

[image: Autologous blood extracellular vesicles and specific CD4+ T-cell co-activation]
Autologous blood extracellular vesicles and specific CD4+ T-cell co-activation





ORIGINAL RESEARCH

published: 12 September 2022

doi: 10.3389/fimmu.2022.992483

[image: image2]


Autologous blood extracellular vesicles and specific CD4+ T-cell co-activation


Déborah Neyrinck-Leglantier 1,2,3, Marie Tamagne 1,2,3, Sasha L’honoré 1,2,3, Léonie Cagnet 1,2,3, Sadaf Pakdaman 1,2,3, Alexandre Marchand 4, France Pirenne 1,2,3 and BenoÎt Vingert 1,2,3*


1 Univ Paris Est-Creteil, INSERM, IMRB, Creteil, France, 2 Etablissement Français du Sang, Ivry-sur-Seine, France, 3 Laboratory of Excellence GR-Ex, Paris, France, 4 Université Paris-Saclay, Laboratoire AntiDopage Français (LADF), Châtenay-Malabry, France




Edited by: 

Sina Naserian, Hôpital Paul Brousse, France

Reviewed by: 

Sara Shamdani, Hôpital Paul Brousse, France

Aude Burlion, ScreenCell, France

*Correspondence: 
BenoÎt Vingert
 
benoit.vingert@efs.sante.fr

Specialty section: 
 This article was submitted to Alloimmunity and Transplantation, a section of the journal Frontiers in Immunology


Received: 12 July 2022

Accepted: 23 August 2022

Published: 12 September 2022

Citation:
Neyrinck-Leglantier D, Tamagne M, L’honoré S, Cagnet L, Pakdaman S, Marchand A, Pirenne F and Vingert B (2022) Autologous blood extracellular vesicles and specific CD4+ T-cell co-activation. Front. Immunol. 13:992483. doi: 10.3389/fimmu.2022.992483



Extracellular vesicles (EVs), which are generated by cell membrane budding in diverse cells, are present in variable numbers in the blood. An immunoregulatory role has been demonstrated principally for heterologous EVs, but the function of the EVs present naturally in blood remains unknown. We hypothesize that these autologous EVs might also modulate the phenotype and function of immune system cells, especially CD4+ T lymphocytes (TLs), as previously described for heterologous EVs. Several membranes and soluble immunoregulatory molecules were studied after the treatment of CD4+ TLs with autologous EVs. No direct activation was detected with autologous EVs, contrasting with the findings for heterologous EVs. However, following treatment with autologous EVs, a soluble form of CD27 (sCD27) was detected. sCD27 is strongly associated with lymphoproliferation. Autologous EVs have been shown to increase TL proliferation only after T-cell receptor (TcR) engagement due to polyclonal or specific-antigen stimulation. Our results therefore suggest that the EVs present in the blood have an immunomodulatory role different from that of heterologous EVs. These findings should be taken into account in future studies, particularly those focusing on infectious diseases, autotransfusion or doping practices.
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Introduction

There are two types of extracellular vesicle (EVs): exosomes, which are small vesicles (40-100 nm, derived from intracellular membrane compartments), and larger extracellular vesicles (300-900 nm in diameter). The largest extracellular vesicles, also known as microparticles or ectosomes, are generated by the budding of the cell membrane; they play a major role in intercellular communication under physiological and pathological conditions (1). In this study, we focused exclusively on these larger vesicles budding from the plasma membrane of cells, which we will refer to hereafter as EVs. Most studies on EVs have shown an immunoregulatory role for heterologous EVs in transfusion models (2–6). By contrast, the role of the EVs naturally present in blood remains unclear (3). However, these autologous EVs can also be associated with disease. Indeed, the immunoregulatory properties of EVs have been highlighted in autoimmune diseases (1–7).

Blood EVs have diverse cellular origins and their numbers are highly variable; many factor contribute to this variability (1, 2). These variations affect immune system activation, as shown, particularly, for the activation and differentiation of CD4+ T lymphocytes (TLs) induced by heterologous EVs (2–5). The variability of autologous EVs may play a similar role under physiological conditions.

