LOX-1-expressing immature neutrophils identify critically-ill COVID-19 patients at risk of thrombotic complications
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keypoint
Increased LOX-1+ neutrophil proportion identifies patients at thrombosis risk after SARS-CoV-2 infection. Its use as a point of care testing may help in distinguishing patients at risk of thrombosis complication.

Keywords: COVID-19, Acute respiratory distress syndrome, Neutrophils, CD123, LOX-1, PD-L1, Thrombosis





Abstract (250w)

Background: Lymphopenia and neutrophil/lymphocyte ratio may have prognostic value in coronavirus disease 2019 (COVID-19) severity.  
Objective: We investigated the representation of neutrophil subsets in COVID-19 patients based on patient’s clinical characteristics. 
Methods: We used a multi-parametric neutrophil profiling strategy based on neutrophil markers to distinguish COVID-19 phenotypes in critical and severe patients in blood and bronchoalveolar lavage (BAL) on 146 patients during two waves of pandemic in France. 
Results: The discovery study (38 patients) showed that 80% of ICU patients develop strong myelemia with CD10-CD64+ immature neutrophils (ImN). Cellular profiling revealed three distinct neutrophil subsets expressing either the lectin‐like oxidized low‐density lipoprotein receptor‐1 (LOX‐1), the Interleukin-3 receptor alpha (CD123), or Programmed death-Ligand 1 (PD-L1) over-represented in ICU patients compared to non-ICU patients. The proportion of LOX-1 or CD123-expressing ImN positively correlated with the clinical severity, the cytokine storm (IL-1, IL-6, IL-8, TNF), the ARDS and the thrombosis. BAL of patients with ARDS were highly enriched in LOX+-1- ImN subsets and in antimicrobial neutrophil’s factors. A validation study (118 patients) confirmed and strengthened the association of the proportion of ImN subsets with disease severity, invasive ventilation and death. Only high proportions of LOX-1+-ImN remained strongly associated with high-risk of severe thrombosis independently of the plasma antimicrobial neutrophil’s factors proposing an independent association between ImN markers and functions. 
Conclusion: These data show that LOX-1-expressing ImN may help identify COVID-19 patients at high risk of severity and thrombosis complications and might help to propose an intensified anticoagulant therapy in hospitalized SARS-CoV-2 infected patients. 
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Introduction

Since the first reports of an outbreak of a severe acute respiratory syndrome caused by coronavirus 2 (SARS-CoV-2) in China in December 2019 (1, 2), the coronavirus disease 2019 (COVID-19) has grown to be a global public health emergency, with cases of COVID-19 around the world reaching 5.5 million cases and over 90 000 deaths as of May, 2021 (for up-to-date, https://www.who.int/emergencies/diseases/novel-coronavirus-2019/situation-reports). SARS-CoV-2 infection is characterized by a range of symptoms including fever, cough, fatigue and myalgia in the majority of cases and occasional headache and diarrhea (1, 3). Among reported cases, approximatively 80% present with mild condition, 13% serious condition, and 6% develop a critical state requiring intensive care, the latter associated with a fatality rate of 2 to 8% of reported cases (4). Some severe cases of COVID-19 progress to acute respiratory distress syndrome (ARDS), accountable for high mortality related to the damages of the alveolar lumen.  Numerous patients with ARDS secondary to COVID-19 develop life-threatening thrombotic complications (5).
Previous coronaviruses-related infections have been characterized by the onset of a cytokine storm (6). It is therefore reasonable to postulate that the inflammatory response measured both at cellular and molecular levels could represent a strong prognostic signature of the disease. The cytokine storm remains as of today an uncontrollable  inflammatory response leading to viral sepsis, ARDS, respiratory failure, shock, organ failure or death (7, 8). Strong predictive markers are still missing for these complications.
Older age, neutrophilia, organ and coagulation dysfunction are the major risk factors associated with the development of ARDS and progression to death (9). In addition, serum concentrations of both pro- and anti-inflammatory cytokines including IL-6, TNFα, and IL-10, were increased in the majority of severe cases and were markedly higher than those of moderate cases, suggesting that the cytokine storm might be associated with disease severity (10, 11) and leading the way to the development of potential immune-modulatory treatments (3, 12). The cytokine storm is associated with a massive influx of innate immune cells, namely neutrophils and monocytes, which could worsen lung injury. Accumulation of innate effectors, in particular neutrophils, in the BAL of COVID-19 patients correlate with pro-inflammatory cytokines and reflects the outcome of patients (13). However, However, our knowledge of a particular innate immune actor i.e. neutrophils  and the molecular mechanisms is still irresolute during COVID-19 severity.
Increasing clinical data indicated that the neutrophil-to-lymphocyte ratio (NLR) was a powerful predictive and prognostic indicator of severe COVID-19 (14–16). Lymphopenia, neutrophilia, and high NLR are associated with a more severe viral infection (14, 17). It is well recognized that, in an emergency response to severe infection, mature and immature neutrophils (ImN) are released from the bone marrow. ImN were shown to be enriched in granule antimicrobial, cytotoxic and NET-forming proteins (18). More recently, neutrophil extracellular traps (NETs) were shown to be associated with COVID-19 severity and microthrombi formation (19–21). 
We previously identified two new CD10-CD64+ neutrophil subsets expressing either PD-L1 or CD123 that were specific to bacterial sepsis (22). In addition to these markers, previous work showed that LOX-1 is an important mediator of inflammation and neutrophils dysfunction in sepsis and cancers (23, 24). To test the hypothesis of a virally-driven neutrophil profile, we developed a multi-parametric neutrophil profiling strategy based on known neutrophil markers to distinguish COVID-19 phenotypes in critical and severe patients. 


Results  


Increased proportions of circulating immature neutrophils expressing either CD123, LOX-1 in critical COVID-19 patients are associated with COVID-19 severity and thromboembolic complications.

