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Abstract

:

Although the global pandemic caused by the novel severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) is still ongoing, there are currently no specific and highly efficient drugs for COVID-19 available, particularly in severe cases. Recent findings demonstrate that severe COVID-19 disease that requires hospitalization is associated with the hyperactivation of CD4+ and CD8+ T cell subsets. In this study, we aimed to counteract this high inflammatory state by inducing T-cell hyporesponsiveness in a SARS-CoV-2-specific manner using tolerogenic dendritic cells (tolDC). In vitro-activated SARS-CoV-2-specific T cells were isolated and stimulated with SARS-CoV-2 peptide-loaded monocyte-derived tolDC or with SARS-CoV-2 peptide-loaded conventional (conv) DC. We demonstrate a significant decrease in the number of interferon (IFN)-γ spot-forming cells when SARS-CoV-2-specific T cells were stimulated with tolDC as compared to stimulation with convDC. Importantly, this IFN-γ downmodulation in SARS-CoV-2-specific T cells was antigen-specific, since T cells retain their capacity to respond to an unrelated antigen and are not mediated by T cell deletion. Altogether, we have demonstrated that SARS-CoV-2 peptide-pulsed tolDC induces SARS-CoV-2-specific T cell hyporesponsiveness in an antigen-specific manner as compared to stimulation with SARS-CoV-2-specific convDC. These observations underline the clinical potential of tolDC to correct the immunological imbalance in the critically ill.
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1. Introduction


Since the first confirmed cases of Severe Acute Respiratory Syndrome Coronavirus-2 (SARS-CoV-2) infections in December 2019 [1], there have 629,978,289 confirmed cases worldwide, with 6,582,023 confirmed deaths (situation 9 November 2022) [2]. Accordingly, Corona Virus Disease-2019 (COVID-19) has been declared a global pandemic as of 11 March 2020 [1]. Interestingly, the clinical image of COVID-19 displays a heterogeneous range from mild symptoms in most of the infected patients to a moderate or severe disease progression requiring hospitalization or admission to an intensive care unit (ICU) in 19% of infected patients [3,4]. Several studies have reported a decrease in peripheral T cell counts during the acute phase of infection [5,6]. More detailed phenotypical analysis revealed that this depletion was accompanied by a higher activation and reactivity of remaining IFN-γ-producing T cells proportionate with disease severity [7,8]. Patients with severe COVID-19 often show a profound dysregulation of the immune response [9], as evidenced by a shift in the cytokine profile of severe COVID-19 patients towards an increase in proinflammatory cytokines such as interleukin (IL)-6, IL-8, IL-17 and macrophage inflammatory protein (MIP-1α) [10]. Ghazavi et al. [11], on the other hand, only found a significant upregulation of Transforming Growth Factor (TGF)-β.



Indeed, an extensive fraction of patients with a severe disease course display an over-activation of the immune system against (parts of) the SARS-CoV-2 virus. Using single-cell transcriptomics, a study by Kalfaoglu et al. [12] demonstrated that CD4+ T cells from severe COVID-19 patients differentially expressed activation-induced genes, such as a higher expression of JUN and MKI67 as compared to CD4+ T cells from moderate COVID-19 patients, indicative of a substantially high immune activation status in severe COVID-19 patients. In addition, severe COVID-19 patients showed the transcriptional suppression of the expression of Forkhead Box P3 (FOXP3) and an impaired differentiation of Th17 cells compared to moderate COVID-19 patients [12]. A prospective cohort study by Gadotti et al. [13] showed a positive correlation between sustained high interferon-γ (IFN-γ) levels over time and poorer prognosis in severe COVID-19 patients. In addition, Kang et al. [14] compared the phenotype and function of T cells isolated from the peripheral blood mononuclear cells (PBMC) of severe COVID-19 patients at the first vs. the third week of the disease course. They found a high expression of the cytotoxicity markers Perforin and Granzyme B and an increase in proliferation and activation markers in CD4+ and CD8+ T cells over time, potentially related to a hyperactive state of the cell-mediated immune response [14]. Particularly in severe COVID-19 patients, higher frequencies of SARS-CoV-2-specific IFN-γ+CD69+CD4+ T cells, with a high expression of Cytotoxic T-Lymphocyte-associated Protein 4 (CTLA-4), were observed as compared to uninfected and convalescent patients [15]. According to a study by Weiskopf et al. [16] in severe COVID-19 patients, the majority of CD4+CD69+CD137+ SARS-CoV-2-specific T cells were restricted to a central memory subtype and showed a high secretion of the effector cytokines IFN-γ, IL-2 and tumor necrosis factor (TNF)-α. Similarly, in long COVID-19, higher frequencies of IFN-γ and TNF-α secreting SARS-CoV-2-specific T cells were observed as compared to patients with resolved COVID-19 [17]. In the absence of an effective SARS-CoV-2-specific therapy, treatment options are predominantly symptomatic-oriented, including infection prevention and supportive care [18]. The use of non-antigen-specific immunosuppressive drugs for the treatment of severe COVID-19 has been investigated, with several immunomodulatory drugs being proposed [19]. Dexamethasone has been shown to decrease mortality in severe COVID-19 patients who require respiratory support [20]. However, the use of an antigen-specific suppression of the harmful hyperinflammatory T cell response could be an interesting avenue to pursue. Altogether, these data indicate a remarkable state of hyperactivation in the T cell compartment and a drastic alteration of the immune response in patients with a severe COVID-19 progression, underlining the urgent need for immunomodulating therapies capable of specifically downmodulating the hyperactivated T cell response.



Dendritic cells (DCs) are often considered key players in the balance between immunity and tolerance [21]. These professional antigen-presenting cells can induce a strong antigen-specific immune response to foreign antigens, as well as tolerance to self-antigens. As such, DCs provide prospects for immune activation as well as for immunosuppressive therapies [22]. Currently, the use of tolerogenic dendritic cells (tolDCs) for the treatment of several inflammatory autoimmune diseases, such as multiple sclerosis (MS) and rheumatoid arthritis (RA), is being investigated [23,24].



Various strategies have been used to generate tolDC in vitro, including (1) pharmaceuticals (e.g., vitamin D3 (vitD3) [25] or rapamycin [26]), (2) biologicals (e.g., IL-10 [27] or TGF-β [28]) and (3) genetic engineering (using antisense oligonucleotides against CD40, CD80 and CD86 [29]). Although these different methods have the same purpose, the resulting product has common characteristics indicative of tolerogenic properties with method-specific differences [30]. The tolerogenic phenotype is one of the most recognized characteristics of tolDC. It is generally accepted that tolDC display a stable semi- or immature phenotype that is resistant to maturation [31]. Among others, there is a reduced expression of co-stimulatory molecules such as CD80 and CD86 and a reduced expression of the DC maturation marker CD83 [32]. In addition, the production of cytokines shifts from an inflammatory profile to an immunosuppressive profile (e.g., the upregulation of IL-10, TGF-β) [30]. Functionally, tolDC suppress effector T cells through different mechanisms, such as the inhibition of T cells by the induction of anergy [33], T cell deletion by apoptosis [30], the induction of regulatory T cells [34] or regulatory B cells [35] or the promotion of a tolerogenic environment by cytokines or metabolites [36], depending on the method by which they were generated [37]. In the current study, tolDC were generated by treatment with vitD3, as previously described by Lee et al. [25].



In the present study, we aimed to investigate whether tolDC can induce T cell hyporesponsiveness in SARS-CoV-2-specific T cells in an antigen-specific manner. For this, SARS-CoV-2-specific T cells were isolated from COVID-19-seropositive donors and stimulated in vitro with tolDC. To our knowledge, this study is the first evaluating the use of vitD3-treated tolDC to induce T cell hyporesponsiveness of SARS-CoV-2-specific T cells. In doing so, we anticipate providing a proof of concept for the use of tolDC to counteract T cell hyperinflammation in severe COVID-19. Furthermore, as much remains to be understood about the molecular and cellular function of tolDC, we evaluated whether T cell hyporesponsiveness is mediated by tolDC via the initiation of antigen-specific T cell deletion. With this study, we ultimately aim to contribute to the current understanding of the mode of action of tolDC and will provide future prospects of novel therapeutics for severe COVID-19.