We tested this hypothesis, by investigating the functionality of autologous EVs with CD4+ TLs. We treated purified CD4+ TLs from healthy donors (HDs) with different concentrations of EVs. This dose-effect assay covered the range of variability of the number of EVs observed under physiological conditions (2). We explored the expression of several immunoregulatory molecules on the cell surface (OX40/OX40L, CD40/CD40L, PD1 and ICOS) and in the culture supernatant: CD357 (GITR), CD270 (HVEM), IDO, CD30, CD40, DR6, CD95 (Fas), CD120a/b (TNF-R1 and -R2), TRAIL-R1/-R2, CD272 (BTLA), CD223 (LAG-3), PD1/PD-ligands, CD366 (Tim-3), CD28/CD80, CD137 (4-1BB), CD27 and CD152 (CTLA-4). All these molecules were selected on the basis of major roles they play in immune system regulation or their possible association with EVs (1, 2, 8–12). We also investigated whether autologous EVs had the same lymphoproliferative properties as heterologous EVs in response to polyclonal or specific-antigen stimulation (2, 3).



Materials and methods


Biological samples

Fresh blood samples from healthy blood donors (HDs) were collected for the isolation of EVs and cells. Samples were provided by the French national blood bank (Etablissement Français du Sang, EFS). None of the HDs had had an infection (bacterial, viral, fungal, yeast) or had been vaccinated in the 30 days preceding inclusion, and all gave written informed consent.



CD4+ TL purification

PBMCs were isolated from fresh blood samples by density gradient centrifugation. CD4+ TLs were purified from PBMCs by negative selection with a commercial kit (IMag CD4 TLymphocyte Enrichment kit, BD Biosciences, NJ, Franklin Lakes). Following cell enrichment, CD4+ TLs were sorted by flow cytometry (Aria Fusion, BD Biosciences), to achieve a purity greater than 99%. Live/Dead Fixable Aqua cell staining kits were used to exclude dead cells (Thermo Fisher Scientific, MA, Waltham).



EV isolation and phenotyping

EVs were isolated from fresh blood samples by differential centrifugation at an initial speed of 3,000 x g at 4°C for 10 minutes. The supernatant was then centrifuged at 13,000 x g at 4°C for the preparation of a platelet-free supernatant. EV phenotyping was performed on this platelet-free supernatant. EVs were labeled as previously described, with fluorochrome-conjugated monoclonal antibodies (2, 13). All EVs were labeled with the following antibodies: anti-CD3 BV510, anti-CD4 BV711, anti-CD8 BUV737, anti-CD11c BUV395, anti-CD14 PE-Cy7, anti-CD19 AF700, anti-CD41a APC-H7, anti-CD142 PE and anti-CD235a PE-Cy5 (BD Biosciences), anti-CD16 BV605 and anti-CD123 BV421 (Biolegend, San Diego, CA) antibodies. EVs were acquired at low speed (200 events/s) and were quantified in Trucount tubes (BD Biosciences). Fluorescence was assessed with a 20-parameter LSR Fortessa flow cytometer with a small-particle option (BD Biosciences), in this case, photomultiplier (PMT)-coupled forward scatter (FSC) detection. This mode of detection was used to ensure the optimal detection of EVs with diameters of 300 to 900 nm. The performance of the flow cytometer was checked before each assay. Megamix-Plus FSC polystyrene beads (BioCytex, Marseille, France) of known dimensions (300 nm; 500 nm and 900 nm beads, mean diameter) were used to standardize PMT- FSC parameters and to define the EV gate.

For CD4+ TL treatments, EVs were concentrated by centrifuging the platelet-free supernatant for 1 hour at 100,000 x g and 4°C and resuspending the pellet in filtered culture medium (filter with 0.1 µm pores). The culture medium consisted of RPMI 1640 supplemented with 5% FBS (Dutscher, Bernolsheim, France), 2 mM L-glutamine, 100 µg/ml penicillin/streptomycin, MEM Non-Essential Amino Acids Solution (1X), and 1 mM sodium pyruvate (all from Life Technologies, Carlsbad, CA).



