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Abstract

:

Convalescent plasma therapy (CPT) has gained significant attention since the onset of the coronavirus disease 2019 (COVID-19) pandemic. However, clinical trials designed to study the efficacy of CPT based on antibody concentrations were inconclusive. Lymphatic transport is at the interplay between the immune response and the resolution of inflammation from peripheral tissues, including the artery wall. As vascular complications are a key pathogenic mechanism in COVID-19, leading to inflammation and multiple organ failure, we believe that sustaining lymphatic vessel function should be considered to define optimal CPT. We herein sought to determine what specific COVID-19 convalescent plasma (CCP) characteristics should be considered to limit inflammation-driven lymphatic endothelial cells (LEC) dysfunction. CCP donated 16 to 100 days after the last day of symptoms was characterized and incubated on inflammation-elicited adult human dermal LEC (aHDLEC). Plasma analysis revealed that late donation correlates with higher concentration of circulating pro-inflammatory cytokines. Conversely, extracellular vesicles (EVs) derived from LEC are more abundant in early donated plasma (r = −0.413, p = 0.004). Thus, secretion of LEC-EVs by an impaired endothelium could be an alarm signal that instigate the self-defense of peripheral lymphatic vessels against an excessive inflammation. Indeed, in vitro experiments suggest that CCP obtained rapidly following the onset of symptoms does not damage the aHDLEC junctions as much as late-donated plasma. We identified a particular signature of CCP that would counteract the effects of an excessive inflammation on the lymphatic endothelium. Accordingly, an easy and efficient selection of convalescent plasma based on time of donation would be essential to promote the preservation of the lymphatic and immune system of infected patients.
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1. Introduction


To date, an alarming number of people worldwide have been infected with severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2), a coronavirus responsible for the disease commonly referred to as coronavirus disease 2019 (COVID-19) [1]. Although many individuals with COVID-19 are asymptomatic or suffer from mild symptoms, other individuals develop severe complications, such as acute respiratory distress syndrome, disseminated intravascular coagulation and cardiovascular diseases including acute coronary syndrome and myocardial infarction [2]. A common thread between these complications and causes of mortality is the presence of impaired endothelial function [3,4,5,6]. The underlying cause appears to be the prolonged overactivation of the immune system resulting in a hyperinflammatory state, also known as “cytokine storm” [4].



Early in the pandemic, COVID-19 convalescent plasma (CCP) was proposed as a potential therapeutic option for severe COVID-19. The approach consists of transfusing plasma from donors who recently recovered from the disease to hospitalized patients, and thus transfer humoral protection against the virus. The approach was very compelling, because it was readily available. Early in the pandemic, CCP was made available in the Unites States through the Food and Drugs Administration (FDA) Expanded Access program (EAP), and later through Emergency Use Access. Initial data from the EAP suggested that passive immunization was very effective, because patients receiving CCP with high anti-COVID-19 antibody titers were 30% less likely to die from the disease than those receiving CCP with low titers [7].



The enthusiasm for CCP plummeted in winter 2021 after several major randomized clinical trials failed to show a benefit over standard of care [8,9,10,11]. The only way to reconcile a potential benefit in specific subgroups with this overall lack of effect would be if CCP was harmful in other subgroups. In fact, results from the CONCOR-1 study suggest that the previously observed relative difference in mortality with high- vs. low-titer CCP may be explained in absolute terms by a deleterious effect of CCP with low antibody titer [10]. This has important implications for the interpretation of an even more recent trial showing a benefit from CCP that used non-convalescent plasma as a control [12]. Ultimately, these results go to show how little we understand the true mechanisms underlying the immunomodulatory effect of CCP in COVID-19, which is likely not determined solely by the antibody content. This highlights the need to investigate the presence of other modulators within CCP to limit endothelial dysfunction and subsequent inflammatory complications seen in severely hospitalized patients.



Lymphatic transport is at the interplay between the immune response and the resolution of inflammation from peripheral tissues, including the artery wall [13]. Constituting initial vessels, also called lymphatic capillaries, in the peripheral tissues that drain excess interstitial fluids [14], the lymphatic system is a key player in the clearance of immune cells and pro-inflammatory modulators [15]. As vascular complications are a key pathogenic mechanism in COVID-19, leading to inflammation and multiple organ failure, we hypothesize that part of the clinical effect of CCP could derive from its effect on lymphatic vessel (LV) function. This study seeks to identify a particular signature of CCP that would decrease the effects of an excessive inflammation on the lymphatic endothelium. Following the analysis of 49 CCP donations, we observed a heterogenous effect on adult human dermal lymphatic endothelial cells (aHDLEC) in culture. We herein demonstrate that an early donation of convalescent plasma could protect against the loss of lymphatic endothelial cells (LEC) integrity observed during inflammation.




2. Results


2.1. Characteristics of COVID-19 Convalescent Plasma Donors


Forty-five donors were recruited in this study and their anthropometric data are presented in Table 1. The average age of the donors included in our study was 41-year-old (Table 1). Of the CCP donors, 38% were women. Half of the individuals experienced symptoms ranging from 10 to 20 days. Furthermore, CCP donation was made on average 67 days after the onset of symptoms. Since some studies suggest a correlation between blood type and COVID-19 outcomes [16], we characterized the blood type of donors. Forty percent of individuals were a blood type O, whereas 33%, 11% and 16% were of blood type A, B and AB, respectively. Of all 45 patients, only 7 had a negative rhesus. Most individuals had mild-to-moderate symptoms, whereas 1 and 7 people experienced no symptoms or severe symptoms, respectively. However, none of these donors were hospitalized. Individuals who lost their sense of smell or taste represented 44% of the donors. The optical density of the concentration of receptor-binding domain (RBD) of SARS-CoV-2 antibodies within CCP was on average 1.08 (minimum = 0.26, maximum = 2.41). Since dyslipidemia increases the risk to develop severe outcomes from the COVID-19 infection, we measured the level of total cholesterol of donors [17]. The average total cholesterol amongst donors was 188.5 mg/dL.




2.2. Elevated Antibody Concentrations and Prolonged Symptoms Are Detrimental for the Lymphatic Endothelium Integrity


Several studies suggest that the effect of CCP is dependent on its antibody titers [10,18], hence the importance of proper donor selection. The concentration of antibodies is known to increase during the first week of symptoms [19]. Since our CCP donors reported experiencing symptoms for a duration ranging between 0 and 50 days, we wanted to assess whether the concentration of antibodies was associated with the duration of symptoms. Indeed, prolonged symptoms were positively correlated with an elevation of antibody concentrations contained in convalescent plasma (r = 0.321, p = 0.041) (Figure 1A). We then sought to investigate whether the duration of symptoms of donors was associated with an effect on a lymphatic endothelium (Figure 1B). To measure the latter, we marked aHDLEC with the MitoSOXTM Red probe following incubation of CCP to assess the production of mitochondrial superoxide, an indicator of intracellular oxidative stress. Low-to-moderate levels of mitochondrial superoxide can regulate many essential cellular processes, including gene expression and signal transduction [20]. In contrast, overproduction of mitochondrial superoxide, shown by a high expression of MitoSOXTM Red (shift toward the right on flow cytometry plots of Figure S1C,D), can trigger cellular oxidative damage that contributes to the pathogenesis of a wide variety of diseases [21]. Detection of intracellular mitochondrial superoxide is therefore of importance for understanding proper cellular redox regulation and the impact of its deregulation on lymphatic function. We found that duration of symptoms correlated negatively with MitoSOXTM Red negative cells (r = −0.552, p = 0.018) (Figure 1B). In other words, plasma from donors with short duration of symptoms triggered a lower oxidative response in the lymphatic endothelium than that from patients who experienced symptoms for a longer duration. This highlights a potential risk of deleterious effect of plasma from a donor with prolonged symptoms on the lymphatic endothelium of recipients. Since prolonged symptoms is also correlated with antibody concentrations, we investigated whether concentration of antibodies was also associated with a detrimental effect on the lymphatic endothelium. We observed a positive correlation between the concentration of antibodies and the permeability of the lymphatic endothelium (r = 0.611, p = 0.035) (Figure 1C). However, by multivariate analysis, we observed the collinearity of concentration of antibodies and the duration of symptoms, indicating that they are not independent factors. Taken together, our data suggest that both the elevated antibody concentrations and the prolonged symptoms are detrimental for the lymphatic endothelium.




2.3. COVID-19 Convalescent Plasma from Patients Experiencing Severe Symptoms Induces Cellular Necrosis


Casadevall et al. recommended the use of CCP from donors with severe symptoms, as they have more antibodies than donors with mild symptoms [22]. Therefore, we sought to investigate whether this other parameter, namely the severity of the symptoms, could be a potential characteristic to take into consideration for the selection of convalescent plasma based on its effect on LEC. We first reported a positive correlation between prolonged symptoms and their severity (r = 0.489, p = 0.007) (Figure 2A). So far, studies found that older individuals experienced more severe symptoms than younger individuals [23]. This correlation was also found in our study (r = 0.560, p = 0.002) (Figure 2B). Furthermore, there are higher level of antibodies within CCP of severely infected individuals [22,24,25]. Similarly, a higher concentration of antibodies was also present in the plasma of donors displaying more severe symptoms (r = 0.451, p = 0.010) (Figure 2C). In the multivariate model (r = 0. 531), severity of symptoms was the only variable independently associated with anti-SARS-CoV-2 antibody levels (β = 0.585, p = 0.013). In line with previous literature, the model could be further improved (r = 0.590) by including both symptom severity (β = 0.541, p = 0.001) and delay since the onset of symptoms (β = −0.259, p = 0.09), although the latter did not reach statistical significance.



Given these results, and the detrimental effect of prolonged symptoms and higher antibody levels on the lymphatic endothelium, we sought to determine whether severe symptoms also correlated with an altered lymphatic endothelium integrity. Our results suggest that plasma isolated from patients experiencing severe symptoms is more likely to promote aHDLEC late apoptosis or necrosis (r = 0.521, p = 0.049) (Figure 2D) while abrogating early apoptosis (r = −0.532, p = 0.043) (Figure 2E). Herein, we demonstrate that while severity of the symptoms may be a good predictor of higher antibody content, it may also be associated with a plasma phenotype that could exert a deleterious effect onto the lymphatic endothelium.