2. Results


2.1. VitD3-Treated tolDC Display a Semimature Phenotype and Induce T-Cell Hyporesponsiveness in an Allo-MLR


DC were differentiated from monocytes in the presence of GM-CSF and IL-4 (convDC). Additionally, vitD3 was added for the generation of tolDC. At day 6 of the cell culture, tolDC and convDC were harvested with a viability of, respectively, 65% (interquartile range (IQR): 60–70%) and 84% (IQR: 83–87%). In the samples, a high proportion of CD209 (DC-SIGN)-expressing cells (convDC: 97%, IQR: 95–98% and tolDC: 96%, IQR: 94–97%) and HLA-DR-expressing cells (convDC: 100%, IQR: 100–100% and tolDC: 98%, IQR: 95–99%) was observed, confirming DC identity (Figure 1A). Interestingly, a significantly higher proportion of CD14-expressing tolDC (1.3%, IQR: 1–6%) was found as compared to CD14-expressing convDC (0.3%, IQR: 0.1–0.4%; p = 0.03). Most CD14+ cells co-expressed CD209, and only negligible numbers of contaminating CD209−CD14+ monocytes were present in cell cultures (Figure 1A).



Next, the expression levels of the maturation-associated markers CD80, CD83 and CD86 were evaluated on tolDC and convDC (Figure 1C). The expression of CD80 was significantly decreased in tolDC as compared to convDC (p = 0.03), with an average decrease of 58% ± 22%. Additionally, the expression of CD83 (p = 0.03) and CD86 (p = 0.03) was significantly decreased in tolDC as compared to convDC, with an average decrease of 70% ± 10% and 66% ± 11%, respectively (Figure 1B, Supplementary Table S2). Although we could not find a difference in the proportion of HLA-DR expressing DC, HLA-DR expression levels were significantly decreased (p = 0.03) in vitD3-treated tolDC as compared to convDC, with an average decrease of 73% ± 9.7% (Figure 1B, Supplementary Table S2).



Finally, the T cell stimulatory capacity of DC was assessed by means of allo-MLR, in which PBL were stimulated with allogeneic DC in a 10:1 ratio. IFN-γ secretion by T cells was analyzed using IFN-γ ELISA and was used as a measure for T cell stimulation. As shown in Figure 1D, significantly lower levels of IFN-γ were secreted by PBL stimulated with allogeneic tolDC as compared to PBL stimulated with allogeneic convDC (p = 0.03). The T cell stimulatory capacity of tolDC was reduced by 69% ± 20%, on average, as compared to convDC.



In summary, our observations demonstrate the successful generation of vitD3-treated tolDC with a semimature phenotype, as evidenced by reduced expression levels of the DC activation markers CD80, CD83 and CD86 and by the reduced T cell stimulatory capacity.




2.2. TolDC Induce Antigen-Specific T Cell Hyporesponsiveness in SARS-CoV-2-Specific T Cells


To evaluate whether the function of SARS-CoV-2-specific T cells can be attenuated by tolDC, SARS-CoV-2-specific T cells were first isolated. For this, PBL from COVID-19 seropositive donors were stimulated with a SARS-CoV-2-derived peptide pool for 6 days and subsequently selected based on the expression of the cellular activation markers CD71 and CD98 (Figure 2A) [38]. A 94% (IQR: 92–96%) pure population of CD71+CD98+ double-positive lymphocytes was obtained following flow cytometric sorting (Figure 2B), demonstrating an efficient isolation of SARS-CoV-2-specific T cells. Next, SARS-CoV-2-specific T cells were stimulated with tolDC or with convDC, in the presence of SARS-CoV-2 peptides. After 6 days, cultured cells were harvested and rechallenged with SARS-CoV-2 peptides in an IFN-γ ELISpot assay (Figure 2C). A significant increase in SARS-CoV-2-specific IFN-γ-producing cells was observed when SARS-CoV-2-specific T cells were stimulated with convDC in the presence of SARS-CoV-2 peptides (512.5 spot forming units (SFU), IQR: 245.6–706.9, p = 0.0125) as compared to SARS-CoV-2-specific T cells stimulated with SARS-CoV-2 peptides alone (97.5 SFU, IQR: 68.4–154.7). Interestingly, when SARS-CoV-2-specific T cells were stimulated with vitD3-treated tolDC in the presence of SARS-CoV-2 peptides (137.5 SFU, IQR: 50.0–169.9), a significant decrease in the amount of IFN-γ SFU was observed as compared to stimulation with convDC (p = 0.0148, Figure 2D), whereas no significant difference (p > 0.9999) was found in comparison with SARS-CoV-2-specific T cells alone (97.5 SFU, IQR: 68.4–154.7, Figure 2D).



Additionally, to investigate whether the induction of SARS-CoV-2-specific T cell hyporesponsiveness by vitD3-treated tolDC was antigen-specific, PBL stimulated with vitD3-treated tolDC in the presence of SARS-CoV-2 peptides were rechallenged with SARS-CoV-2 peptides or with an irrelevant peptide pool, namely, cytomegalovirus (CMV) pp65 (Figure 2E). Similarly, as with SARS-CoV-2-specific T cells, the stimulation of PBL with vitD3-treated tolDC in the presence of SARS-CoV-2 peptides results in a significantly lower number of SFU (187.3 SFU, IQR: 110.2–234.7), as compared to the stimulation of PBL with convDC (445.7 SFU, IQR: 357.8–482.5; p = 0.0163), when cells were rechallenged with SARS-CoV-2 peptides. Remarkably, when PBL stimulated with vitD3-treated tolDC in the presence of SARS-CoV-2 peptides were rechallenged with CMV pp65 peptides, PBL could mount an adequate amount of IFN-γ SFU (418.7 SFU, IQR: 357.3–493.7). In fact, no significant difference (p > 0.9999) was observed in the CMV-specific IFN-γ response when PBL were stimulated with tolDC, as compared to PBL being stimulated with convDC (432.7 SFU, IQR: 387.2–524.2), when cells were rechallenged with CMV pp65 peptides. Altogether, these findings underscore that the T cell hyporesponsiveness mediated by vitD3-treated tolDC is antigen-specific.




2.3. SARS-CoV-2-Specific T Cell Hyporesponsiveness Induced by tolDC Is Not Mediated by the Apoptosis of CD4+ T Cells


To elucidate the mechanism by which tolDC exert their immunomodulatory function, we longitudinally evaluated the induction of T cell deletion during the DC-T cell coculture. In brief, SARS-CoV-2-specific T cells were stimulated with tolDC or with convDC in the presence of SARS-CoV-2 peptides, during which CD4+ T cell apoptosis was assessed at 24, 72 and 120 h of co-culture (Figure 3A).



