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Adverse Outcome in COVID-19 Is Associated With an Aggravating Hypo-Responsive Platelet Phenotype
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Thromboembolic complications are frequently observed in Coronavirus disease 2019 (COVID-19). While COVID-19 is linked to platelet dysregulation, the association between disease outcome and platelet function is less clear. We prospectively monitored platelet activation and reactivity in 97 patients during the first week of hospitalization and determined plasma markers of platelet degranulation and inflammation. Adverse outcome in COVID-19 was associated with increased basal platelet activation and diminished platelet responses, which aggravated over time. Especially GPIIb/IIIa responses were abrogated, pointing toward impeded platelet aggregation. Moreover, platelet-leukocyte aggregate formation was diminished, pointing toward abrogated platelet-mediated immune responses in COVID-19. No general increase in plasma levels of platelet-derived granule components could be detected, arguing against platelet exhaustion. However, studies on platelets from healthy donors showed that plasma components in COVID-19 patients with unfavorable outcome were at least partly responsible for diminished platelet responses.

Taken together this study shows that unfavorable outcome in COVID-19 is associated with a hypo-responsive platelet phenotype that aggravates with disease progression and may impact platelet-mediated immunoregulation.
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INTRODUCTION

COVID-19 is a viral disease characterized by acute respiratory distress and systemic involvement of different pathophysiologies (1, 2), with impaired hemostasis being a major determinant of outcome. Thromboembolic events are frequently (27–46%) reported in patients suffering from COVID-19, with a particularly high incidence in patients requiring ICU treatment (3–7). Thromboembolic complications are reported both at venous and arterial sites (4), rendering the underlying coagulopathy a complex phenomenon arising from the interface between platelet malfunction and derangement of the coagulation cascade (8). Patients with COVID-19-associated coagulopathy (CAC) display slightly reduced platelet counts accompanied by increased levels of D-dimer and a prolongation in prothrombin time (9).

The precise role of platelets in CAC and the underlying mechanism of reduced platelet counts are still incompletely understood but low platelet count is associated with disease severity (10–13) and platelet apoptosis was observed in COVID-19 patients requiring ICU treatment (14).

Compared to healthy controls or patients with other pulmonary infections patients with severe COVID-19 display elevated markers of platelet activation including increased thromboxane A2 (TXA2) release (12, 15), surface expressed CD62P and CD63 (12, 15–18), activated glycoprotein (GP) IIb/IIIa (12, 19, 20), decreased intraplatelet serotonin (5-HT) and platelet factor 4 (PF4/CXCL4) (21) with increased plasma levels of 5-HT, PF4, and soluble CD40 ligand (sCD40L) (19, 21). Of note, not all studies detected differences in platelet activation in dependency of disease severity (21) or ICU requirement (17).

Currently, the link between platelet function and COVID-19 associated mortality is still unclear. While one study found plasma levels of CD62P, CD40L and TXA2 to be independently associated with all-cause mortality (22), two other studies could not detect differences in platelet activation between non-fatal and fatal disease (15, 21).

Since COVID-19 patients represent a very heterogeneous population with different co-morbidities, longitudinal studies of platelet functions might be better suited to understand platelet malfunctions in these patients. Therefore, we monitored COVID-19 patients with different disease severities, ranging from asymptomatic to critically diseased, during their hospital stay. We found that fatal outcome was associated with elevated basal platelet activation and impaired platelet reactivity, in particular regarding GPIIb/IIIa activation. This profound hypo-reactivity was at least partially mediated by plasma components as platelets from healthy donors became hypo-reactive in the presence of COVID-19 patient plasma.



MATERIALS AND METHODS

Please also see Supplementary Methods in the Online Supplement.


Ethics Approval

The study was approved by the local Ethics Committee (Medical University of Vienna: EK1315/2020 and EK1548/2020) and carried out in accordance with the Declaration of Helsinki. Participants gave written informed consent.



Prospective Study Cohort

This study was carried out as part of the Austrian Coronavirus Adaptive Clinical Trial (ACOVACT; ClinicalTrials.gov NCT04351724).

All patients with confirmed SARS-CoV-2 infection admitted to the Clinic Favoriten, the primary COVID-19 hospital in Vienna, Austria, between 17th April 2020 and 28th October 2020 were asked to participate in this study if study inclusion was possible within 72 h after hospital admission. Inclusion criteria were SARS-CoV-2 infection confirmed by real-time PCR of naso- or oropharyngeal swab and ≥18 years of age. Exclusion criteria were life expectancy under 1 month (e.g. due to severe comorbidities), pregnancy or breast feeding, stage 4 kidney disease and severe liver dysfunction which could affect hemostasis. No virus variants were found within the study cohort.

Blood was drawn upon inclusion (day 0) and every 2-3 days over 1 week for flow cytometric analysis of platelet function or multiplex/ELISA analysis of plasma components. Additional blood draws for prospective analyses which were not part of clinical routine were omitted if a patient was anemic (hemoglobin <11 g/dl).



Patient Sample Procurement

Blood was drawn from the antecubital vein using 21G needles into vacutainer tubes containing citrate or citrate, theophylline, adenosine and dipyridamole (CTAD) as specified samples not used for clinical routine. Venipuncture was always done during morning rounds by the same personnel who covered both general and ICU ward in order to prevent differences in blood collection between patients with different clinical presentation and/or outcome. The samples were immediately transported at room temperature to the biosafety level 2 facility at the Institute of Vascular Biology and Thrombosis Research, Medical University of Vienna (<1 h), where samples were also immediately analyzed.



Flow Cytometry

Citrate-anticoagulated whole blood was stimulated with different concentrations (0 μM, 0.6 μM, 3 μM and 6 μM) of adenosine diphosphate (ADP) or thrombin-receptor activating peptide 6 (TRAP-6) for 15 min, stained with primary labeled antibodies for 20 min and diluted with 1-step Fix/Lyse solution (eBioscience). Samples were measured on a Cytoflex S cytometer within 6 h and analyzed using CytExpert 2.4 software (both Beckman Coulter). Antibody cocktails are detailed in Supplementary Table 1.



Plasma Preparation

Plasma of citrate and CTAD anticoagulated blood was prepared as previously described to ensure minimal platelet pre-activation (23). Briefly, blood was stepwise centrifuged, first for 10 min at 1.000 g at 4 °C, followed by high speed centrifugation (10 min, 10.000 g) of the supernatant to clear remaining platelets and debris. Plasma was aliquoted and stored at−80 °C until analysis without further freeze/thaw cycles.



