysine for 30 min. HMC-1 were treated by PBS, EXs-nor, and EXs-RBC for 8 h and subsequently fixed with 4% paraformaldehyde for 10 min. Samples were blocked with donkey serum and incubated overnight with anti-Tryptase-1 antibodies, followed by donkey-anti-rabbit IgG (H+L) Highly Cross-Adsorbed secondary antibodies for 2 h. Nuclei were counterstained with DAPI. Images were visualized using an automatic positive fluorescence microscope (Zeiss, German). Immunofluorescence was conducted to determine the expression of tryptase-1 in HMC-1 cells induced by EXs-RBCs.



ELISA

For ELISA, the concentrations of IL-6, TNF-α, IL-4, CCl-2, CXCL-1, CXCL-5, LTB-4, and VEGF in the supernatant were measured using ELISA according to the manufacturer’s instruction. Mediators’ concentrations are expressed as pg/mL of protein. ELISA was applied to determine the expression of inflammatory mediators in supernatants after HMC-1 cell incubated with EXs-RBCs.



Statistical Analysis

Data are presented as the mean ± SEM. SPSS v20.0 (Chicago, IL, USA) was used for data analysis. Data on EX marker proteins were analyzed using unpaired Student’s t-tests. HMC-1 cell viability was analyzed by one-way ANOVA. The levels of multiple inflammatory mediators in HMC-1 cells and the supernatant and the activation of intracellular MAPK and TLR3 were analyzed using one-way ANOVA with Dunnett’s multiple comparisons tests. P < 0.05 was considered statistically significant.




Results


Characterization of EXs-Nors and EXs-RBCs

According to NTA results, the diameter of EXs-nors were approximately 132.8 nm, and EXs-RBC were 136 nm (Figure 2A). TEM revealed that EXs contained morphologically distinct membrane-bound particles that were approximately 100 nm in diameter (Figure 2B). EXs-nor and EXs-RBC both expressed the marker proteins CD81 and ALIX of exosomes (Figure 2C).




Figure 2 | Exosomes (EXs) were identified by nanoparticle tracking analysis (NTA), transmission electron microscopy (TEM), and western blotting analysis. Morphology and size of EXs-nor and EXs-RBC were analyzed using NTA and TEM. (A) Representative picture of NTA; 50 µL of EXs (four samples, two from EXs-nor, two from EXs-RBC) was diluted in 50 mL PBS, and NTA was performed. (B) Representative picture of TEM; 50 µL EXs was stained with 2% phosphotungstic acid for TEM. TEM revealed EXs that were membrane-bound; red arrow points to the membrane of EXs. Scale bars: 100 nm. (C) Western blotting for CD81 and ALIX, marker proteins of EXs. Six samples (3 for EXs-nor, 3 for EXs-RBC) with the same protein concentration were used in duplicate. Blots were quantified by Image J software and standardized to α-tubulin expression. Unpaired student t-tests were performed. There was no statistical difference in the expression of CD81 and ALIX between EXs-RBC and EXs-nor groups. NS, no statistical difference; EXs-nor, exosomes from normal volunteer plasma; EXs-RBC, exosomes from red cell units.





Viability of HMC-1 Cells Under Diverse Treatment Conditions

CCK-8 assay results showed no significant change in HMC-1 cell viability after treatment for 24 h (p > 0.05, data not shown), indicating that the experimental outcomes were not associated with HMC-1 cell viability under various challenges.



Increased Expression of Tryptase-1 and PGD-2 in HMC-1 Cells Induced by EXs-RBCs

Compared to that in the EXs-nor group, the expression of tryptase-1 and PGD-2 mRNA in HMC-1 cells increased significantly in the EXs-RBC group (p < 0.05; Figure 3A). The marked augmentation of Immunofluorescence also suggested increased expression of tryptase-1 in the EXs-RBC group (Figure 3B). According to western blotting analysis, the expression of tryptase-1 in the EXs-RBC group increased after 2 h and showed a statistical difference after 4 h (Figure 3C). The increased expression of tryptase-1 and PGD-2 indicated that EXs-RBCs can activate HMC-1.