While a statistically significant difference was observed in the percentage of viable (p = 0.0465) and late apoptotic SARS-CoV-2 T cells (p = 0.0015) in each condition over time, no statistically significant differences were observed over time in the percentage of viable, early apoptotic and late apoptotic SARS-CoV-2-specific CD4+ T cells stimulated with tolDC as compared to convDC (Figure 3B, Supplementary Table S3). Indeed, the percentage of viable T cells after 24 h did not significantly differ in cocultures with tolDC (77.1%, IQR: 70.7–83.5) when compared to cocultures with convDC (79.4%, IQR: 70.8–87.3), as was also seen after 72 h (tolDC 78.5%, IQR: 67.3–87.6, vs. convDC 86.0%, IQR: 76.6–91.5) and after 120 h (tolDC 73.4%, IQR: 59.5–80.3, vs. convDC 80.2%, IQR: 69.3–84.9). Similarly, no differences in early apoptosis were seen after 24 h (tolDC 11.1%, IQR: 6.1–18.6 vs. convDC 10.3%, IQR: 4.1–18.7), after 72 h (tolDC 8.2%, IQR: 4.3–11.0 vs. convDC 5.6%, IQR: 3.8–9.1) or after 120 h (tolDC 7.8%, IQR: 5.3–18.8 vs. convDC 5.5%, IQR: 3.6–8.6). Lastly, the proportion of T cells that are considered late apoptotic were not significantly different between those cocultured with tolDC and those cocultured with convDC after 24 h (tolDC 9.8%, IQR: 5.9–13.2 vs. convDC 8.6%, IQR: 6.9–11.4), after 72 h (tolDC 10.5%, IQR: 5.1–22.1 vs. convDC 7.0%, IQR: 5.1–13.0) or after 120 h (tolDC 17.1%, IQR: 11.7–24.9 vs. convDC 13.2%, IQR: 10.5–22.2). Each condition also showed no significant difference at each timepoint as compared to SARS-CoV-2-specific T cells alone (Figure 3B and Supplementary Table S3). Likewise, intracellular caspase 3/7 levels showed a statistically significant difference over time (p < 0.0001), but no statistical differences were observed (Figure 3C, Supplementary Table S4), when measured at each timepoint, between SARS-CoV-2-specific CD4+ T cells cocultured with tolDC and those cocultured with convDC as well as SARS-CoV-2-specific T cells alone (Supplementary Table S4).



In summary, T cells stimulated with vitD3-treated tolDC did not show an increase in CD4+ T cell apoptosis as compared to T cells cocultured with convDC based on intracellular caspase 3/7 and the cell death markers Annexin-V and SYTOX AADvanced Dead cell stain.





3. Discussion


Although most patients infected with SARS-CoV-2 only display a mild disease course, a considerable patient group develops severe COVID-19, which could result in respiratory distress, multi-organ failure and/or death [39]. A systematic review which included 97 studies reported a case-fatality rate of 46 to 62% in patients admitted to the ICU with severe COVID-19 [40]. Patients often present with elevated levels of cytokines related to an effector and T helper 1 (Th1) response and several organ complications [41]. Here, we have provided proof of concept for the use of vitD3-treated tolDC as a potential cell-based therapy for patients with severe COVID-19. These vitD3-treated tolDC were characterized by a semimature phenotype and a low T cell stimulatory capacity. Our observations demonstrate that SARS-CoV-2 peptide-pulsed tolDC are capable of inducing SARS-CoV-2-specific T cell hyporesponsiveness in an antigen-specific manner. Furthermore, our data show that the induction of T cell hyporesponsiveness is not mediated by the induction of CD4+ T cell apoptosis.



For this, we have first isolated a pure population of SARS-CoV-2-specific T cells. Indeed, we demonstrate the feasibility of isolating SARS-CoV-2-specific CD4+ and CD8+ T cells following an activation-induced marker (AIM) assay based on CD71 and CD98 expression. Upon in vitro stimulation with SARS-CoV-2 peptides, both CD71 and CD98 are upregulated during T cell proliferation [38], and activated CD71+CD98+ T cells were sorted with an average purity of 93.88% ± 2.89%. In doing so, we present an efficient and feasible approach to obtaining a pure antigen-specific lymphocyte population, in agreement with previous findings by others demonstrating that the sorting of the double-positive population allows for the efficient isolation of a viable, antigen-specific T cell population [38]. This technique provides an advantage over other activated T cell isolation techniques such as a tracking-dye based approach, since no toxic dye needs to be used [42], or intracellular cytokine staining, in which cells need to be fixed and permeabilized [43]. Besides the use of these isolated SARS-CoV-2-specific T cells in this study, the possibility of isolating SARS-CoV-2-specific T cells could be of high relevance for further research into the role of SARS-CoV-2-specific T cells in COVID-19 disease progression—for instance, enabling gene-expression profiling studies elucidating potential differences between patients with mild COVID-19 and severe COVID-19. Additionally, the technique is easily amendable for isolating other antigen-specific T cell populations for downstream analysis.



Several characteristics and functions of tolDC have been demonstrated to contribute to the tolerogenic function of these cells. As previously shown by others [44,45] and described in this study, tolDC are characterized by a semimature immunophenotype shown by the significantly lower expression of the maturation markers CD80, CD83 and CD86 as compared to convDC. VitD3-treated tolDC are highly positive for the expression of CD209 and HLA-DR. However, the expression level of HLA-DR in vitD3-treated tolDC was significantly decreased as compared to convDC. This observation is in line with previous research that indicates low expression levels of MHC molecules resulting in low levels of antigen presentation by tolDC [32]. Interestingly, tolDC retained some CD14 expression, which is associated with immunosuppressive functions [46]. Secondly, tolDC showed an impaired T cell stimulatory capacity, as evidenced by a decrease in the pro-inflammatory IFN-γ response following stimulation with tolDC as compared to T cells stimulated with SARS-CoV-2-antigen-loaded convDC. In fact, no difference in the amount of IFN-γ secreted by T cells stimulated with tolDC and T cells challenged by antigen in the absence of antigen-presenting cells was observed, further demonstrating the low T cell stimulatory capacity of tolDC. Importantly, the induced T cell hyporesponsiveness by tolDC was SARS-CoV-2 antigen-specific, as demonstrated by the observation that T cells that were unresponsive towards SARS-CoV-2 following stimulation with tolDC maintained their ability to respond towards an irrelevant peptide. This is of particular interest in immune-mediated diseases with a clear TCR signature suggestive of a superantigen such as Multisystem Inflammatory Syndrome-Children (MIS-C) or Pediatric Inflammatory Multisystemic Syndrome [47,48], a systemic hyperinflammatory disorder often seen in children following SARS-CoV-2 infection [49].



To date, the exact mechanism by which tolDC induce T cell hyporesponsiveness remains unclear [37]. The decrease in the expression levels of HLA-DR by tolDC as compared to convDC is indicative of decreased antigen presentation, which can also contribute to the induction of T cell hyporesponsiveness [50]. However, several studies have shown that DCs can induce a strong and effective T cell response even when low levels of antigen were present [51,52]. Indeed, our results show that vitD3-treated tolDC were still able to stimulate a strong T cell response when rechallenged with an irrelevant peptide. It is more likely that other mechanisms are involved in the induction of T cell hyporesponsiveness by vitD3-treated tolDC. Previously, we demonstrated that tolDC rendered T cells in a robust hyporesponsive state, thereby excluding the tolDC-mediated induction of T cell anergy, in agreement with others [53]. Moreover, we and others [53,54] were not able to demonstrate the induction or expansion of regulatory T cells (Treg) by vitD3-treated tolDC [25,55]. Therefore, in the current study, we hypothesized that vitD3-treated tolDC induce T cell hyporesponsiveness via the induction of T cell deletion. Among other factors involved in the apoptotic process, caspase-3 and -7 are considered important effector caspases [56]. Simultaneous staining with 7-amino-actinomycin D (7-AAD), a DNA intercalator, and Annexin-V, which is able to bind to phosphatidyl serine translocated to the outer layer of the cell membrane during apoptosis, provides an efficient method to follow-up cell apoptosis [57]. However, our results indicate that tolDC do not induce substantially more T cell death compared to convDC, although T cell viability decreased over time in both conditions. In addition, similar intracellular expression levels of caspase-3 and caspase-7 [56] were found between SARS-CoV-2 T cells stimulated with tolDC and SARS-CoV-2 T cells stimulated with convDC. In our hands, we did not observe any differences in the induction of T cell deletion by vitD3-treated tolDC, albeit we only tested CD4+ T cell deletion since the used peptide pool was predominantly MHC class II-oriented and thus only activated small numbers of CD8+ T cells. By using a pure antigen-specific T cell population, we were able to surpass hurdles in assessing antigen-specific T cell deletion with the current techniques [58]. Hence, we developed an assay capable of analyzing the induction of T cell apoptosis efficiently.