2.4. An Early Donation Could Help Maintain the Integrity of the Lymphatic Endothelium


We then sought to determine whether another easily identifiable factor could be considered for a judicious selection of convalescent plasma. Antibody levels, especially IgM and IgA, decrease with time in CCP donated long after the onset of symptoms [26,27]. Thus, we sought to investigate the association between the time of donation and CCP effect on the integrity of lymphatic endothelial cells. It has been reported that lymphatic endothelial cell activation could contribute to help limit inflammatory diseases such as acute skin inflammation [28] and edema [29]. We herein observed that the expression of markers of endothelial activation correlated with cellular viability and mitosis and correlated inversely with lymphatic permeability and production of mitochondrial reactive oxygen species (ROS) (Figure S2). Given the potential benefits of endothelium activation markers on the integrity of the recipient endothelium (Figure S2), we aimed to evaluate whether the timing of convalescent plasma donation could impact the expression of endothelial cell activation markers in vitro. We noted a negative correlation between donation time and mRNA expression of E-selectin (SELE) (r = −0.486, p = 0.012) and of intercellular adhesion molecule 1 (ICAM1) (r = −0.509, p = 0.016) (Figure 3A,B). Given the importance of functional and impermeable lymphatic vessels for the clearance of cellular debris, interstitial fluids, and immune cells [15], we further evaluated the association between donation time and endothelium permeability. We found a strong negative correlation between the donation time frame and VE-Cadherin intensity measured by immunofluorescence (r = −0.812, p = 0.008) (Figure 3C). Immunofluorescence imaging represented in Figure 3D demonstrates the difference in intercellular junctions (stained by anti-VE-Cadherin antibody) between aHDLEC incubated with CCP donated 27 days after the onset of symptoms (upper panels) and CCP donated 101 days after the onset of symptoms (lower panels). VE-cadherin (CDH5) mRNA expression was also strongly correlated with the time of donation (r = −0.725, p < 0.0001) (Figure 3E). Moreover, the permeability of the lymphatic endothelium was characterized using ovalbumin diffusing through the endothelium. A large amount of ovalbumin-488 passing through depicts a highly permeable endothelium. The quantity of ovalbumin-488 diffusing through the endothelium was positively correlated to the time between the onset of symptoms and donation (r = 0.690, p = 0.013) (Figure 3F). Therefore, early donation should be included in the CCP-selection process given its correlation with decreased permeability, foreseeing a beneficial effect on the lymphatic endothelium integrity.




2.5. Late Donations of COVID-19 Convalescent Plasma Contain Elevated Pro-Inflammatory Cytokines Levels


Given the association between a late donation and lymphatic endothelium dysfunction, we hypothesized that convalescent plasma donated at a later stage after the resolution of symptoms could contain more pro-inflammatory cytokines and mediators. Thus, we characterized the pro- and anti-inflammatory profile of cytokines contained in our convalescent plasma samples. We observed a positive correlation between the time of donation and the levels of pro-inflammatory mediators interleukin 1-beta (IL-1β), IL-13, IL-12p70, interferon gamma (IFNɣ), IL-17A, interferon gamma-induced protein 10 (IP-10), macrophage inflammatory protein-1 (MIP-1), IFNα and IL-1α (Figure 4A–I). We noted previously a decrease in endothelial activation following a treatment with convalescent plasma donated in a later stage (Figure 3A,B). Since pro-inflammatory cytokines are increased in late donated plasma, we sought to investigate whether this decrease could be due to another marker contained in convalescent plasma, namely extracellular vesicles (EVs).




2.6. Extracellular Vesicles Derived from Human Lymphatic Endothelial Cells Are More Abundant in Early Donated Plasma


EVs are small vesicles released from apoptotic or activated cells. They contain proteins, lipids, and mRNAs also present in their cell of origin. They are also used as prognostic markers for several pro-inflammatory diseases [30]. In our study, we characterized the presence of EVs derived from red blood cells (CD235a+), total leucocytes (CD45+), LEC (CD45− podoplanin+), blood endothelial cells (CD45− CD62e+) and platelets (CD45−, C-type lectin-like type II + (CLEC2+)) in the plasma of COVID-19 convalescent donors (Figure 5A–G). We observed low concentrations of CD45− podoplanin+ EVs compared to the rest of the EVs population quantified (Figure 5H). Interestingly, CD45− podoplanin+ EVs correlated with the time of donation (r = −0.413, p = 0.004) (Figure 5I), whereas other EVs population did not (Figure S3A–D). In multivariate analysis, concentration of total EVs (CFSE+) (β = 0.350, p = 0.011) and delay since symptoms onset (β = −0.317, p = 0.020) were independent predictors of the concentration of CD45− podoplanin+ EVs in convalescent plasma. We herein demonstrate that although CD45− podoplanin+ EVs represents a minority of EVs in CCP, they are the only population to correlate with the time of donation, a characteristic believed to be beneficial for the lymphatic endothelium.




2.7. Elevated Plasma Extracellular Vesicles Derived from Human Lymphatic Endothelial Cells Correlates with Enhanced Lymphatic Endothelium Integrity


Extracellular vesicles are abundant in lymph [31]. Since plasma ultrafiltrates are collected by the lymphatic system after escaping from the bloodstream, we envision that EVs could easily access the lymphatic circulation along with proteins, cells debris and other macromolecules [30,31]. Since LEC-EVs are more abundant in early donated convalescent plasma, we wanted to explore the relation between EVs characterized in the plasma and lymphatic endothelium integrity (Table 2). First, we observed a positive correlation between CD45− podoplanin+ EVs and increased early apoptosis as well as decreased permeability, both markers of preservation of the integrity of lymphatic endothelial cells. Furthermore, unlike CD235a+, CD45+ and CD45− CLEC2+ EVs (i.e., red blood cells, leucocytes and platelets EVs, respectively), CD45− podoplanin+ levels are positively correlated to the expression markers of the activation of LEC such as ICAM1 and vascular endothelial growth factor receptor 3 (VEGFR-3). Indeed, we observed a correlation between VEGFR-3 expression and markers of endothelial integrity (Figure S4). Specifically, FLT4 expression was associated with decreased endothelial permeability (Figure S4A), increased podoplanin (PDPN) expression (Figure S4B) and decreased percentage of MitoSOXTM Red-positive cells (Figure S4C,D).



To distinguish the confounding effects of donation delay since symptoms, antibody titers, tested cytokines and LEC-EVs on lymphatic endothelial function, we performed multiple linear regression. LEC-EVs was the only variable to be independently associated with ICAM-1 (β = 0.776, p = 0.001) and VEGFR expression (β = 0.450, p = 0.040), as well as with LEC necrosis-to-apoptosis ratio (β = −0.469, p = 0.010), MitoSOXTM Red-positivity ratio (β = −0.589, p = 0.020) and LEC permeability (β = −0.813, p = 0.001). Thus, the abundance of LEC-EVs in the plasma of convalescent donors could be a useful marker indicating that CCP promotes favorable lymphatic function with incubation.




2.8. Secretion of Extracellular Vesicles Derived from Human Lymphatic Endothelial Cells Reflects an Alteration of the Lymphatic Endothelium


EVs production occurs during apoptosis or cell activation. We sought to determine the quantity of EVs secreted by the lymphatic endothelium in culture following CCP treatment. We quantified CD45− podoplanin+ EVs collected in the supernatant post-treatment by subtracting the quantity measured in the plasma. As expected, we noted an association between human LEC-derived EVs secretion and increased percentage of cells positive for MitoSOXTM Red (r = 0.407, p = 0.039) and cells in the sub G0/G1 phase of the cell cycle (r = 0.8664, p < 0.0001) (Figure 6A,B). Cells in the sub-G0/G1 phase of the cell cycle are known to be apoptotic cells [32]. Likewise, the quantity of LEC-EVs was correlated with a decrease in cells in the G2/M phase (r = −0.604, p = 0.022) (Figure 6C), which represents active mitosis [33]. Since the expression of VEGFR-3 is associated with the preservation of the integrity of the lymphatic endothelium [28,29,34], we sought to investigate whether LEC-EVs could also be correlated to its expression. Following a quantification of VEGFR-3 expression upon aHDLEC, we found a negative correlation between its expression and the quantity of CD45− podoplanin+ EVs contained in the supernatant by RT-qPCR (r = −0.576, p = 0.005) and immunoblot (r = −0.424, p = 0.039) (Figure 6D–F). Thus, EVs released by the lymphatic endothelium is related to impaired lymphatic endothelium integrity.





3. Discussion


The COVID-19 pandemic is affecting an exponentially growing number of people and is still a high-risk disease [1]. Endothelial damage following cytokine storm is experienced by severely infected patients [3,4,5]. Given the impact of a dysfunctional lymphatic system on the evolution of the severity of inflammatory diseases [35,36], treatments should ideally take into consideration the effect on the lymphatic network. Convalescent plasma therapy has been used in various contexts, including for SARS-CoV-1 [37,38], Ebola virus [39] and Lassa fever [40], among others. The safety and efficacy of CCP therapy were also tested by several clinical trials, as summarized in a published review [11]. Most of these studies confirmed the safety of that procedure. However, the efficacy of this treatment to reduce mortality was mitigated. In particular, the CONCOR-1 study, an international randomized controlled trial, aimed to assess the efficacy of this therapy using mortality and intubation of patients at day 30 as the primary endpoint [10]. The trial, and others as reviewed elsewhere [18], selected the CCP based on the titer of anti-SARS-CoV-2 antibodies to ultimately transfuse it to infected patients [10]. Ultimately, this study failed to show the superiority of CCP over standard of care and even raised the possibility of harmful effects in plasma with low antibody content [10]. The mechanism by which plasma could have a deleterious effect on COVID-19 is unclear. It may be that the strategy of selection of plasma to be injected in ill individuals needs to be optimized based on physiological parameters other than the anti-SARS-CoV-2 antibodies. In fact, CCP with low antibody titers are more likely to have been collected later after the onset of symptoms and therefore to contain less LEC-EVs, which could be a confounding factor. The lymphatic system is a key player in the clearance of immune cells and pro-inflammatory modulators [15]. As vascular complications are a key pathogenic mechanism in COVID-19, leading to inflammation and multiple organ failure, we believe that sustaining lymphatic vessel function should be a factor to be considered to define optimal convalescent plasma therapy. In this study, we identified a particular signature of CCP that would counteract the effects of an excessive inflammation on the lymphatic endothelium. We herein demonstrate that an early donation of convalescent plasma correlates with more plasma LEC-EVs and could protect against the loss of LEC integrity observed during inflammation.