In vitro Platelet Activation in Patient Plasma

Citrate-anticoagulated blood from naïve healthy donors not previously exposed to SARS-CoV-2 (confirmed by IgG serology) was centrifuged for 20 min at 120 g to obtain platelet-rich plasma (PRP). Platelets were subsequently pelleted for 90 s at 1.000 g in the presence of prostacyclin (PGI2, 0.1 μg/ml) and resuspended in PBS at double density (500 μl PBS per ml PRP). Concentrated platelets were diluted 1:8 with patient plasma before stimulation with cross-linked collagen-related peptide (CRP-XL; 50 ng/ml, 15 min; CambCol Laboratories). Platelets were stained with α-CD62P-BrilliantViolet605 (1:100) and PAC1-FITC (1:60) for 20 min before fixation in 1% formaldehyde and flow cytometric analysis. Plasma samples were obtained from matched patients with different outcome that did not receive anti-platelet medication.



ELISA and Multiplex Analysis

Multiplex analysis was done using pre-defined LegendPlex bead-based immunoassay panels thrombosis, fibrinolysis, vascular inflammation 2, and proinflammatory chemokines (all BioLegend). Assays were performed according to manufacturer's instructions, measured on a Cytoflex S cytometer (Beckman Coulter) and analyzed using LegendPlex v8.0 software (BioLegend). Plasma activity of ADAMTS13 and vWF were determined by ELISA using Technozym ADAMTS13 activity kit (Technoclone) and REAADS vWF activity test kit (Corgenix) according to manufacturer's instructions.



Statistics and Data Presentation

Statistical evaluation and graphical presentations were performed with IBM SPSS 27 or GraphPad Prism 8. Metric data were tested for Gaussian distribution by Kolmogorov-Smirnov and Shapiro-Wilk test and differences between multiple groups analyzed by one-way ANOVA or Kruskal Wallis Test. Differences between metric data differing in two factors were analyzed by mixed-effects model with Geisser-Greenhouse correction. Nominal data were analyzed by Fisher's exact test and correlations of platelet activation markers by partial regression analysis. Violin plots show median (line) and quartiles (dotted line), timelines show median values with interquartile range.




RESULTS


Characterization of the Patient Cohort

The effect of COVID-19 on platelet activation has been investigated in various studies, however the dynamic changes of platelet dysfunction over disease progression and their association with different disease outcome have not been addressed yet. Therefore, we prospectively analyzed 110 patients (≥18 years, hemoglobin >11 g/dL) with confirmed SARS-CoV-2 infection who were admitted at the primary COVID-19 hospital in Vienna, Austria (Clinic Favoriten) between April and October 2020 and evaluated their platelet function during the first week of hospitalization (Figure 1A). Of note, as national policy demanded that all hospitalized patients were tested for SARS-CoV-2 irrespective of medical complaints, our cohort also comprises 11 patients (10.0%) without symptoms at the time of admission.
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FIGURE 1. Unfavorable outcome in COVID-19 is associated with declining platelet activity. (A) Study design: 110 patients admitted to the primary COVID-19 hospital in Vienna, Austria, were included in this longitudinal study within 72 h after hospital admission and prospectively analyzed. Blood was collected every 2-3 days over 1 week to determine platelet function and elucidate outcome-specific differences. (B,C) Platelet activation upon study entry at (B) basal condition and (C) after stimulation with 6μM ADP (15 min) was assessed in 97 patients upon hospital admission by quantifying surface CD62P expression and GPIIb/IIIa activation (PAC1 antibody binding). (D) Basal platelet activation was monitored over the span of 1 week after study. Asterisks (*) indicate significant differences to uncomplicated (orange: ICU; red: death), section signs (§) indicated significant differences between ICU and death. (E) Correlation of basal CD62P expression and GPIIb/IIIa activation of platelets. n = 97 patients. *p < 0.05, **p < 0.01, ****p < 0.0001; §p < 0.05, §§§p < 0.001.


Higher disease severity at admission was associated with worse outcome, however 5% of patients that were initially classified as mild or moderate also died in hospital (Table 1). Therefore, we stratified the cohort according to outcome: 73 patients (66.4%) showed uncomplicated course of disease, 26 (23.6%) required ICU treatment and 11 patients (10.0%) died (Table 1). Complicated disease course (ICU requirement, death) was associated with differences in age and presence of comorbidities of the pulmonary system such as chronic obstructive pulmonary disease and asthma (Table 1). Laboratory findings (D-dimer, prothrombin time, international normalized ratio and activated partial thromboplastin time) at admission failed to show a clear dysregulation of coagulation parameters in patients with complicated disease, which might be influenced by standard treatment with prophylactic anticoagulation. Notably, platelet counts were similar between outcome groups, though prevalence of anti-platelet therapy was slightly but not significantly higher in non-survivors than overall (36.4% vs 15.5%) (Table 2).


Table 1. Patient demographics.
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Table 2. Laboratory findings at admission.
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Patients With Fatal Outcome Exhibit Elevated Markers of Platelet Activation Upon Study Enrollment

We first investigated platelet activation at the time of study entry. While a higher disease severity score at admission was not associated with elevated platelet activation (Supplementary Figure 1), CD62P expression was significantly higher in fatal outcome than upon ICU requirement (Figure 1B). Further, patients with fatal outcome showed a trend toward increased CD40L and CD63 expression and GPIIb/IIIa activation compared to those with non-fatal outcome, indicating augmented platelet degranulation and fibrinogen binding capacity (Figure 1B and Supplementary Figure 2A).

To determine platelet reactivity, we stimulated patient blood with different concentrations of adenosine diphosphate (ADP) or thrombin receptor activator peptide 6 (TRAP-6) and assessed platelet activation. Contrary to the elevated basal activation levels, platelets of patients with fatal disease were less responsive to agonist stimulation, in particular regarding GPIIb/IIIa activation. Though data did not reach statistical significance (Figure 1C and Supplementary Figure 2B, data not shown), they suggest that fatal COVID-19 outcome is associated with hyper-active but hypo-reactive platelets.

As reduced platelet density and induction of coagulation could impact platelet function, we examined kinetics of platelet count and coagulation parameters in patients with different outcome after hospitalization, but we could detect no outcome-specific differences in platelet count, prothrombin time, international normalized ratio nor activated partial thromboplastin time (Supplementary Figure 3).



Platelet Hypo-Responsiveness in Patients With Fatal Outcome Worsens Over Time

Although platelets of patients with fatal disease outcome exhibited increased basal activation upon study entry, markers of degranulation and integrin activation declined rapidly (Figure 1D and Supplementary Figure 4A). Indeed, already 2-3 days after study entry CD62P expression was significantly lower in fatal disease than non-fatal disease (Figure 1D).

In order to mitigate variation caused by different time points of study entry after admission or by missing values, we assessed kinetics of platelet activation and agonist response in a mixed model approach. While degranulation markers CD40L and CD63 correlated moderately well with CD62P (R = 0.72 and R = 0.60, respectively), GPIIb/IIIa activation did not (R = 0.36) (Figure 1E and Supplementary Figure 4B) and we thus used CD62P and GPIIb/IIIa for modeling.

