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Abstract

Rational: Lymphopenia and neutrophil/lymphocyte ratio may have prognostic value in
coronavirus disease 2019 (COVID-19) severity.

Objective: We sought to investigate the representation of neutrophil subsets in severe and critical
COVID-19 patients based on Intensive Care Units (ICU) and non-ICU admission.

Methods: We developed a multi-parametric neutrophil profiling strategy based on known
neutrophil markers to distinguish COVID-19 phenotypes in critical and severe patients.

Results: Our results showed that 80% of ICU patients develop strong myelemia with CD10-CD64"
immature neutrophils. Cellular profiling revealed two distinct neutrophil subsets expressing either
the lectin-like oxidized low-density lipoprotein receptor-1 (LOX-1) or the Interleukin-3 receptor
alpha (CD123), both significantly overrepresented in ICU patients compared to non-ICU patients.
The proportion of LOX-1-expressing immature neutrophils positively correlated with clinical
severity, with the cytokine storm (IL-1p, IL-6, IL-8, TNFa), and with intravascular coagulation.
Importantly, high proportions of LOX-1"-immature neutrophils are associated with high risks of
severe thrombosis.

Conclusions: Together these data suggest that point of care enumeration of LOX-1-immature
neutrophils might help distinguish patients at risk of thrombosis complication and most likely to

benefit from intensified anticoagulant therapy.

Abstract : 178 words
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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 8 385 440 cases and 450 686 deaths as of June 19%, 2020 (for up-to-date,

https://www.who.int/emergencies/diseases/novel-coronavirus-2019). 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 1s therefore reasonable to postulate that the inflammatory response measured both at cellular
and molecular levels could represent a strong prognostic signature of the disease. Molecular assays
have been the gold standard to directly detect the presence of the virus as well as to characterize
the infection onset. The cytokine storm remains as of today an uncontrollable inflammatory
response leading to viral sepsis, acute respiratory distress syndrome, respiratory failure, shock,
organ failure or death (7, 8). In addition to the life-threatening course of the disease, many critically
ill patients develop complications with a high burden (e.g. thrombosis, ventilator-associated
pneumonia, acute kidney injury...). Strong predictive markers are still missing for these.

A retrospective cohort of 201 patients with confirmed COVID-19 pneumonia revealed that older
age, neutrophilia, organ and coagulation dysfunction were the major risk factors associated with
the development of ARDS and progression to death (9). ARDS and sepsis are frequent
complications among deceased patients (10). In severe cases, bilateral lung involvement with
ground-glass opacities is the most common chest computed tomography (CT) finding. More
surprisingly, abnormal CT scans were also reported on asymptomatic COVID-19 patients (11).
Immune transcriptome profiling of bronchoalveolar lavage fluids of COVID-19 patients also

displayed high levels of pro-inflammatory cytokines (6). In addition, serum concentrations of both
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pro- and anti-inflammatory cytokines including IL-6, TNFa, 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 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. However, little is known about the innate immune features and the molecular
mechanisms involved in 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 (13—-15). Lymphopenia, neutrophilia, and
high NLR are associated with a more severe viral infection (13, 16).

We previously identified two new CD10°CD64" neutrophil subsets expressing either PD-L1 or
CD123 that were specific to bacterial sepsis (17). In addition to these markers, previous work
showed that LOX-1 is an important mediator of inflammation and neutrophils dysfunction in sepsis
and cancers (18, 19). 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.

Materials and Methods

Study participants

Fresh blood samples from 38 consecutive adult patients with COVID-19 referred to the Department
of Internal Medicine 2, Department of Infectious Diseases and Intensive Care Units (ICU), Pitié-
Salpétriere Hospital, Paris were included in the study between March 18, 2020 and April 29, 2020.
The diagnosis of COVID-19 relied on SARS-CoV-2 carriage in the nasopharyngeal swab, as
confirmed by real-time reverse transcription-PCR analysis. Demographic and clinical
characteristics are detailed in Supplementary Table S1. All flow cytometric analyses were
performed on fresh whole blood cells collected at the admission to the hospital and ICU. Sera were

collected for cytokine measurement.