We first assessed the association between the antibody concentrations and clinical parameters, since level of antibodies is the most used CCP selection parameter for clinical trials [10,18]. We observed that patients experiencing a longer duration of symptoms have more anti-SARS-CoV-2 antibodies. Multivariate analysis suggested this may be because these patients also experienced more severe symptoms, which are known to correlate with higher antibody concentration. We did however observe an independent trend for decreased antibody concentration over time since symptoms onset, which is in line with the literature. We then found that aHDLEC exposed to late donations of CCP expressed increased mitochondrial ROS production and lymphatic endothelium permeability, which could potentially be harmful. Increased ROS production is harmful for cells, as it can lead to oxidative stress and cell death [20,21]. Furthermore, one of the key roles of the lymphatic system is to drain the excess fluids of the interstitial tissues, containing cellular debris, immune cells and pro-inflammatory mediators [15]. A disrupted lymphatic endothelium would impair the clearance of interstitial fluids and promote the accumulation of immune cells and pro-inflammatory mediators, which may lead to organ failure [15,41].



In line with studies assessing the correlation between the severity of the disease and benefits of CPT [22,24], we observed that patients experiencing stronger symptoms have more anti-SARS-CoV-2 antibodies, are older and have a longer duration of illness. We also observed that severe symptoms experienced by donors were correlated with more necrosis and less early apoptosis of aHDLEC. Early apoptosis is a defense mechanism initiated by cells to avoid or limit cellular damage [42]. It is also responsible for promoting cell death without causing further inflammation and damage [43]. This is not the case with necrosis, as it induces greater inflammation, proven to be harmful to cells surrounding the dead cell [44]. This inflammation could be driven by the pro-inflammatory mediators contained in the severe CCP. Indeed, Rauch et al. demonstrated endotheliopathy induced by plasma from critically ill patients and noticed cytotoxicity as soon as one hour after the incubation on endothelial pulmonary cells [4]. The observed cytotoxicity was due to biomarkers or the inflammation reaction per se. In light of these results, selection of CCP based on the severity of symptoms experienced by donors may be questionable, since it is shown to be detrimental for the lymphatic endothelium by promoting necrosis. Further, in multiple studies, including ours, the severity of symptoms was assessed by donors using a self-questionnaire, which may introduce a bias in this parameter. Being aware of this limitation, this parameter is deemed unreliable to be taken into consideration for convalescent plasma selection.



Several clinical trials studied the time of administration of CCP to optimize remission [18,22,45]. The study by Beaudoin-Bussières et al. also proposed that early donation should be favored compared to late donation, given the decrease in anti-SARS-CoV-2 antibodies over time [26]. However, a recent study highlighted the lack of efficacy of the early administration of CCP to high-risk patients since it did not prevent the progression of the disease [46]. Given the mitigated opinion upon the efficacy of an early administration of CCP, we hypothesized that the timeframe of selection of CCP, not the time when it is given to patients, should be considered. We observed that early donation correlated with an activation of the lymphatic endothelium, previously found to be essential for rapid migration of T cells to draining lymph nodes, an important mechanism for the resolution of infectious diseases [47]. Furthermore, in this study, an early donation of CCP was also correlated with a preservation of LEC junctions. An adequate permeability of initial lymphatics is crucial for tissue homeostasis and lymphatic function [48]. Increased permeability could promote lymphatic dysfunction and lead to inflammation and edema [48]. In the study by Cromer et al., they show an increased lymphatic permeability, characterized by a decrease in VE-cadherin expression, following a cytokine treatment [48]. Another study confirmed the importance of VE-cadherin expression in lymphatic permeability, as the inhibition of VE-cadherin led to increased permeability [49]. Thus, the decreased permeability of aHDLEC observed in our study suggests a beneficial impact of early donated CCP administration. Another study identified the need to focus on the donation window and highlighted a 60-day post onset of symptoms period for high-titer anti-spike protein CCP [50]. Herein, we describe an additional potential reason to select plasma early following the resolution of symptoms. In this regard, clinical trials may need to consider timing of plasma collection independently of antibody titer since plasma collected late after disease resolution could still be associated with LEC injury despite having high antibody titers.



Bonny et al. quantified cytokine and chemokine levels in CCP and demonstrated higher levels of IFNγ, IL-10, IL-15, IL-21, and MCP-1 compared to plasma of healthy donors [51]. Since the late-donated CCP appears to be more detrimental for the endothelium, we hypothesized that a late donation of CCP would contain more pro-inflammatory mediators than an early donated CCP. We quantified cytokines contained in the convalescent plasma and correlated their levels with the time of donation. A late donation was correlated with higher pro-inflammatory cytokines levels, which could explain the detrimental impact observed on the lymphatic endothelium.



EVs are shown to be able to modulate and regulate the activation of the endothelium by increasing the expression of ICAM-1 [52]. Additionally, Rosell et al. reports that patients infected with COVID-19 have elevated circulating EVs tissue factor activity which is associated with severity of the disease [53]. Krishnamachary et al. also found correlations between severity of the disease and EVs-associated proteins as well as EVs-mediated endothelial apoptosis [54]. EVs can also serve as decoys for neutralizing antibodies and modulate immunity [55]. A review article from Askenase focuses on the involvement of exosomes in convalescent plasma for COVID-19 therapy [56]. Thus, we characterized the EVs population contained in the plasma, focusing on EVs derived from total leucocytes, platelets, erythrocytes as well as blood and lymphatic endothelial cells. In this study, we highlighted an elevated concentration of CD45− podoplanin+ EVs (i.e., LEC-EVs) in early donated plasma, whereas EVs levels from leucocytes, blood endothelial cells, platelets and erythrocytes remained unchanged depending on the time of donation.



We then sought to determine the reason why LEC-EVs are more abundant in early donated plasma. We investigated the impact of LEC-EVs contained in the plasma on a lymphatic endothelium. LEC-EVs correlated with an increase in early apoptosis, but most importantly, a decrease in lymphatic endothelium permeability, as indicated by less ovalbumin diffusing through the endothelium. In several studies, EVs were identified as being used as defense mechanisms for sending alarm signals to target cells [57,58]. They are also present in lymph [31] and can transport microRNA, lipids, proteins and growth factors, among others, and be internalized by lymphatic endothelial cells [30]. EVs can release their content and modify the cellular metabolism and function of targeted cells [57]. In our study, cells incubated with plasma containing high levels of LEC-EVs expressed higher levels of FLT4 and ICAM1, demonstrating a lymphatic endothelium activation following incubation of LEC-EVs-rich CCP.



Given the beneficial impact observed of LEC-EVs contained in the plasma on aHDLEC in culture, we hypothesized that these EVs were secreted by the dysfunctional and ill lymphatic endothelial cells of the donors in the attempt to preserve the surrounding lymphatic cells. To validate this, we examined the state of aHDLEC and correlated their condition to the quantity of EVs secreted in culture. The results observed seemed to corroborate our assumptions. Indeed, aHDLEC in culture secreting the highest amount of EVs were those approaching an inflammatory and apoptotic state, as characterized, respectively, by an increase in mitochondrial ROS production and a sub-G0/G1 phenotype of the cell cycle. Finally, aHDLEC secreting the most amount of EVs were associated with less expression of VEGFR-3, emphasizing the altered state of the lymphatic endothelium. Indeed, in pro-inflammatory conditions, VEGFR-3 is deemed beneficial by promoting lymphangiogenesis and increasing lymphatic contraction capacity, thus limiting inflammation [13,28,29,34,59].




4. Materials and Methods


4.1. Collection of COVID-19 Convalescent Plasma


Plasma from 45 convalescent donors was collected by apheresis [10]. Donors were required to have resolution of symptoms at least 14 days prior to donation and to have been confirmed positive for COVID-19 by PCR testing. The severity of the symptoms was obtained through a questionnaire filled by donors (appended document). Eligible men or women donors (women with no history of pregnancy) gave consent for a plasma donation of 500–700 mL, which was separated into aliquots and frozen at −80 °C. The collection and distribution of the samples was performed and administered by Héma-Québec, an organization that collaborates with several teams studying convalescent plasma, including the team responsible for the pan-Canadian clinical study CONCOR-1. The research project was approved by the Montreal Heart Institute Ethics Committee (protocol #2021-2812) and Héma-Québec (protocol #2020-004) and in accordance with the Declaration of Helsinki.




4.2. Cell Culture


Primary adult human dermal lymphatic endothelial cells (aHDLEC, PromoCell, cat. C-12217) were used in this study and called adult human lymphatic endothelial cells (aHDLEC) throughout the manuscript. The cells were cultured with EGM-MV-2 (supplemented by FCS-25, hEGF-2.5, HC-100, VEGF-0.25, hbFGF-5, R3 IGF-1, AA-500) complete culture medium (PromoCell, cat. C-39221). Heparin (Stemcell Technologies, cat. 07980) at a final concentration of 8 μg/mL was added to basal medium EBM-MV-2 (PromoCell, cat. C-22221) (depleted of fetal bovine serum (FBS) or growth factors) to prevent clotting of the CCP. Antibiotics (Penicillin-Streptomycin, ThermoFisher Scientific, Waltham, Massachusetts, USA, cat. 15140148) at a final concentration of 1%, to ensure inhibition of bacterial growth, were also added to the medium. The cells were used at a passage between 4 and 6, when a confluence of at least 80% was reached. The experimental design of this study is illustrated in Figure S5. Adult HDLEC were treated with 10% convalescent plasma or control plasma for 4 h in EBM-MV-2 and heparin. The control plasma was a commercial human plasma depleted of fibrinogen and treated according to FDA recommendations (SeraConTM II Negative Diluent) and free of any pathogens, including SARS-CoV-2. To mimic the cytokine storm observed in individuals infected with SARS-CoV-2, we added interleukin 6 (IL-6) (PeproTech, cat. 10778-280), tumor necrosis factor alpha (TNFα) (R&D Systems, cat. 210-TA-10), and interferon gamma (IFNɣ) (PeproTech, cat. 10773-476) at final concentrations of 20 ng/mL, 20 ng/mL, and 10 ng/mL, respectively for 20 h. Two additional controls were used in the experiments. The first was an inflamed control, to which cells were incubated with basal medium for 4 h, followed by the cytokines for 20 h. The second one was a healthy control to which the cells were incubated with complete medium for 24 h.