CD62P responses to different ADP concentrations showed equal kinetics in the outcome groups (all interactions with time p > 0.45), whereas ADP-triggered GPIIb/IIIa activation significantly differed between outcome groups (interaction ‘outcome*log(time)2’ p < 0.01) (Figure 2A and Supplementary Figure 5). Overall, patients with non-fatal disease showed increasing ADP-induced GPIIb/IIIa activation over time, whereas platelet activation and reactivity in fatally-ill patients gradually declined during hospitalization.
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FIGURE 2. Aggravating platelet hypo-responsiveness in fatal COVID-19 abrogates GPIIb/IIIa activation. Platelet activation at basal condition and in response to agonist stimulation (0.6–6μM; 15 min) was monitored in 97 patients during hospitalization by determining surface CD62P expression and GPIIb/IIIa activation (PAC1 antibody binding). A mixed model approach was used to estimate the different kinetics of platelet activation and reactivity over time between patients with different outcomes. The model was applied independently to explore (A) ADP-triggered CD62P expression (upper panel), ADP-triggered GPIIb/IIIa activation (lower panel), (B) TRAP-6-triggered CD62P expression (upper panel) and TRAP-6-triggered GPIIb/IIIa activation (lower panel). Lines indicate central tendencies of patient groups with their 95% confidence intervals (shaded areas). n = 97 patients. *p < 0.05, **p < 0.01.


Similarly, TRAP-6-induced CD62P responses were not significantly different between outcomes (all interactions with time p > 0.06), whereas kinetics of GPIIb/IIIa activation varied significantly (interaction ‘outcome*log(time)2’ p < 0.05) (Figure 2B and Supplementary Figure 6), with fatally-ill patients showing progressive platelet hypo-reactivity.

Of note, fibrinogen levels were slightly increased in ICU patients relative to uncomplicated disease throughout the observation period (Supplementary Figures 7A,B). However, fatal outcome was not associated with altered fibrinogen levels and we could not observe a correlation between plasma fibrinogen and platelet GPIIb/IIIa activation (Supplementary Figure 7C).



Impaired GPIIb/IIIa Activation in Patients With Fatal COVID-19 Is Partly Mediated by Plasma Factors

Next, we elucidated if diminished GPIIb/IIIa activation in fatal COVID-19 was due to changes in platelet production or mediated by the microenvironment. We isolated platelets from naïve healthy donors, incubated them with plasma from COVID-19 patients (day 0, no anti-platelet medication) and analyzed platelet activation in response to cross-linked collagen-related peptide (CRP-XL) (Figure 3A). Unfavorable COVID-19 outcome (ICU, death) of the plasma donor was associated with reduced platelet responsiveness compared to uncomplicated disease. While CD62P expression was not quite significantly affected, CRP-XL-induced GPIIb/IIIa activation was significantly higher in plasma from patients with uncomplicated disease than in plasma from patients that required ICU treatment or died (Figure 3B). Thus, our data demonstrate that platelet hypo-reactivity in fatally-ill COVID-19 patients was at least partially mediated by plasma factors.


[image: Figure 3]
FIGURE 3. Platelet hypo-reactivity is partially plasma-mediated. (A) Experimental setup: Naïve platelets of healthy donors were incubated with plasma of COVID-19 patients with different outcome (10 min), followed by CRP-XL stimulation (50 ng/ml, 15 min) and evaluation of platelet activation. (B) Surface CD62P expression and GPIIb/IIIa activation (PAC1 antibody binding) determined via flow cytometry. n = 3 platelet donors/7-8 patient plasma per outcome. *p < 0.05, ***p < 0.001.




Fatal Outcome Is Accompanied by Altered Circulating Platelet-Derived Factors

As platelet hypo-reactivity in COVID-19 was influenced by plasma components, we explored disparities in plasma composition between patients with different outcome. Using plasma obtained at study day 0 we measured an array of soluble mediators that are known to influence or be released upon platelet activation.

Overall, patients with complicated disease (ICU, death) showed raised levels of pro-inflammatory cytokines and chemokines, which are mainly produced by activated immune cells, but may also derive from platelets. Interleukin 6 (IL-6) was significantly elevated in complicated relative to uncomplicated cases, whereas a disintegrin and metalloprotease with thrombospondin type 1 motifs member 13 (ADAMTS13) was significantly reduced in fatal disease (Figure 4A), both able to augment platelet activation. However, the platelet-derived factors sCD40L, regulated upon activation, normal T cell expressed and secreted (RANTES/CCL5), and coagulation factor XIII (FXIII) were significantly reduced in fatally-ill patients (Figure 4A). Notably, sCD40L and RANTES remained low in fatal disease with little convergence toward uncomplicated cases over time. In contrast, sCD62P which is also released by endothelial cells (24) was not associated with disease outcome (Figure 4B). Therefore, while death was associated with enhanced basal platelet activation and increased soluble platelet activators at study entry, this was not reflected in platelet-released products.
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FIGURE 4. Reduced platelet-derived plasma factors and platelet-leukocyte interaction in COVID-19 patients with fatal outcome. Whole blood (n = 97 patients) and plasma (n = 106 patients) was analyzed by flow cytometry, multiplex analysis and ELISA (A,B) for platelet-contained and platelet-activating mediators and (C-E) for platelet-leukocyte aggregates (PLA) and markers of platelet-mediated immunomodulation. (A,C) Heatmap visualization of expression profiles at study day 0 in patients requiring ICU treatment or with fatal outcome relative to patients with uncomplicated disease. Data are represented as log2-fold change relative to uncomplicated disease. (B) Plasma levels of soluble CD40L (sCD40L), regulated upon activation, normal T cell expressed and secreted (RANTES/CCL5) and sCD62P were monitored over 1 week after study entry. (D,E) Percentages of PLA in whole blood were monitored over 1 week after study entry. (D) PLA formation with CD14+ monocytes and CD66b+ neutrophils. Asterisks (*) indicate significant differences to uncomplicated, section signs (§) indicate significant differences between ICU and death. (E) PLA formation with CD56+ natural killer (NK) cells, CD19+ B cells, CD8+ cytotoxic T-lymphocytes (CTL) or CD4+ T-helper (Th) cells. n = 106 (plasma content) or 97 (cell analysis) patients. MFI, mean fluorescence intensity; PMA, platelet-monocyte aggregates; PNA, platelet-neutrophil aggregates; PLyA, platelet-lymphocyte aggregates. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001; §§§p < 0.001.




Reduced Platelet-Leukocyte Aggregates in Patients With Fatal Disease

Finally, we quantified circulating platelet hetero-aggregates with different leukocyte subtypes as well as a panel of functional leukocyte markers that are regulated by platelets. We found that upon study entry, neither monocyte nor neutrophil CD11b activation or CD62L shedding significantly differed between outcomes. However, fatally-ill patients presented with enhanced circulating levels of pro-inflammatory cyto- and chemokines relative to uncomplicated cases, such as elevated IL-8 and monocyte chemoattractant protein 1 (MCP1/CCL2), as well as increased soluble P-selectin glycoprotein ligand 1 (sPSGL1) (Figures 4A,C).