Since we did not show the involvement of T cell deletion in the mechanism of vitD3-treated tolDC, the exact mode of action remains elusive. A recent study has shown that the secretion of a high amount of lactate by tolDC can suppress T cell proliferation [59], as such metabolic reprogramming of T cells remains of interest. In addition, the role of extracellular vesicles in the induction of T cell hyporesponsiveness by tolDC has recently gained interest since it has been established that DC-derived exosomes can reflect the state and function of the cell of origin [60]. In the current study, only the donors’ COVID-19 seropositivity was evaluated, since no information was available regarding the COVID-19 symptomatology and the COVID-19 variant. Whether the severity of the COVID-related symptomatology affects tolDC generation and the induction of hyporesponsiveness remains to be elucidated. However, we have demonstrated that the vitD3 treatment of monocyte-derived DC induces a similar tolerogenic DC phenotype in MS patients and healthy controls, despite the hyperactive state of DCs in MS patients [25,61].



Altogether, our results provide in vitro proof of concept of the ability of tolDC to induce SARS-CoV-2-specific T cell hyporesponsiveness. Moreover, this hyporesponsiveness was not mediated by the induction of CD4+ T cell apoptosis. Further research into the exact mode of action is needed to fully elucidate the tolerogenic function of tolDC. Recently, the involvement of regulatory B cells and cell-contact-independent mechanisms such as cytokine deprivation and extracellular vesicle-mediated suppression has raised interest [35].




4. Materials and Methods


4.1. Human COVID-19 Seropositive Blood Samples


Buffy coats from anonymous healthy donors were provided by the Blood Transfusion Center of the Red Cross (Mechelen, Belgium). A total of 3 mL was transferred to an SST™ II Advance Vacutainer® Blood collection tube (BD Diagnostics, Plymouth, UK), and serum was isolated according to the manufacturer’s instructions. COVID-19 serology was tested using the Atellica® IM SARS-CoV-2 IgG (sCOVG) assay (Siemens Healthineers, Beersel, Belgium). In short, SARS-CoV-2-specific IgG antibodies were captured using streptavidin-coated microparticles with biotinylated SARS-CoV-2 recombinant antigens. After the addition of an acridinium-ester-labeled anti-human IgG mouse antibody, the amount of SARS-CoV-2-IgG antibody could be determined by measuring on the Atellica IM Analyzer (Siemens Healthineers).




4.2. Monocyte-Derived Dendritic Cell Culture


Peripheral blood mononuclear cells (PBMC) were isolated from COVID-19-seropositive buffy coats by Ficoll-Paque density gradient centrifugation (GE Healthcare, Diegem, Belgium). Next, CD14+ monocytes were isolated using CD14-microbead-based immunomagnetic selection (CD14 reagent, Miltenyi Biotec, Leiden, The Netherlands), according to the manufacturer’s instructions. To generate conventional monocyte-derived DC (convDC), purified CD14+ cells were resuspended in Iscove’s Modified Dulbecco’s Medium (IMDM, Life Technologies, Merelbeke, Belgium), supplemented with 2% human AB serum (hAB; Life Technologies), 200 IU/mL granulocyte-macrophage colony-stimulating factor (GM-CSF, Gentaur, Kampenhout, Belgium) and 250 IU/mL interleukin (IL)-4 (Miltenyi Biotec) at day 0 and cultured at a concentration of 1 × 106 cells/mL for 6 days in culture flasks (Greiner Bio-One, Vilvoorde, Belgium). Simultaneously, tolDC were generated under the same conditions, but with the addition of 2 nM vitamin D3 (VitD3, EcoPharma Supply, Breda, The Netherlands) on day 0 (start of culture) and on day 4. On day 4, both convDC and tolDC were stimulated for 48 h with a cocktail of pro-inflammatory cytokines consisting of 1000 IU/mL IL1-β (Miltenyi Biotec), 1000 IU/mL tumor necrosis factor (TNF)-α (Miltenyi Biotec) and 2.5 μg/mL prostaglandin E2 (PGE2; Pfizer, Puurs, Belgium). All cells were cultured in a humidified atmosphere with 5% CO2 at 37 °C. On day 6, convDC and tolDC were harvested and used in further experiments. Viability was assessed by flow cytometry using propidium iodide (PI, Thermo Fisher Scientific, Merelbeke, Belgium) staining. For analytical flow cytometry, 104 events were acquired using a Cytoflex flow cytometer (Beckman Coulter, Analis, Suarlée, Belgium).



The CD14-negative fraction, i.e., peripheral blood lymphocytes (PBL), was cryopreserved for further use. For this, 250 × 106 CD14− cells were resuspended in fetal bovine serum (FBS; Life Technologies) supplemented with 10% dimethylsulfoxide (DMSO; Sigma-Aldrich, Diegem, Belgium) at a concentration of 50 × 106 cells/mL. All aliquots were frozen using Corning® Coolcell™ LX cell-freezing containers (Corning, Lasne, Belgium) at −80 °C.




4.3. Immunophenotyping of DC


The phenotypical analysis of tolDC and convDC was implemented as part of the quality analysis of the cell product. Immunofluorescence staining was performed using the following fluorochrome labeled monoclonal antibodies (mAb): anti-CD209-fluorescein isothiocyanate (FITC, BD Pharmingen, Erembodegem, Belgium), anti-HLA-DR-phycoerythrin (PE, BD Biosciences, Erembodegem, Belgium), anti-CD14-peridinin chlorophyll (PerCP, BD Biosciences), anti-CD80-PE-Cyanine5 (Cy5, BD Pharmingen), anti-CD83-FITC (Life Technologies) and anti-CD86-PE (BD Pharmingen, Supplementary Table S1). Isotype-matched control antibodies were used to determine non-specific background staining (Supplementary Table S1). For analytical flow cytometry, 104 events were measured based on the light scatter properties of DC by means of forward scatter (FSC) and side scatter (SSC).



The decrease in mean fluorescence intensity (MFI) is calculated as follows:


% decrease = (1 − (MFI tolDC/MFI convDC)) × 100












4.4. Allogeneic Mixed Lymphocyte Reaction (Allo-MLR)


To assess the allogeneic T cell stimulatory capacity of tolDC and convDC, allogeneic PBL were stimulated with either tolDC or convDC at a 10:1 ratio. Non-stimulated allogeneic PBL served as a negative control. Cocultures were performed in IMDM supplemented with 5% hAB serum in a humidified atmosphere with 5% CO2 at 37 °C. After 5 days, the secreted level of interferon-γ (IFN-γ) in the cell culture supernatant was determined using a commercially available enzyme-linked immunosorbent assay (ELISA; PeproTech, London, UK) as a measure for the T cell stimulatory capacity of DC. Each experiment is measured in triplicate. Plates were read by measuring absorbance at 405 nm using a Victor3 multilabel plate reader (PerkinElmer, Mechelen, Belgium) and interpolated to the concentration (pg/mL) using MS Office Excel.




