& frontiers | Research Topics

Beneficial and
pathological roles
of myeloid cells

during COVID-19

Edited by
Lokesh Sharma, Thierry Roger and Shaon Sengupta

Published in
Frontiers in Immunology



https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org/research-topics/26227/beneficial-and-pathological-roles-of-myeloid-cells-during-covid-19
https://www.frontiersin.org/research-topics/26227/beneficial-and-pathological-roles-of-myeloid-cells-during-covid-19
https://www.frontiersin.org/research-topics/26227/beneficial-and-pathological-roles-of-myeloid-cells-during-covid-19
https://www.frontiersin.org/research-topics/26227/beneficial-and-pathological-roles-of-myeloid-cells-during-covid-19

& frontiers | Research Topics

FRONTIERS EBOOK COPYRIGHT STATEMENT

The copyright in the text of individual
articles in this ebook is the property
of their respective authors or their
respective institutions or funders.
The copyright in graphics and images
within each article may be subject

to copyright of other parties. In both
cases this is subject to a license
granted to Frontiers.

The compilation of articles constituting
this ebook is the property of Frontiers.

Each article within this ebook, and the
ebook itself, are published under the
most recent version of the Creative
Commons CC-BY licence. The version
current at the date of publication of
this ebook is CC-BY 4.0. If the CC-BY
licence is updated, the licence granted
by Frontiers is automatically updated
to the new version.

When exercising any right under

the CC-BY licence, Frontiers must be
attributed as the original publisher
of the article or ebook, as applicable.

Authors have the responsibility of
ensuring that any graphics or other
materials which are the property of
others may be included in the CC-BY
licence, but this should be checked
before relying on the CC-BY licence
to reproduce those materials. Any
copyright notices relating to those
materials must be complied with.

Copyright and source
acknowledgement notices may not
be removed and must be displayed
in any copy, derivative work or partial
copy which includes the elements

in question.

All copyright, and all rights therein,
are protected by national and
international copyright laws. The
above represents a summary only.
For further information please read
Frontiers’ Conditions for Website Use
and Copyright Statement, and the
applicable CC-BY licence.

ISSN 1664-8714
ISBN 978-2-8325-2207-3
DOI 10.3389/978-2-8325-2207-3

Frontiers in Immunology

April 2023

About Frontiers

Frontiers is more than just an open access publisher of scholarly articles: it is
a pioneering approach to the world of academia, radically improving the way
scholarly research is managed. The grand vision of Frontiers is a world where
all people have an equal opportunity to seek, share and generate knowledge.
Frontiers provides immediate and permanent online open access to all its
publications, but this alone is not enough to realize our grand goals.

Frontiers journal series

The Frontiers journal series is a multi-tier and interdisciplinary set of open-
access, online journals, promising a paradigm shift from the current review,
selection and dissemination processes in academic publishing. All Frontiers
journals are driven by researchers for researchers; therefore, they constitute
a service to the scholarly community. At the same time, the Frontiers journal
series operates on a revolutionary invention, the tiered publishing system,
initially addressing specific communities of scholars, and gradually climbing
up to broader public understanding, thus serving the interests of the lay
society, too.

Dedication to quality

Each Frontiers article is a landmark of the highest quality, thanks to genuinely
collaborative interactions between authors and review editors, who include
some of the world's best academicians. Research must be certified by peers
before entering a stream of knowledge that may eventually reach the public
- and shape society; therefore, Frontiers only applies the most rigorous

and unbiased reviews. Frontiers revolutionizes research publishing by freely
delivering the most outstanding research, evaluated with no bias from both
the academic and social point of view. By applying the most advanced
information technologies, Frontiers is catapulting scholarly publishing into

a new generation.

What are Frontiers Research Topics?

Frontiers Research Topics are very popular trademarks of the Frontiers
Jjournals series: they are collections of at least ten articles, all centered

on a particular subject. With their unique mix of varied contributions from
Original Research to Review Articles, Frontiers Research Topics unify the
most influential researchers, the latest key findings and historical advances
in a hot research area.