We designed a first observational study including 38 individuals and analyzed their neutrophil phenotypes, comparing them among patients admitted to ICU (n=24) or not (n=14) within the first day following their admission in ICU or hospitalization units (Table 1 and Supplementary results for demographic and clinical characteristics). COVID-19 patients from ICU displayed more severe clinical and biological signs than non-ICU patients, with an elevated SAPS II (ICU: 35.5, n=24 and non-ICU: 25.5, n=14; p-value=0.05), higher serum lactate dehydrogenase (ICU: 504, n=24 and non-ICU: 324, n=14; p-value=0.005), and higher D-dimers (ICU: 2760, n=23 and non-ICU: 1860, n=12; p-value=0.25). However, they did not differ while comparing neutrophils counts and level of lymphopenia (Table 1). Patients characteristics confirmed previously published data with notably a high prevalence of obese patients in COVID-19 patients. Main differences between ICU and non-ICU patients reflected case severity with a high proportion of patient with lung lesions (as observed by ground-glass opacities on chest CT) requiring invasive mechanical ventilation (IMV) and resulting in high in-hospital mortality.  
Whole blood immunostaining was performed, within 3h after blood drawing, using a previously published panel designed to give a precise evaluation of immature circulating neutrophils (22). Neutrophils were automatically identified and visualized using a dimensionality reduction tool (opt-SNE implementation of t-SNE) in order to define an imprint for each sample group (Figure 1A). Using an unsupervised classification, neutrophils from ICU patients were organized in the upper left quadrant of the map, whereas the non-ICU patients’ neutrophils were in the upper right quadrant. This analysis allowed delimitation of two main subsets of neutrophils based on the expression of CD10 and CD64 markers; the ICU-abundant upper left area composed of neutrophils with mid-to-low expression of CD10 and high expression of CD64, and the non-ICU-abundant upper right area composed of high-to-mid expression of CD10 and high-to-mid expression of CD64. We next determined whether the identified neutrophil signature would be confirmed using conventional analysis applicable by experts. Neutrophils were identified with the CD15 neutrophil marker while excluding prototypical markers of eosinophil and monocyte, respectively CRTH2 and CD14 (Supplementary Figure S1A and S1B for representative patient’s samples). Expert-gating strategy confirmed the high abundance of CD10-CD64+ ImN among ICU patients compared non-ICU patients (Figure 1B). Correlations between ImN markers and COVID severity were independent of age, obesity and other potential confounding factors (data not shown). We next compared the expression of CD123, LOX-1 and PD-L1 surface molecules, formerly known as dysregulated in sepsis (22). All three of them were barely co-expressed on neutrophils (Supplementary Figure S1C) and lead to the identification of three distinct ImN subpopulations. Subsets of neutrophils expressing either CD123 or LOX-1 were more abundant in ICU than in non-ICU patients (Figure 1C) unlike those expressing PD-L1 for which over-abundancy did not reach statistical significance (p=0.1). Principal component analysis (PCA) revealed that CD123, LOX-1 or PD-L1-expressing ImN contributed independently to patients’ severity as appreciated by SAPS II (Supplementary Figure S2A). In addition, PCA confirmed that the ICU patients’ severity was associated with the expression of CD123, LOX-1 and PDL-1 on ImN and distinct patterns of cytokines (Supplementary Figure S2B and Table 3). We identified three profiles: 1) patients with high LOX-1-expressing ImN proportions and high IL-1β, IL-6, IL-8, TNFα serum levels, 2) patients with CD123 and PD-L1 expression and IL-18, IL-22, IFNγ secretion, and 3) patients with lower severity score associated with high type-1 interferons levels. Thus, ImN subsets expressing either CD123 or LOX-1 or PD-L1 may define specific profiles of severity associated with high levels of cytokines.
Because the mortality in COVID-19 cases is associated with the virally driven cytokine storm, especially in patients with comorbidities (1), we sought to correlate ImN subsets with severe symptoms such ARDS (patient receiving IMV) and thrombosis (Figure 1D and 1E, resepctively). The requirement for IMV or the occurrence of thromboembolic events were associated with higher proportions ImN expressing CD123 or LOX-1 unlike those expressing PD-L1 (p=0.1). No differences in the proportions of ImN subsets could be detected between discharged and deceased patients (Supplementary Figure S2C). These data suggested that increased proportions of circulating ImN expressing either CD123, LOX-1 in critical COVID-19 patients are associated with COVID-19 severity and thromboembolic complications.




Immature neutrophil expressing LOX-1 subsets infiltrate lung

Pulmonary immune environment during critical COVID-19 infection is one the major feature of disease complications. We thus seek for neutrophil subsets in the bronchoalveolar lavages (BAL) when available and compared to blood samples from patients and healthy donors (Figure 2). Using viSNE algorithm, BAL neutrophils were identified in the upper right quadrant of the map whereas blood neutrophils from from COVID-19 patients were more central and blood neutrophils healthy donors (HD) were organized in the lower left quadrant of the map (Figure 2A). Automatic clustering using major (CD15, CD10, CD16 and CD64) and specific (CD123, LOX-1and PD-L1) neutrophil markers split neutrophils signature into positive and negative subpopulations for each marker (Figure 2B and Supplemantary Figure S3). This unsupervised analysis allowed the identification of nine clusters, representing three main subsets of neutrophils (Figure 2C); 1) the mature neutrophils (MatN) with high expression of CD15 and CD10, and low expression of CD64, 2) the immature neutrophils (ImN) with high expression of CD15 and CD64, and low expression of CD10, and 3) the activated neutrophils (ActN) with high expression of CD15, CD10 and CD64. Expressions of CD123, PD-L1 and LOX-1 were spotted on both ActN and ImN subsets. MatN were abundant in blood of HD and both Act.N and ImN were abundant in the blood of COVID-19 patients (Figure 2D). If ImN-expressing LOX-1, PD-L1 or CD123 represented few percents of Covid-19 blood neutrophils (Figure 2D; see also Figure 1C), these subsets were much more present in patient’s BAL with ImN-expressing LOX-1 being the major subset representing about 40% of total neutrophils.  Profusion of ImN in COVID-19 BAL was associated with massive production of myeloperoxidase (MPO) and neutrophil elastase (ELA) (Figure 2E), two antimicrobial and cytotoxic proteins known to be highly concentrated in the azurophilic granule of ImN.
These data revealed that ImN, and preferentially those-expressing LOX-1, infiltrate broncho alveolar space in lungs of COVID-19 patients where they release their cytotxic content suggesting their potential role in disease severity.