Further, patients with fatal outcome displayed significantly reduced circulating platelet-leukocyte aggregates (PLA), especially of innate leukocytes or T-cells, while ICU patients only showed slight and non-significant reductions relative to uncomplicated disease (Figure 4C). During disease progression both platelet-monocyte aggregates and platelet-neutrophil aggregates remained low in fatal cases, but slightly increased in uncomplicated cases (Figure 4D). Platelets preferentially bind to leukocytes of the myeloid lineage (25). Accordingly, circulating platelet-lymphocyte aggregates involving CD8+ or CD4+ T cells, CD19+ B cells and CD56+ natural killer cells showed only slight variation between outcomes upon study entry (Figure 4C) and comparable kinetics (Figure 4E).




DISCUSSION

In this prospective study we monitored in vivo platelet activation and in vitro reactivity in hospitalized COVID-19 patients to investigate dynamic changes with potential influence on patient outcome. We found that adverse outcome was associated with increased platelet activation and diminished platelet responsiveness which aggravated with disease progression. In particular, the ability to activate GPIIb/IIIa was strongly affected in patients who died while ICU patients largely resembled uncomplicated cases regarding platelet dysfunction. In line, circulating platelet-leukocyte aggregates were also diminished in platelets in fatally-ill patients.

Our data on elevated basal platelet activation in COVID-19 non-survivors corroborate and expand on previous findings that link raised expression of platelet degranulation markers, surface receptors and GPIIb/IIIa activation with increased COVID-19 severity (12, 15, 18). However, ex vivo agonist-induced platelet aggregation appears to be unaffected by disease severity (17, 18, 21), arguing against enhanced pro-thrombotic platelet capacity with adverse outcome. Hyper-activated platelets are often considered pro-thrombotic and more susceptible to further stimulation. However, in COVID-19 we detected profound and exacerbating platelet hypo-reactivity in fatal COVID-19, particularly regarding integrin activation. Platelet degranulation and integrin activation are regulated by different arms of a highly complex and interwoven intracellular signaling network and while platelet dysfunction often affects both of these cellular functions, the differential regulation observed in our study could point to an involvement of specific inside-out signaling mediators that are primarily attributed to integrin activation. Additionally, impaired GPIIb/IIIa activation is very likely to also reduce outside-in signaling. However, this hypothesis requires further in-depth analysis. Although seemingly counterintuitive, our data underline previously reports showing impaired agonist responses in acutely-ill COVID-19 patients relative to convalescent or healthy controls despite elevated basal activation (17, 19, 20, 26). These findings suggest that platelet hypo-responsiveness is a common feature in COVID-19 which aggravates with disease progression and is associated with increased severity and unfavorable outcome.

Platelet hypo-reactivity in fatal disease is often regarded as a sign of platelet exhaustion, e.g., as described in virologically controlled HIV infection (27). Similarly, activated platelets may be sequestered to the endothelium, rendering the remaining circulating platelets overall hypo-reactive.

The pro-inflammatory milieu in COVID-19 leads to tissue injury, endotheliopathy and extensive immune responses that could provide continuous stimulation for platelets. Indeed, plasma of severely-ill COVID-19 patients stimulates platelet degranulation (15), an effect that may involve engagement of platelet IgG receptor FcγRIIA and/or complement receptor C5aR (26). Further, platelet-activating immune complexes, potentially containing antibodies against SARS-CoV-2, were identified in critically-ill COVID-19 patients (28). Of note, serum IgG levels were found to be lower in severe COVID-19 than in mild/moderate cases or healthy individuals, while complement factor C5a is increased in COVID-19 irrespective of disease severity (29). Thus, while immune complexes and complement induction are likely to bolster platelet hyper-activation in COVID-19, their role for outcome-specific differences in platelet function remains unclear. SARS-CoV-2 also directly induces platelet activation and aggregation through the interaction of angiotensin-converting enzyme 2 (ACE2) receptor and virus spike protein (12), though ACE2 may be circumvented by internalization of microparticle-bound virions (30). Accordingly, basal platelet activation is higher in patients with detectable viral load in blood (12).

However, the fact that neither platelet counts nor plasma levels of platelet-derived sCD40L and RANTES were associated with disease outcome in our study argues against platelet exhaustion or sequestration underlying hypo-reactivity, although they cannot be ruled out. In contrast, we could elucidate that platelet hypo-reactivity in aggravated COVID-19 is at least partially mediated by plasma components, though we were unable to identify the underlying mechanistic mediators.

COVID-19 is associated with dysregulation of platelet receptors for adhesion and agonist responses such as GPVI, GPIb and GPIIb/IIIa (20). COVID-19 patients show elevated plasma levels of soluble GPVI (sGPVI), the ectodomain of the collagen receptor GPVI, which is shed upon platelet activation (19). This was also confirmed in vitro studies (31) and sGPVI could potentially interfere with platelet responses to GPVI stimulation. However, sGPVI levels do not increase with disease severity (31) and baseline surface levels of GPVI are not affected in COVID-19 (20, 32). Thus, the contribution of GPVI dysregulation to platelet hypo-responsiveness in fatal outcome remains unclear.

Similar to GPVI, the glycocalicin ectodomain of the vWF receptor GPIbα is also cleaved upon activation and could affect platelet responsiveness. However, reports on altered surface GPIbα expression in COVID-19 are inconsistent (20, 32) and currently no data on glycocalicin are available. Of note, platelet PAR1 expression is not regulated in COVID-19 (20), indicating that platelet hypo-responsiveness in aggravating COVID-19 is not caused by reduced agonist receptor expression.

While initially elevated platelet expression of integrins GPIIb (CD41) and GPIIIa (CD61) was reported in COVID-19 (20), a larger study found no GPIIb/IIIa alterations in acute or convalescent COVID-19 patients (32). We recently found a reduction of certain GPIIb proteoforms in COVID-19 patients with levels further declining in non-survivors over time (33). This might contribute to diminished GPIIb/IIIa responses in fatal outcome. Of note, since we used flow cytometry to quantify the active conformation of GPIIb/IIIa, diminished GPIIb/IIIa activation levels could theoretically also be influenced by a reversal of the receptor to its inactive conformation following previous activation or by a blockage of antibody-binding by a plasma component.