4.3. Production of Reactive Oxygen Species


For detection of mitochondrial ROS production, aHDLEC in 6-well plates following treatment (n = 26) were detached with accutase (Sigma, cat. A6964), centrifuged and transferred to a 96-well plate (Sarstedt, cat. 82.1583). Following centrifugation, aHDLEC were labeled with MitoSOXTM Red probe for 30 min at 37 °C. All samples were analyzed on a flow cytometer (BD FACSCelestaTM). The results obtained were analyzed using FlowJoTM version 10 software (Tree star). The gating strategy is shown in Figure S1A–C. Information on the MitoSOXTM Red probe is described in Table S1. Hydrogen peroxide (H2O2, Sigma, cat. H1009) at 1 mM was used as a positive control for the experiment (Figure S1D). All CCP data were normalized to the control plasma.




4.4. Measurement of Cell Viability


For the measurement of cell viability, treated aHDLEC (n = 26) were centrifuged, resuspended in cold Annexin V buffer 1X (BD BioSciences, cat. 5-66121E) and transferred to a 96-well plate. Following centrifugation, cells were labeled with Annexin V and propidium iodide (PI) for 15 min at room temperature (RT) and cold Annexin V buffer 1X was added. All samples were analyzed in flow cytometry (BD FACSCelestaTM). The results obtained were analyzed using FlowJoTM version 10 software. The gating strategy is shown in Figure S1. Information on Annexin V and PI is described in Table S1. Staurosporine (Cayman, cat. 81590) at 1 μM was used as a positive control for apoptosis in the experiment (Figure S1H). All data were normalized to the control plasma.




4.5. Assessment of Cell-Cycle Distribution


Adult HDLEC were fixed in cold 70% ethanol, washed and stained with a propidium iodide (PI) solution (Biotium cat. #40017), which is fluorogenic and binds to nucleic acids in a stoichiometric manner to allow for the assessment of the proportion of cells in each phase of the cell cycle (pre-replicative (G0/G1), replicative (S) and post-replicative and mitotic cells (G2/M)) [60]. The results obtained were analyzed using ModFit LTTM version 5.0 software (Verity Software House, Topsham, Maine, USA). All CCP data (n = 14) were normalized to the control plasma. Information about the PI solution is described in Table S1.




4.6. Quantification of Receptor-Binding-Domain Antibodies


Antibodies within convalescent plasma were determined by human anti-SARS-CoV-2 S RBD ELISA as previously described [61]. Briefly, recombinant SARS-CoV-2 S RBD protein was prepared [26] and adsorbed (2.5 μg/mL) to plates (Immulon 2 HB, ThermoFisher Scientific) overnight at 4 °C. Coated wells were blocked with a buffer (phosphate-buffered saline (PBS) containing 0.1% Tween 20 and 2% BSA) for 1 h at RT. Diluted plasma (1/100) was incubated with the RBD-coated wells for 1 h at RT followed by an incubation with anti-human polyvalent IgA + IgG + IgM (H + L) conjugated to horseradish peroxidase (HRP) (diluted in blocking buffer) for 1 h at RT. The activity of HRP enzyme was assessed following the addition of 3,3′,5,5′-Tetramethylbenzidine (TMB, ESBE Scientific, Saint Laurent, Canada). The colorimetric reaction proceeded for 20 min at RT and was stopped by addition of H2SO4 1N (ThermoFisher Scientific). The plates were then read within 30 min at 450 nm using a Synergy H1 microplate reader (BioTek).




4.7. Quantification of Plasma Cytokines


Pro- and anti-inflammatory mediators within 41 convalescent plasmas were quantified according to the manufacturer’s protocol (Inflammation 20-plex Human ProcartaPlex Panel, ThermoFisher Scientific, cat. EPX200-12185-901).




4.8. Analyses of Extracellular Vesicles in Plasma and Lymphatic Endothelial Cell Supernatant


For the staining of EVs in plasma (n = 48), 10 μL of CCP or control plasma were added to 90 μL of Annexin V buffer 1X (BD BioSciences, cat. 5-66121E) supplemented with 10 μM D-phenylalanyl-L-prolyl-L-arginine chloromethyl ketone (PPACK) (Cayman, cat. 15160-1). The antibody mix including carboxyfluorescein succinimidyl ester (CFSE) to establish the presence of active esterases and antibodies binding major histocompatibility complex 1 (MHC-I), CD235a, CD45, C-type lectin-like type II (CLEC2), CD62e, and podoplanin with the concentrations described in Table S1 was then performed in Annexin V buffer 1X and filtered through a column (Millipore, cat. UFC500396) centrifuged at 10,000g for 1 min, and 100 μL of the antibody mix was added to the plasma [62].



Stained EVs in CCP and in the supernatant (n = 26) of treated aHDLEC were quantified as described previously [63]. Briefly, samples were processed with a flow cytometer (BD FACSCelestaTM) in which the 450/40 bandpass filter (BV421, violet laser) was manually swapped after cytometer setting and tracking (CS and T) calibration with a 1 mm-thick magnetron sputtered 405/10 bandpass filter (Chroma Technology, Bellows Falls, VT, USA), referred to as V-SSC in this manuscript. Plots and histograms show all parameters in height (indicated as –H), as recommended for EV detection [64]. Events were acquired at a flow rate of 12 µL/min, which is the lowest flow rate on the FACSCelesta. The flow rate during acquisition was kept to a minimum to avoid swarming effects and coincident detection [65]. For a more precise calibration for assessment of biological vesicle size (refractive index in the range 1.36 to 1.42), the flow cytometer was calibrated for EV detection using the ApogeeMix (#1493, Apogee Flow Systems, Hemel Hempstead, UK), which consists of a mixture of non-fluorescent silica beads (180, 240, 300, 590, 880, and 1300 nm) and FITC-fluorescent latex beads (110 and 500 nm) (Figure S6). The EV gate was set to contain events ranging from ~100 to ~1000 nm using the size of the non-fluorescent silica beads in the ApogeeMix, whose refractive index is close to that of cellular membranes [66]. The threshold for the forward scatter (FSC) detector was set at the lowest possible value (200 V) in FACS Diva software (BD Biosciences). The background in the EV gate was determined by running samples containing all reagents and antibodies except EV-containing culture media and was subtracted from the values obtained for samples with EV-containing culture media. Single-labeled tubes and one unlabeled tube were also analyzed to adjust the cytometer voltages, compensations, and to create the analysis strategy shown in Figure S6. To confirm the cellular origin of the extracellular vesicles detected, 0.1% Triton X-100 (0.05% final concentration) was added to the samples for 30 min, and the decrease in EVs count was denoted (Figure S6). Data were analyzed using FlowJoTM software (Tree Star Inc., Ashland, Oregon, USA).



For characterization of EVs in the supernatant of aHDLEC, 50 μL was mixed with 50 μL of Annexin V buffer 1X and all subsequent steps were identical to those for plasma. We characterized the composition of convalescent plasma in EVs by using the gating strategy shown in Figure S6 and Figure 5A–G. The absolute concentration of EVs/mL was calculated using count beads (Apogee Flow System, cat. 1426) and Equation (1), cb, count beads; V, volume; DF, dilution factor; Bg, background sample.


    E V s   =       # E V s   # c b     ×     V c b    ×      i n i t i a l   c b     V t o t a l     × D F     × 1000 −     E V s   i n   B g    



(1)








4.9. Total Cholesterol


Measurement of cholesterol in CCP samples (n = 33) was performed according to the manufacturer’s protocol (Cholesterol E-Test, FUJIFILM Wako Pure Chemical Corporation, cat. 439-17501).




4.10. Messenger RNA Analysis by RT-qPCR


Treated aHDLEC were harvested, suspended in RiboZol™ RNA Extraction Reagent and stored at −80 °C for at least 24 h. The RNA was extracted using the PureLink RNA Mini Kit extraction kit (Invitrogen, cat. 12183025) according to the manufacturer’s protocol and quantified on a NanoDrop™ 1000 Spectrophotometer (ThermoFisher Scientific). Reverse transcription of RNA was performed using the High-Capacity cDNA Reverse Transcription Kit (ThermoFisher Scientific, cat. 4368814). Quantitative PCR was performed on the QuantStudio™ 3 (ThermoFisher Scientific) using 10 ng of complementary DNA (cDNA) mixed with Itaq™ Universal SYBR® Green Supermix (Biorad, cat. 1725121). The primers used are displayed in Table S2. The amplification cycles were performed at 94 °C for 10 s and at 60 °C for 45 s for 40 cycles. The relative expression was calculated by the comparative method of (2−ΔΔCT) and normalized to the housekeeping gene ACTB. All CCP samples were then normalized to the control plasma.




4.11. Immunofluorescence


Adult HDLEC were seeded in 8-well plates (Sigma, cat. PEZGS0816) at 30,000 cells per well until confluence was reached. Following treatment, aHDLEC were incubated with 10 ng/mL Wheat Germ Agglutinin, Alexa FluorTM 488 Conjugate (ThermoFisher Scientific, cat. W11261) for 7.5 min in the dark and fixed in PFA 2% for 25 min. Cells were then blocked in 2% Donkey Serum for 30 min at RT and incubated with anti-VE-Cadherin antibody (Abcam, cat. Ab33168) for 1 h at RT at a final dilution of 1/200. Secondary antibody Alexa FluorTM anti-rabbit 647 (Jackson ImmunoResearch, cat. 711-606-152) was incubated for 1 h at RT at a final dilution of 1/300. Adult HDLEC were then incubated with DAPI (1/250) for 30 min and visualized using an LSM 710 Confocal Microscope (Zeiss) equipped with a x63/1.4 oil dic objective. Images were analyzed using ImageJ software and relative intensity was obtained by normalization of CCP samples (n = 9) to the control plasma.