Immature neutrophil subsets expressing either CD123, LOX-1 or PD-L1 are correlated with clinical severity but only LOX-1+ subset proportion at entry is strongly associated with higher risk of thrombosis

COVID-19 patients from the validation study were segregated into three groups based on severity at the time of admission: 18 with mild, 19 with severe and 51 with critical condition (Table 2 and supplementary results). The proportion of CD123-, LOX-1- and PD-L1-expressing ImN correlated positively with severity (Figure 3A). Interestingly, abundancies of all 3 ImN subsets were associated with patient’s death (Figure 3B) and with patient’s requiring IMV (Supplementary Figure S4), but only LOX-1-expressing ImN subset was associated with thromboembolic events (Figure 3C), confirming our results in the pilot study (Figure 1E). COVID-19 patients were segregated into two groups based on the median proportion of each ImN subets and compared their relative risk of ARDS, thrombosis and death using a Cox proportional hazard model death with other variables (age, gender, hypertension, obesity and diabete) (Figure 3D). Patients with high abundancy of ImN subsets were at higher risk of ARDS requiring IMV and of death. Hypertension and diabetes were risk-factors of survival but not for ARDS. Again, only patients with high abundancy of LOX-1-expressing ImN were at higher risk of thombembolic complications (hazard ratio (HR), 5.99; 95%CI, 2.02-17.81; p=0.007).
These data from the validation study confirmed that ImN subsets expressing either CD123, PD-L1 or LOX-1 were associated with COVID-19 severity, but that only LOX-1 expression remained associated with thromboembolic complications.

Immature neutrophil subsets and plasma levels of MPO and ELA are independent markers of COVID-19 severity

Because ImN that recently emigrated from the bone marrow are enriched in granule antimicrobial, cytotoxic and NET-forming proteins, we sought to measure plasma levels of MPO, ELA and MPO-DNA complexes representing NET formation, in three groups of patients based on severity at the time of admission; 23 with mild, 22 with severe and 63 with critical conditions. MPO and ELA plasma levels were significantly associated with patient’s severity (Figure 4A) while ELA-DNA complexes were not. In addition, MPO and ELA levels at hospital admission were also significantly increased among COVID-19 patients who later died (Figure 4B). MPO-DNA complexes levels were not associated with survival. There was no association between MPO, ELA or MPO-DNA complexes and thromboembolic events (Figure 4C). PCA analysis (Figure 4D) combining abundancies of ImN subsets and plasma levels of neutrophil microbicidal proteins revealed at least two independent patients profiles at risk of severity: those with high proportions of immature neutrophil subsets and those with high plasma levels of MPO, ELA and NET. To further evaluate the ability of LOX-1 neutrophil markers to segregate patients with thrombosis, we performed Receiver operating characteristic (ROC) curve analysis (Figure 4E). ROC analysis of these abundances was carried out to determine the optimal threshold yielding the best separation of the two groups of patients with optimal sensitivity and specificity. The area under the curve (AUC) was 0.89 for LOX-1 immature neutrophil abundancy (p<0.0001), indicating that LOX-1 expression on  ImN in the blood at the time of hospital admission could accurately predict later thromboembolic events among COVID-19 patients during hospitalization. A cut-off point of 0.5% abundance of the LOX-1 ImN subset was able to detect patients with thrombotic events with a sensitivity of 100% and to detect patients without complications with a specificity of 53%. A cut-off point of 2% reached a sensitivity of 82% and a specificity of 75%. 

   



Discussion

Stratification of patients using biomarkers remains an unmet need in COVID-19 patients care. Here, we sought to identify innate immune cellular signatures that may help predict the outcome of COVID-19 patients with severe symptoms. Conventional whole blood flow cytometry identified classical hallmarks of severe infections, such as neutrophilia and myelemia, but also revealed three novel neutrophils subsets able to discriminate patients requiring ICU or not. All three immature CD10-CD64+ neutrophil subsets expressing either CD123, LOX-1 or CD123 strongly correlated with severity scores commonly used in clinical practice (SAPS-II and SOFA). They were also associated with distinct cytokine profiles. We found that high blood proportions of LOX-1+ neutrophils could be an important predictive signature of thromboembolic events, while d-dimers, an important negative predictor of thrombosis, were found to be high in vast majority of patients. The strength of this study is that the main results were observed in the pilot study and confirmed in the validation study, representing more than 150 patients’ samples collected over the course of two independent pandemic waves in France. 

We reported that the proportion of CD123-expressing ImN correlated with bacterial sepsis severity(22). Here, we showed that the expression of CD123 on CD10-CD64+ neutrophils was associated with COVID-19 severity (higher SOFA or SAPSII scores, longer lengh of stay and higher risk of death). Indeed, both CD123 and its cognate ligand, the IL-3 cytokine, were suggested to play an important role in sepsis. High IL-3 plasma levels were associated with lung inflammation, lung injury and high mortality rates in an animal model, but also in humans(25, 26). IL-3 neutralization and anti-CD123 treatment improved mice outcome by decreasing inflammation, and  decreased mortality rates(25). IL-3 promotes emergency myelopoiesis, exacerbating pro-inflammatory cytokines secretion and, consequently, systemic inflammation, organ dysfunction and death. However, we did not observe similar results in COVID-19, as we reported an inverse correlation between IL-3 levels and SOFA score. The association between CD123 expression on ImN and high serum levels of IL-17, IL-22 and IFNγ, to the best of our knowledge, has never been reported and may reveal a yet unidentified link between innate and adaptive immune responses. These findings open the way to new therapeutic opportunities aiming to control the excessive inflammation induced by SARS-CoV-2 infection. 

Single cell technology approaches to assess dysregulation in myeloid compartment identified subsets of dysfunctional neutrophils in COVID-19 patients(27, 28). PD-L1-expressing neutrophils were detected only in COVID-19 severe patients and authors revealed that this subset displayed surface markers and gene expression profiles reminiscent of myeloid-derived suppressor cells (MDSC) suggesting that it may be involved in immune regulation by suppressing other immune cell activity. PD-L1-expressing MDSC were previously described in HIV(29) and in cancer patients(30), and were also suggested to be involved in immunosuppressive activity of T cell functions. Whether these PD-L1 neutrophils are dysfunctional or ImN remains unclear. Emergency granulopoiesis in response to infections is well documented(31) and mobilizes ImN equipped with stocks of innate defense armory that are packaged into different granule subsets(32). ProNETosis gene signatures were observed in both pro- (MPO, ELA, and PRTN3) and pre-(PADI4) neutrophils and were associated with COVID-19 severity. Other reports have shown that NETosis increased in COVID-19 patients with ARDS and thrombotic complications(33, 34). We measured high levels of MPO and ELA in patients with critical conditions, we did not observe any association between NETosis and patients’ clinical characteristics in the validation study. Potential bias of our study is that patients’ samples were obtained at the very first day of hospital admission and that NETosis may have only be at its early stages. Active anticoagulant therapy administered to every patient may have prevented it(35).