4.5. In Vitro Activation and Isolation of SARS-CoV-2-Specific T Cell Populations


For the in vitro expansion, 50 × 106 PBL were resuspended in IMDM supplemented with 5% hAB at a concentration of 4 × 106 cells/mL. On day 0, a 2 μg/106 cells SARS-CoV-2 SNMO (S, spike protein; N, nucleoprotein; M, membrane protein; O, open reading frame) defined peptide pool (Mabtech, Nacka Strand, Sweden) was added to the PBL. As a positive control, 10 × 106 PBL were stimulated with 1 μg/mL Staphylococcal enterotoxin B (SEB; Sigma-Aldrich), whereas PBL were left unstimulated as a negative control. Cells were cultured in a humidified atmosphere with 5% CO2 at 37 °C. After 6 days, cells were harvested and stained with the following fluorochrome-conjugated mAb: anti-CD3-PerCPCy5.5 (Biolegend, Amsterdam, The Netherlands), anti-CD4-Brilliant Violet (BV) 510 (Biolegend), anti-CD8-Pacific Blue (PB, Biolegend), anti CD71-BV786 (Biolegend) and anti-CD98-Brilliant Blue (BB) 515 (Biolegend, Supplementary Table S1), and viability was assessed using the LIVE/DEAD fixable Near-IR Dead Cell Stain Kit (ThermoFisher Scientific, Merelbeke, Belgium). Activated SARS-CoV-2-specific CD4+ and CD8+ T cells were identified, respectively, as CD3+CD4+CD71+CD98+ T cells and CD3+CD8+CD71+CD98+ T cells [38] and isolated by means of Fluorescence Activated Cell Sorting (FACS). Cells were sorted as lymphocytes on scatter (FSC-A, SSC-A), single cells (FCS-A, FSC-H) and viable cells (Fixable Near-IR Dead Cell Stain), activated CD4+ T cells were sorted as CD3+, CD4+, CD71+ and CD98+ and activated CD8+ T cells were sorted as CD3+, CD8+, CD71+ and CD98+ (Figure 2A) using a BD FACSAria II device (BD Biosciences). After sorting, an aliquot of the minimum 1 × 104 of the sorted cells was used to confirm purity (Figure 2B). The number of cells was determined using a hematological cell counter (ABX Micros 60, Horiba, Diegem, Belgium).




4.6. DC-T Cell and DC-PBL Coculture


To investigate the T cell stimulatory capacity of DC, in vitro-generated DC (either tolDC or convDC) and isolated activated SARS-CoV-2-specific T cell fractions were stimulated with in vitro-generated DC (either tolDC or convDC) at a 1:10 ratio for 5 days in IMDM supplemented with 5% hAB in the presence of a 2 μg/106 cells SARS-CoV-2 SNMO defined peptide pool. To determine the antigen specificity, an identical coculture was set up in which PBL were used instead of T cells. To assess whether tolDC induce T cell deletion during the DC-T cell coculture, a sample was taken every 48 h, and immunofluorescence staining was performed using the following fluorochrome-labeled mAb: anti-CD3-PECy7 (Biolegend), anti-CD4-allophycocyanin-H7 (Biolegend) and anti-CD8-PB (biolegend), in combination with the Annexin-V-APC and CellEvent™ Caspase-3/7 Green Flow Cytometry Assay Kit (Figure 3A, Supplementary Table S1). The results were acquired on the Novocyte Quanteon™ flow cytometer (Agilent, Machelen, Belgium). For analytical flow cytometry, 104 events were measured based on the light scatter properties of T cells by means of forward scatter (FSC) and side scatter (SSC). In the analysis, viable cells were defined as Annexin-V−SYTOX™AADvanced−, early apoptotic cells were defined as Annexin-V+SYTOX™AADvanced− and late apoptotic cells were defined as Annexin-V+SYTOX™AADvanced+. On day 5, cells were harvested to analyze antigen-specific T cell activity by means of IFN-γ ELISpot. Cells were harvested and a maximum of 1 × 105 cells/well were seeded in a 96-well MultiScreen-IP Filter Plate (Merck Millipore, Overijse, Belgium) in triplicate in IMDM supplemented with 5% hAB. T-cells were restimulated with a 2 μg/106 cells SARS-CoV-2 SNMO defined peptide pool or a 5 μg/106 cells cytomegalovirus (CMV) pp65 peptide pool (NIH HIV Reagents program). After 22 h, the plates were further processed using the commercially available human IFN-γ ELISpotBASIC kit (Mabtech). Finally, ELISpot plates were counted using the AID iSpot Reader System (AID Diagnostika, Straßberg, Germany).



To assess the CMV reactivity, only CMV-responsive donors were selected for analysis. A donor was a CMV responder if the difference between the number of SFU in the CMV-stimulated condition was greater or equal to 15 spots as compared to the unstimulated condition and a ratio of at least 1.5 between the number of SFU in the CMV-stimulated condition compared to the unstimulated condition was present.




4.7. Statistical Analysis


Flow cytometric data were analyzed using FlowJo 10.7.1 Software (Flowjo™, TreeStar Inc, Ashland, OR, USA). Unless stated otherwise, values are given as the median, with IQR in the form of the median (Q25-Q75). Non-parametrical statistical analysis was performed with GraphPad Prism 9.1.2 using a Wilcoxon signed rank test or Kruskal Wallis test followed by a post-hoc Dunn’s multiple comparison test, when applicable. During the coculture, a mixed effect model with the Geisser-Greenhouse correction and matched values stacked in a sub-column was performed. A p-value < 0.05 was considered statistically significant.





5. Conclusions


TolDC are capable of inducing SARS-CoV-2-specific T cell hyporesponsiveness in vitro in an antigen-specific manner. This hyporesponsiveness was not mediated by the induction of T cell apoptosis. Hence, further research into the exact mode of action is needed to fully elucidate the tolerogenic function of tolDC. Ultimately, this study may provide new insights into future therapeutics for severe COVID-19.








Supplementary Materials


The supporting information can be downloaded at: https://www.mdpi.com/article/10.3390/ijms232315201/s1.





Author Contributions


Conceptualization, M.V.D., J.D. and N.C.; methodology, M.V.D., I.J., B.O., J.D. and N.C.; validation, M.V.D., A.D. and L.R.; formal analysis, M.V.D. and L.R.; investigation, M.V.D.; data curation, M.V.D.; writing—original draft preparation, M.V.D.; writing—review and editing, M.V.D., I.J., A.D., Z.N.B., J.D. and N.C.; visualization, M.V.D.; supervision, J.D. and N.C.; project administration, M.V.D. and N.C.; funding acquisition, Z.N.B. and N.C. All authors have read and agreed to the published version of the manuscript.




Funding


This research was supported by grants from the following funding agencies: Research Foundation Flanders (FWO: G049320N) and Charcot Foundation. I.J. is funded by an Sb-fellowship from the FWO (grant number: 1S37319N). B.O. is funded by Research Foundation Flanders (grant 1861219N). Z.N.B. is funded by the UZA foundation.




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Anonymized buffy coats were provided by the Blood Transfusion Center of the Red Cross; written informed consent for research use was obtained from all subjects. The use of buffy coats for scientific research was approved by the Ethische Commissie Onderzoek UZ/KU Leuven on 20 March 2019, with approval code S62549. The study followed the Tenets of Helsinki.




Data Availability Statement


The data presented in this study are available on request from the corresponding author.