4.12. Transwell Permeability Assay


Adult HDLEC were seeded in transwell inserts (Corning cat. 3470 and Greiner Bio-one cat. 662640) in a 24-well plate (vWR cat. 10861-700) and treated in the apical side. Inflamed and healthy aHDLEC were used as positive (incubated with basal medium and cytokines) and negative control (incubated with complete medium), respectively. Permeability was assessed by the addition of ovalbumin Alexa FluorTM 488 (50 ng/mL) (Invitrogen cat. 34781) in a phenol-free medium (Promocell, cat. C-22226) for 20 min at RT followed by its recovery in the basolateral region. The medium containing the ovalbumin was transferred in a 96-well black flat plate and its fluorescence was read with the plate reader Synergy 2 (BioTek) with 485/20 nm of excitation and 528/20 nm of emission. All CCP samples (n = 12) were then normalized to the control plasma.




4.13. Immunoblotting


Proteins were extracted from treated aHDLEC using ice-cold radioimmunoprecipitation (RIPA) assay buffer and the protein concentrations were determined using MicroBCA™ Protein Assay Kit (ThermoFisher Scientific, cat. 23235). Protein samples were diluted in 4× Laemmli buffer, heated at 95 °C for 5 min and separated by electrophoresis on a 7.5% SDS-PAGE. Proteins were then transferred on a poly (vinylidene fluoride) (PVDF) membrane overnight at 4 °C. The membranes were blocked with 5% nonfat dry milk or 5% bovine serum albumin (BSA) in Tris-buffered saline (TBST, 0.1% Tween 20) for 2 h at RT, then incubated with an anti-VE-Cadherin (Abcam, cat. Ab33168), anti-phospho-VE-Cadherin (Invitrogen, cat. 44-11446), anti-VEGFR-3 (ProteinTech, cat. 20712-1-AP) and anti-α/ß tubulin (Cell Signaling, cat. 2148) overnight at 4 °C. The membranes were incubated with HRP-conjugated secondary anti-rabbit (Abcam, cat. Ab6721) and anti-mouse (ThermoFisher Scientific, cat. PR-W4021) antibodies for 1 h at RT. An ECL Blotting Substrates Kit (ThermoFisher Scientific, cat. PI32209) was used for detection. Each plasma sample (n = 24–26) was normalized with its respective non-phosphorylated or α/ß-tubulin expression followed by a normalization on the control plasma expression.




4.14. Statistical Analysis


Normally distributed data are represented as mean and standard deviation (SD), whereas non-normally distributed data are represented as median and interquartile range. For continuous variables passing the Shapiro–Wilk normality test, a two-tailed Pearson’s correlation was performed. For variables that did not pass the normality test, a logarithmic or square-root transformation (if the previous one failed to normalize the data) was performed to obtain a homogeneous distribution. For the variables that still did not pass the normality test following the transformation, the initial values were used, but a non-parametric two-tailed Spearman’s correlation was performed. Finally, in Figure 5H, a Kruskal–Wallis test with a Dunn post hoc test was used. Multiple linear regression was performed using forward method, whenever more than one variable from the univariate analysis was associated with the tested outcome. Reported p values are two-sided and the significance level was p < 0.05 for all statistical tests. Analyses were performed using SPSS version 27 software and figures were represented using Prism version 9 software (GraphPad).





5. Conclusions


In conclusion, we reported in this study a new and easily measurable parameter to take into consideration for the selection of CCP used in CPT. Our results demonstrate that an early donation of convalescent plasma could protect against lymphatic dysfunction, as it contains circulating LEC-EVs. We envision that the secretion of LEC-EVs by an impaired endothelium could be an alarm signal that instigates the self-defense of peripheral lymphatic vessels against an excessive inflammation. Contrariwise, a late donation could promote loss of endothelial integrity and increased permeability of the lymphatic endothelium. Dysfunctional lymphatic drainage could alter the clearance of immune cells and pro-inflammatory mediators, leading to the exacerbation of inflammation in infected COVID-19 patients. Accordingly, an easy and efficient selection of convalescent plasma based on time of donation would be essential to promote the preservation of the lymphatic and immune system of infected patients. Further clinical trials are needed to investigate whether early donations of CCP would be beneficial for the well-being of infected and hospitalized patients.



In terms of limitations, the recruitment of patients occurred solely during the first half-year of the pandemic, which prevented a thorough and longitudinal follow up of donors, and excluded the effect of vaccine. A restricted amount of CCP donors is also another limitation of this study. The severity of the disease was based on self-assessment, and thus graded by donors themselves using a self-questionnaire. Clinical parameters that could have been insightful for the analysis of this study, such as body mass index, history of cardiac events and medications, were also unavailable. Finally, the total count of EVs produced by aHDLEC in vitro was calculated based on the total number found in the media minus the number of EVs contained in the plasma that was incubated on the lymphatic endothelial cell monolayer.








Supplementary Materials


The following supporting information can be downloaded at: https://www.mdpi.com/article/10.3390/ph15030365/s1, Figure S1: Gating strategy in flow cytometry for reactive oxygen species production and cellular viability. Figure S2: Endothelial activation markers are predictors of preserved endothelial integrity; Figure S3: No significant correlations between extracellular vesicles and time of donation of COVID-19 convalescent plasma; Figure S4. VEGFR-3 mRNA expression correlates to a preserved endothelial integrity; Figure S5: Experimental design; Figure S6: Flow cytometry plots gating for the identification of extracellular vesicles; Table S1: List of conjugated antibodies and markers used for flow cytometry; Table S2: List of sequences for PCR primers used throughout the study.





Author Contributions


Conceptualization, N.T. and C.M.; methodology, N.A., R.B. (Rémi Bégin), N.T. and C.M.; formal analysis, N.A. and R.B. (Rémi Bégin); assisted on the EVs characterization, staining and analyses, L.V. (Laurent Vachon); Performed the confocal microscopy experiments, L.V. (Louis Villeneuve); provided CCP samples and anti-RBD measurements, R.B. (Renée Bazin); realized the multiplex assay on the COVID-19 Convalescent Plasma, L.L.; writing—original draft preparation, N.A., R.B. (Rémi Bégin) and C.M.; writing—review and editing, N.A., R.B. (Rémi Bégin), N.T., P.B. and C.M.; supervision, C.M.; project administration, C.M.; funding acquisition, C.M. All authors have read and agreed to the published version of the manuscript.




Funding


This research was funded by the Canadian Institutes for Health Research (Canada Research Chair to C.M. (950-232250) and MSc training grant to L.V. (Laurent Vachon)) and the Montreal Heart Institute Foundation (to C.M.).




Institutional Review Board Statement


The study was conducted in accordance with the Declaration of Helsinki, and approved by the Ethics Committee of the Montreal Heart Institute (protocol #2021-2812 approved on 17 September 2020) and Héma-Québec (protocol #2020-004 approved on 12 June 2020).




Informed Consent Statement


Informed consent was obtained from all subjects involved in the study.




Data Availability Statement


Data is contained within the article and Supplementary Materials.




Acknowledgments


The authors acknowledge Annik Fortier from the Department of Statistics, Montreal Health Innovations Coordinating Center (MHICC), Montréal, Québec, Canada for the verification of the quality of statistical analysis and Amal Deis for her assistance with the validation of primers and the Western blots experiment.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



WHO. World Health Organization Coronavirus Disease (COVID-19) Dashboard; World Health Organization: Geneve, Switzerland, 2020. [Google Scholar]

	



Del Rio, C.; Collins, L.F.; Malani, P. Long-term Health Consequences of COVID-19. JAMA 2020, 324, 1723–1724. [Google Scholar] [CrossRef] [PubMed]

	



Amraei, R.; Rahimi, N. COVID-19, Renin-Angiotensin System and Endothelial Dysfunction. Cells 2020, 9, 1652. [Google Scholar] [CrossRef] [PubMed]

	



Rauch, A.; Dupont, A.; Goutay, J.; Caplan, M.; Staessens, S.; Moussa, M.; Jeanpierre, E.; Corseaux, D.; Lefevre, G.; Lassalle, F.; et al. Endotheliopathy is induced by plasma from critically-ill patients and associated with organ failure in severe COVID-19. Circulation 2020, 142, 1881–1884. [Google Scholar] [CrossRef] [PubMed]

	



Varga, Z.; Flammer, A.J.; Steiger, P.; Haberecker, M.; Andermatt, R.; Zinkernagel, A.S.; Mehra, M.R.; Schuepbach, R.A.; Ruschitzka, F.; Moch, H. Endothelial cell infection and endotheliitis in COVID-19. Lancet 2020, 395, 1417–1418. [Google Scholar] [CrossRef]

	



Chioh, F.W.J.; Fong, S.-W.; Young, B.E.; Wu, K.-X.; Siau, A.; Krishnan, S.; Chan, Y.-H.; Carissimo, G.; Teo, L.L.Y.; Gao, F.; et al. Convalescent COVID-19 patients are susceptible to endothelial dysfunction due to persistent immune activation. eLife 2021, 10, e64909. [Google Scholar] [CrossRef] [PubMed]

	



Joyner, M.J.; Carter, R.E.; Senefeld, J.W.; Klassen, S.A.; Mills, J.R.; Johnson, P.W.; Theel, E.S.; Wiggins, C.C.; Bruno, K.A.; Klompas, A.M.; et al. Convalescent Plasma Antibody Levels and the Risk of Death from Covid-19. N. Engl. J. Med. 2021, 384, 1015–1027. [Google Scholar] [CrossRef] [PubMed]

	



RECOVERY Collaborative Group. Convalescent plasma in patients admitted to hospital with COVID-19 (RECOVERY): A randomised controlled, open-label, platform trial. Lancet 2021, 397, 2049–2059. [Google Scholar] [CrossRef]

	



Writing Committee for the REMAP-CAP Investigators. Effect of Convalescent Plasma on Organ Support–Free Days in Critically Ill Patients with COVID-19: A Randomized Clinical Trial. JAMA 2021, 326, 1690–1702. [Google Scholar] [CrossRef]