Study approval
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The study was 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. All patients gave oral informed consent. The study
was 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 pl of fresh whole blood collected on Anticoagulant Citrate-Dextrose solution (ACD)
for patients in intensive care 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 (Supplementary 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 pl of whole blood were
additionally stained for several patients with an FMO mix missing of antibodies targeting CD123,

LOX-1, and PD-L1, in order to determine the threshold of expression of these markers.

Data presentation and statistical analysis

Statistical analyses of the immunological data and graphic representations were performed with
Prism 8.0 (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
potential association between serum cytokine levels or marker-expressing neutrophils frequencies
was evaluated using 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. Principal Component

Analyses were performed with R software 3.3.1.
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Results

Demographics and baseline characteristics of ICU and non-ICU COVID-19 patients

Thirty-eight COVID-19 patients admitted to either ICU departments or non-ICU departments were
included. SARS-CoV-2 infection was confirmed on nasopharyngeal swab by positive RT-PCR in
accordance with WHO interim guidance. Clinical and biological characteristics of the 38 patients
are shown in Supplementary Table S1. Median age was 57 years (range 25-79 years), with 65.8%
of them being males. Analysis was performed on median average 8 days after the onset of
symptoms (median was 8 days for the ICU patients, 13 days for the non-ICU patients). The most
common past medical comorbidities were hypertension (50%), type 2 diabetes (34.2%) and obesity
(36.8%). Treatment regimen at baseline was mostly anti-hypertensive therapy (ACE inhibitors
26.3% and angiotensin II receptor blockers 15.8%). Severity at baseline was assessed by the SAPS
IT score for all patients (median 33, ranging from 25 to 78) and an additional SOFA score for ICU
patients (median 8.5, ranging from 2 to 17). Twenty-eight patients were assessed with CT chest
imaging, with ground-glass opacities and/or consolidation > 50% of the lung field among 50% of
all patients, with up to 81.3% of the ICU patients. Laboratory findings showed a decreased median
lymphocyte count at 0.94x10%/L, an increased median neutrophil count at 7.87x10°/L, an increased
median lactate dehydrogenase at 475.5 U/L and an increased median D-dimer level at 2450 ng/ml.
During hospitalization, 8 patients received hydroxychloroquine (42.1%), while all patients received
antibiotics. Oxygen therapy was administered to 100% of patients; ICU patients were ventilated
with invasive mechanical ventilation for 87.5% of them, while 54.2% received extracorporeal
membrane oxygenation. Acute respiratory distress syndrome occurred among 55.3% of all patients
(87.5% of ICU patients) and acute kidney injury among 31.2% of all patients. Among the 38
patients, 2 patients were diagnosed with pulmonary embolism (5.3%) and 10 patients (all ICU)
(26.3%) were diagnosed with venous thromboembolism. 76.3% of all patients were discharged as
of June 8, 2020, while 10.5% remained in hospital and 13.2% had died, the latter all being ICU

patients.

Increased proportions of circulating immature neutrophils expressing either CD123 or LOX-

1 in severe COVID-19 patients.
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In order to identify neutrophil surface markers that may help to predict the severity of the infection
at hospital admission, we designed an 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 (Supplementary Table S1). COVID-19 patients from
ICU displayed more severe clinical and biological signs than non-ICU patients, with an elevated
Simplified Acute Physiology Score (SAPS II; 35.5, n=24 and 25.5, n=14; p=0.056), higher serum
lactate dehydrogenase (504, n=24 and 324, n=14; p=0.005), and higher D-dimers (2760, n=23 and
1860, n=12; p=0.25). However, they did not differ while comparing neutrophils counts (8.75, n=24
and 5.185, n=14; p=0.06) and level of lymphopenia (0.925, n=24 and 1.185, n=14; p=0.41).
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 mechanical ventilation 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 (17).
Neutrophils were automatically identified and visualized using Visualization of t-Distributed
Stochastic Neighbor Embedding (viSNE 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 precise 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 on the CD15 neutrophil
marker and excluding prototypical markers of eosinophil and monocyte, respectively CRTH2 and
CD14 (Supplementary Figure S1). Expert-gating strategy confirmed the high abundance of CD10"
CD64" neutrophils among ICU patients compared non-ICU patients (Figure 1B and Supplementary
Figure S2 for cell counts). Then, we compared the expression of CD123, LOX-1 and PD-L1 surface
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molecules, formerly known as dysregulated in sepsis (17). All three of them were barely co-
expressed on neutrophils and lead to the identification of three distinct neutrophil subpopulations
(Figure 1C and data not shown). Subsets of immature neutrophils expressing either CD123 or
LOX-1 were more abundant in ICU than in non-ICU patients unlike those expressing PD-L1
(Figure 1D and Supplementary Figure S2 for cell counts). Principal component analysis (Figure
1E) revealed that both CDI123 and LOX-1 expressing immature neutrophils contributed
independently to patients’ severity as appreciated by SAPS II regardless of age, obesity and other
potential confounding factors. These data suggested that immature neutrophil subsets expressing