LOX-1 expression and functions on neutrophils remains elusive. LOX-1 is barely detected on neutrophils during homeostasis, while its expression increases on neutrophils from human cancer patients(23) and in murine sepsis(24, 36). The impact of LOX-1 deletion was previously evaluated in a murine model of polymicrobial sepsis, resulting in the reduction of IL-6 and TNFα levels in the blood and lungs, enhancing bacterial clearance and preventing neutrophils activation(24). LOX-1 was identified as a marker on granulocytic myeloid-derived suppressor cells able to suppress T cell activity(23). However, LOX-1 is mostly acknowledged for its role in atherosclerosis. LOX-1 is a class E scavenger receptor contributing to the formation of atherosclerotic plaques by promoting endothelial cell activation, macrophage foam cell formation, and smooth muscle cells migration and proliferation(37). LOX-1 activation induces NFκB activation leading to pro-inflammatory cytokines release, endoplasmic reticulum stress, and reactive oxygen species (ROS) production which could damage the microenvironment(38, 39). 

In this study, LOX-1 expression on ImN seems to be detrimental for patients as it was associated with the secretion of several pro-inflammatory cytokines such as IL-6, IL-1β and TNFα, with severity and a higher risk of thrombosis. In severe cases of COVID-19, the integrity of the lung is compromised by an exaggerated immune response leading to acute respiratory distress syndrome(17, 40). Mechanisms contributing to microcirculation disorders in sepsis are capillary leakage, leukocytes adhesion and infiltration and intravascular coagulation, leading to thrombus formation. Over the course of systemic inflammatory diseases such as sepsis, the microenvironment is highly oxidative, leading to an increase of oxidized low-density lipoprotein (oxLDL) in plasma, which triggers LOX-1 overexpression through a positive feedback loop. In physiological conditions, the increase of LOX-1 expression, especially by endothelial cells, leads to an increase of LDL uptake into vessel wall which activates the specific Oct-1/SIRT-1 thrombosis protective pathway(41),(42). In this study, we observed an increase of the incidence of vascular thrombotic events among individuals displaying a high frequency of immature LOX-1+ neutrophils. Whether thrombosis in COVID-19 patients results from functionally-diverted neutrophils expressing LOX-1 and/or from its expression on endothelial and smooth muscle cells remains to be elucidated. Additionally, we observed a slight correlation between LOX-1 expressing ImN and D-Dimers levels (Spearman test, r=0.42 p=0.023). D-dimers are a marker of activation of coagulation and fibrinolysis. However, in our study, the predictive score of D-dimers for thromboembolic events was not significant (ROC test, AUC=0.79, p=0.003, n=116) compared to LOX-1 expressing neutrophil abundancy in the blood (AUC=0.89, p<0.0001, n=118). These results suggest that the high LOX-1 expression by ImN might be a useful tool to predict thromboembolic events among critically-ill COVID-19 patients. The overexpression of LOX-1 might also be found in other cell types that might trigger the prothrombotic ERK1/2 pathway. The polymorphic LOX-1 gene is also intensively associated with increased susceptibility to myocardial diseases. LOX-1 should thus be considered a potential target for therapeutic interventions.

In conclusion, we outline new potential biomarkers of COVID-19 severity measurable among immature circulating neutrophils, the CD123, LOX-1 and PD-L1 surface markers. These markers are significantly correlated with disease severity, and even more with thromboembolic events regarding LOX-1. 



Materials and Methods

Study participants
Fresh blood samples from 38 (pilot study, March-April, 2020) and 118 (validation study, September-November, 2020) consecutive adult patients with COVID-19 referred to the Department of Internal Medicine 2, Department of Infectious Diseases and Intensive Care Units (ICU) of Pitié-Salpêtrière Hospital, Paris, were included. The diagnosis of COVID-19 relied on SARS-CoV-2 carriage in the nasopharyngeal swab, as confirmed by real-time reverse transcription-PCR analysis. In addition, blood samples were collected from 8 healthy donors (HD) obtained from the French blood donation center. When ventilator-associated pneumonia was suspected, patients underwent fiberoptic bronchoscopy and bronchoalveolar lavage (BAL) (n=16) for distal respiratory secretions sampling. Leukocyte phenotyping were performed on BAL when possible. Demographic and clinical characteristics are detailed in Table 1 and 2, respectively.

Studies approval
The studies were conducted in accordance with the Declaration of Helsinki and the International Conference on Harmonization Good Clinical Practice guidelines and approved by the relevant regulatory and independent ethics committees. In accordance with current French law, informed written consent was obtained from patients and/or relatives. The studies were registered and approved by local ethical committee of Sorbonne-Université/Assistance Publique-Hopitaux de Paris for standard hospitalized patients (N°2020-CER2020-21) and ICU patients (N° CER-2020-31). 

Flow cytometry 
One hundred µl of fresh whole blood collected at the admission to the hospital, on Anticoagulant Citrate-Dextrose solution (ACD) for patients in ICU or on EDTA for patients in standard hospitalization were stained with a mix of monoclonal antibodies. Samples were diluted in brilliant violet buffer (BD biosciences) and incubated 20 min at room temperature in the dark. The antibody panel (Supplemental Table S2) included: CD15-BV786, CD14-BUV737, CD10-BUV395 (BD, Le Pont de Claix, France); CRTH2-FITC, CD123-PE, LOX-1-BV421, CD64-BV605 and PD-L1-BV711 (Biolegend, San Diego, USA).  One ml of BD FACS lysing (BD biosciences) solution 1X was directly added to the cells to lyse red blood cells, incubated 20min, centrifuged, and washed with PBS. Leukocytes were resuspended in PBS before analysis with a BD LSR FORTESSA X-20. FlowJo software 10.0 was used for analysis of marker expression on neutrophils. One hundred µl of whole blood were additionally stained with a FMO mix missing of antibodies targeting CD123, LOX-1, and PD-L1, in order to determine the threshold of expression of these markers. BAL leukocyte phenotyping was performed similarly after filtration, two wash procedures of BAL cells, and staining with the same antibody mix. Acquired data were normalized and analyzed using the OMIQ platform (https://www.omiq.ai). To identify neutrophil subsets and visualize all cells in a two-dimentional map where position represents local phenotypic similarity, we used a dimensionality reduction tool; the opt-SNE implementation of t-SNE. Neutrophils (40.000 events) were randomly taken among sample for the unsupervised analysis. Cells were also grouped in phenotypically homogenous clusters using FlowSOM.