Figure 3 | Activation of HMC-1 cells induced by EXs-RBCs. HMC-1 cells were cultivated with PBS, EXs-nor, and EXs-RBC for 2 h, and qPCR and Immunofluorescence were performed. At 2 h and 4 h after incubation, western blotting was employed. Data were from 2–4 independent trials. ANOVA and multiple comparisons were used to measure the differences between EXs-nor and EXs-RBC groups. * indicates statistical difference between groups (**P < 0.01). (A) The expression of tryptase-1 and PGD-2 mRNA in HMC-1 cells increased in the EXs-RBC group. (B) Left pictures are the representative panels of Immunofluorescence. Right panel: immunofluorescence results were quantified with Image J software. (C) Representative western blotting images (upper panels). Blots were quantified using Image J (lower panel). EXs-nor, exosomes from normal volunteer plasma; EXs-RBC, exosomes from red cell units.





EXs-RBC Exposure Increases the Production of Multiple Inflammatory Mediators in HMC-1 Cells

Compared to those in the EXs-nor group, the EXs-RBC group showed increased levels of IL-6, TNF-α, IL-4, INF-γ, CCl-2, CXCL-1, PAF, LTB-4, and VEGF mRNA in HMC-1 cells (Figure 4A and Supplementary Figure 1A). Further, compared to levels in the EXs-nor group, the EXs-RBC group showed increased expression of IL-6, TNF-α, IL-4, CCl-2, CXCL-1, PAF, LTB-4, and VEGF in the supernatant (Figure 4B and Supplementary Figure 1B).




Figure 4 | EXs-RBC exposure upregulates the expression and secretion of multiple mediators in HMC-1 cells. HMC-1 cells were cultivated with PBS, EXs-nor, and EXs-RBC. Cells were collected for qPCR at 2 h. Supernatants were collected for ELISA at 8 h. Data were from 2–4 independent trials. ANOVA and multiple comparisons were applied to test the differences between EXs-nor and EXs-RBC groups. * means a statistical difference between groups. (*P < 0.05; **P < 0.01;***P < 0.001). Here, the results of IL-6, IL-4, and LTB-4 are shown, whereas the results for other inflammatory mediators are shown in Supplementary Figure 1. (A) qPCR results. (B) ELISA outcomes. Upper panel: results of mediator concentrations in supernatants stimulated by PBS, EXs-nor, and EXs-RBC; data are shown using the method of the heat picture according to the log2 transformed average value from 2–4 independent trials. EXs-nor, exosomes from normal volunteer plasma; EXs-RBC, exosomes from red cell units.





EXs-RBC Exposure Increases the Phosphorylation of MAPKs and TLR-3 mRNA in HMC-1 Cells

In the EXs-RBC group, the phosphorylation levels of JNK, P38, and ERK1/2 were upregulated 2 h and 4 h after treatment, whereas the level of total MAPKs did not significantly change (Figures 5A–C). Compared to that in the EXs-nor group, the level of TLR-3 mRNA in HMC-1 cells increased in the EXs-RBC groups. Western blotting analysis also revealed a significant increase in TLR-3 expression at 4 h in the EXs-RBC group (Figure 5D).




Figure 5 | Expression of MAPK pathway and TLR-3 in HMC-1 cells after incubation with PBS, EXs-nor, and EXs-RBC. Cells were collected at 2 h and 4 h. Blots were standardized to lamin B1 expression. Each experiment was employed at least twice. ANOVA and multiple comparisons were performed to compare the differences among groups. * means a statistical difference between two groups (*P < 0.05; **P < 0.01; ***P < 0.001). The left panels are the representative pictures of western blotting, and the right and middle panels are the quantitation of western blotting using Image J software. (A) Expression of JNK and phospho-JNK. (B) Expression of P38 and phospho-P38. (C) Expression of ERK1/2 and phospho-ERK1/2. (D) Right panels: cells were collected at 2 h. TLR-3 mRNA was measured by qPCR. 18S was used for standardization. Left and middle panels: cells were collected at 2 h and 4 h. Blots are standardized to lamin B1 expression. The left panels are the representative pictures of western blotting, and the middle panels are the quantization of western blotting using Image J software. p-JNK, phospho-JNK; p-P38, phospho-P38; p-ERK1/2, phospho-ERK1/2; EXs-nor, exosomes from normal volunteer plasma; EXs-RBC, exosomes from red cell units.





MAPK Cell Signaling Inhibitors Decrease the Expression of Inflammatory Mediators in HMC-1 Cells After EXs-RBC Incubation

Compared to that in the EXs-RBC group, the expression of tryptase-1, PGD-2, IL-6, TNF-α, IL-4, INF-γ, CXCL-1, CXCL-5, and LTB-4, but not PAF and VEGF, in HMC-1 cells decreased significantly in the EXs-RBC + SB203580, EXs-RBC + SP600125, and EXs-RBC + PD98059 groups (Figure 6A and Supplementary Figure 2A).