CD123 or LOX-1 may contribute to the severity of the disease.

LOX-1+ immature neutrophils are positively correlated with clinical severity and cytokine
levels

COVID-19 patients from ICU were segregated into two groups based on severity at the time of
admission. Patients with low SOFA (<8) had significantly fewer CD123- and LOX-1-expressing
immature neutrophils than patients with high SOFA (=8), (p<0.01 and p<0.001 respectively)
(Figure 2A). The abundancy of LOX-1-expressing immature neutrophils correlated positively with
the SOFA score (Table 1), with inflammatory cytokines such as IL-1p, IL-6, IL-8, TNFa and with
the anti-inflammatory cytokine IL-10, whereas it correlated negatively with IFNo and the
multipotent hematopoietic growth factor IL-3. In contrast, proportion of CD123-expressing
immature neutrophils did not correlate with any of these cytokines but with IL-17, IL-18, IL-22,
while negatively correlating with IFN (Table 1). In addition, we observed that the expression of
LOX-1 significantly correlated with serum D-dimer concentrations. Principal Component Analysis
confirmed that the ICU patients’ severity was associated with the proportion of CD123- and LOX-
1- expressing immature neutrophils and distinct patterns of cytokines (Figure 2B). These results
lead to the identification of three profiles: 1) patients with high LOX-1+ immature neutrophils
proportions and high IL-1pB, IL-6, IL-8, TNFa serum levels, 2) patients with CD123+ immature
neutrophils and IL-18, IL-22, IFNy secretion, and 3) a bulk of the patients with lower severity
associated with high type-1 interferons levels. These data suggested that immature neutrophil
subsets expressing either CD123 or LOX-1 may define a specific profile of severity associated with

high levels of pro-inflammatory cytokines.
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Increased LOX-1+ immature neutrophil proportions at entry are associated with higher
thrombosis risk

Because high values of D-dimer have been associated with disseminated intravascular coagulation
in COVID-19 patients (1), we aimed to seek a correlation between the overexpression of LOX-1
and thromboembolic events. The occurrence of thrombosis (Figure 3A) was associated with higher
levels of CD123- and LOX-1-expressing immature neutrophils (p<0.01 and p<0.0001
respectively). In order to assess the predictive value of LOX-1 on the occurrence of thrombosis,
we performed a Receiver Operating Characteristic (ROC) curve analysis (Figure 3B), with data
from patients who survived more that 10 days after inclusion (n=34). The area under the curve
(AUC) was 0.95 for LOX-1 immature neutrophil abundancy (p < 0.0001) (Figure 3B) compared
with CD123 (AUC=0.81, p=0.003), the SAPS II score (AUC=0.73, p=0.03), D-Dimers level
(AUC=0.63, non-significant), and age (AUC=0.61, non-significant). Thus, ROC curve analysis
suggested that LOX-1 may be an accurate predictive marker of thrombosis for COVID-19 patients.

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 two
novel neutrophils subsets able to discriminate patients requiring ICU or not. Both LOX-1- and
CD123- expressing CD10°CD64" neutrophil subsets strongly correlated with SAPS II and SOFA
severity scores, commonly used in clinical practice for sepsis prognosis. They were also associated
with distinct cytokines profiles. Most patients with a high proportion LOX-1 neutrophil subset
developed thromboembolic events. The principal limitation of this study is the relatively low
number of patients and needs further confirmation in a larger cohort.

Our data indicated that patients’ severity could be predicted based on the proportion of immature
CD10CD64" neutrophils using both unsupervised and expert-gating strategies. This neutrophil
subset has been described as an immature subset (20) unlike the CD64+-activated neutrophils

which still express the neutral endopeptidase (CD10) and the low-affinity immuno-globulin-Fc
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fragment II1 (CD16). Numerous studies have shown an association between circulating immature
neutrophils and bacterial sepsis (21). Here, we provided evidence that this immature subset may
serve as a severity biomarker in COVID-19.