Of note, fatal outcome was associated with elevated levels of several α-granule-derived proteins including IL-8 and plasminogen activator inhibitor 1 (PAI-1). PAI-1 is elevated in sepsis, acute respiratory disease syndrome as well as COVID-19 (34, 35). High plasma levels of PAI-1 in severely-ill COVID-19 patients are associated with reduced fibrinolytic activity, which may promote thromboembolic complications (36). Therefore, PAI-1 is associated with disease severity (37) and predictive for mortality (38). While platelets represent the largest reservoir for PAI-1 under physiological conditions, their contribution to circulating PAI-1 in inflammatory diseases is controversial (39). Especially during systemic infections and endotheliopathy such as COVID-19 endothelial cells produce and secrete PAI-1 (40). Thus, elevated levels of plasma PAI-1 in fatal disease are more likely to indicate endothelial activation than platelet degranulation.

Platelet dysfunction and disease severity may also be linked via immune regulation. Direct and indirect platelet-leukocyte interactions typically enhance immune responses such as leukocyte activation and recruitment, thereby contributing to pathogenesis of vascular and infectious diseases (41, 42). We found that platelet degranulation was only mildly impaired in fatal COVID-19, leading to minor alterations in the release of immunomodulatory sCD40L and RANTES. In contrast, platelet binding to monocytes, neutrophils and T-cells was curtailed, suggesting putative impairment of direct platelet-mediated modulation of leukocyte function. Consequently, platelet hypo-responsiveness and concomitant restricted platelet-leukocyte interplay may impact immune responses involved in viral defense or tissue injury. While this may result in impaired immune defenses, platelet hypo-responsiveness in severe infections may also represent a protective host response to limit leukocyte trafficking.

Platelet dysfunction in COVID-19 is a highly dynamic process and time of sampling is crucial. This may at least in part explain the variable results described in different reports. Studies investigating any one time point are inevitably challenged by considerable inter- and intra-study variability and are inherently only able to show a snapshot of pathogenesis which may not reflect physiologic deregulations critical for eventual outcome. Additionally, conflicting findings may also be influenced by individual decisions to seek medical care, local or national hospitalization policies and available capacities of the healthcare system, which are likely to impinge on patient cohort compositions. Overcoming these challenges in patients, omics analyses of rhesus macaques infected with SARS-CoV-2 revealed a rapid induction of platelet activation after infection which declined after several days (43), substantiating our findings regarding dynamic changes in platelet hyper-activation.

Of note our study has certain limitations; as it reports a single center analysis and only includes 11 deceased patients, the observed effects should be validated in independent and larger cohorts. The current study does not comprise virus variants which may have a different impact on platelet function. Moreover, endothelial dysfunctions which also crucially impact on primary hemostasis and thus contribute to thrombotic and hemostatic complications were not investigated, neither were effects of or on the complement system. We also cannot rule out that platelet-leukocyte aggregates became sequestered and could therefore not be detected. Finally, analyses should be repeated in patient cohorts of other viral infections in order to determine if the observed effects are specific for COVID-19.

Taken together our study reveals a hypo-responsive platelet phenotype in COVID-19 patients with adverse outcome which is at least in part mediated by plasma components, though contributions of platelet exhaustion cannot be ruled out. This hints toward a SARS-CoV-2 mediated mechanism to escape entrapment by activated platelets. Diminished platelet reactivity might explain, why anticoagulation can be beneficial in COVID-19 (44), while no effect of anti-platelet therapy could be observed in a randomized trial (45). In contrast, platelet hypo-reactivity may affect their hemostatic capacity, contributing to an increased risk of hemorrhagic complications in critically-ill patients, which might be further exacerbated by anti-platelet medication. Ultimately, platelet hypo-reactivity in fatal COVID-19 patients may also affect platelet-mediated immune responses crucial for viral defense and/or tissue damage.



DATA AVAILABILITY STATEMENT

The original contributions presented in the study are included in the article/Supplementary Material, further inquiries can be directed to the corresponding author.



ETHICS STATEMENT

The studies involving human participants were reviewed and approved by Ethics Committee of the Medical University of Vienna (EK1315/2020, EK1548/2020). The patients/participants provided their written informed consent to participate in this study.



AUTHOR CONTRIBUTIONS

WS, BJ, and AA: contributed to study conception. WS, AP, DP, AS, LB, AK, and JR: performed experiments. WS, AP, SH, HH, and LB: analyzed data. JS, KK, JO, EP, ST, MP, MT, CS, TS, MK, and AZ: recruited and treated patients and provided data. WS and AA: wrote the manuscript. AA: supervised the study. All authors contributed to the article and approved the submitted version.



FUNDING

AK is a Wellcome Funded Sir Henry Fellow (218649/Z/19/Z). JR is a British Heart Foundation Intermediate Fellow (FS/IBSRF/20/25039). This work is part of the ACOVACT study of the Medical University of Vienna and is financially supported by grants of the Austrian National Bank to WS (OENB18450) and of the Austrian Federal Ministry of Education, Science and Research, the Medical-Scientific Fund of the Mayor of Vienna (COVID024), and the Austrian Science Fund (P32064, P34783, SFB-54) to AA.



ACKNOWLEDGMENTS

We thank Agnes Hell, Alexander Scholz, Benno Lickefett, Klara Heiplik, Lea Pedarnig, Lisbeth Reiter, Markus Hana, Markus Liu, Marlene Hintersteininger, and Thomas Sorz for their invaluable help in organizing sample procurement and transport.



SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fcvm.2021.795624/full#supplementary-material



REFERENCES

 1. Sparks MA, South AM, Badley AD, Baker-Smith CM, Batlle D, Bozkurt B, et al. Severe acute respiratory syndrome coronavirus 2, COVID-19, and the renin-angiotensin system: pressing needs and best research practices. Hypertension. (2020) 76:1350–67. doi: 10.1161/HYPERTENSIONAHA.120.15948

 2. Gupta A, Madhavan MV, Sehgal K, Nair N, Mahajan S, Sehrawat TS, et al. Extrapulmonary manifestations of COVID-19. Nat Med. (2020) 26:1017–32. doi: 10.1038/s41591-020-0968-3

 3. Zhang L, Feng X, Zhang D, Jiang C, Mei H, Wang J, et al. Deep Vein thrombosis in hospitalized patients with COVID-19 in Wuhan, China: prevalence, risk factors, and outcome. Circulation. (2020) 142:114–28. doi: 10.1161/CIRCULATIONAHA.120.046702

 4. Lodigiani C, Iapichino G, Carenzo L, Cecconi M, Ferrazzi P, Sebastian T, et al. Venous and arterial thromboembolic complications in COVID-19 patients admitted to an academic hospital in Milan, Italy. Thromb Res. (2020) 191:9–14. doi: 10.1016/j.thromres.2020.04.024

 5. Klok FA, Kruip M, van der Meer NJM, Arbous MS, Gommers D, Kant KM, et al. Incidence of thrombotic complications in critically ill ICU patients with COVID-19. Thromb Res. (2020) 191:145–7. doi: 10.1016/j.thromres.2020.04.013