Figure 6 | Regulation of the production of inflammatory mediators by MAPK inhibitors and TLR3 inhibitor and agonist. HMC-1 cells were treated with PBS, EXs-nor, EXs-RBC, EXs-RBC plus MAPK inhibitors, EXs-RBC plus TLR3 agonist and inhibit for 2 h. Cells were collected for qPCR analysis. Data of PBS and EXs-nor are not shown. Data were from 2–3 independent experiments. The difference within groups was normalized by values from the EXs-RBC group. ANOVA and Dunnett’s multiple comparisons were used to analyze the differences among groups. * represents a statistical difference (*P < 0.05; **P < 0.01; ***P < 0.001). (A) The selective P38 MAPK inhibitor (SB203580), ERK1/2 MAPK inhibitor (PD98059), and JNK pathway inhibitor (SP600125) reduced the expression of mediators in HMC-1 cells induced by EXs-RBCs. (B) The TLR-3/dsRNA complex decreased, whereas poly (A:U) increased the expression of mediators in HMC-1 cells responding to EXs-RBCs. Here, show the expression of tryptase-1, PGD-2, IL-6, IL-4, and LTB-4. Other mediators are shown in Supplemental Content 5. EXs-nor: exosomes from normal volunteer plasma; EXs-RBC: exosomes from red cell units.





TLR-3 Agonist Increases, Whereas TLR-3 Inhibitor Decreases, the Expression of Inflammatory Mediators in HMC-1 Cells in Response to EXs-RBCs

We next observed that the expression of TLR-3 mRNA in HMC-1 cells was reduced in the EXs-RBC + TLR-3 inhibitor group, whereas it was augmented in the EXs-RBC + TLR-3 agonist group (Supplementary Figure 2B). These outcomes indicate the efficiency of TLR-3 agonists and inhibitors. Compared to that in the EXs-RBC group, the expression of tryptase-1, PGD-2, IL-6, TNF-α, IL-4, INF-γ, CXCL-1, CXCL-5, and LTB-4, but not PAF and VEGF, in HMC-1 cells increased in the EXs-RBC + TLR-3 agonist group and decreased in the EXs-RBC + TLR-3 inhibitor group (Figure 6B and Supplementary Figure 2C). These findings indicate the potential involvement of TLR-3 in HMC-1 cell activation by EXs-RBC stimulation.




Discussion

Overall, we found that (i) the mast cell-activation markers tryptase-1 and PGD-2 and multiple inflammatory mediators were elevated, (ii) TLR-3 and MAPK signaling pathways were activated in HMC-1 cells incubated with EXs-RBCs, and (iii) the modulation of various inflammatory mediators could be enhanced by a TLR-3 agonist and suppressed by TLR-3 and MAPK inhibitors. The interaction between the recipient’s immune system and extracellular vesicles in RBCs might be one of the critical mechanisms for transfusion reactions. In this study, we enriched EXs at the centrifugal speed of 170,000 g. NTA and TEM revealed that the diameter of most EXs was less than 200 µm, and these nano-vesicles showed exosome characteristics. These results were in good agreement with a previous study showing that extracellular vesicles in RBCs could be separated using ultracentrifugation (4). RBCs contain EXs from various cell types, such as platelets and white blood cells (3). In this study, we did not identify the cell origin of EXs for two reasons as follows: (i) the valuable contents in EXs from different cells might be the same (8), and (ii) we focused on the pathogenic contents in the total EXs from RBCs rather than those in erythrocyte-derived EXs. Pathogenic contents in our present study refer to EXs-RBC components that might exert mast cell-exciting functions. In addition, we investigated the differential expression of miRNA in EXs and used the total protein content to quantify EXs (8). The storage time of the RBCs used in our study was approximately 15 days. The detectable number of EXs has been reported previously (6, 7). Due to the capricious nature of the contents and properties of EXs under different conditions (24), we used EXs isolated from clinical RBCs as the experimental group and EXs-nors as the control. Exosomes exercise their functions via their pathogenic components (8). In our future research, we will analyze the contents of EXs-nor and EXs-RBC to identify the possible pathogenic components.