CD4+ TL activation assay

We cultured 1 x 104 sorted CD4 T cells in filtered culture medium (filter with 0.1 µm pores) as previously described (2, 13), for six days with autologous EVs at ratios (CD4+ TLs: EVs) of 50:1, 20:1, 1:1 and 1:20. The supernatant was removed and frozen at -80°C for the assessment of cytokine secretion by the Luminex method. Cells were then labeled with the following antibodies for analysis by LSR Fortessa flow cytometry: anti-CD134/OX40 BV421, anti-CD252/OX40L PE, anti-CD40 PE-Cy7, anti-CD154/CD40L PE-CF594, anti-CD279/PD1 PerCP-Cy5.5, and anti-CD278/ICOS BV711 (BD Biosciences) antibodies.



Soluble immune checkpoint expression

We assessed the levels of 22 soluble immune checkpoints in the supernatant of CD4+ TL: EV cultures, in a ProcartaPlex simplex assay performed in accordance with the manufacturer’s instructions (Thermo Fisher Scientific). Bead fluorescence was read with a MAGPIX reader (Luminex, Austin, TX). For matrix visualization analysis, a heat map was generated with Morpheus software (The Eli and Edythe Broad Institute of MIT and Harvard Cambridge, MA).



CD4+ TL proliferation assay

We assessed CD4+ T-cell proliferation, as previously described (2). We stained 1 x 104 purified CD4+ TLs with CFSE and cultured them in filtered culture medium (filter with 0.1 µm pores) with autologous EVs at ratios (CD4+ TLs: EVs) of 1:1 and 1:20 in the absence (NS) or presence of antigen stimulation (staphylococcal enterotoxin B (SEB) or tuberculin-purified protein derivative (PPD), 1 µg/mL) for six days. Cell division was then assessed by analyzing CD4+CFSElo TL levels with a Fortessa flow cytometer (BD Biosciences). Lymphoproliferation was normalized between donors. For each HD tested, a proliferation index of 1 was assigned to the lymphoproliferation observed in the absence of EVs. Lymphoproliferation is expressed proportionally, as the fold-induction relative to lymphoproliferation in the absence of EVs.



CD27+ EV sorting

EVs were labeled with anti-CD27 BV510 antibody (Biolegend) for sorting with a MoFlo Astrios flow cytometer (Beckman Coulter, Brea CA) equipped with a PMT-FSC detector, as previously described (2). Flow cytometer performance was assessed before the sorting experiments. Polystyrene beads (BioCytex) of known dimensions (300 nm, 500 nm and 900 nm in diameter) were used to standardize PMT-FSC parameters and to define the total MP gate.



Flow cytometry analysis

Flow cytometry data were analyzed with FlowJo software (v.10.7.1, Ashland, OR).



Statistical analysis

All analyses were performed with Prism 6.07 software (GraphPad Software, La Jolla, CA). The significance of differences was determined in Kruskal-Wallis tests and Dunn post-hoc tests. In all figures, only statistically significant differences between groups (P<0.05) are indicated.




Results


Direct plasma EV phenotyping

Direct plasma EV phenotyping was performed to characterize the EVs from 22 HDs. Cellular origin was assessed for red blood cell EVs (RBC EVs), platelet EVs (PEVs), monocyte EVs (MEVs), dendritic cell EVs (DC EVs), CD16 EVs, CD4 EVs, CD8 EVs, endothelial EVs (EEVs) and B-lymphocyte EVs (LB EVs) (Supplemental Figure 1). The numbers and size distribution of these EVs were also assessed in relation to their cellular origin (Supplemental Table 1). This direct plasma EV phenotyping revealed heterogeneity in the cellular origin of EVs (Table 1). Three types of EVs predominated (each with a frequency of more than 10%) — RBC EVs, PEVs and MEVs — together accounting for 80.1% of the EVs present in plasma studied.


Table 1 | Cellular origin of EVs from the plasma of 22 HDs.