 6. Demelo-Rodríguez P, Cervilla-Muñoz E, Ordieres-Ortega L, Parra-Virto A, Toledano-Macías M, Toledo-Samaniego N, et al. Incidence of asymptomatic deep vein thrombosis in patients with COVID-19 pneumonia and elevated D-dimer levels. Thromb Res. (2020) 192:23–6. doi: 10.1016/j.thromres.2020.05.018

 7. Al-Samkari H, Karp Leaf RS, Dzik WH, Carlson JCT, Fogerty AE, Waheed A, et al. COVID-19 and coagulation: bleeding and thrombotic manifestations of SARS-CoV-2 infection. Blood. (2020) 136:489–500. doi: 10.1182/blood.2020006520

 8. Iba T, Levy JH, Connors JM, Warkentin TE, Thachil J, Levi M. The unique characteristics of COVID-19 coagulopathy. Crit Care. (2020) 24:360. doi: 10.1186/s13054-020-03077-0

 9. Liao D, Zhou F, Luo L, Xu M, Wang H, Xia J, et al. Haematological characteristics and risk factors in the classification and prognosis evaluation of COVID-19: a retrospective cohort study. Lancet Haematol. (2020) 7:e671–e8. doi: 10.1016/S2352-3026(20)30217-9

 10. Lippi G, Plebani M, Henry BM. Thrombocytopenia is associated with severe coronavirus disease 2019 (COVID-19) infections: a meta-analysis. Clin Chim Acta. (2020) 506:145–8. doi: 10.1016/j.cca.2020.03.022

 11. Chen Y, Wang J, Liu C, Su L, Zhang D, Fan J, et al. IP-10 and MCP-1 as biomarkers associated with disease severity of COVID-19. Mol Med. (2020) 26:97. doi: 10.1186/s10020-020-00230-x

 12. Zhang S, Liu Y, Wang X, Yang L, Li H, Wang Y, et al. SARS-CoV-2 binds platelet ACE2 to enhance thrombosis in COVID-19. J Hematol Oncol. (2020) 13:120. doi: 10.1186/s13045-020-00954-7

 13. Tang N, Bai H, Chen X, Gong J, Li D, Sun Z. Anticoagulant treatment is associated with decreased mortality in severe coronavirus disease 2019 patients with coagulopathy. J Thromb Haemost. (2020) 18:1094–9. doi: 10.1111/jth.14817

 14. Althaus K, Marini I, Zlamal J, Pelzl L, Singh A, Haberle H, et al. Antibody-induced procoagulant platelets in severe COVID-19 infection. Blood. (2021) 137:1061–71. doi: 10.1182/blood.2020008762

 15. Hottz ED, Azevedo-Quintanilha IG, Palhinha L, Teixeira L, Barreto EA, Pao CRR, et al. Platelet activation and platelet-monocyte aggregate formation trigger tissue factor expression in patients with severe COVID-19. Blood. (2020) 136:1330–41. doi: 10.1182/blood.2020007252

 16. Taus F, Salvagno G, Cane S, Fava C, Mazzaferri F, Carrara E, et al. Platelets promote thromboinflammation in SARS-CoV-2 pneumonia. Arterioscler Thromb Vasc Biol. (2020) 40:2975–89. doi: 10.1161/ATVBAHA.120.315175

 17. Manne BK, Denorme F, Middleton EA, Portier I, Rowley JW, Stubben C, et al. Platelet gene expression and function in patients with COVID-19. Blood. (2020) 136:1317–29. doi: 10.1182/blood.2020007214

 18. Nicolai L, Leunig A, Brambs S, Kaiser R, Weinberger T, Weigand M, et al. Immunothrombotic dysregulation in COVID-19 pneumonia is associated with respiratory failure and coagulopathy. Circulation. (2020) 142:1176–89. doi: 10.1161/CIRCULATIONAHA.120.048488

 19. Leopold V, Pereverzeva L, Schuurman AR, Reijnders TDY, Saris A, de Brabander J, et al. Platelets are hyperactivated but show reduced glycoprotein VI reactivity in COVID-19 patients. Thromb Haemost. (2021) 121:1258–62. doi: 10.1055/a-1347-5555

 20. Bongiovanni D, Klug M, Lazareva O, Weidlich S, Biasi M, Ursu S, et al. SARS-CoV-2 infection is associated with a pro-thrombotic platelet phenotype. Cell Death Dis. (2021) 12:50. doi: 10.1038/s41419-020-03333-9

 21. Zaid Y, Puhm F, Allaeys I, Naya A, Oudghiri M, Khalki L, et al. Platelets can associate with SARS-Cov-2 RNA and are hyperactivated in COVID-19. Circ Res. (2020) 127:1404–18. doi: 10.1161/CIRCRESAHA.120.317703

 22. Barrett TJ, Lee AH, Xia Y, Lin LH, Black M, Cotzia P, et al. Platelet and vascular biomarkers associate with thrombosis and death in coronavirus disease. Circ Res. (2020) 127:945–7. doi: 10.1161/CIRCRESAHA.120.317803

 23. Mussbacher M, Schrottmaier WC, Salzmann M, Brostjan C, Schmid JA, Starlinger P, et al. Optimized plasma preparation is essential to monitor platelet-stored molecules in humans. PLoS One. (2017) 12:e0188921. doi: 10.1371/journal.pone.0188921

 24. Semenov AV, Romanov YA, Loktionova SA, Tikhomirov OY, Khachikian MV, Vasil'ev SA, et al. Production of soluble P-selectin by platelets and endothelial cells. Biochemistry (Mosc). (1999) 64:1326–35.

 25. Schrottmaier WC, Kral JB, Badrnya S, Assinger A. Aspirin and P2Y12 Inhibitors in platelet-mediated activation of neutrophils and monocytes. Thromb Haemost. (2015) 114:478–89. doi: 10.1160/TH14-11-0943

 26. Apostolidis SA, Sarkar A, Giannini HM, Goel RR, Mathew D, Suzuki A, et al. Signaling through FcgammaRIIA and the C5a-C5aR pathway mediates platelet hyperactivation in COVID-19. bioRxiv. (2021). doi: 10.1101/2021.05.01.442279. [Epub ahead of print].