ELISA for antimicrobial proteins 
Myeloperoxidase (MPO) and neutrophil elastase (ELA) were measured using Human Myeloperoxidase and Human Neutrophil Elastase/ELA2 DuoSet ELISA kits from R&D Systems (Minneapolis, USA) with plasma or BAL diluted to 1:100 with phosphate-buffered saline (PBS) according to manufacturer’s instructions. The concentrations of MPO and ELA were expressed as pg/ml or relative luminescence units (RLU). Netosis was measured in the patient’s plasma by detecting MPO-DNA complexes using anti-human MPO primary antibody (clone 4A4; AbD Serotec, Marnes-la-Coquette, France) as the capture antibody and a peroxidase-labeled anti-DNA antibody (clone MCA-33; Roche, Mannheim, Germany) as the detection antibody. Plasma samples were diluted 1:4 in PBS.

Quanterix technology (digital ELISA)
The SimoaTM (single molecule array) HD-1 analyser (Quanterix, Lexington, MA, USA) was used for ultrasensitive immunodetection of IL-3, IL-17A, IL-18, GM-CSF and IFN-α, using singleplex bead-based assays. Concentrations of IL-1β, IFN-g, IL-6, IL-8, IL-22, TNF-α and IL-10 were determined using a multiplex planar array immunoassay on the Quanterix SP-X™ platform according to manufacturer’s instructions. Serum IFN-β levels were quantified with a highly sensitive ELISA kit (PBL Assay Science, Piscataway, NJ, USA). The concentrations of cytokines in unknown samples were interpolated from a standard curve performed with two replicates of each level of recombinant calibrator proteins, representing the dynamic range of the assay: IL-1β (0.073-300 pg/mL), IFN-g (0.012-50 pg/mL), IL-6 (0.073-300 pg/mL), IL-8 (0.098-400 pg/mL), IL-22 (0.024-100 pg/mL), TNFα (0.098-400 pg/mL), IL-10 (0.024-100 pg/mL), IL-3 (0.686-500 pg/mL), IL-17A (0.041-30 pg/mL), IL-18 (0.011-45 pg/mL), GM-CSF (0.041-30 pg/mL), IFN-α (0.028-27.3 pg/mL) and IFN- β (1.2-150 pg/mL).

Data presentation and statistical analysis
Statistical analyses of the immunological data and graphic representations were performed with Prism9.0 (GraphPad Software Inc.). Two-tailed Student’s t-test were used for group comparisons, and one-way and two-way ANOVA tests with Bonferoni for multiple comparison tests. The association between variables was evaluated using Spearman correlation (one-tailed), with significance defined by a p-value<0.05. Survival curves were compared with a log-rank (Mantel-Cox) test and were considered statistically significant with p<0.05. Hazard ratio (log-rank) (HR) with 95% confidence interval (CI) were computed. ﻿Receiver operating characteristics (ROC) curves were performed using Prism9. Principal Component Analyses were performed with R-software3.3.1.
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Legends of figures

Figure 1: Increased proportions of circulating immature neutrophils expressing either CD123, LOX-1 in critical COVID-19 patients are associated with COVID-19 severity and thromboembolic complications. (A) Opt-SNE analysis (OMIQTM) was performed on 40.000 randomly-chosen neutrophils from all samples with cells organized along t-SNE-1 and t-SNE-2 according to per-cell expression of CD15, CD10, CD64, LOX-1, CD123 and PD-L1. Cell density for the concatenated file of each patient’s group (ICU vs Non-ICU) is shown on a black to yellow heat scale. Neutrophils’ CD10, CD64 markers expression is presented on a rainbow heat scale in the t-SNE map of each group concatenated file. (B) Box plots representation (min to max distribution) of CD10-CD64+ neutrophil subset abundancy among total neutrophils of each group samples. (C) Abundancy of CD10-CD64+ neutrophil expressing CD123, PD-L1 or LOX-1 in ICU and non-ICU patients’ groups. (D and E) Box plots representation (min to max distribution) of the proportion of total immature neutrophil (ImN) and ImN expressing CD123-, LOX-1 or PD-L1 into patients’ groups with invasive mechanical ventilation (D) or with thrombotembolic complications (E). Nonparametric Mann-Whitney test was used to compare differences in cellular abundance of neutrophil subsets between groups, with significance defined by a p-value < 0.05: * for p < 0.05; ** for p < 0.01; *** for p < 0.001.

Figure 2: Immature neutrophil expressing LOX-1 subsets infiltrate lung. (A) Opt-SNE analysis was performed on 40.000 randomly-chosen neutrophils from blood and bronchoalveolar (BAL) samples (n=16). Cells were organized along t-SNE-1 and t-SNE-2 according to per-cell expression of CD10, CD15, CD16, CD64, LOX-1, CD123 and PD-L1. Cell density for the concatenated file of each group; blood samples from healthy donors (HD Blood; n=8), and blood and BAL samples from COVID-19 patients (COVID-19 Blood and BAL; n=16). Cell density is shown on a black to yellow heat scale. (B) Spatial t-SNE representing 9 major clusters of neutrophils automatically arranged with FlosSom (OMIQTM). C) Heatmap representation of mean signal intensity of each marker in identified neutrophil subsets. Subsets were annotated according to the following markers; Mature Neutrophils (MatN) expressed all three CD10, CD15 and CD16 markers, Activated Neutrophils (Act.N) expressed all four CD10, CD15, CD16 and CD64 markers, and Immature neutrophils (ImN) were  positive CD15, CD16 and CD64 but negative for CD10. (D) Box plots with SD of neutrophil subset abundances in HD Blood (white bar), in COVID-19 Blood  (grey bar) and BAL (red bar). (E) Box and whisker plots with min and max of myeloperoxidase (MPO) and neutrophil elastase (ELA) in BAL of  COVID-19 patients (n=12) and of control patients (CRTL; n=12).