Autologous EVs and CD4+ TL membrane activation profile

The immunoregulatory functions of autologous blood EVs were investigated with purified CD4+ TLs (Figure 1A). Autologous CD4+ TLs were treated with EVs in different ratios to reproduce the variability of EV numbers (Supplemental Figure 1, Supplemental Table 1). We then studied the expression of six membrane receptors: OX40, CD40, PD1, OX40L, CD40L and ICOS (Figure 1B). Regardless of the number of EVs, we observed no change in the membrane activation profile of CD4+ TLs after 48 hours (data not shown) or six days of culture (Figure 1C).




Figure 1 | Flow cytometry analysis of CD4+ TL activation for cultures of sorted CD4+ TLs and autologous EVs. (A) Gating strategy for the sorting of CD4+ T cells. Dot plots for total enriched CD4+ TLs before (on the left) and after (on the right) sorting by flow cytometry. (B) Representative FACS plots from 11 experiments measuring the expression of OX40, OX40L, CD40, CD40L, PD1 and ICOS on CD4+ TLs. (C) OX40, OX40L, CD40, CD40L, PD1 and ICOS expression on the surface of CD4+ TLs cells was assessed after incubation without EVs (○) or treatment with total autologous EVs at ratios (CD4: EVs) of 50:1 (▾), 20:1 (▴). 1:1 (▪) (from 11 HDs) and 1:20 (♦) (from 6 HDs) for six days. Horizontal bars indicate the median.





Autologous EVs and secretion of immunoregulatory molecules by CD4+ TLs

We also studied the immunoregulatory effects of autologous blood EVs on purified CD4+ TLs, by exploring 22 soluble immunoregulatory molecules (human TNF receptor super family and immune checkpoint) produced by CD4+ TLs. None of the 22 molecules studied was produced by CD4+ TLs after 48 hours of culture, regardless of the numbers of autologous EV in culture (data not shown). None of the human TNF receptor super family studied was produced by CD4+ TLs after six days of culture, regardless of the numbers of autologous EV in culture (data not shown). However, after six days of treatment, soluble CD27 (sCD27) was detected in significant amounts, with a dose-dependent effect of EVs (Figure 2A). Significant sCD27 secretion was detected for EV ratios of 1:20 and 1:50 (P<0.01, P<0.05, CD4+ TLs: EVs), with 3.9x10-2 ± 1.1x10-2 pg/ml and 7.8x10-2 ± 7.7x10-2 pg/ml per CD4+ TL cultured, respectively, versus 0.4 x 10-2 ± 0.1 x 10-2 pg/ml per CD4+ TL cultured for the control (Figure 2B).




Figure 2 | Analysis of soluble immune checkpoint levels in the supernatant of cultures of sorted CD4+ TLs and autologous EVs. (A) The levels of 11 soluble immune checkpoints were determined with Luminex technology. A heatmap was generated to compare soluble immune checkpoint concentrations between culture supernatants from CD4+ TLs without EVs (NS) or treated with total autologous EVs at different ratios (CD4: EVs). (B) sCD27 levels in supernatants collected after six days of CD4: EV culture, assessed in pg/mL per CD4+ TL for incubation without EVs (NS, ○), or treatment with EVs at different ratios (CD4: EVs): 50:1 (○), 20:1 (▴), 1:1 (▾), 1:20 (▪) and 1:50 (♦) for six days (from 7 HDs). Std indicates the standard values for the soluble immune checkpoint. Horizontal bars indicate the median. p values for comparisons were obtained in Kruskal-Wallis tests and Dunn post-hoc tests: *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001.