 27. Mesquita EC, Hottz ED, Amancio RT, Carneiro AB, Palhinha L, Coelho LE, et al. Persistent platelet activation and apoptosis in virologically suppressed HIV-infected individuals. Sci Rep. (2018) 8:14999. doi: 10.1038/s41598-018-33403-0

 28. Nazy I, Jevtic SD, Moore JC, Huynh A, Smith JW, Kelton JG, et al. Platelet-activating immune complexes identified in critically ill COVID-19 patients suspected of heparin-induced thrombocytopenia. J Thromb Haemost. (2021) 19:1342–7. doi: 10.1111/jth.15283

 29. Marcos-Jimenez A, Sanchez-Alonso S, Alcaraz-Serna A, Esparcia L, Lopez-Sanz C, Sampedro-Nunez M, et al. Deregulated cellular circuits driving immunoglobulins and complement consumption associate with the severity of COVID-19 patients. Eur J Immunol. (2021) 51:634–47. doi: 10.1002/eji.202048858

 30. Koupenova M, Corkrey HA, Vitseva O, Tanriverdi K, Somasundaran M, Liu P, et al. SARS-CoV-2 initiates programmed cell death in platelets. Circ Res. (2021) 129:631–46. doi: 10.1161/CIRCRESAHA.121.319117

 31. Shen S, Zhang J, Fang Y, Lu S, Wu J, Zheng X, et al. SARS-CoV-2 interacts with platelets and megakaryocytes via ACE2-independent mechanism. J Hematol Oncol. (2021) 14:72. doi: 10.1186/s13045-021-01082-6

 32. McCafferty C, Van Den Helm S, Letunica N, Attard C, Karlaftis V, Cai T, et al. Increased platelet activation in SARS-CoV-2 infected non-hospitalised children and adults, and their household contacts. Br J Haematol. (2021) 195:90–4. doi: 10.1111/bjh.17629

 33. Ercan H, Schrottmaier WC, Pirabe A, Schmuckenschlager A, Pereyra D, Santol J, et al. Platelet phenotype analysis of COVID-19 patients reveals progressive changes in the activation of integrin αIIbβ3, F13A1, the SARS-CoV-2 Target EIF4A1 and Annexin A5. Front. Cardiovasc Med. (2021) 8:779073. doi: 10.3389/fcvm.2021.779073

 34. Bertolin AJ, Dalcoquio TF, Salsoso R, de M, Furtado RH, Kalil-Filho R, Hajjar LA, et al. Platelet Reactivity and Coagulation Markers in Patients with COVID-19. Adv Ther. (2021) 38:3911–23. doi: 10.1007/s12325-021-01803-w

 35. Kang S, Tanaka T, Inoue H, Ono C, Hashimoto S, Kioi Y, et al. IL-6 trans-signaling induces plasminogen activator inhibitor-1 from vascular endothelial cells in cytokine release syndrome. Proc Natl Acad Sci U S A. (2020) 117:22351–6. doi: 10.1073/pnas.2010229117

 36. Hammer S, Haberle H, Schlensak C, Bitzer M, Malek NP, Handgretinger R, et al. Severe SARS-CoV-2 infection inhibits fibrinolysis leading to changes in viscoelastic properties of blood clot: a descriptive study of fibrinolysis in COVID-19. Thromb Haemost. (2021) 121:1417–26. doi: 10.1055/a-1400-6034

 37. Lopez-Castaneda S, Garcia-Larragoiti N, Cano-Mendez A, Blancas-Ayala K, Damian-Vazquez G, Perez-Medina AI, et al. Inflammatory and prothrombotic biomarkers associated with the severity of COVID-19 infection. Clin Appl Thromb Hemost. (2021) 27:1076029621999099. doi: 10.1177/1076029621999099

 38. Juneja GK, Castelo M, Yeh CH, Cerroni SE, Hansen BE, Chessum JE, et al. Biomarkers of coagulation, endothelial function, and fibrinolysis in critically ill patients with COVID-19: a single-center prospective longitudinal study. J Thromb Haemost. (2021) 19:1546–57. doi: 10.1111/jth.15327

 39. Tjarnlund-Wolf A, Brogren H, Lo EH, Wang X. Plasminogen activator inhibitor-1 and thrombotic cerebrovascular diseases. Stroke. (2012) 43:2833–9. doi: 10.1161/STROKEAHA.111.622217

 40. Han M, Pandey D. ZMPSTE24 regulates SARS-CoV-2 spike protein-enhanced expression of endothelial PAI-1. Am J Respir Cell Mol Biol. (2021) 65:300–8. doi: 10.1165/rcmb.2020-0544OC

 41. Schrottmaier WC, Mussbacher M, Salzmann M, Assinger A. Platelet-leukocyte interplay during vascular disease. Atherosclerosis. (2020) 307:109–20. doi: 10.1016/j.atherosclerosis.2020.04.018

 42. Kral JB, Schrottmaier WC, Salzmann M, Assinger A. Platelet interaction with innate immune cells. Transfus Med Hemother. (2016) 43:78–88. doi: 10.1159/000444807

 43. Aid M, Busman-Sahay K, Vidal SJ, Maliga Z, Bondoc S, Starke C, et al. Vascular disease and thrombosis in SARS-CoV-2-infected rhesus macaques. Cell. (2020) 183:1354–66.e13. doi: 10.1016/j.cell.2020.10.005

 44. Pereyra D, Heber S, Schrottmaier WC, Santol J, Pirabe A, Schmuckenschlager A, et al. Low molecular weight heparin use in COVID-19 is associated with curtailed viral persistence-a retrospective multicenter observational study. Cardiovasc Res. (2021). doi: 10.1093/cvr/cvab308

 45. Horby PW, Pessoa-Amorim G, Staplin N, Emberson JR, Campbell M, Spata E, et al. Aspirin in patients admitted to hospital with COVID-19 (RECOVERY): a randomised, controlled, open-label, platform trial. Lancet. (2021) 17:S0140. doi: 10.1016/S0140-6736(21)01825-0. [Epub ahead of print].

Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Publisher's Note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2021 Schrottmaier, Pirabe, Pereyra, Heber, Hackl, Schmuckenschlager, Brunnthaler, Santol, Kammerer, Oosterlee, Pawelka, Treiber, Khan, Pugh, Traugott, Schörgenhofer, Seitz, Karolyi, Jilma, Rayes, Zoufaly and Assinger. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.