Find out more on how to host your own Frontiers Research Topic or
contribute to one as an author by contacting the Frontiers editorial office:
frontiersin.org/about/contact

1 frontiersin.org


https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org/
https://www.frontiersin.org/about/contact
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/

& frontiers | Research Topics April 2023

Beneficial and pathological roles
of myeloid cells during COVID-19

Topic editors

Lokesh Sharma — Yale University, United States

Thierry Roger — Centre Hospitalier Universitaire Vaudois (CHUV), Switzerland
Shaon Sengupta — University of Pennsylvania, United States

Citation

Sharma, L., Roger, T., Sengupta, S., eds. (2023). Beneficial and pathological
roles of myeloid cells during COVID-19. Lausanne: Frontiers Media SA.
doi: 10.3389/978-2-8325-2207-3

Frontiers in Immunology 2 frontiersin.org


https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org/
http://doi.org/10.3389/978-2-8325-2207-3

& frontiers | Research Topics

Table of
contents

Frontiers in Immunology

04

07

21

32

43

55

66

79

93

106

April 2023

Editorial: Beneficial and pathological roles of myeloid cells
during COVID-19

Lokesh Sharma, Shaon Sengupta and Thierry Roger

Severe COVID-19 Recovery Is Associated with Timely
Acquisition of a Myeloid Cell Immune-Regulatory Phenotype
Amelia C. Trombetta, Guilherme B. Farias, André M. C. Gomes,

Ana Godinho-Santos, Pedro Rosmaninho, Carolina M. Conceicédo,
Joel Laia, Diana F. Santos, Afonso R. M. Almeida, Catarina Mota,
Andreia Gomes, Marta Serrano, Marc Veldhoen, Ana E. Sousa and
Susana M. Fernandes

Plasma Markers of Neutrophil Extracellular Trap Are Linked to
Survival but Not to Pulmonary Embolism in
COVID-19-Related ARDS Patients

Renaud Prével, Annabelle Dupont, Sylvie Labrouche-Colomer,
Geoffrey Garcia, Antoine Dewitte, Antoine Rauch, Julien Goutay,
Morgan Caplan, Elsa Jozefowicz, Jean-Philippe Lanoix, Julien Poissy,
Etienne Riviere, Arthur Orieux, Denis Malvy, Didier Gruson,

Loic Garcon, Sophie Susen and Chloé James

The S1 Subunit of the SARS-CoV-2 Spike Protein Activates
Human Monocytes to Produce Cytokines Linked to
COVID-19: Relevance to Galectin-3

John T. Schroeder and Anja P. Bieneman

Neutrophils in COVID-19: Not Innocent Bystanders
Ellen McKenna, Richard Wubben, Johana M. Isaza-Correa,
Ashanty M. Melo, Aisling Ui Mhaonaigh, Niall Conlon,
James S. O'Donnell, Cliona Ni Cheallaigh, Tim Hurley,
Nigel J. Stevenson, Mark A. Little and Eleanor J. Molloy

Neutrophil Extracellular Traps, Sepsis and COVID-19 — A
Tripod Stand

Esmeiry Ventura-Santana, Joshua R. Ninan, Caitlin M. Snyder and
Emeka B. Okeke

Comparable bidirectional neutrophil immune dysregulation
between Kawasaki disease and severe COVID-19

Kuang-Den Chen, Ying-Hsien Huang, Wei-Sheng Wu,

Ling-Sai Chang, Chiao-Lun Chu and Ho-Chang Kuo

Dok3 restrains neutrophil production of calprotectin during
TLR4 sensing of SARS-CoV-2 spike protein

Jia Tong Loh, Joey Kay Hui Teo and Kong-Peng Lam

Macrophages and y3 T cells interplay during SARS-CoV-2
variants infection

Perla Abou Atmeh, Laetitia Gay, Anthony Levasseur, Bernard La Scola,
Daniel Olive, Soraya Mezouar, Jean-Pierre Gorvel and

Jean-Louis Mege

Neutrophilic inflammation promotes SARS-CoV-2 infectivity
and augments the inflammatory responses in airway
epithelial cells

Ben A. Calvert, Erik J. Quiroz, Zareeb Lorenzana, Ngan Doan,
Seongjae Kim, Christiana N. Senger, Jeffrey J. Anders,

Wiliam D. Wallace, Matthew P. Salomon, Jill Henley and Amy L. Ryan

3 frontiersin.org


https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org/

3 frontiers ‘ Frontiers in Immunology

@ Check for updates

OPEN ACCESS

EDITED AND REVIEWED BY
Francesca Granucci,
University of Milano-Bicocca, Italy

*CORRESPONDENCE
Lokesh Sharma
lokeshkumar.sharma@yale.edu

"These authors have contributed equally to
this work

SPECIALTY SECTION
This article was submitted to
Molecular Innate Immunity,
a section of the journal
Frontiers in Immunology

RECEIVED 27 March 2023
ACCEPTED 30 March 2023
PUBLISHED 04 April 2023

CITATION

Sharma L, Sengupta S and Roger T (2023)
Editorial: Beneficial and pathological roles
of myeloid cells during COVID-19.