The increased production of tryptase-1—a unique marker for activated mast cells (25)—and PDG-2—a primary lipid mediator that is de novo synthesized when mast cells are activated (26)—in HMC-1 cells incubated with EXs-RBCs suggests that EXs-RBCs could activate mast cells. Mast cell-derived tryptase can activate complement systems (27). PDG-2 is a potent chemotactic factor for receptors in Th2 cells (28). Considering a previous report indicating that extracellular vesicles in RBCs directly affect immune systems (4–7), activated mast cells by EXs-RBCs might amplify the recipient immune response to exogenous blood components. Mast cells can be activated by extracellular particles derived from platelets and T cells (16–18), but the exact components need to be further explored. Based on our finding, the pathogenic contents in EXs should be confirmed.

The upregulation of various inflammatory mediators after the stimulation of mast cells by EXs-RBCs indicates the complex inflammatory properties of mast cells after RBC transfusion. Previous studies (4–7) have demonstrated the effect of EXs-RBC on the production of proinflammatory cytokines in blood cells. Here, we highlighted the eliciting function of EXs-RBC on mast cells, which are potent and multifunctional immune cells. The activation of mast cells is a principal mechanism of allergic reactions during transfusion, and the reported allergens include IgA (29), haptoglobin (30), and C4 (31). IL-6 and IL-4 prime and potentiate antigen/IgE-mediated mast cell degranulation (32, 33). PGD2 induces bronchoconstriction and wheal-and-flare responses in human subjects (28). Considering the findings of our study, EXs-RBCs might contribute to allergic transfusion reactions, at least to some extent, with a synergic or priming effect. Efficient methods that can decrease the pathogenic content in EXs-RBC might lower the incidence of allergic transfusion reactions. Via the production of various inflammatory mediators, mast cells might orchestrate innate and adaptive immunologic responses (15, 34) and play a vital role in lung diseases (35) and brain injury (36). The stabilization of mast cells has been shown to alleviate acute lung injury and intestinal injury in animal models of many critical illnesses, including trauma (37), pancreatitis (38), and lung transplant (39). Transfusion-related lung injury is closely associated with inflammatory mediators produced by the recipient’s deranged immune system (40). Considering that RBC transfusion is usually administered in severe cases and the results of our study, EXs-RBC-induced mast cell activation and the downstream production of inflammatory mediators might contribute to potentially harmful outcomes in recipients after blood transfusion. Owing to the broad-spectrum mediator production ability of mast cells and the activation directly induced by EXs-RBCs, further studies that target mast cells and EXs should be conducted to decrease the occurrence of adverse transfusion events.

The downstream effects on inflammatory mediator production suggest the involvement of TLR-3 and MAPK. The activation of MAPKs has been detected in clinical transfusion (41, 42). MAPK activation is a critical pathway for mast cell activation (43, 44). Previous studies have shown that TLRs and MAPKs are involved in the activation of macrophages (45) and CD4+ T cells (20) after RBC transfusion. TLR-3 might participate in the activation of mast cells, which recruit CD8+ T cells (46). Considering the outcomes of our study, TLR-3 and MAPKs could be critical pathways in the modulation of the immune system after transfusion. Notably, modulation of TLR-3 and MAPKs did not affect PAF and VEGF production in HMC-1 cells responding to EXs-RBCs in our study. This might indicate that other receptors and pathways are involved in this process. Mast cells possess various receptors and are involved in complex cell pathways, including the HMGB1/TLR-4 pathway. Their role in resuscitation from hemorrhagic shock has been previously revealed (47). Further investigation might elucidate their roles on the response of mast cells to EXs-RBC.

A major limitation of our study is that the precise cargo in EXs-RBCs that activates mast cells was not identified. Exosomes contain both mRNA and microRNA, and many miRNAs have been shown to activate mast cells (48). Microarray assessments should be conducted to compare the differential expression of miRNA between EXs-RBCs and EXs-nors, and further verification needs to be performed in future studies. Secondly, we did not consider the effect of RBC separation methods on exosomes. Almizraq et al. (49) reported that the blood component separation methods may affect exosome production and functions. In this study, we focused on the function of exosomes derived from clinical RBCs. The present research is a prior model and further studies that include red cells units from a blood bank are needed.

Overall, our findings highlight the potential effect of mast cells on transfusion-related complications and might offer new strategies and methods for reducing the risk of transfusion. In conclusion, we have demonstrated here that exosomes isolated from clinical packed red cells activate the human mast cell line HMC-1 and elicit the production of multiple mediators, partly via the TLR-3 and MAPK pathways. These findings suggest that mast cells might exhibit complex inflammatory properties after transfusion and offer new insights into transfusion-related adverse events.
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