We recently reported that the proportion of CD123-expressing immature neutrophils correlated
with bacterial sepsis severity (17). Here, we showed that the expression of CD123 on CD10-CD64*
neutrophils was related to a higher SOFA score among critically-ill COVID-19 patients. Indeed,
both CD123 (the alpha chain of the Interleukin-3 receptor) and its cognate ligand, the IL-3
cytokine, were suggested to play an important role in sepsis. Recent studies demonstrated that a
high IL-3 plasma levels were associated with lung inflammation, lung injury and high mortality
rates in an animal model, but also in humans (Weber 2015, Tong 2020). In addition, these studies
showed that IL3 neutralization and anti-CD123 treatment improved mice outcome by decreasing
inflammation, and decreased mortality rates (Weber et al., 2015). IL-3 promotes emergency
myelopoiesis, exacerbating pro-inflammatory cytokines secretion and, consequently, systemic
inflammation, organ dysfunction and death. The authors further tested the prognostic value of IL-
3 in two small cohorts of humans with sepsis and found that high plasma IL-3 levels were
associated with high mortality even when adjusting for disease severity. However, we did not
observe similar results in COVID-19, as we report an inverse correlation between IL-3 levels and
SOFA score. Because IL-3 is mainly produced by activated T-lymphocytes, severe lymphopenia
observed in critically-ill COVID-19 patients may limit the IL-3 T cell production.

The association between CD123 expression on immature neutrophils and high serum levels of IL-
17, IL-22 and IFNy was, to the best of our knowledge, never 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. The evaluation of CD123 expression on CD10°CD64" immature neutrophils
could also be a helpful predictor of COVID-19 severity.

The impact of LOX-1 deletion was previously evaluated in a murine model of polymicrobial sepsis,
resulting in the reduction of IL-6 and TNFa levels in blood and lungs, enhancing bacterial clearance
and preventing neutrophils activation (19). More recently, LOX-1 was identified as a marker on
granulocytic myeloid-derived suppressor cells able to suppress T cell activity (18). 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,
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macrophage foam cell formation, and smooth muscle cells migration and proliferation (24). LOX-
1 activation induces NF«kB activation leading to pro-inflammatory cytokines release, endoplasmic
reticulum stress, and reactive oxygen species (ROS) production which could damage the
microenvironment (25, 26).

However, LOX-1 role on neutrophils remains elusive. LOX-1 is barely detected on neutrophils at
homeostasis, while its expression increases on neutrophils from human cancer patients (18) and in
murine sepsis (19, 27).

In this study, LOX-1 expression on immature neutrophils seems to be detrimental for patients as it
was associated with the secretion of several pro-inflammatory cytokines, such as IL-6, IL-1p and
TNFa, and with severity (as assessed by the SOFA score) and 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 (10, 16). 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 notably 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 (28). The activation of SIRT1 is able to supress the
NFkB-induced expression of tissue factor, also known as thromboplastin, a key initiator of the
coagulation cascade involved in thrombus formation (29). 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. It remains to be seen 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.

Additionally, we observed a slight correlation between LOX-1 expressing immature neutrophils
and the concentration of D-Dimers (spearman test, r=0.42 p= 0.023). D-dimers are used to
determine the risk of venous thromboembolism. However, in our study, the predictive score of D-
dimers for thromboembolic events was not significant (ROC test, AUC=0.64, p=ns) compared to
LOX-1 expressing neutrophil abundancy in the blood (AUC=0.977, p < 0.0001). These results
suggest that the high abundancy of LOX-1-expressing immature neutrophils might be sufficient to
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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. Further investigations would be necessary, such as the titration of oxXLDL in blood or the
evaluation of the ERK1/2 pathway. In addition, some studies support the relationship between
ACE/ACE2 axis and the expression of the pro-oxidative molecule LOX-1, which could increase
the oxidative stress favoring prothrombotic state (30). SARS-CoV-2 virus requires binding to
ACE?2 and is particularly deleterious to patients with underlying cardiovascular disease (31). The
polymorphic LOX-1 gene is also intensively associated with increased susceptibility to myocardial
diseases. LOX-1 should be thus considered a potential target for therapeutic intervention.