Acknowledgments


The following reagent was obtained through the NIH AIDS Reagent Program, Division of AIDS, NIAID, NIH: HCMV pp65 peptide pool.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Ganesh, B.; Rajakumar, T.; Malathi, M.; Manikandan, N.; Nagaraj, J.; Santhakumar, A.; Elangovan, A.; Malik, Y.S. Epidemiology and pathobiology of SARS-CoV-2 (COVID-19) in comparison with SARS, MERS: An updated overview of current knowledge and future perspectives. Clin. Epidemiol. Glob. Health 2021, 10, 100694. [Google Scholar] [CrossRef] [PubMed]

	



World Health Organization. WHO Coronavirus (COVID-19) Dashboard; WHO: Geneva, Switzerland, 2021. [Google Scholar]

	



Hu, B.; Guo, H.; Zhou, P.; Shi, Z.L. Characteristics of SARS-CoV-2 and COVID-19. Nat. Rev. Microbiol. 2021, 19, 141–154. [Google Scholar] [CrossRef] [PubMed]

	



Fernández-Sarmiento, J.; Acevedo, L.; Mulett, H.; Bastidas, S.; Sarta, M.; Durán, N.; Chacón, S.; Bejarano-Quintero, A.M.; Mizar, O.; Pérez, A.; et al. Severe SARS-CoV-2 infection in critical care. Trends Anaesth. Crit. Care 2020, 34, 28–37. [Google Scholar] [CrossRef]

	



Diao, B.; Wang, C.; Tan, Y.; Chen, X.; Liu, Y.; Ning, L.; Chen, L.; Li, M.; Liu, Y.; Wang, G.; et al. Reduction and Functional Exhaustion of T Cells in Patients with Coronavirus Disease 2019 (COVID-19). Front. Immunol. 2020, 11, 827. [Google Scholar] [CrossRef]

	



Chen, Z.; John Wherry, E. T cell responses in patients with COVID-19. Nat. Rev. Immunol. 2020, 20, 529–536. [Google Scholar] [CrossRef]

	



Shrotri, M.; van Schalkwyk, M.C.I.; Post, N.; Eddy, D.; Huntley, C.; Leeman, D.; Rigby, S.; Williams, S.V.; Bermingham, W.H.; Kellam, P.; et al. T cell response to SARS-CoV-2 infection in humans: A systematic review. PLoS ONE 2021, 16, e0245532. [Google Scholar] [CrossRef]

	



Wang, F.; Hou, H.; Luo, Y.; Tang, G.; Wu, S.; Huang, M.; Liu, W.; Zhu, Y.; Lin, Q.; Mao, L.; et al. The laboratory tests and host immunity of COVID-19 patients with different severity of illness. JCI Insight 2020, 5, e137799. [Google Scholar] [CrossRef]

	



Jamal, M.; Bangash, H.I.; Habiba, M.; Lei, Y.; Xie, T.; Sun, J.; Wei, Z.; Hong, Z.; Shao, L.; Zhang, Q. Immune dysregulation and system pathology in COVID-19. Virulence 2021, 12, 918–936. [Google Scholar] [CrossRef]

	



Salton, F.; Confalonieri, P.; Campisciano, G.; Cifaldi, R.; Rizzardi, C.; Generali, D.; Pozzan, R.; Tavano, S.; Bozzi, C.; Lapadula, G.; et al. Cytokine Profiles as Potential Prognostic and Therapeutic Markers in SARS-CoV-2-Induced ARDS. J. Clin. Med. 2022, 11, 2951. [Google Scholar] [CrossRef]

	



Ghazavi, A.; Ganji, A.; Keshavarzian, N.; Rabiemajd, S.; Mosayebi, G. Cytokine profile and disease severity in patients with COVID-19. Cytokine 2021, 137, 155323. [Google Scholar] [CrossRef]

	



Kalfaoglu, B.; Almeida-Santos, J.; Tye, C.A.; Satou, Y.; Ono, M. T-Cell Hyperactivation and Paralysis in Severe COVID-19 Infection Revealed by Single-Cell Analysis. Front. Immunol. 2020, 11, 589380. [Google Scholar] [CrossRef] [PubMed]

	



Gadotti, A.C.; de Castro Deus, M.; Telles, J.P.; Wind, R.; Goes, M.; Garcia Charello Ossoski, R.; de Padua, A.M.; de Noronha, L.; Moreno-Amaral, A.; Baena, C.P.; et al. IFN-gamma is an independent risk factor associated with mortality in patients with moderate and severe COVID-19 infection. Virus Res. 2020, 289, 198171. [Google Scholar] [CrossRef] [PubMed]

	



Kang, C.K.; Han, G.C.; Kim, M.; Kim, G.; Shin, H.M.; Song, K.H.; Choe, P.G.; Park, W.B.; Kim, E.S.; Kim, H.B.; et al. Aberrant hyperactivation of cytotoxic T-cell as a potential determinant of COVID-19 severity. Int J. Infect. Dis. 2020, 97, 313–321. [Google Scholar] [CrossRef]

	



Schub, D.; Klemis, V.; Schneitler, S.; Mihm, J.; Lepper, P.M.; Wilkens, H.; Bals, R.; Eichler, H.; Gartner, B.C.; Becker, S.L.; et al. High levels of SARS-CoV-2-specific T cells with restricted functionality in severe courses of COVID-19. JCI Insight 2020, 5, 2951. [Google Scholar] [CrossRef]

	



Weiskopf, D.; Schmitz, K.S.; Raadsen, M.P.; Grifoni, A.; Okba, N.M.A.; Endeman, H.; van den Akker, J.P.C.; Molenkamp, R.; Koopmans, M.P.G.; van Gorp, E.C.M.; et al. Phenotype and kinetics of SARS-CoV-2-specific T cells in COVID-19 patients with acute respiratory distress syndrome. Sci. Immunol. 2020, 5, eabd2071. [Google Scholar] [CrossRef] [PubMed]

	



Littlefield, K.M.; Watson, R.O.; Schneider, J.M.; Neff, C.P.; Yamada, E.; Zhang, M.; Campbell, T.B.; Falta, M.T.; Jolley, S.E.; Fontenot, A.P.; et al. SARS-CoV-2-specific T cells associate with inflammation and reduced lung function in pulmonary post-acute sequalae of SARS-CoV-2. PLoS Pathog 2022, 18, e1010359. [Google Scholar] [CrossRef] [PubMed]

	



Rahman, S.; Montero, M.T.V.; Rowe, K.; Kirton, R.; Kunik, F., Jr. Epidemiology, pathogenesis, clinical presentations, diagnosis and treatment of COVID-19: A review of current evidence. Expert Rev. Clin. Pharmacol. 2021, 14, 601–621. [Google Scholar] [CrossRef]

	



choot, T.S.; Kerckhoffs, A.P.M.; Hilbrands, L.B.; van Marum, R.J. Immunosuppressive Drugs and COVID-19: A Review. Front. Pharmacol. 2020, 11, 1333. [Google Scholar]

	



Group, R.C.; Horby, P.; Lim, W.S.; Emberson, J.R.; Mafham, M.; Bell, J.L.; Linsell, L.; Staplin, N.; Brightling, C.; Ustianowski, A.; et al. Dexamethasone in Hospitalized Patients with COVID-19. N. Engl. J. Med. 2021, 384, 693–704. [Google Scholar]

	



Cools, N.; Ponsaerts, P.; Van Tendeloo, V.F.; Berneman, Z.N. Balancing between immunity and tolerance: An interplay between dendritic cells, regulatory T cells, and effector T cells. J. Leukoc. Biol. 2007, 82, 1365–1374. [Google Scholar] [CrossRef]

	



Mellman, I. Dendritic cells: Master regulators of the immune response. Cancer Immunol. Res. 2013, 1, 145–149. [Google Scholar] [CrossRef] [PubMed]

	



Hilkens, C.M.; Isaacs, J.D. Tolerogenic dendritic cell therapy for rheumatoid arthritis: Where are we now? Clin. Exp. Immunol. 2013, 172, 148–157. [Google Scholar] [CrossRef] [PubMed]

	



Willekens, B.; Presas-Rodriguez, S.; Mansilla, M.J.; Derdelinckx, J.; Lee, W.P.; Nijs, G.; De Laere, M.; Wens, I.; Cras, P.; Parizel, P.; et al. Tolerogenic dendritic cell-based treatment for multiple sclerosis (MS): A harmonised study protocol for two phase I clinical trials comparing intradermal and intranodal cell administration. BMJ Open 2019, 9, e030309. [Google Scholar] [CrossRef] [PubMed]

	



Lee, W.P.; Willekens, B.; Cras, P.; Goossens, H.; Martinez-Caceres, E.; Berneman, Z.N.; Cools, N. Immunomodulatory Effects of 1,25-Dihydroxyvitamin D3 on Dendritic Cells Promote Induction of T Cell Hyporesponsiveness to Myelin-Derived Antigens. J. Immunol. Res. 2016, 2016, 5392623. [Google Scholar] [CrossRef] [PubMed]