Front. Immunol. 14:1194826.

doi: 10.3389/fimmu.2023.1194826

COPYRIGHT

© 2023 Sharma, Sengupta and Roger. 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.

Frontiers in Immunology

TvPE Editorial
PUBLISHED 04 April 2023
Do110.3389/fimmu.2023.1194826

Editorial: Beneficial and
pathological roles of myeloid
cells during COVID-19

Lokesh Sharma @™, Shaon Sengupta ®*' and Thierry Roger ®*'

*Section of Pulmonary, Critical Care and Sleep Medicine, School of Medicine, Yale University,
New Haven, CT, United States, 2The Children’s Hospital of Philadelphia, University of Pennsylvania
Perelman School of Medicine, Philadelphia, PA, United States, *Infectious Diseases Service,
Department of Medicine, Lausanne University Hospital and University of Lausanne,

Epalinges, Switzerland

KEYWORDS

COVID - 19, neutrophils (PMNs), macrophage, SARS-CoV-2, infection - immunology

Editorial on the Research Topic
Beneficial and pathological roles of myeloid cells during COVID-19

Since its emergence, coronavirus disease-2019 (COVID-19) disease has become one of
the greatest challenges to human health. Extensive research efforts have been devoted to the
development of novel antiviral agents and effective vaccinations against severe acute
respiratory syndrome coronavirus 2 (SARS-CoV-2), the etiologic agent of COVID-19. In
comparison, there are relatively few studies investigating the role of an innate immune
response during COVID-19, especially that mediated by myeloid cells. Myeloid cells
including monocytes, macrophages, neutrophils, and dendritic cells play a key role in host
antiviral response as well as in the pathological processes that occur in infected individuals.
Antiviral mechanisms mediated by myeloid cells include virus sensing and phagocytosis,
production of cytokines, and activation of the adaptive immune response through antigen
presentation. However, myeloid cells can also trigger hypercytokinemia and release tissue-
damaging factors that contribute to the host pathology. In this Research Topic, we aimed to
include studies that investigated beneficial and pathological mechanisms of myeloid cells in
the pathogenesis of COVID-19.

Neutrophils, the most prominent leukocyte subpopulation in the blood, are known to
have profound tissue-damaging effects that result from the release of soluble proteases and
reactive oxygen species. DNA released as neutrophil extracellular traps (NETs) may have
significant adverse effects participating to lung pathology and inflammation. Moreover,
elevated levels of neutrophil-derived calprotectin have been associated with severe COVID-
19 disease, however, its role in the pathogenesis of COVID-19 is not well understood. Loh
et al. investigated the molecular mechanisms by which neutrophils sense and respond to
SARS-CoV-2 to produce calprotectin, a neutrophil protein. Loh et al. described a critical
role of Dok-3 in limiting calprotectin secretion by deactivating MyD88 and subsequent
downstream JAK2-STATS3 signaling, revealing potential therapeutic targets in COVID-19.
Another facet of the role of neutrophils is highlighted by Calvert et al. who used co-culture
models to reveal that the presence of neutrophils with epithelial cells increases cytokine/
chemokine response and weakens epithelial barrier function. Furthermore, neutrophils
enhance viral replication and increase SARS-CoV-2 infection of the epithelium including
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basal stem cells. The authors confirm the deleterious role played by
neutrophils using autopsy studies on the lungs of patients who died
from COVID-19. Overall, these studies underline the pathological
role of neutrophils during severe COVID-19.