Autologous EVs and CD4+ TL proliferation

We investigated the effect of increasing numbers of autologous EVs on CD4+ TL proliferation, as previously described for heterologous EVs (2). We treated autologous CD4+ TLs with EVs at two different CD4+ TL: EV ratios: 1:1 and 1:20 (Figure 3A). Regardless of the number of EVs, no lymphoproliferation was observed (Figure 3A, B). However, following SEB superantigen stimulation, we observed a significant increase in lymphoproliferation in the presence of EVs at a ratio of 1:20 (P<0.01, Figure 3A, C). Proliferation rates were 19.1 ± 9.3 times higher in these conditions than in the absence of EVs. The role of these autologous EVs in TcR engagement was also investigated with CD4+ TLs from healthy vaccinated donors with positive tuberculin skin test (PPD) results. Once again, lymphoproliferation rates were significantly higher in the presence of EVs at a treatment ratio of 1:20 (P<0.001, Figure 3A, D). Proliferation rates in these conditions were 9.5 ± 4.4 times higher than those in the absence of EVs.




Figure 3 | Effect of autologous EVs on CD4+ TL lymphoproliferation. (A) Sorted CD4 T cell from HDs were labeled with CFSE and cultured without EVs or with autologous EVs at ratios (CD4: EVs) of 1:1 (▴) and 1:20 (▾) for six days in the absence (NS) or presence of antigen (SEB or PPD) at 1 µg/mL. Cell division was assessed after six days of stimulation, by timed acquisition flow cytometry analysis for CD4+CFSElo T cells. Results from one representative sample are shown. (B) CD4+ TL lymphoproliferation was assessed for six HDs, for sorted CD4+ TLs cultured without EVs (○) or with total autologous EVs at ratios (CD4: EVs) of 20:1 (♦), 1:1 (▴) and 1:20 (▾) for six days. (C) CD4+ TL lymphoproliferation was assessed for nine HDs, for preparations enriched in CD4+ TLs stimulated with SEB and cultured without EVs (▪) or with total autologous EVs at ratios (CD4: EVs) of 20:1 (♦), 1:1 (▴) and 1:20 (▾) for six days. (D) CD4+ TL lymphoproliferation was assessed for nine HDs, for PBMCs stimulated with PPD and cultured without EVs (▪) or with total autologous EVs at ratios (CD4: EVs) of 1:1 (▴) and 1:20 (▾) for six days. Horizontal bars indicate the median. p values for comparisons were obtained in Kruskal-Wallis tests and Dunn post-hoc tests: *p<0.05, **p<0.01, ****p<0.0001.






Discussion

We mimicked the conditions in the bloodstream in vivo as closely as possible, by studying the autologous blood EVs present in plasma directly, without ultracentrifugation. The results obtained with this direct phenotyping method were similar to published results, particularly for the phenotyping of EVs in HDs (2, 3, 14).. This direct plasma EV phenotyping also revealed heterogeneity in the numbers and size distribution of EVs (Supplemental Table 1).

Our objective here was to determine whether autologous EVs play a direct role in regulating the immune system, similar to that played by heterologous EVs. The data obtained in this in vitro study suggest that, regardless of treatment time, autologous EVs have no direct effect on CD4+ TL activation.

However, EVs are involved in intercellular communication (3–5). The absence of variation in the expression of the major immunoregulatory molecules studied suggested a possible indirect action of EVs on autologous CD4+ TLs (Figure 1). The detection of sCD27 is also consistent with such an indirect effect. sCD27 is an alternative form of the CD27 transmembrane receptor. sCD27 has been detected in the biological fluids of HDs and patients with various diseases (12, 15–18). Conflicting findings have been published concerning sCD27, but most studies have reported that this protein contributes to cell activation and lymphoproliferation following the triggering of the TcR/CD3 complex (12, 19–22). For CD4+ TLs, sCD27, in association with its CD70 ligand, has been shown to upregulate the expression of CD40L and to stimulate lymphoproliferation (12, 20, 23). However, no change in CD40L levels was detected in this study (Figure 1). Even though this phenotypic change was not observed with these autologous EVs, CD40/CD40L was reported to play a role for a certain type of EV in a previous study (3). Nevertheless, we still do not know whether CD40/CD40L plays an important role in the situation studied here, these molecules being present on EVs or CD4+ TLs (2).