	



Macedo, C.; Turquist, H.; Metes, D.; Thomson, A.W. Immunoregulatory properties of rapamycin-conditioned monocyte-derived dendritic cells and their role in transplantation. Transplant. Res. 2012, 1, 16. [Google Scholar] [CrossRef]

	



Comi, M.; Amodio, G.; Gregori, S. Interleukin-10-Producing DC-10 Is a Unique Tool to Promote Tolerance Via Antigen-Specific T Regulatory Type 1 Cells. Front. Immunol. 2018, 9, 682. [Google Scholar] [CrossRef]

	



Boks, M.A.; Kager-Groenland, J.R.; Haasjes, M.S.; Zwaginga, J.J.; van Ham, S.M.; ten Brinke, A. IL-10-generated tolerogenic dendritic cells are optimal for functional regulatory T cell induction--A comparative study of human clinical-applicable DC. Clin. Immunol. 2012, 142, 332–342. [Google Scholar] [CrossRef]

	



Giannoukakis, N.; Phillips, B.; Finegold, D.; Harnaha, J.; Trucco, M. Phase I (safety) study of autologous tolerogenic dendritic cells in type 1 diabetic patients. Diabetes Care 2011, 34, 2026–2032. [Google Scholar] [CrossRef]

	



Kim, S.H.; Jung, H.H.; Lee, C.K. Generation, Characteristics and Clinical Trials of Ex Vivo Generated Tolerogenic Dendritic Cells. Yonsei Med. J. 2018, 59, 807–815. [Google Scholar] [CrossRef]

	



Ritprajak, P.; Kaewraemruaen, C.; Hirankarn, N. Current Paradigms of Tolerogenic Dendritic Cells and Clinical Implications for Systemic Lupus Erythematosus. Cells 2019, 8, 1291. [Google Scholar] [CrossRef]

	



Domogalla, M.P.; Rostan, P.V.; Raker, V.K.; Steinbrink, K. Tolerance through Education: How Tolerogenic Dendritic Cells Shape Immunity. Front. Immunol. 2017, 8, 1764. [Google Scholar] [CrossRef] [PubMed]

	



Torres-Aguilar, H.; Aguilar-Ruiz, S.R.; Gonzalez-Perez, G.; Munguia, R.; Bajana, S.; Meraz-Rios, M.A.; Sanchez-Torres, C. Tolerogenic dendritic cells generated with different immunosuppressive cytokines induce antigen-specific anergy and regulatory properties in memory CD4+ T cells. J. Immunol. 2010, 184, 1765–1775. [Google Scholar] [CrossRef] [PubMed]

	



Jansen, M.A.A.; Spiering, R.; Ludwig, I.S.; van Eden, W.; Hilkens, C.M.U.; Broere, F. Matured Tolerogenic Dendritic Cells Effectively Inhibit Autoantigen Specific CD4(+) T Cells in a Murine Arthritis Model. Front. Immunol. 2019, 10, 2068. [Google Scholar] [CrossRef] [PubMed]

	



Morante-Palacios, O.; Fondelli, F.; Ballestar, E.; Martinez-Caceres, E.M. Tolerogenic Dendritic Cells in Autoimmunity and Inflammatory Diseases. Trends Immunol. 2021, 42, 59–75. [Google Scholar] [CrossRef] [PubMed]

	



Sim, W.J.; Ahl, P.J.; Connolly, J.E. Metabolism Is Central to Tolerogenic Dendritic Cell Function. Mediat. Inflamm. 2016, 2016, 2636701. [Google Scholar] [CrossRef] [PubMed]

	



Suwandi, J.S.; Nikolic, T.; Roep, B.O. Translating Mechanism of Regulatory Action of Tolerogenic Dendritic Cells to Monitoring Endpoints in Clinical Trials. Front. Immunol. 2017, 8, 1598. [Google Scholar] [CrossRef]

	



Elias, G.; Ogunjimi, B.; van Tendeloo, V. Tracking Dye-Independent Approach to Identify and Isolate In Vitro Expanded T Cells. Cytom. A 2019, 95, 1096–1107. [Google Scholar] [CrossRef]

	



Keller, K.G.; Reangsing, C.; Schneider, J.K. Clinical presentation and outcomes of hospitalized adults with COVID-19: A systematic review. J. Adv. Nurs. 2020, 76, 3235–3257. [Google Scholar] [CrossRef]

	



Oliveira, E.; Parikh, A.; Lopez-Ruiz, A.; Carrilo, M.; Goldberg, J.; Cearras, M.; Fernainy, K.; Andersen, S.; Mercado, L.; Guan, J.; et al. ICU outcomes and survival in patients with severe COVID-19 in the largest health care system in central Florida. PLoS ONE 2021, 16, e0249038. [Google Scholar] [CrossRef]

	



Bohn, M.K.; Hall, A.; Sepiashvili, L.; Jung, B.; Steele, S.; Adeli, K. Pathophysiology of COVID-19: Mechanisms Underlying Disease Severity and Progression. Physiology 2020, 35, 288–301. [Google Scholar] [CrossRef]

	



Tario, J.D., Jr.; Conway, A.N.; Muirhead, K.A.; Wallace, P.K. Monitoring Cell Proliferation by Dye Dilution: Considerations for Probe Selection. Methods Mol. Biol. 2018, 1678, 249–299. [Google Scholar] [PubMed]

	



Elias, G.; Ogunjimi, B.; van Tendeloo, V. Activation-induced surface proteins in the identification of antigen-responsive CD4 T cells. Immunol. Lett. 2020, 219, 1–7. [Google Scholar] [CrossRef] [PubMed]

	



Navarro-Barriuso, J.; Mansilla, M.J.; Quirant-Sanchez, B.; Teniente-Serra, A.; Ramo-Tello, C.; Martinez-Caceres, E.M. Vitamin D3-Induced Tolerogenic Dendritic Cells Modulate the Transcriptomic Profile of T CD4(+) Cells Towards a Functional Hyporesponsiveness. Front. Immunol. 2020, 11, 599623. [Google Scholar] [CrossRef] [PubMed]

	



Harry, R.A.; Anderson, A.E.; Isaacs, J.D.; Hilkens, C.M. Generation and characterisation of therapeutic tolerogenic dendritic cells for rheumatoid arthritis. Ann. Rheum. Dis. 2010, 69, 2042–2050. [Google Scholar] [CrossRef] [PubMed]

	



van Wigcheren, G.F.; Roelofs, D.; Figdor, C.G.; Florez-Grau, G. Three distinct tolerogenic CD14(+) myeloid cell types to actively manage autoimmune disease: Opportunities and challenges. J. Autoimmun. 2021, 120, 102645. [Google Scholar] [CrossRef] [PubMed]

	



Porritt, R.A.; Paschold, L.; Rivas, M.N.; Cheng, M.H.; Yonker, L.M.; Chandnani, H.; Lopez, M.; Simnica, D.; Schultheiss, C.; Santiskulvong, C.; et al. Identification of a unique TCR repertoire, consistent with a superantigen selection process in Children with Multi-system Inflammatory Syndrome. bioRxiv 2020. [Google Scholar] [CrossRef]

	



Moreews, M.; Le Gouge, K.; Khaldi-Plassart, S.; Pescarmona, R.; Mathieu, A.L.; Malcus, C.; Djebali, S.; Bellomo, A.; Dauwalder, O.; Perret, M.; et al. Polyclonal expansion of TCR Vbeta 21.3(+) CD4(+) and CD8(+) T cells is a hallmark of Multisystem Inflammatory Syndrome in Children. Sci. Immunol. 2021, 6, eabh1516. [Google Scholar] [CrossRef]

	