In conclusion, we outline two potential biomarkers of COVID-19 severity measurable among
immature neutrophils, the CD123 and LOX-1 surface markers. These markers are significantly
correlated with disease severity in general, and more particularly to thromboembolic events.
Further research should determine whether an altered neutrophil production is responsible for

increased sepsis risk, and how these subsets can be therapeutically targeted.

Acknowledgments

The authors wish to thank the patients that agreed to participate in this study and all health-care
workers involved in the diagnosis and treatment of patients of Assistance Publique Hopitaux de
Paris (AP-HP) and the immunology department staff members. We also thank the administrative
staff at the Research and Innovation office (Mrs Laura Wakselman) of Pitié-Salpétriere Hospital
for their support. The study was supported by Fondation de France, « Tous unis contre le virus »
framework Alliance (Fondation de France, AP-HP, Institut Pasteur) in collaboration with Agence
Nationale de la Recherche (ANR Flash COVID19 program), and by the SARS-CoV-2 Program of
the Faculty of Medicine from Sorbonne University (I-COVID programs). LA and PR are recipient
of post-doctoral fellowships from the European Union’s Horizon 2020 Research and Innovation

Programme under grant agreement No. 681137.

Conflict of Interest statement

The authors declare no conflict of interest regarding the publication of this work.

13


https://doi.org/10.1101/2020.09.15.293100

bioRxiv preprint doi: https://doi.org/10.1101/2020.09.15.293100; this version posted September 15, 2020. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

References

1. Huang C, Wang Y, Li X, Ren L, Zhao J, Hu Y, Zhang L, Fan G, Xu J, Gu X, Cheng Z, Yu
T, XialJ, Wei Y, Wu W, Xie X, Yin W, Li H, Liu M, Xiao Y, Gao H, Guo L, Xie J, Wang G, Jiang
R, Gao Z, Jin Q, Wang J, Cao B. Clinical features of patients infected with 2019 novel coronavirus

in Wuhan, China. The Lancet 2020;395:497-506.

2. Li Q, Guan X, Wu P, Wang X, Zhou L, Tong Y, Ren R, Leung KSM, Lau EHY, Wong JY,
Xing X, Xiang N, Wu Y, Li C, Chen Q, Li D, Liu T, Zhao J, Liu M, Tu W, Chen C, Jin L, Yang
R, Wang Q, Zhou S, Wang R, Liu H, Luo Y, Liu Y, et al. Early Transmission Dynamics in Wuhan,
China, of Novel Coronavirus—Infected Pneumonia. N Engl J Med 2020;382:1199-1207.

3. Chen G, Wu D, Guo W, Cao Y, Huang D, Wang H, Wang T, Zhang X, Chen H, Yu H,
Zhang X, Zhang M, Wu S, Song J, Chen T, Han M, Li S, Luo X, Zhao J, Ning Q. Clinical and
immunological features of severe and moderate coronavirus disease 2019. J Clin Invest

2020;130:2620-2629.

4, Verity R, Okell LC, Dorigatti I, Winskill P, Whittaker C, Imai N, Cuomo-Dannenburg G,
Thompson H, Walker PGT, Fu H, Dighe A, Griffin JT, Baguelin M, Bhatia S, Boonyasiri A, Cori
A, Cucunuba Z, FitzJohn R, Gaythorpe K, Green W, Hamlet A, Hinsley W, Laydon D, Nedjati-
Gilani G, Riley S, van Elsland S, Volz E, Wang H, Wang Y, ef al. Estimates of the severity of
coronavirus disease 2019: a model-based analysis. Lancet Infect Dis 2020;d0i:10.1016/S1473-
3099(20)30243-7.

5. Xu Z, Shi L, Wang Y, Zhang J, Huang L, Zhang C, Liu S, Zhao P, Liu H, Zhu L, Tai Y,
Bai C, Gao T, Song J, Xia P, Dong J, Zhao J, Wang F-S. Pathological findings of COVID-19
associated with acute respiratory distress syndrome. Lancet Respir Med 2020;8:420—422.