A proportion of children with COVID-19 show signs of
hyperinflammation with multi-organ involvement, defining a new
syndrome called multisystem inflammatory syndrome in children
(MIS-C). MIS-C has symptoms consistent with Kawasaki disease.
Further exploring neutrophil biology in COVID-19, Chen et al. use
whole blood single-cell RNA sequencing to compare neutrophil
response in Kawasaki disease and COVID-19 disease. They
demonstrate that neutrophils from these two diseases have similar
transcriptomic profiles, characterized by neutrophil activation and low
MHC class II expression. Confirming the role of neutrophil activation
in lung pathology, Prével et al. report that high blood levels of
biomarkers of neutrophil extracellular traps (NETs) are associated
with disease severity. NET biomarkers are most prominently associated
with acute respiratory distress syndrome (ARDS) and survival, but not
pulmonary embolism. These apparently conflicting observations may
be due to the limited number of patients analyzed. The authors propose
that NET biomarkers be used as prognostic biomarkers in COVID-19,
and that NETosis be targeted early during disease development to
prevent the development of ARDS.

Beyond original research on neutrophil biology, two insightful
reviews summarize specific aspects of the role of neutrophils in
COVID-19. McKenna et al. provide a comprehensive review of
potential mechanisms by which neutrophils contribute to lung
injury and host response in SARS-CoV-2 infection. They highlight
the changes in neutrophils, both in abundance and transcriptome
profile, during COVID-19 disease. Further, they discuss how
neutrophils may contribute to injury through the production of
NETs and activation of inflammasomes. Potential approaches to
target excessive neutrophil infiltration and activation in COVID-19
are proposed as possible therapeutic strategies. Along similar lines,
Ventura-Santana et al. review the role of NETs in mediating viral
sepsis in COVID-19. Consistent with the observations reported by
Calvert et al. and Prével et al., the authors propose that direct viral
infection of neutrophils exacerbates tissue damage via the release of
NETs without aiding viral clearance.

Macrophages are one of the first responders to viral infection
including by SARS-CoV-2. Atmeh et al. investigate the host-virus
interaction using monocyte-derived macrophages. They report that
o, B, v, 6 and o strains of SARS-CoV-2 successfully infect, but do
not replicate in monocyte-derived macrophages. Further they
demonstrate that infected macrophages are able to activate a Y T
cell line to secrete IFNy and TNF. Schroeder and Beineman show
that myeloid cells isolated from human blood such as basophils,
dendritic cells and monocytes respond to S1, S2, and S1/S2 subunits
of the spike protein (S) of SARS-CoV-2. The magnitude of the
response, measured by the secretion of cytokines and chemokines,
differs according to the cell type and S subunit. Monocytes respond
robustly to S1 stimulation by releasing IL-1f, IL-6 and TNF, which
are abundantly expressed in severe COVID-19 patients.
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Finally, Trombetta et al. used multiparameter flow cytometry to
investigate the frequency and phenotype of myeloid cells in patients
with severe COVID-19 analyzed at admission and discharge from
intensive care units (ICU). The authors describe major alterations,
especially in the monocyte population. The levels of M-2 like
classical monocytes are high in patients with SARS-CoV-2
viremia at ICU admission, increased at time of ICU discharge,
and correlate with SARS-CoV-2 specific antibody response. In
contrast, Slan® non-classical monocytes are expressed at low
levels in patients regardless of disease severity. These data support
the idea that the resolution of acute infection and recovery from
COVID-19 are related to the acquisition of an immunoregulatory
phenotype by monocytic cells.