Graciano-Machuca, O.; Villegas-Rivera, G.; Lopez-Perez, I.; Macias-Barragan, J.; Sifuentes-Franco, S. Multisystem Inflammatory Syndrome in Children (MIS-C) Following SARS-CoV-2 Infection: Role of Oxidative Stress. Front. Immunol. 2021, 12, 723654. [Google Scholar] [CrossRef]

	



Knoop, C.; Ismaili, J.; Bulte, F.; Abramowicz, D.; Estenne, M.; Goldman, M. Impaired antigen-presenting cell function contributes to T-cell hyporesponsiveness in stable lung transplant recipients. Transplantation 2000, 69, 1332–1336. [Google Scholar] [CrossRef]

	



Gilboa, E. DC-based cancer vaccines. J. Clin. Investig. 2007, 117, 1195–1203. [Google Scholar] [CrossRef]

	



Grunebach, F.; Muller, M.R.; Nencioni, A.; Brossart, P. Delivery of tumor-derived RNA for the induction of cytotoxic T-lymphocytes. Gene Ther. 2003, 10, 367–374. [Google Scholar] [CrossRef] [PubMed]

	



Raiotach-Regue, D.; Grau-Lopez, L.; Naranjo-Gomez, M.; Ramo-Tello, C.; Pujol-Borrell, R.; Martinez-Caceres, E.; Borras, F.E. Stable antigen-specific T-cell hyporesponsiveness induced by tolerogenic dendritic cells from multiple sclerosis patients. Eur. J. Immunol. 2012, 42, 771–782. [Google Scholar] [CrossRef] [PubMed]

	



Sochorova, K.; Budinsky, V.; Rozkova, D.; Tobiasova, Z.; Dusilova-Sulkova, S.; Spisek, R.; Bartunkova, J. Paricalcitol (19-nor-1,25-dihydroxyvitamin D2) and calcitriol (1,25-dihydroxyvitamin D3) exert potent immunomodulatory effects on dendritic cells and inhibit induction of antigen-specific T cells. Clin. Immunol. 2009, 133, 69–77. [Google Scholar] [CrossRef] [PubMed]

	



Derdelinckx, J.; Mansilla, M.J.; De Laere, M.; Lee, W.P.; Navarro-Barriuso, J.; Wens, I.; Nkansah, I.; Daans, J.; De Reu, H.; Jolanta Keliris, A.; et al. Clinical and immunological control of experimental autoimmune encephalomyelitis by tolerogenic dendritic cells loaded with MOG-encoding mRNA. J. Neuroinflamm. 2019, 16, 167. [Google Scholar] [CrossRef] [PubMed]

	



Walsh, J.G.; Cullen, S.P.; Sheridan, C.; Luthi, A.U.; Gerner, C.; Martin, S.J. Executioner caspase-3 and caspase-7 are functionally distinct proteases. Proc. Natl. Acad. Sci. USA 2008, 105, 12815–12819. [Google Scholar] [CrossRef] [PubMed]

	



Herault, O.; Colombat, P.; Domenech, J.; Degenne, M.; Bremond, J.L.; Sensebe, L.; Bernard, M.C.; Binet, C. A rapid single-laser flow cytometric method for discrimination of early apoptotic cells in a heterogenous cell population. Br. J. Haematol. 1999, 104, 530–537. [Google Scholar] [CrossRef]

	



Bacher, P.; Scheffold, A. Flow-cytometric analysis of rare antigen-specific T cells. Cytom. A 2013, 83, 692–701. [Google Scholar] [CrossRef]

	



Marin, E.; Bouchet-Delbos, L.; Renoult, O.; Louvet, C.; Nerriere-Daguin, V.; Managh, A.J.; Even, A.; Giraud, M.; Vu Manh, T.P.; Aguesse, A.; et al. Human Tolerogenic Dendritic Cells Regulate Immune Responses through Lactate Synthesis. Cell Metab. 2019, 30, 1075–1090.e8. [Google Scholar] [CrossRef]

	



Ochando, J.; Ordikhani, F.; Jordan, S.; Boros, P.; Thomson, A.W. Tolerogenic dendritic cells in organ transplantation. Transpl. Int. 2020, 33, 113–127. [Google Scholar] [CrossRef]

	



Nuyts, A.H.; Ponsaerts, P.; Van Tendeloo, V.F.; Lee, W.P.; Stein, B.; Nagels, G.; D’Hooghe M, B.; Willekens, B.; Cras, P.; Wouters, K.; et al. Except for C-C chemokine receptor 7 expression, monocyte-derived dendritic cells from patients with multiple sclerosis are functionally comparable to those of healthy controls. Cytotherapy 2014, 16, 1024–1030. [Google Scholar] [CrossRef]








[image: Ijms 23 15201 g001 550] 





Figure 1. TolDC display a semimature phenotype and reduced T cell stimulatory capacity. (A) The percentage of cells expressing the markers HLA-DR, CD209 and CD14 and the percentage of cells that are CD209negCD14pos. TolDC are indicated in white dots; convDC are indicated in black dots (n = 6). (B) Expression levels of HLA-DR, CD83, CD80 and CD86 shown as MFI values of tolDC (white bars) or convDC (black bars) (n = 6). (C) Representative histogram overlay of CD83, CD80 and CD86 expression levels by tolDC (red), convDC (black) and isotype control (blue). (D) Concentration in pg/mL of IFN-γ secretion by PBL stimulated with convDC (black dots) and tolDC (white dots) (n = 6). Significance (p < 0.05) is indicated by *. 
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Figure 2. TolDC induce SARS-CoV-2-specific T cell hyporesponsiveness. (A) Gating strategy for the sorting of CD3+CD4+CD71+CD98+ and CD3+CD8+CD71+CD98+ cells. Cells were sorted from left to right as lymphocytes (FSC-A, SSC-A), single cells (FCS-A, FSC-H), viable cells (Fixable Near-IR Dead Cell Stain) and subsequent surface marker selection, with the sort gates indicated in red, (B) Representative figure of an FACS-sorted CD3+CD71+CD98+ T cell population indicating the purity of the sort. (C) Representative figure of the IFN-γ ELISpot wells from SARS-CoV-2-specific T cells stimulated with tolDC or with convDC, or SARS-CoV-2-specific T cells alone and rechallenged with SARS-CoV-2 peptides. (D) SFU counts normalized to SFU/100.000 cells in cocultures of SARS-CoV-2-specific T cells stimulated with tolDC (white bars) or with convDC (black bars) or SARS-CoV-2-specific T cells alone (grey bars). A p-value < 0.05 is indicated by * (n = 6). (E) Antigen-specific T cell stimulatory capacity in PBL stimulated with tolDC (white) or convDC (black) in the presence SARS-CoV-2 peptides and restimulated in an ELISpot assay with either SARS-CoV-2 peptides or CMV peptides. A p-value < 0.05 is indicated by * (n = 5). Abbreviations used: spot forming units (SFU), tolerogenic dendritic cells (tolDC), conventional dendritic cells (convDC), Interferon-gamma (IFN-γ). 
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Figure 3. The induction of T cell hyporesponsiveness by tolDC is T cell apoptosis-independent (n = 6). (A) Gating Strategy for the flow cytometric follow-up of T cell apoptosis. Lymphocytes are selected based on light scatter properties (FSC/SSC), and, subsequently, CD3+CD4+ T cells are gated. Next, a quadrant gating is used to differentiate between viable cells (SytoxAADvanced−Annexin-V−), early apoptotic cells (SytoxAADvanced−Annexin-V+) and late apoptotic cells (SytoxAADvanced+Annexin-V+). The expression levels of caspase 3/7 are assessed via MFI histograms. (B) Follow-up of viable (white), early apoptotic (black) and late apoptotic (grey) cells in T cell–DC cocultures as compared to T cells alone by means of flow cytometry. (C) Mean fluorescence intensity of intracellular caspase 3/7 levels in T cell–DC cocultures at different timepoints, indicated as the median and interquartile range. Significance is indicated by * (p < 0.05) and ** (p < 0.01). 
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