	



Bégin, P.; Callum, J.; Jamula, E.; Cook, R.; Heddle, N.M.; Tinmouth, A.; Zeller, M.P.; Beaudoin-Bussières, G.; Amorim, L.; Bazin, R.; et al. Convalescent plasma for hospitalized patients with COVID-19: An open-label, randomized controlled trial. Nat. Med. 2021, 27, 2012–2024. [Google Scholar] [CrossRef]

	



Piechotta, V.; Iannizzi, C.; Chai, K.L.; Valk, S.J.; Kimber, C.; Dorando, E.; Monsef, I.; Wood, E.M.; Lamikanra, A.A.; Roberts, D.J.; et al. Convalescent plasma or hyperimmune immunoglobulin for people with COVID-19: A living systematic review. Cochrane Database Syst. Rev. 2021, 5, Cd013600. [Google Scholar] [CrossRef] [PubMed]

	



Sullivan, D.J.; Gebo, K.A.; Shoham, S.; Bloch, E.M.; Lau, B.; Shenoy, A.G.; Mosnaim, G.S.; Gniadek, T.J.; Fukuta, Y.; Patel, B.; et al. Randomized Controlled Trial of Early Outpatient COVID-19 Treatment with High-Titer Convalescent Plasma. medRxiv 2021, 21267485. [Google Scholar] [CrossRef]

	



Milasan, A.; Smaani, A.; Martel, C. Early rescue of lymphatic function limits atherosclerosis progression in Ldlr mice. Atherosclerosis 2019, 283, 106–119. [Google Scholar] [CrossRef]

	



Tammela, T.; Alitalo, K. Lymphangiogenesis: Molecular mechanisms and future promise. Cell 2010, 140, 460–476. [Google Scholar] [CrossRef]

	



Schwager, S.; Detmar, M. Inflammation and Lymphatic Function. Front. Immunol. 2019, 10, 308. [Google Scholar] [CrossRef]

	



Zhang, Y.; Garner, R.; Salehi, S.; La Rocca, M.; Duncan, D. Association between ABO blood types and coronavirus disease 2019 (COVID-19), genetic associations, and underlying molecular mechanisms: A literature review of 23 studies. Ann. Hematol. 2021, 100, 1123–1132. [Google Scholar] [CrossRef]

	



Hariyanto, T.I.; Kurniawan, A. Dyslipidemia is associated with severe coronavirus disease 2019 (COVID-19) infection. Diabetes Metab. Syndr. Clin. Res. Rev. 2020, 14, 1463–1465. [Google Scholar] [CrossRef]

	



De Candia, P.; Prattichizzo, F.; Garavelli, S.; La Grotta, R.; De Rosa, A.; Pontarelli, A.; Parrella, R.; Ceriello, A.; Matarese, G. Effect of time and titer in convalescent plasma therapy for COVID-19. iScience 2021, 24, 102898. [Google Scholar] [CrossRef]

	



Figueiredo-Campos, P.; Blankenhaus, B.; Mota, C.; Gomes, A.; Serrano, M.; Ariotti, S.; Costa, C.; Nunes-Cabaço, H.; Mendes, A.M.; Gaspar, P.; et al. Seroprevalence of anti-SARS-CoV-2 antibodies in COVID-19 patients and healthy volunteers up to 6 months post disease onset. Eur. J. Immunol. 2020, 50, 2025–2040. [Google Scholar] [CrossRef]

	



Redza-Dutordoir, M.; Averill-Bates, D.A. Activation of apoptosis signalling pathways by reactive oxygen species. Biochim. Biophys. Acta 2016, 1863, 2977–2992. [Google Scholar] [CrossRef]

	



Laforge, M.; Elbim, C.; Frère, C.; Hémadi, M.; Massaad, C.; Nuss, P.; Benoliel, J.-J.; Becker, C. Tissue damage from neutrophil-induced oxidative stress in COVID-19. Nat. Rev. Immunol. 2020, 20, 515–516. [Google Scholar] [CrossRef]

	



Casadevall, A.; Joyner, M.J.; Pirofski, L.A. SARS-CoV-2 viral load and antibody responses: The case for convalescent plasma therapy. J. Clin. Investig. 2020, 130, 5112–5114. [Google Scholar] [CrossRef]

	



Gallo Marin, B.; Aghagoli, G.; Lavine, K.; Yang, L.; Siff, E.J.; Chiang, S.S.; Salazar-Mather, T.P.; Dumenco, L.; Savaria, M.C.; Aung, S.N.; et al. Predictors of COVID-19 severity: A literature review. Rev. Med. Virol. 2021, 31, e2146. [Google Scholar] [CrossRef]

	



Wang, Y.; Zhang, L.; Sang, L.; Ye, F.; Ruan, S.; Zhong, B.; Song, T.; Alshukairi, A.N.; Chen, R.; Zhang, Z.; et al. Kinetics of viral load and antibody response in relation to COVID-19 severity. J. Clin. Investig. 2020, 130, 5235–5244. [Google Scholar] [CrossRef]

	



Garcia-Beltran, W.F.; Lam, E.C.; Astudillo, M.G.; Yang, D.; Miller, T.E.; Feldman, J.; Hauser, B.M.; Caradonna, T.M.; Clayton, K.L.; Nitido, A.D.; et al. COVID-19-neutralizing antibodies predict disease severity and survival. Cell 2021, 184, 476–488.e411. [Google Scholar] [CrossRef]

	



Beaudoin-Bussières, G.; Laumaea, A.; Anand, S.P.; Prévost, J.; Gasser, R.; Goyette, G.; Medjahed, H.; Perreault, J.; Tremblay, T.; Lewin, A.; et al. Decline of Humoral Responses against SARS-CoV-2 Spike in Convalescent Individuals. mBio 2020, 11, e02590-20. [Google Scholar] [CrossRef]

	



Anand, S.P.; Prévost, J.; Nayrac, M.; Beaudoin-Bussières, G.; Benlarbi, M.; Gasser, R.; Brassard, N.; Laumaea, A.; Gong, S.Y.; Bourassa, C.; et al. Longitudinal analysis of humoral immunity against SARS-CoV-2 Spike in convalescent individuals up to 8 months post-symptom onset. Cell Rep. Med. 2021, 2, 100290. [Google Scholar] [CrossRef] [PubMed]

	



Huggenberger, R.; Ullmann, S.; Proulx, S.T.; Pytowski, B.; Alitalo, K.; Detmar, M. Stimulation of lymphangiogenesis via VEGFR-3 inhibits chronic skin inflammation. J. Exp. Med. 2010, 207, 2255–2269. [Google Scholar] [CrossRef] [PubMed]

	



Kajiya, K.; Sawane, M.; Huggenberger, R.; Detmar, M. Activation of the VEGFR-3 Pathway by VEGF-C Attenuates UVB-Induced Edema Formation and Skin Inflammation by Promoting Lymphangiogenesis. J. Investig. Dermatol. 2009, 129, 1292–1298. [Google Scholar] [CrossRef]

	



Milasan, A.; Farhat, M.; Martel, C. Extracellular Vesicles as Potential Prognostic Markers of Lymphatic Dysfunction. Front. Physiol. 2020, 11, 476. [Google Scholar] [CrossRef] [PubMed]

	



Milasan, A.; Tessandier, N.; Tan, S.; Brisson, A.; Boilard, E.; Martel, C. Extracellular vesicles are present in mouse lymph and their level differs in atherosclerosis. J. Extracell. Vesicles 2016, 5, 31427. [Google Scholar] [CrossRef] [PubMed]

	



Hsiao, C.-J.; Hsiao, G.; Chen, W.-L.; Wang, S.-W.; Chiang, C.-P.; Liu, L.-Y.; Guh, J.-H.; Lee, T.-H.; Chung, C.-L. Cephalochromin Induces G0/G1 Cell Cycle Arrest and Apoptosis in A549 Human Non-Small-Cell Lung Cancer Cells by Inflicting Mitochondrial Disruption. J. Nat. Prod. 2014, 77, 758–765. [Google Scholar] [CrossRef]

	



Ohi, R.; Gould, K.L. Regulating the onset of mitosis. Curr. Opin. Cell Biol. 1999, 11, 267–273. [Google Scholar] [CrossRef]

	



Huggenberger, R.; Siddiqui, S.S.; Brander, D.; Ullmann, S.; Zimmermann, K.; Antsiferova, M.; Werner, S.; Alitalo, K.; Detmar, M. An important role of lymphatic vessel activation in limiting acute inflammation. Blood 2011, 117, 4667–4678. [Google Scholar] [CrossRef]

	



Jurisic, G.; Sundberg, J.P.; Detmar, M. Blockade of VEGF receptor-3 aggravates inflammatory bowel disease and lymphatic vessel enlargement. Inflamm. Bowel. Dis. 2013, 19, 1983–1989. [Google Scholar] [CrossRef]

	



Reed, H.O.; Wang, L.; Sonett, J.; Chen, M.; Yang, J.; Li, L.; Aradi, P.; Jakus, Z.; D’Armiento, J.; Hancock, W.W.; et al. Lymphatic impairment leads to pulmonary tertiary lymphoid organ formation and alveolar damage. J. Clin. Investig. 2019, 129, 2514–2526. [Google Scholar] [CrossRef]

	



Cheng, Y.; Wong, R.; Soo, Y.O.; Wong, W.S.; Lee, C.K.; Ng, M.H.; Chan, P.; Wong, K.C.; Leung, C.B.; Cheng, G. Use of convalescent plasma therapy in SARS patients in Hong Kong. Eur. J. Clin. Microbiol. Infect. Dis. 2005, 24, 44–46. [Google Scholar] [CrossRef]

	



Zhang, J.S.; Chen, J.T.; Liu, Y.X.; Zhang, Z.S.; Gao, H.; Liu, Y.; Wang, X.; Ning, Y.; Liu, Y.F.; Gao, Q.; et al. A serological survey on neutralizing antibody titer of SARS convalescent sera. J. Med. Virol. 2005, 77, 147–150. [Google Scholar] [CrossRef]

	