Figure 3: Immature neutrophil subsets expressing either CD123, LOX-1 or PD-L1 are correlated with clinical severity but only LOX-1+ subset proportion at entry is strongly associated with higher risk of thrombosis. (A) Box plots representation (min to max distribution) of the proportion of immature neutrophil expressing CD123-, LOX-1 or PD-L1 into severity patients’ groups with mild (n=18), severe (n=19) or critical (n=51) clinical conditions. One-way ANOVA test was used to compare the three group, with significance defined *** for p < 0.001 and **** for p < 0.0001. (B) Box plots representation (min to max distribution) of the abundancy of CD10-CD64+ neutrophil subsets among discharged (n=74) and deceased (n=14) patients. (C) Box plots representation (min to max distribution) of the abundancy of CD10-CD64+ neutrophil subsets among among patients without (n=75) or with (n=12) thromboembolic complications. Nonparametric Mann-Whitney test was used to compare differences in cellular abundance of neutrophil subsets between groups, with significance defined by a p-value < 0.05: * for p < 0.05; ** for p < 0.01; *** for p < 0.001; **** for p < 0.0001. (D) Forest plot comparing hazard ratio (log-rank test) for survival, invasive mechanical ventilation (IMV) and thrombotic events (thrombosis) in 118 patients according to median frequency of ImN subsets (reference group with ImN subsets frequencies below the mediam) and comorbidities (reference group with no comorbidities or age below 61). Log-rank (Mantel-Cox) test was used to compare HR between groups, with significance defined by a p-value < 0.05: * for p < 0.05; ** for p < 0.01; *** for p < 0.001.

Figure 4: Immature neutrophil subsets and plasma levels of MPO and ELA are independent markers of COVID-19 severity. (A) Box plots representation (min to max distribution) of the plasma levels of MPO, ELA and MPO-DNA complexes (NET) into severity patients’ groups with mild (n=23), severe (n=22) or critical (n=63) clinical conditions. The concentrations of MPO were expressed as pg/ml, ELA as 10-1pg/ml and MPO-DNA complexes as arbitrary unit proportional to 10-5 of the ratio blank/sample of the absorbance measured at 450nM. One-way ANOVA test was used to compare the three group, with significance defined *** for p < 0.001. (B) Box plots representation (min to max distribution) of the plasma levels of MPO, ELA and NET among discharged (n=90) and deceased (n=17) patients. (C) Box plots representation (min to max distribution) of the plasma levels of MPO, ELA and NET among patients without (n=94) or with (n=12) thromboembolic complications. Nonparametric Mann-Whitney test was used to compare differences in cellular abundance of neutrophil subsets between groups, with significance defined by a p-value < 0.05: * for p < 0.05; ** for p < 0.01. (C) Principal component analysis (PCA) using granule protein plasma levels (MPO, ELA and NET), immature phenotypic markers (LOX-1+, PD-L1+, CD123+ ImN) and severity variables: critical patients ; n=63 (dark red circles), mild+severe patients; n=45 (grey circles). (D) Receiver operating characteristic (ROC) curve analysis was performed on discovery and validation studies to assess the predictive value of LOX-1 with thrombosis (n=118). 


  
[bookmark: OLE_LINK5]Table 1. Demographics and baseline characteristics of patients with COVID-19 : pilot study

	
	All patients
(N=38)
	ICU patients (N=24)
	Non ICU patients (N=14)

	Men
	25 (65.8)
	18 (75)
	7 (50)

	Age, years, median (range)
	57 (25 – 79)
	55 (25 – 75)
	65 (27 – 79)

	
Chronic medical illness

	Heart disease
	4 (10.5)
	4 (16.7)
	0(0)

	Type 2 diabetes
	13 (34.2)
	9 (37.5)
	4 (28.6)

	Body mass index (kg/m2)
	
	
	

	Normal (18.5-25)
	19 (49.7)
	9 (37.5)
	9 (64.3)

	Overweight (25-30)
	5 (13.2)
	3 (12.5)
	3 (21.4)

	Obesity (≥30)
	14 (36.8)
	12 (50)
	2 (14.3)

	Hypertension
	19 (50)
	11 (45.8)
	8 (57.1)

	Immunocompromised*
	2 (5.3)
	1 (4.2)
	1 (7.1)

	Malignant tumour
	6 (15.8)
	3 (12.5)
	3 (21.4)

	Chronic neurologic disease
	1 (2.6)
	1 (4.2)
	0 (0)

	Chronic pulmonary disease
	5 (13.2)
	4 (16.7)
	1 (7.1)

	Chronic kidney disease
	6 (15.8)
	3 (12.5)
	3 (21.4)

	Chronic liver disease
	0 (0)
	0 (0)
	0 (0)

	Smoking habits
	
	
	

	Never smoker
	31 (81.6)
	21 (87.5)
	10 (71.4)

	Former smoker
	4 (10.5)
	3 (12.5)
	1 (7.1)

	Daily smoker
	3 (7.9)
	0 (0)
	3 (21.4)

	Past history of arterial or venous thrombosis
	6 (15.8)
	4 (16.7)
	2 (14.3)

	Arterial
	5 (13.2)
	4 (16.7)
	1 (7.1)

	Venous
	1 (2.6)
	0 (0)
	1 (7.1)

	
Treatment regimen at baseline

	Long-term immunosuppressive agent use
	1 (2.6)
	1 (4.1)
	0 (0)

	Nonsteroidal anti-inflammatory drugs
	0 (0)
	0 (0)
	0 (0)

	Recent chemotherapy for cancer
	2 (5.3)
	1 (4.2)
	1 (7.1)

	Angiotensin converting enzyme inhibitor
	10 (26.3)
	6 (25)
	4 (28.6)

	Angiotensin II receptor blockers
	6 (15.8)
	4 (41.7)
	4 (12.3)

	Anticoagulant therapy
	12 (31.6)
	11 (45.8)
	1 (7.1)

	
	
	
	

	Severity score at baseline

	SAPS II, median (range)
	33 (25 - 78)
	35.5 (15 – 78)
	25.5 (9 – 61)

	SOFA, median (range)
	
	8.5 (2 – 17)
	

	
	
	
	

	Time from onset of symptoms to admission

	Days, median (range)
	8 (5 – 47)
	8 (5 – 22)
	13 (1 – 47) 