OPS/images/fcvm-08-795624-t001.jpg
Missingdata Al (1=110)  Uncomplicated  ICU (n=26)  Death (n = 11)
(=73
Parameter n n (%) Median  n (%)Median  n (%) Median  n (%) Median Pp-value*
(IGR) (IQR) (1QR) (1GR)
Sex = p=0301
Male 72(65.5) 46 (63.0) 20(76.9) 6(54.5)
Female 38(34.5) 27 37.0) 6(23.1) 5(45.5)
Age (years) - 62 (49-77) 61(48-76) 59 (49-64) 80 (79-86) P <0.001
Comorbidities
Current smoker 32 6(7.7) 6(115) 0(0.0) 0(0.0
Obesity (BMI > 25) 12 54(55.1) 34(54.0) 13 (52.0) 7(70.0)
Diabetes type I - 25(22.7) 17 (233) 5(19.2) 3(27.9)
Hypertension 1 55(50.5) 34(16.6) 14(53.8) 7(70.0)
Cardiovascular disease (any) - 26(23.6) 16 (21.9) 7(26.9) 3(27.9)
Coronary heart disease - 14.(12.7) 9(12.3) 4(15.4) 1(0.1)
Chronic heart failure: - 8073 6(82) 2(7.7) 0(0.0)
Atrial fibrilation - 11(10.0) 8(11.0) 2(7.7) 1@.1)
Peripheral arterial disease B 6(5.5) 4(55) 1(3.8) 10.1)
Chronic obstructive pulmonary disease - 14(127) 7(96) 2(7.7) 5(45.5)
Asthma 1 6(55) 3(42) 0(0.0) 3(27.9)
Hypo- / Hyperthyroidism 1 12(11.0) 8(11.1) 3(11.5) 10.1)
Chronic renal insufficiency - 14(12.7) 11(15.1) 2(7.7) 10.1)
Chronic liver disease - 4(3.6) 2@7) 13.8) 1(.1)
Malignancy - 12(10.9) 6(82) 3(11.5) 3(27.9)
Medication (anti-platelet/anticoagulation)
Anti-platelet therapy - 17 (15.5) 9(12.3) 4(15.4) 4(36.4)
Anticoagulation therapy - 108 (98.2) 71(97.9) 26(100.0) 11(100.0)
COVID-19 classification at admission” -
Asymptomatic / mild 15(13.6) 12 (16.4) 2(7.7) 101
Moderate 52(47.3) 38 (52.1) 10(38.5) 4(36.4)
Severe 31282 20(27.4) 6(23.1) 545.5)
Critical 12 (10.9) 3(4.1) 8(30.8) 10.1)
Clinical characteristics
Time from admission to discharge/death (days) 1 13 (9-23) 12 (9-19) 23 (17-39) 8(6-14) p <0.001
Invasive ventlation = 5(4.5) 0(0.0) 2(7.7) 3(7.9) p <0.001
Prospective analysis
Cytokine profilng 106 69 2 11
Flow cytometric analysis o7 70 19 8
Invitro experiments 23 8 8 7

*p < 0.05. Nominal variables were compared using Fisher's exact test, metric variables were compared using Kruskal Walls test; T COVID-19 classification according to the guidelines
issued by the World Health Organization in mild (fever <38°C, no dyspnea, no pneumonia), moderate (fever, respiratory symptoms, pneumonia), severe (respiratory distress with
respiratory rate >30 per min, oxygen saturation <93% at rest) and critical (respiratory failure with requirement of mechanical ventiation, requirement of ICU); BMI, body mass index;
ICU, intensive care unit; IQR, interquartile range. Bold values highlight statistically significant data.






OPS/images/fcvm-08-795624-t002.jpg
Parameter

Hemoglobin (g/dL)

Red blood cell count (x0'2/L)
Platelet count (x109/L)
Leukocyte count (x10%/L)
Lymphocyte count (x10°/L)
Neutrophil count (x109/L)
Monocyte count (x10°/L)
Eosinophil count (x10%/L)
Basophil count (x10°/L)
G-reactive protein (mg/L)
D-dimer (mg/L)

Prothrombin time (%)
International normalized ratio
Activated partial thromboplastin time (s)

Missing data

3

w0

10
10
10
10

21

14

All (1 = 110)
Median (IQR)

13.2(12.2-14.5)
4.6(4.1-6-0)
182 (146-235)
60(4.2-7.5)
0.8(0.6-1.2)
45 (3.1-6.0)
03(0.2-0.5)
001 (0.00-0.03)
0.02(0.01-0.04)
505 (32.8-88.8)
07 (05-1.1)
100.0 (89.7-109.6)
1.0(1.0-1.1)
32.6(20.1-36.9)

Uncomplicated (n = 73)
Median (IQR)

13.3 (12.2-14.7)
4.6 (4.1-6.1)
179 (146-239)
5.4(3.8-6.8)
0.9(0.6-1.3)
3.9(2.9-6.5)
0.3(0.2-05)
0,01 (0.00-0.04)
0,02 (0.01-0.04)
55.0(25.7-77.4)
0.7 (0.5-1.1)
99.9 (88.6-111.4)
1.0(1.0-1.1)
32.7 (20.1-372)

1CU (n = 26)
Median (IQR)

13.8 (12.6-14.7)
47 (4.4-5.1)
182 (137-224)
6.8(6.4-9.0)
08(0.7-1.1)
52(3.6-80)
03(0.2-0.4)
0,01 (0.00-001)
002 0.02-0.03)
83.8(595-112.6)
0.6 (04-1.0)
101.4 (91.4-110.4)
1.0 (1.0-1.1)
32.4(28.8-33.8)

Death (n = 11)
Median (IQR)

12.2(11.2-13.0)
42(35-43)
198 (161-245)
65(5.2-88)
0.7 (0.5-0.8)
5.0(3.8-7.1)
0.4(0.3-0.6)
0.01(0.00-0.03)
0.02(0.01-0.03)
57.4(34.1-140.0)
1.4(0.6-3.6)
96.9(91.6-103.1)
1.0(1.0-1.1)
31.0(302-37.9)

*p < 0.05. Metric variables were compared using Kruskal Walls test; ICU, intensive care unit; IQR, interquartile range. Bold values highlight statistically significant data.






OPS/images/fcvm-08-795624-g003.gif





OPS/images/fcvm-08-795624-g004.gif





OPS/xhtml/Nav.xhtml




Contents





		Cover



		Adverse Outcome in COVID-19 Is Associated With an Aggravating Hypo-Responsive Platelet Phenotype



		Introduction



		Materials and Methods



		Ethics Approval



		Prospective Study Cohort



		Patient Sample Procurement



		Flow Cytometry



		Plasma Preparation



		In vitro Platelet Activation in Patient Plasma



		ELISA and Multiplex Analysis



		Statistics and Data Presentation







		Results



		Characterization of the Patient Cohort



		Patients With Fatal Outcome Exhibit Elevated Markers of Platelet Activation Upon Study Enrollment



		Platelet Hypo-Responsiveness in Patients With Fatal Outcome Worsens Over Time



		Impaired GPIIb/IIIa Activation in Patients With Fatal COVID-19 Is Partly Mediated by Plasma Factors



		Fatal Outcome Is Accompanied by Altered Circulating Platelet-Derived Factors



		Reduced Platelet-Leukocyte Aggregates in Patients With Fatal Disease







		Discussion



		Data Availability Statement



		Ethics Statement



		Author Contributions



		Funding



		Acknowledgments



		Supplementary Material



		References

















OPS/images/cover.jpg
’ frontiers
in Cardiovascular Medicine

Adverse Outcome in COVID-19 Is
Associated With an Aggravating
Hypo-Responsive Platelet Phenotype





OPS/images/fcvm-08-795624-g001.gif
5GP scvion

¥ 5888





OPS/images/fcvm-08-795624-g002.gif









OPS/images/crossmark.jpg
©

2

i

|





OPS/images/logo.jpg
, frontiers
in Cardiovascular Medicine