In summary, this Research Topic includes a collection of
original research articles and insightful reviews supporting the
role of myeloid cells in the pathogenesis of COVID-19. The key
mechanisms discussed in the articles offer insights into the study of
host antiviral responses. We believe that this Research Topic will
stimulate interest in the role of myeloid cells in COVID-19 and for
research to contribute to the development of strategies improving
the management of infected patients.
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After more than one year since the COVID-19 outbreak, patients with severe disease still
constitute the bottleneck of the pandemic management. Aberrant inflammatory
responses, ranging from cytokine storm to immune-suppression, were described in
COVID-19 and no treatment was demonstrated to change the prognosis significantly.
Therefore, there is an urgent need for understanding the underlying pathogenic
mechanisms to guide therapeutic interventions. This study was designed to assess
myeloid cell activation and phenotype leading to recovery in patients surviving severe
COVID-19. We evaluated longitudinally patients with COVID-19 related respiratory
insufficiency, stratified according to the need of intensive care unit admission (ICU, n = 11,
and No-ICU, n = 9), and age and sex matched healthy controls (HCs, n = 11), by flow
cytometry and a wide array of serum inflammatory/immune-regulatory mediators. All
patients featured systemic immune-regulatory myeloid cell phenotype as assessed by
both unsupervised and supervised analysis of circulating monocyte and dendritic cell
subsets. Specifically, we observed a reduction of CD14lowCD16+ monocytes, and
reduced expression of CD80, CD86, and Slan. Moreover, mDCs, pDCs, and basophils
were significantly reduced, in comparison to healthy subjects. Contemporaneously, both
monocytes and DCs showed increased expression of CD163, CD204, CD206, and PD-
L1 immune-regulatory markers. The expansion of M2-like monocytes was significantly
higher at admission in patients featuring detectable SARS-CoV-2 plasma viral load and it
was positively correlated with the levels of specific antibodies. In No-ICU patients, we
observed a peak of the alterations at admission and a progressive regression to a
phenotype similar to HCs at discharge. Interestingly, in ICU patients, the expression of
immuno-suppressive markers progressively increased until discharge. Notably, an
increase of M2-like HLA-DRhighPD-L1+ cells in CD14++CD16— monocytes and in
dendritic cell subsets was observed at ICU discharge. Furthermore, IFN-y and IL-12p40
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M2-Like Myeloid Cells and SARS-CoV-2

showed a decline over time in ICU patients, while high values of IL1RA and IL-10 were
maintained. In conclusion, these results support that timely acquisition of a myeloid cell
immune-regulatory phenotype might contribute to recovery in severe systemic SARS-
CoV-2 infection and suggest that therapeutic agents favoring an innate immune system
regulatory shift may represent the best strategy to be implemented at this stage.

Keywords: innate immunity, SARS-CoV-2, COVID-19, M2-like differentiation, immune-regulation

INTRODUCTION

After more than 1 year from the coronavirus disease (COVID-19)
outbreak in Wuhan, China, more than 100 million cases and
2,5 million deaths have been confirmed worldwide (1). The
etiological agent, the severe acute respiratory syndrome
Coronavirus (SARS-CoV)-2, determines a mild illness in the
majority of the patients. In 5% of the cases, rapid viral replication,
immune cell infiltration, and uncontrolled inflammatory response
occur, causing acute lung injury (ALI) or acute respiratory distress
syndrome (ARDS), with or without multi-organ failure, resulting in
a high case-fatality ratio (2).

Critically ill COVID-19 patients represent the bottleneck of the
pandemic management, leading to an overwhelming impact on
available health care resources. Most of the available therapies used
for severe cases are still today of supportive nature, while several
immune-modulating agents are under trial (3, 4). Cytokine storm
and macrophage activation syndrome were reported in fatal
COVID-19 cases. Interferon-y (IFN-y), interleukin-1 (IL-1),
IL-6, tumor necrosis factor-o¢ (TNF-or), and IL-18 have central
immunopathogenic roles in the hyper-inflammation (5, 6). Decoy
receptors for pro-inflammatory cytokines such as IL-1RA, as well
as anti-inflammatory cytokines such as IL-10, constitute negative
feedback mechanisms preventing immune hyper-activation and
immunopathology (5).

Interestingly, Coronaviruses (CoVs) encode multiple proteins
that antagonize the activation of type L, II, and III IFN responses (7-
12). The inhibition of IFN pathways has been associated to the
insidious clinical course of COVID-19, until late deterioration (7).
Several reports have assessed aspects of systemic innate immune
response to SARS-CoV-2, initially with contrasting results:
increased or decreased levels of classical, intermediate, and non-
classical monocytes and presence of both pro- and anti-
inflammatory markers in circulating myeloid cells have been
described (8, 9). More recently, systemic loss and functional
impairment of pro-inflammatory monocytes, conventional and
plasmacytoid dendritic cells (pDCs) populations, sustaining for a
loss of M1-like/pro-inflammatory cells, were reported as distinctive
features of the severe compared to moderate disease (10-12).

Nevertheless, to our knowledge, few data are available on
longitudinal comprehensive characterization of myeloid cell
phenotype, allowing elucidation of their role in COVID-
19 recovery.