	
	
	
	

	Laboratory findings at baseline

	Leucocytes, x109/L, median (range) [normal range: 4.0-10.0]
	9.29 (1.19 – 23.79)
	10.3 (3.43 – 23.79)
	7.705 (1.35 – 19.86)

	Neutrophil count, x109/L, median (range) [normal range : 2.7 – 5]
	7.87 (1.35 – 60.76)
	8.75 (2.72 – 60.76)
	7.705 (1.35 – 19.86)

	Lymphocyte count, x109/L, median (quartiles) [normal range: 1.5 – 4]
	0.94 (0.56 – 1.34)
	0.925 (0.48 – 2)
	1.185 (0.24 – 1.81)

	Lactate dehydrogenase, U/L, median (range) [normal range: 135-215]
	475.5 (234 – 2030)
	504 (375 – 1087)
	324 (234 – 2030)

	Ddimer, ng/mL, median (range)
	2450 (540 – 20000)
	2760 (540 – 20000)
	1860 (540 – 20000)

	
	
	
	

	Chest CT finding: extension of GGO and/or consolidation¤

	0%
	0 (0)
	0 (0)
	0 (0)

	<10%
	4 (14.3)
	0 (0)
	4 (33.3)

	10-25%
	4 (14.3)
	1 (6.3)
	3 (25)

	25-50%
	6 (21.4)
	2 (12.5)
	4 (33.3)

	50-75%
	9 (32.1)
	8 (50)
	1 (8.3)

	> 75%
	5 (17.9)
	5 (31.3)
	0 (0)

	
	
	
	

	Treatment

	Hydroxychloroquine
	16 (42.1)
	14 (58.3)
	2 (14.3)

	Glucocorticoids
	1 (2.6)
	1 (4.2)
	0 (0)

	Tocilizumab or sarilumab
	0 (0)
	0 (0)
	0 (0)

	Oseltamivir
	5 (13.2)
	5 (20.8)
	0 (0)

	Antibiotic therapy
	38 (100)
	24 (100)
	14 (100)

	Oxygen therapy
	38 (100)
	24 (100)
	14 (100)

	Nasal cannula
	14 (36.8)
	0 (0)
	14 (100)

	Non-invasive ventilation or high-flow nasal cannula
	3 (7.9)
	3
	0

	Invasive mechanical ventilation
	21 (55.3)
	21 (87.5)
	0 (0)

	Extracorporeal membrane oxygenation
	13 (34.2)
	13 (54.2)
	0 (0)

	Haemodialysis
	10 (26.3)
	8 (33.3)
	2 (14.3)

	
	
	
	

	Complications

	Acute respiratory distress syndrome
	21 (55.3)
	21 (87.5)
	0 (0)

	Acute kidney injury
	12 (31.2)
	11 (45.8)
	1 (7.1)

	Pulmonary embolism
	2 (5.3)
	1 (4.2)
	1 (7.1)

	Thrombosis
	11 (28.9)
	10 (41.7)
	1 (7.1)

	Venous
	11 (28.0)
	10 (41.7)
	1 (7.1)

	Arterial
	0 (0)
	0 (0)
	0 (0)

	
	
	
	

	Clinical outcome†

	Duration of hospitalization
	17 (1 – 56)
	20 (1 – 56)
	17 (8 – 29)

	Discharged
	32 (84.2)
	19 (79.2)
	14 (100)

	Remained in hospital
	0 (0)
	0 (0)
	0 (0)

	Death
	5 (13.2)
	5 (20.8)
	0 (0)



Values are expressed as n (%), unless stated otherwise.
*including cardiac, liver or kidney allograft, hematopoietic stem cell transplantation, or immunosuppressive agent for auto-immune disease
¤ 28 patients were assessed
† As of December 2nd, 2020 
CT, computed tomography; GGO, ground-glass opacities; SAPS II, Simplified Acute Physiology Score II; SOFA, Sepsis Organ Failure Assessment



Table 2. Demographics and baseline characteristics of patients with COVID-19 : validation study

	
	All patients
(N=118)
	ICU patients (N=69)
	Non ICU patients (N=49)

	Men
	75 (63.6)
	43 (62.3)
	32 (65.3)

	Age, years, median (range)
	61 (21 – 89)
	61 (21 – 85)
	63 (32 – 89)

	
Chronic medical illness

	Heart disease
	23 (19.5)
	12 (17.4)
	11 (22.5)

	Type 2 diabetes
	36 (30.5)
	26 (37.7)
	10 (20.4)

	Body mass index (kg/m2)
	
	
	

	Normal (18.5-25)
	49 (41.5)
	9 (37.5)
	 (64.3)

	Overweight (25-30)
	34 (28.8)
	22 (32.4)
	12 (24.5)

	Obesity (≥30)
	37 (31.4)
	25 (36.8)
	12 (24.5)

	Hypertension
	62 (52.5)
	39 (56.5)
	23 (46.9)

	Immunocompromised*
	12 (10.2)
	7 (10.1)
	5 (10.2)

	Malignant tumour
	11 (9.3)
	7 (10.1)
	4 (8.2)

	Chronic neurologic disease
	6 (5.1)
	1 (1.5)
	5 (10.2)

	Chronic pulmonary disease
	25 (21.2)
	14 (20.3)
	11 (22.5)

	Chronic kidney disease
	20 (17)
	10 (14.5)
	10 (20.4)

	Chronic liver disease
	5 (4.2)
	2 (2.9)
	3 (6.1)

	Smoking habits
	
	
	

	Never smoker
	85 (72)
	52 (75.4)
	32 (65.3)

	Former smoker
	30 (25.4)
	15 (21.7)
	15 (30.6)

	Daily smoker
	4 (3.4)
	2 (2.9)
	2 (4.1)

	Past history of arterial or venous thrombosis
	16 (13.6)
	10 (14.5)
	6 (12.2)

	Arterial
	9 (7.6)
	4 (5.8)
	5 (10.2)

	Venous
	9 (7.6)
	8 (11.6)
	1 (2)

	
Treatment regimen at baseline

	Long-term immunosuppressive agent use
	16 (13.6)
	9 (13.0)
	7 (14.3)

	Recent chemotherapy for cancer
	1 (0.9)
	1 (1.5)
	0 (0)

	Angiotensin converting enzyme inhibitor
	13 (11)
	8 (11.6)
	5 (10.2)