Van Griensven, J.; Edwards, T.; de Lamballerie, X.; Semple, M.G.; Gallian, P.; Baize, S.; Horby, P.W.; Raoul, H.; Magassouba, N.; Antierens, A.; et al. Evaluation of Convalescent Plasma for Ebola Virus Disease in Guinea. N. Engl. J. Med. 2016, 374, 33–42. [Google Scholar] [CrossRef]

	



Frame, J.D.; Verbrugge, G.P.; Gill, R.G.; Pinneo, L. The use of Lassa fever convalescent plasma in Nigeria. Trans. R. Soc. Trop. Med. Hyg. 1984, 78, 319–324. [Google Scholar] [CrossRef]

	



Russell, P.S.; Hong, J.; Windsor, J.A.; Itkin, M.; Phillips, A.R.J. Renal Lymphatics: Anatomy, Physiology, and Clinical Implications. Front. Physiol. 2019, 10, 251. [Google Scholar] [CrossRef]

	



Estaquier, J.; Vallette, F.; Vayssiere, J.L.; Mignotte, B. The mitochondrial pathways of apoptosis. Adv. Exp. Med. Biol. 2012, 942, 157–183. [Google Scholar] [CrossRef] [PubMed]

	



Elmore, S. Apoptosis: A Review of Programmed Cell Death. Toxicol. Pathol. 2007, 35, 495–516. [Google Scholar] [CrossRef] [PubMed]

	



Yang, Y.; Jiang, G.; Zhang, P.; Fan, J. Programmed cell death and its role in inflammation. Mil. Med. Res. 2015, 2, 12. [Google Scholar] [CrossRef] [PubMed]

	



Libster, R.; Pérez Marc, G.; Wappner, D.; Coviello, S.; Bianchi, A.; Braem, V.; Esteban, I.; Caballero, M.T.; Wood, C.; Berrueta, M.; et al. Early High-Titer Plasma Therapy to Prevent Severe Covid-19 in Older Adults. N. Engl. J. Med. 2021, 384, 610–618. [Google Scholar] [CrossRef] [PubMed]

	



Korley, F.K.; Durkalski-Mauldin, V.; Yeatts, S.D.; Schulman, K.; Davenport, R.D.; Dumont, L.J.; El Kassar, N.; Foster, L.D.; Hah, J.M.; Jaiswal, S.; et al. Early Convalescent Plasma for High-Risk Outpatients with Covid-19. N. Engl. J. Med. 2021, 385, 1951–1960. [Google Scholar] [CrossRef] [PubMed]

	



Teijeira, A.; Hunter, M.C.; Russo, E.; Proulx, S.T.; Frei, T.; Debes, G.F.; Coles, M.; Melero, I.; Detmar, M.; Rouzaut, A.; et al. T Cell Migration from Inflamed Skin to Draining Lymph Nodes Requires Intralymphatic Crawling Supported by ICAM-1/LFA-1 Interactions. Cell Rep. 2017, 18, 857–865. [Google Scholar] [CrossRef] [PubMed]

	



Cromer, W.E.; Zawieja, S.D.; Tharakan, B.; Childs, E.W.; Newell, M.K.; Zawieja, D.C. The effects of inflammatory cytokines on lymphatic endothelial barrier function. Angiogenesis 2014, 17, 395–406. [Google Scholar] [CrossRef] [PubMed]

	



Jannaway, M.; Scallan, J.P. VE-Cadherin and Vesicles Differentially Regulate Lymphatic Vascular Permeability to Solutes of Various Sizes. Front. Physiol. 2021, 12, 687563. [Google Scholar] [CrossRef]

	



Wirz, O.F.; Röltgen, K.; Stevens, B.A.; Pandey, S.; Sahoo, M.K.; Tolentino, L.; Verghese, M.; Nguyen, K.; Hunter, M.; Snow, T.T.; et al. Use of Outpatient-Derived COVID-19 Convalescent Plasma in COVID-19 Patients Before Seroconversion. Front. Immunol. 2021, 12, 739037. [Google Scholar] [CrossRef]

	



Bonny, T.S.; Patel, E.U.; Zhu, X.; Bloch, E.M.; Grabowski, M.K.; Abraham, A.G.; Littlefield, K.; Shrestha, R.; Benner, S.E.; Laeyendecker, O.; et al. Cytokine and Chemokine Levels in Coronavirus Disease 2019 Convalescent Plasma. Open Forum. Infect. Dis. 2021, 8, ofaa574. [Google Scholar] [CrossRef]

	



Barry, O.P.; Praticò, D.; Savani, R.C.; FitzGerald, G.A. Modulation of monocyte-endothelial cell interactions by platelet microparticles. J. Clin. Investig. 1998, 102, 136–144. [Google Scholar] [CrossRef]

	



Rosell, A.; Havervall, S.; Meijenfeldt, F.V.; Hisada, Y.; Aguilera, K.; Grover, S.P.; Lisman, T.; Mackman, N.; Thålin, C. Patients with COVID-19 Have Elevated Levels of Circulating Extracellular Vesicle Tissue Factor Activity That Is Associated with Severity and Mortality—Brief Report. Arterioscler. Thromb. Vasc. Biol. 2021, 41, 878–882. [Google Scholar] [CrossRef]

	



Krishnamachary, B.; Cook, C.; Kumar, A.; Spikes, L.; Chalise, P.; Dhillon, N.K. Extracellular vesicle-mediated endothelial apoptosis and EV-associated proteins correlate with COVID-19 disease severity. J. Extracell. Vesicles 2021, 10, e12117. [Google Scholar] [CrossRef]

	



Troyer, Z.; Alhusaini, N.; Tabler, C.O.; Sweet, T.; de Carvalho, K.I.L.; Schlatzer, D.M.; Carias, L.; King, C.L.; Matreyek, K.; Tilton, J.C. Extracellular vesicles carry SARS-CoV-2 spike protein and serve as decoys for neutralizing antibodies. J. Extracell. Vesicles 2021, 10, e12112. [Google Scholar] [CrossRef]

	



Askenase, P.W. COVID-19 therapy with mesenchymal stromal cells (MSC) and convalescent plasma must consider exosome involvement: Do the exosomes in convalescent plasma antagonize the weak immune antibodies? J. Extracell. Vesicles 2020, 10, e12004. [Google Scholar] [CrossRef]

	



Yáñez-Mó, M.; Siljander, P.R.; Andreu, Z.; Zavec, A.B.; Borràs, F.E.; Buzas, E.I.; Buzas, K.; Casal, E.; Cappello, F.; Carvalho, J.; et al. Biological properties of extracellular vesicles and their physiological functions. J. Extracell. Vesicles 2015, 4, 27066. [Google Scholar] [CrossRef]

	



Simeone, P.; Bologna, G.; Lanuti, P.; Pierdomenico, L.; Guagnano, M.T.; Pieragostino, D.; Del Boccio, P.; Vergara, D.; Marchisio, M.; Miscia, S.; et al. Extracellular Vesicles as Signaling Mediators and Disease Biomarkers across Biological Barriers. Int. J. Mol. Sci. 2020, 21, 2514. [Google Scholar] [CrossRef]

	



Breslin, J.W.; Gaudreault, N.; Watson, K.D.; Reynoso, R.; Yuan, S.Y.; Wu, M.H. Vascular endothelial growth factor-C stimulates the lymphatic pump by a VEGF receptor-3-dependent mechanism. Am. J. Physiol. Heart Circ. Physiol. 2007, 293, H709–H718. [Google Scholar] [CrossRef]

	



Riccardi, C.; Nicoletti, I. Analysis of apoptosis by propidium iodide staining and flow cytometry. Nat. Protoc. 2006, 1, 1458–1461. [Google Scholar] [CrossRef]

	



Perreault, J.; Tremblay, T.; Fournier, M.-J.; Drouin, M.; Beaudoin-Bussières, G.; Prévost, J.; Lewin, A.; Bégin, P.; Finzi, A.; Bazin, R. Waning of SARS-CoV-2 RBD antibodies in longitudinal convalescent plasma samples within 4 months after symptom onset. Blood 2020, 136, 2588–2591. [Google Scholar] [CrossRef]

	



Morales-Kastresana, A.; Telford, B.; Musich, T.A.; McKinnon, K.; Clayborne, C.; Braig, Z.; Rosner, A.; Demberg, T.; Watson, D.C.; Karpova, T.S.; et al. Labeling Extracellular Vesicles for Nanoscale Flow Cytometry. Sci. Rep. 2017, 7, 1878. [Google Scholar] [CrossRef] [PubMed]

	



Vachon, L.; Smaani, A.; Tessier, N.; Jean, G.; Demers, A.; Milasan, A.; Ardo, N.; Jarry, S.; Villeneuve, L.; Alikashani, A.; et al. Downregulation of low-density lipoprotein receptor mRNA in lymphatic endothelial cells impairs lymphatic function through changes in intracellular lipids. Theranostics 2021, 12, 1440–1458. [Google Scholar] [CrossRef] [PubMed]

	



Poncelet, P.; Robert, S.; Bailly, N.; Garnache-Ottou, F.; Bouriche, T.; Devalet, B.; Segatchian, J.H.; Saas, P.; Mullier, F. Tips and tricks for flow cytometry-based analysis and counting of microparticles. Transfus. Apher. Sci. 2015, 53, 110–126. [Google Scholar] [CrossRef] [PubMed]

	



Poncelet, P.; Robert, S.; Bouriche, T.; Bez, J.; Lacroix, R.; Dignat-George, F. Standardized counting of circulating platelet microparticles using currently available flow cytometers and scatter-based triggering: Forward or side scatter? Cytom. A 2016, 89, 148–158. [Google Scholar] [CrossRef] [PubMed]

	



Beuthan, J.; Minet, O.; Helfmann, J.; Herrig, M.; Muller, G. The spatial variation of the refractive index in biological cells. Phys. Med. Biol. 1996, 41, 369–382. [Google Scholar] [CrossRef] [PubMed]








[image: Pharmaceuticals 15 00365 g001 550] 