However, sCD27 may also be provided by CD27+ EVs during culture. Indeed, the presence of CD27+ EVs has recently been reported in the plasma of HIV-infected patients (14). We purified CD27+ EVs by flow cytometry to test this hypothesis. CD27+ EVs were tested with the same Luminex assays used to detect sCD27. We detected no purified CD27+ EVs in Luminex assays (Supplemental Figure 2B). The sCD27 detected in supernatants cannot, therefore, have originated from the CD27+ EVs initially added to the culture.

The reason for the induction of sCD27 by CD4+ TLs in response to EVs remains unclear, but it may have consequences for lymphoproliferation. Nevertheless, we followed up on the sCD27 lead and the work of Huang J. et al., by investigating whether sCD27 could promote the lymphoproliferation of stimulated T cells (12). We exposed T cells to polyclonal activation with SEB or antigen-specific PPD restimulation. Once the TcR was committed in response to such stimulation, EVs significantly increased the proliferation of T cells (Figure 3). Our data with SEB confirm previously reported data obtained by polyclonal PHA activation (3). However, this previous study did not take the dose effect into account (3), potentially accounting for the lack of a proliferative effect in the absence of mitogen treatment (3). Nevertheless, our results for the PPD vaccinal antigen confirm that autologous EVs facilitate the lymphoproliferation of specific CD4+ TLs.

Our data provide evidence of a mechanism of interaction between autologous EVs and CD4+ TLs different from that reported for heterologous EVs supplied by transfusion (2). Indeed, unlike heterologous EVs (2), autologous EVs cannot induce conventional CD4+ TL proliferation without prior involvement of the TcR. However, Treg, but also circulating Tfh, Th17 or other subpopulations of CD4+ TLs play major roles in inducing or controlling adaptive immune responses, and heterologous EVs have been shown to be functional on these cells (2, 4–6). Finally, we investigated whether autologous EVs could have a functional effect on autologous cells at higher concentrations in the blood, by performing functional lymphoproliferation tests on Tfh, Treg and Th17 cells. However, as with conventional CD4+ TLs, autologous EVs did not induce the proliferation of these subpopulations (Supplemental Figure 3).

Heterologous EVs have been shown to induce lymphoproliferation at low concentrations of between 20,000:1 and 200:1 (2). Studies were performed with additional ratios (200 and 2000:1 with 200,000 cells in culture), but no lymphoproliferation was detected with autologous EVs at any of these ratios (data not shown).

The cellular origin of EVs might underlie functional modifications of the immune system. Several groups have reported functional differences between EVs of different cellular origins in heterologous transfusion studies (3–6). However, these studies did not specifically purify these EVs. EVs from apheresis-derived platelet concentrates or from red blood cell concentrates do not consist exclusively of platelet-EVs or erythrocyte-EVs (2, 3). Nevertheless, studies of EVs from stored blood concentrates have provided an indication as to the potential role of some EVs (3). Indeed, during blood concentrate storage, a change occurs in the source of the EVs present, and a particular type of EVs, such as erythrocyte-EVs, may come to predominate (3).

Moreover, we cannot exclude the possibility that specific autologous EVs with costimulatory molecules are associated with lymphoproliferation after TCR engagement, as already reported for heterologous EVs (2).

EVs naturally present in the blood may play a functional role in intercellular communication in the immune system, by promoting lymphoproliferation after TcR engagement, probably with the assistance of sCD27 (Figure 4). However, further studies are required to elucidate the link between sCD27 secretion by autologous CD4+ TLs and EVs.




Figure 4 | Schematic representation of the mechanism of action of autologous blood EVs in CD4+ TL activation. TcR engagement and autologous EVs enhance the T cell-mediated immune response. (1) Once the TcR is committed in response to stimulation, (2) autologous EVs play a role in the secretion of sCD27 (3) potentially leading to a large increase in T-cell proliferation.



Finally, these autologous EVs may, therefore, play a key role in pathological conditions, particularly in patients in which EV levels are high due to infection, autoimmune disease, or cancer (1, 24–27). It will also be important to take these findings into account in cases of autotransfusion for pathological conditions or in the case of doping practices (28, 29).
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