	Angiotensin II receptor blockers
	25 (21.2)
	18 (26.1)
	7 (14.3)

	Anticoagulant therapy
	15 (12.7)
	9 (13.0)
	6 (12.2)

	
	
	
	

	Severity score at baseline

	SAPS II, median (range)
	25 (6 - 88)
	27.5 (6 – 88)
	18 (6 – 43)

	
	
	
	

	Time from onset of symptoms to admission

	Days, median (range)
	7 (0 – 18)
	7 (0 – 18)
	5 (0 – 18) 

	
	
	
	

	Laboratory findings at baseline

	Leucocytes, x109/L, median (range) [normal range: 4.0-10.0]
	7.55 (1.54 – 43.45)
	9.03 (2.65 – 43.45)
	5.69 (1.54 – 17.39)

	Neutrophil count, x109/L, median (range) [normal range : 2.7 – 5]
	6.05 (1.00 – 33.89)
	7.02 (1.75 – 33.89)
	3.94 (1.00 – 15.49)

	Lymphocyte count, x109/L, median (quartiles) [normal range: 1.5 – 4]
	0.93 (0.00 – 4.78)
	0.78 (0 – 4.78)
	1.08 (0.27 – 2.77)

	Lactate dehydrogenase, U/L, median (range) [normal range: 135-215]
	368 (184 – 999)
	431 (184 – 999)
	350 (189 – 586)

	Ddimer, ng/mL, median (range)
	1120 (240 – 20000)
	1520 (240 – 20000)
	720 (240 – 20000)

	
	
	
	

	Chest CT finding: extension of GGO and/or consolidation¤

	0%
	5 (0)
	2 (2.9)
	3 (6.1)

	<10%
	11 (9.3)
	4 (5.8)
	7 (14.3)

	10-25%
	32 (27.1)
	9 (13.0)
	23 (46.9)

	25-50%
	27 (22.9)
	20 (29.0)
	7 (14.3)

	50-75%
	22 (18.6)
	21 (30.4)
	1 (2.0)

	> 75%
	6 (5.1)
	6 (8.7)
	0 (0)

	
	
	
	

	Treatment

	Hydroxychloroquine
	0 (0)
	0 (0)
	0 (0)

	Glucocorticoids
	90 (76.3)
	59 (85.5)
	31 (63.3)

	Tocilizumab or sarilumab
	5 (4.2)
	2 (2.9)
	3 (6.1)

	Oseltamivir
	0 (0)
	0 (0)
	0 (0)

	Antibiotic therapy
	35 (29.7)
	30 (43.5)
	5 (10.2)

	Oxygen therapy
	106 (89.8)
	69 (100)
	37 (75.5)

	Nasal cannula
	42 (35.6)
	9 (13.0)
	37 (75.5)

	Non-invasive ventilation or high-flow nasal cannula
	26 (22.0)
	24 (34.8)
	0 (0)

	Invasive mechanical ventilation
	38 (32.2)
	36 (52.2)
	0 (0)

	Extracorporeal membrane oxygenation
	19 (16.1)
	19 (27.5)
	0 (0)

	Hemodialysis
	13 (11.0)
	10 (14.5)
	3 (6.1)

	
	
	
	

	Complications

	Acute respiratory distress syndrome
	38 (32.2)
	38 (55.1)
	0 (0)

	Pulmonary embolism
	7 (5.9)
	5 (7.2)
	2 (4.1)

	Thrombosis
	6 (5.1)
	6 (8.7)
	0 (0)

	Venous
	6 (5.1)
	6 (8.7)
	0 (0)

	Arterial
	0 (0)
	0 (0)
	0 (0)

	
	
	
	

	Clinical outcome†

	Duration of hospitalization
	14 (1 – 78)
	20 (2 – 78)
	8 (1 – 33)

	Discharged
	93 (78.8)
	47 (68.1)
	46 (93.9)

	Remained in hospital
	5 (4.2)
	5 (7.2)
	0 (0)

	Death
	20 (17)
	17 (24.6)
	3 (6.1)



Values are expressed as n (%), unless stated otherwise.
*including cardiac, liver or kidney allograft, hematopoietic stem cell transplantation, or immunosuppressive agent for auto-immune disease
¤ 103 patients were assessed
† As of December 2nd, 2020 
CT, computed tomography; GGO, ground-glass opacities; SAPS II, Simplified Acute Physiology Score II; SOFA, Sepsis Organ Failure Assessment



Table 3: Correlation analyses between serum cytokine levels and marker-expressing neutrophil abundancies.

	Frequency of marker-expression among neutrophils

	 
	CD123 
	LOX-1 
	 PD-L1

	
	r
	P Value
	r
	P Value
	r
	P Value

	SOFA
	0.69
	<0.0001****
	0.68
	0.0001***
	0.55
	0.0023**

	Ddimers
	 
	ns
	0.42
	0.023*
	0.37
	0.039*

	hIL1beta
	
	ns
	0.56
	0.003**
	0.39
	0.036*

	hIL6
	
	ns
	0.48
	0.010*
	
	ns

	hIL8
	
	ns
	0.48
	0.009
	
	ns

	hTNFa
	
	ns
	0.42
	0.022*
	
	ns

	hIL10
	
	ns
	0.43
	0.020*
	
	ns

	IL-17
	0.06
	0.035*
	
	ns
	
	ns

	IL-18
	0.22
	0.009**
	
	ns
	0.48
	0.0094**

	hIL22
	0.32
	0.005**
	
	ns
	0.56
	0.0027**

	IFN-alpha
	
	ns
	
	ns
	 -0.53
	0.0055

	IFN-beta
	 -0.45
	0.035*
	-0.45
	0.023*
	
	ns

	hIFN-gamma
	
	ns
	
	ns
	0.53
	0.0042**

	GM-CSF
	
	ns
	
	ns
	 -0.40
	0.03*

	IL-3
	 
	ns
	 -0.44
	0.020*
	 
	ns


The SimoaTM (single molecule array) HD-1 analyser was used for ultrasensitive multiplex immunodetection of cytokines as describe in methods section. The potential association between serum cytokine levels or marker expressing neutrophils frequencies was evaluated by Spearman correlation (one-tailed), with significance defined by a p-value < 0.05: * for p < 0.05; ** for p < 0.01; *** for p < 0.001; **** for p < 0.0001. 
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