6. Zhou Z, Ren L, Zhang L, Zhong J, Xiao Y, Jia Z, Guo L, Yang J, Wang C, Jiang S, Yang
D, Zhang G, Li H, Chen F, Xu Y, Chen M, Gao Z, Yang J, Dong J, Liu B, Zhang X, Wang W, He
K, Jin Q, Li M, Wang J. Heightened Innate Immune Responses in the Respiratory Tract of COVID-

14


https://doi.org/10.1101/2020.09.15.293100

bioRxiv preprint doi: https://doi.org/10.1101/2020.09.15.293100; this version posted September 15, 2020. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

19 Patients. Cell Host Microbe 2020;d01:10.1016/j.chom.2020.04.017.

7. Levy MM, Fink MP, Marshall JC, Abraham E, Angus D, Cook D, Cohen J, Opal SM,
Vincent J-L, Ramsay G. 2001 SCCM/ESICM/ACCP/ATS/SIS International Sepsis Definitions
Conference: Crit Care Med 2003;31:1250-1256.

8. Rabi FA, Al Zoubi MS, Kasasbeh GA, Salameh DM, Al-Nasser AD. SARS-CoV-2 and
Coronavirus Disease 2019: What We Know So Far. Pathogens 2020;9:231.

9. Wu C, Chen X, Cai Y, Xia J, Zhou X, Xu S, Huang H, Zhang L, Zhou X, Du C, Zhang Y,
Song J, Wang S, Chao Y, Yang Z, Xu J, Zhou X, Chen D, Xiong W, Xu L, Zhou F, Jiang J, Bai C,
Zheng J, Song Y. Risk Factors Associated With Acute Respiratory Distress Syndrome and Death
in Patients With Coronavirus Disease 2019 Pneumonia in Wuhan, China. JAMA I[ntern Med
2020;doi:10.1001/jamainternmed.2020.0994.

10. Chen T, Wu D, Chen H, Yan W, Yang D, Chen G, Ma K, Xu D, Yu H, Wang H, Wang T,
Guo W, Chen J, Ding C, Zhang X, Huang J, Han M, Li S, Luo X, Zhao J, Ning Q. Clinical
characteristics of 113 deceased patients with coronavirus disease 2019: retrospective study. BMJ

2020;m1091.doi:10.1136/bmj.m1091.

11. Shi H, Han X, Jiang N, Cao Y, Alwalid O, Gu J, Fan Y, Zheng C. Radiological findings
from 81 patients with COVID-19 pneumonia in Wuhan, China: a descriptive study. Lancet Infect
Dis 2020;20:425-434.

12.  Pedersen SF, Ho Y-C. SARS-CoV-2: a storm is raging. J Clin Invest 2020;130:2202-2205.

13. LiuY, Du X, Chen J, Jin Y, Peng L, Wang HHX, Luo M, Chen L, Zhao Y. Neutrophil-to-
lymphocyte ratio as an independent risk factor for mortality in hospitalized patients with COVID-
19. J Infect 2020;doi:10.1016/j.jinf.2020.04.002.

14. Song C-Y, Xu J, He J-Q, Lu Y-Q. COVID-19 early warning score: a multi-parameter
screening tool to identify highly suspected patients. Infectious Diseases (except HIV/AIDS); 2020.
doi:10.1101/2020.03.05.20031906.

15. Zheng M, Gao Y, Wang G, Song G, Liu S, Sun D, Xu Y, Tian Z. Functional exhaustion of
antiviral lymphocytes in COVID-19 patients. Cell Mol Immunol 2020;doi:10.1038/s41423-020-
0402-2.

15


https://doi.org/10.1101/2020.09.15.293100

bioRxiv preprint doi: https://doi.org/10.1101/2020.09.15.293100; this version posted September 15, 2020. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

16. Wang D, Hu B, Hu C, Zhu F, Liu X, Zhang J, Wang B, Xiang H, Cheng Z, Xiong Y, Zhao
Y, L1 Y, Wang X, Peng Z. Clinical Characteristics of 138 Hospitalized Patients With 2019 Novel
Coronavirus—Infected Pneumonia in Wuhan, China. JAMA 2020;323:1061.