Figure 1. Elevated antibody concentrations and prolonged symptoms are detrimental for the lymphatic endothelium integrity. (A) Correlation between the duration of symptoms (square-root transformation) and the concentration of plasmatic SARS-CoV-2- receptor-binding-domain antibodies measured by ELISA. (B) Correlation between the duration of symptoms and MitoSOXTM Red-negative cells measured by flow cytometry after incubating aHDLEC with convalescent plasma for 4 h and cytokines cocktail for 20 h. (C) Correlation between the concentration of plasmatic RBD antibodies measured by ELISA and the permeability of the endothelium measured by spectrophotometry (absorbance of OVA-488) after incubating human LEC with convalescent plasma for 4 h and cytokines cocktail for 20 h. Each point represents a treatment. Significance (p < 0.05) was determined by a Pearson correlation. A square-root transformation of the duration of symptoms to reach normal distribution was performed. RBD—receptor-binding domain; O.D—optical density; OVA—ovalbumin; aHDLEC—adult human dermal lymphatic endothelial cells. 
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Figure 2. The severity of symptoms correlates with the duration of symptoms, age, receptor-binding-domain antibodies of donors and cell viability of lymphatic endothelial cells. (A) Severity was quantified using a questionnaire answered by donors and graded as follows: asymptomatic, mild, moderate and severe. Severe symptoms were correlated with a higher duration of symptoms (square-root transformation to reach a normal distribution). (B) Correlations between severity of the symptoms and the age of the donors were performed. (C) Severity was correlated with the concentration of antibodies measured by ELISA. (D,E) Treated aHDLEC were labeled with Annexin V and PI and analyzed by flow cytometry. The severity of the symptoms was correlated with cells in late apoptosis/necrosis (D) and in early apoptosis (E) represented by Annexin V- and PI-positive cells and Annexin V-positive and PI-negative cells, respectively. Cells are given as percentages relative to cells treated with control plasma. Significance was determined by a Spearman correlation. p < 0.05 was considered significant. RBD, receptor-binding domain; O.D, optical density; PI, propidium iodide; aHDLEC, adult human dermal lymphatic endothelial cells. 
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Figure 3. Early donation of COVID-19 convalescent plasma is a good predictor of preserved endothelial integrity. (A,B) Treated aHDLEC (convalescent plasma for 4 h and cytokines for 20 h) were harvested and the mRNA expression, measured by RT-qPCR, of SELE (A) and ICAM1 (B) was correlated with the time of donation since the onset of symptoms. (C) Following treatment, cells were fixed in paraformaldehyde (PFA) 2% and incubated with anti-VE-Cadherin antibodies. The intensity of VE-Cadherin relative to cells treated with control plasma was correlated to the duration between the onset of symptoms and the donation. (D) Immunofluorescence images of treated aHDLEC incubated with CCP donated at 27 days (upper panels) and 101 days (lower panels) post onset of symptoms. The left panels show the expression of VE-Cadherin and DAPI, whereas the middle panel represents the WGA staining. The right panels show the representation of the merged staining. Scale bar = 50 μm. (E) VE-Cadherin mRNA expression was correlated to the duration between the onset of symptoms and donation (∆). (F) Endothelial permeability was analyzed by the relative concentration of ovalbumin-488 measured following migration through the endothelium compared to control. The concentration of OVA-488 was correlated with the duration between the onset of symptoms and the donation. Significance was determined by Pearson correlation and p < 0.05 was considered significant. ∆, time of donation since onset of symptoms; SELE, gene coding for E-selectin; ICAM1, gene coding for intercellular adhesion molecule 1; WGA, wheat germ agglutinin; CDH5, gene coding for VE-Cadherin; OVA, ovalbumin; aHDLEC, adult human dermal lymphatic endothelial cells; CCP, COVID-19 convalescent plasma. 
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Figure 4. Late donation correlates with higher concentration of circulating pro-inflammatory cytokines. (A–I). Concentration of pro-inflammatory cytokines and mediators contained in the convalescent plasma was analyzed using a Multiplex kit. The duration between onset of symptoms and donation (∆) was correlated to interleukin 1 beta (IL-1β) (A), IL-13 (B), IL-12 p70 (C), interferon gamma (IFNγ) (D), IL17A (E), IP-10 (F), MIP1 (G), IFNα (H) and IL-1α (I). Significance was determined by a Pearson correlation and p < 0.05 was considered significant. ∆, time of donation since onset of symptoms. IL, interleukin; IFN, interferon; IP10, interferon gamma-induced protein 10; MIP1, macrophage inflammatory protein 1. 
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Figure 5. Characterization of extracellular vesicles and correlation with duration between onset of symptoms and donation. (A–G) EVs gating strategy (side scatter) for CFSE+ EVs (A), MHCI+ EVs (B), CD45+ EVs (C), CD235+ EVs (D), CD45− podoplanin+ EVs (E), CD62e+ EVs (F) and CLEC2+ EVs (G). (H) Concentration of EVs in CCP measured by flow cytometry. Kruskal–Wallis test with a Dunn post hoc test was performed. (I) Concentration of CD45− podoplanin+ EVs in convalescent plasma and correlation with the duration between the onset of symptoms and the donation. Significance was determined by a Pearson correlation after a logarithmic transformation of CD45− podoplanin+ EVs concentration to reach a normal distribution. p < 0.05 was considered significant. **** p < 0.0001 significantly different from podoplanin+ EVs. #### p < 0.0001 significantly different from CD62e+ EVs. EVs, extracellular vesicles; CCP, COVID-19 convalescent plasma; CFSE, carboxyfluorescein succinimidyl ester; MHCI, major histocompatibility complex I; PDPN, podoplanin; CLEC2, C-type lectin-like type II; ∆, time of donation since onset of symptoms. 
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Figure 6. Secretion of lymphatic endothelial cells derived extracellular vesicles is a marker of impaired integrity. (A) Treated aHDLEC (convalescent plasma for 4 h and cytokines for 20 h) labeled by the MitoSOXTM Red probe and correlated with the quantity of EVs shed by the lymphatic endothelial cells. (B,C) Cells in sub-G0/G1 (B) and G2/M (C) phases of the cell cycle, determined by cell cycle analysis using PI, were correlated to the quantity of EVs secreted by the lymphatic endothelium. (D,E). Treated aHDLEC were harvested and expression of FLT4 was assessed by RT-qPCR (D) and immunoblot (E) followed by a normalization onto the expression of ACTB or α/ß tubulin, respectively. The measured expression of VEGFR-3 was then correlated with the quantity of EVs secreted by the endothelium. (F) Immunoblot analysis for VEGFR-3 and the loading control α/ß tubulin. The left panel represents aHDLEC secreting low quantities of CD45− podoplanin+ EVs (less than 120,000 EVs) following incubation with CCP, and the right represents aHDLEC secreting high quantities of CD45− podoplanin+ EVs (more than 380,000 EVs). Significance was determined by a Pearson correlation and p < 0.05 was considered significant. EVs, extracellular vesicles; PI, propidium iodide; CCP, COVID-19 convalescent plasma; VEGFR-3, vascular endothelial growth factor receptor 3; FLT4, gene coding for VEGFR-3; aHDLEC, adult human dermal lymphatic endothelial cells; AU, arbitrary unit. 
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Table 1. Clinical parameters of donors of convalescent plasma.
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	Variables
	





	Age, years
	41 ± 14



	Female sex, n (%)
	17 (38%)



	Duration of symptoms, days (IQR)
	14 (10–20)



	Time of donation, days
	67 ± 25



	ABO Blood group, n (%)
	



	O
	18 (40)



	A
	15 (33)



	B
	5 (11)



	AB
	7 (16)



	Rhesus, n (%)
	



	Positive
	38 (84)



	Negative
	7 (16)



	Severity, n (%)
	



	Asymptomatic
	1 (2)



	Mild
	12 (27)



	Moderate
	9 (20)



	Severe
	7 (16)



	Loss of smell/taste, n (%)
	



	Yes
	20 (44)



	No
	7 (16)



	Unknown
	18 (40)



	O.D RBD-antibody concentrations, AU (min, max)
	1.08 ± 0.54 (0.26, 2.41)



	Total cholesterol, mg/dL
	188.5 ± 45.1







Values are given as mean ± standard deviation, unless mentioned otherwise. Duration of symptoms is not normally distributed; its value is given as median and interquartile range (IQR). Severity was graded following a questionnaire answered by donors. O.D, optical density; RBD, receptor-binding domain; AU, arbitrary unit; Min, minimum; Max, maximum.













[image: Table] 





Table 2. Correlation between extracellular vesicles and lymphatic endothelial cell markers.
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CD235a+

(EVs/mL)

	
CD45+

(EVs/mL)

	
CD45− CLEC2+ (EVs/mL)

	
CD45− Podopanin+ (EVs/mL)






	

	
Pearson (r)

	
p Value

	
Pearson (r)

	
p Value

	
Pearson (r)

	
p Value

	
Spearman (r)

	
p Value




	
Early apoptosis

	
−0.026

	
0.899

	
0.464

	
0.017 *

	
0.158

	
0.439

	
0.561

	
0.003 **




	
Permeability

	
0.019

	
0.954

	
−0.596

	
0.041 *

	
−0.103

	
0.749

	
−0.836

	
0.0007 ***




	
FLT4 mRNA

	
0.322

	
0.144

	
0.078

	
0.729

	
0.292

	
0.187

	
0.616

	
0.002 **




	
ICAM1 mRNA

	
0.009

	
0.970

	
0.300

	
0.174

	
−0.185

	
0.409

	
0.689

	
0.0004 ***








CD235a+, CD45+ and CD45− CLEC2+ EVs were transformed using a logarithmic transformation to reach normal distribution. CD45− podoplanin+ EVs did not reach a normal distribution despite logarithmic transformation. Early apoptosis determined by cells positive for Annexin V and negative for propidium iodide (PI)-normalized cells treated with control plasma. Permeability was measured by ovalbumin-488 diffusing through aHDLEC following the transwell assay. Correlations of Pearson (for CD235a+, CD45+ and CD45− CLEC2+ EVs) and Spearman (for CD45− podoplanin+ EVs) were used. * p < 0.05; ** p < 0.01; *** p < 0.001. EVs, extracellular vesicles; CLEC2, C-type lectin-like type II; FLT4, gene coding for vascular endothelial growth factor receptor 3; ICAM1, gene coding for intercellular adhesion molecule 1; aHDLEC, adult human dermal lymphatic endothelial cells.
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