17. Meghraoui-Kheddar A, Chousterman BG, Guillou N, Barone SM, Granjeaud S, Vallet H,
Corneau A, Guessous K, Boissonnas A, Irish JM, Combadiére C. Two new immature and

dysfunctional neutrophil cell subsets define a predictive signature of sepsis useable in clinical

practice. Immunology; 2020. doi:10.1101/2020.05.29.123992.

18. Condamine T, Dominguez GA, Youn J-I, Kossenkov AV, Mony S, Alicea-Torres K,
Tcyganov E, Hashimoto A, Nefedova Y, Lin C, Partlova S, Garfall A, Vogl DT, Xu X, Knight SC,
Malietzis G, Lee GH, Eruslanov E, Albelda SM, Wang X, Mehta JL, Bewtra M, Rustgi A,
Hockstein N, Witt R, Masters G, Nam B, Smirnov D, Sepulveda MA, et al. Lectin-type oxidized
LDL receptor-1 distinguishes population of human polymorphonuclear myeloid-derived

suppressor cells in cancer patients. Sci Immunol 2016;1:aaf8943—aaf8943.

19. Wu Z, Sawamura T, Kurdowska AK, Ji H-L, Idell S, Fu J. LOX-1 Deletion Improves
Neutrophil Responses, Enhances Bacterial Clearance, and Reduces Lung Injury in a Murine

Polymicrobial Sepsis Model. In: Weiser JN, editor. Infect Immun 2011;79:2865-2870.

20.  Elghetany MT. Surface Antigen Changes during Normal Neutrophilic Development: A
Critical Review. Blood Cells Mol Dis 2002;28:260-274.

21.  Cid J, Aguinaco R, Sanchez R, Garcia-Pardo G, Llorente A. Neutrophil CD64 expression

as marker of bacterial infection: A systematic review and meta-analysis. J Infect 2010;60:313-319.

22. Weber GF, Chousterman BG, He S, Fenn AM, Nairz M, Anzai A, Brenner T, Uhle F,
Iwamoto Y, Robbins CS, Noiret L, Maier SL, Zonnchen T, Rahbari NN, Scholch S, Klotzsche-von
Ameln A, Chavakis T, Weitz J, Hofer S, Weigand MA, Nahrendorf M, Weissleder R, Swirski FK.
Interleukin-3 amplifies acute inflammation and is a potential therapeutic target in sepsis. Science

2015;347:1260-1265.

23. Tong Y, Lear TB, Evankovich J, Chen Y, Londino JD, Myerburg MM, Zhang Y, Popescu
ID, McDyer JF, McVerry BJ, Lockwood KC, Jurczak MJ, Liu Y, Chen BB. The RNFT2/IL-3Ra
axis regulates IL-3 signaling and innate immunity. JCI Insight 2020;5: e133652.

16


https://doi.org/10.1101/2020.09.15.293100

bioRxiv preprint doi: https://doi.org/10.1101/2020.09.15.293100; this version posted September 15, 2020. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

24, Xu S, Ogura S, Chen J, Little PJ, Moss J, Liu P. LOX-1 in atherosclerosis: biological
functions and pharmacological modifiers. Cell Mol Life Sci 2013;70:2859-2872.

25. Zhang P, Liu M-C, Cheng L, Liang M, Ji H, Fu J. Blockade of LOX-1 Prevents Endotoxin-
Induced Acute Lung Inflammation and Injury in Mice. J Innate Immun 2009;1:358-365.

26.  Al-Banna N, Lehmann C. Oxidized LDL and LOX-1 in Experimental Sepsis. Mediators
Inflamm 2013;2013:1-6.

217. Landsberger M, Zhou J, Wilk S, Thaumuller C, Pavlovive D, Otto M, Whynot S, Hung O,
Murphy MF, Cerny V, Felix SB, Lehmann C. Inhibition of lectin-like oxidized low-density
lipoprotein receptor-1 reduces leukocyte adhesion within the intestinal microcirculation in

experimental endotoxemia in rats. Crit Care 2010;14:R223.

28. Pérez L, Vallejos A, Echeverria C, Varela D, Cabello-Verrugio C, Simon F. OxHDL
controls LOX-1 expression and plasma membrane localization through a mechanism dependent on

NOX/ROS/NF-«B pathway on endothelial cells. Lab Invest 2019;99:421-437.

29. Akhmedov A, Camici GG, Reiner MF, Bonetti NR, Costantino S, Holy EW, Spescha RD,
Stivala S, Schaub Clerigué A, Speer T, Breitenstein A, Manz J, Lohmann C, Paneni F, Beer J-H,
Liischer TF. Endothelial LOX-1 activation differentially regulates arterial thrombus formation
depending on oxLDL levels: role of the Oct-1/SIRT1 and ERK1/2 pathways. Cardiovasc Res
2017;113:498-507.

30. Bukowska A, Spiller L, Wolke C, Lendeckel U, Weinert S, Hoffmann J, Bornfleth P,
Kutschka I, Gardemann A, Isermann B, Goette A. Protective regulation of the ACE2/ACE gene

expression by estrogen in human atrial tissue from elderly men. Exp Biol Med 2017;242:1412—
1423.

31. South AM, Diz DI, Chappell MC. COVID-19, ACE2, and the cardiovascular consequences.
Am J Physiol-Heart Circ Physiol 2020;318:H1084—-H1090.

17


https://doi.org/10.1101/2020.09.15.293100

bioRxiv preprint doi: https://doi.org/10.1101/2020.09.15.293100; this version posted September 15, 2020. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

Table 1: Correlation analyses between serum cytokine levels and marker-expressing
neutrophil abundancies.

Frequency of either CD123 or LOX-1-expression among neutrophils

CD123 LOX-1
Variables
r P-value r P-value
SOFA 0.69 <0.00071 *#** 0.68 0.00071***
D-dimers ns 0.42 0.023*
IL-1B ns 0.56 0.003**
IL-6 ns 0.48 0.010%*
IL-8 ns 0.48 0.009
TNFa ns 0.42 0.022*
IL-10 ns 0.43 0.020%*
IL-17 0.06 0.035% ns
IL-18 0.22 0.009%* ns
IL-22 0.32 0.005%* ns
IFNa ns ns
IFNf -0.45 0.035% -0.45 0.023*
IFNy ns ns
GM-CSF ns ns
IL-3 ns -0.44 0.020%*

The Simoa™ (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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Figure Legends

Figure 1: Severe COVID-19 patients displayed increased immature neutrophil subsets
expressing CD123 or LOX-1. (A) viSNE analysis was performed on 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-LI. 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) Representative expression of LOX-
1 and CD123 on CD10°CD64" neutrophils. (D) Abundancy of CD10-CD64" neutrophil expressing
CD123 or LOX-1 in ICU and non-ICU patients’ groups. identify the median and min to max
distribution. 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. (E) Principal component analysis (PCA) using
LOX-1+, CD123+ CD10°CD64" neutrophil abundancy and SAPS II variables on sample sizes:
ICU=24 (dark red circles), non-ICU=14 (grey circles). Percent contribution (contrib) of each

variable is indicated in color gradient black-red of the arrows.

Figure 2: Abundancy of LOX-1-expressing immature neutrophil correlate with clinical
severity of COVID-19 patients. (A) Box plots representation (min to max distribution) of the
proportion of immature neutrophil expressing CD123- or LOX-1 into patients’ groups with high
(n=13) or low SOFA score (n=11) among all ICU patients. Non-parametric two-tailed Mann-
Whitney test was used to compare differences in cellular abundance of neutrophil subsets between
high and low SOFA score: CDI23+ neutrophils (**p<0.0022), LOX-1+ neutrophils
(****p<0.0001). (B) Principal component analysis (PCA) using serum cytokines and SOFA score
variables on ICU patients sample sizes: high SOFA score (n=11), low SOFA score (n=10)
(SOFA<8=blue circles, SOFA>8 = red circles).
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Figure 3: Abundancy of LOX-1-expressing immature neutrophil correlate with thrombosis
of critical COVID-19 patients. (A) Box plots representation (min to max distribution) of the
proportion of immature neutrophils expressing either CD123- or LOX-1 in blood of patients with
(yes) or without (no) thrombosis. Sample sizes: thrombosis n=8, no thrombosis n=24.
Nonparametric Mann-Whitney test was used to compare differences in frequencies of neutrophil
subsets between the two groups, with significance defined by a p-value < 0.05: * for p < 0.05; **
for p <0.01; **** for p <0.0001. (B) Receiver operating characteristic (ROC) curve analysis was

performed to assess the predictive value of LOX-1 with thrombosis.
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