Here we performed a detailed longitudinal evaluation of
circulating monocytes/macrophages and dendritic cells (DCs),
along with a wide range of circulating cytokines and chemokines.
We aimed to clarify if these elements of the innate immune

response might direct towards inflammation or immune-
suppression in COVID-19 associated with severe symptoms.
Moreover, we assessed in hospitalized patients whether
intensive care unit (ICU) requirement or symptoms resolution
and discharge might be linked to a particular systemic myeloid
cell and circulating cytokine/chemokine signature, with the
ultimate goal to identify pathways to be targeted to induce
the recovery.

MATERIALS AND METHODS

Patients and Healthy Controls

Twenty-one adult patients affected by COVID-19 related
pneumonia, admitted at the Centro Hospitalar Universitario
Lisboa Norte (CHULN, Lisboa, Portugal), between April and
October 2020, and 11 healthy controls (HCs), were enrolled in
the study (Table 1). Age and sex distribution were homogeneous
in patient and healthy control groups. Informed consent was
obtained from all participants and the study was approved by the
Ethics committee at the CHULN/Faculdade de Medicina da
Universidade de Lisboa. SARS-CoV-2 infection was confirmed
by real-time PCR (RT-PCR) for nucleic acid testing of
nasopharyngeal swabs.

The first time point for clinical and laboratory evaluation was
performed at admission to the intensive care unit (ICU group) and
at hospital admission (HA) for the patients not requiring high flux
nasal oxygen (HENO patients) or mechanical ventilation (MV)
respiratory support (No-ICU group). Afterwards, all patients were
evaluated at recovery, when discharged from hospital or from
ICU. Collection of all clinical information (Table 1) was
monitored by the same clinician, that integrates the research
team (SMF). At each time point, clinical data, whole blood,
plasma, and serum were collected for all individuals. To obtain a
more homogenous set of patient samples, the study participants
were screened for co-infections, and one case of HIV-1/SARS-
CoV-2 co-infection was excluded and considered to be analyzed
separately. Furthermore, three No-ICU patients were lost at the
follow up and two ICU patients died after the ICU admission time
point. Whole blood was processed immediately after sampling and
no difference in sample handling or material used existed among
patient and control groups.

Flow Cytometry

Multi-parameter flow cytometry for immune-phenotyping of
circulating monocyte/macrophage and DCs was performed on
whole blood, immediately after sampling.
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TABLE 1 | Clinical and routine laboratory data from patients and healthy controls.

Clinical variables No-ICU ICU HCs p p P p
(Global)® (ICU vs (NoICU vs (ICUvs
HCs)® HCs)® No-ICU)®
n 9 ih 11
Age in years 50 (39-65) 57 (45.5-64) 58 (39-65) 0.485 0.965 0.965 0.965
Male sex, n (%)° 7(77.7) 10 (91) 9 (73) 0.671 0.315 0.882 0.413
Arterial hypertension, n (%)° 4 (44) 5 (46) 1(9) 0.264 0.056 0.069 0.964
Diabetes type 2, n (%)° 3(33) 3(27) 0 0.251 0.062 0.038 0.2942
Obesity, n (%)° 1(011) 5 (45) 0 0.032 0.011 0.257 0.095
Lung emphysema, n (%)° 0 2(18) 0 0.313 0.138 >0.999 0.178
Time from symptoms start to admission (days) 8 (4-10) 9 (7-12) NA 0.302 NA NA 0.302
Time from symptoms start to recovery (days) 12 (11-17) 20 (17-21.5) NA 0.009 NA NA 0.009
Time from admission to discharge (days) 9 (8-10) 12 (9.5-15) NA 0.034 NA NA 0.034
P/F 287.4 (270~ 122.1 (104.5- NA NA NA NA <0.001
323) 272.2)
447.6 (340- 283.3 (273~ NA NA NA NA 0.03
461) 392.9)
CRP (mg/dl) 5.44 (2.26-  23.7 (12.5-26.5) NA NA NA NA 0.005
7.09)
PCT (ng/ml) 0.14 (0.11-  0.21 (0.15-0.83) NA NA NA NA 0.440
0.41)
Ferritin (mg/dl) 949 (344— 1,030 (435.3— NA NA NA NA 0.450
1,374) 1,998)
D-dimers (ng/ml) 0.43 (0.19-53)  0.23 (0.18-0.63) NA NA NA NA 0.712
LDH (UL 366 (222- 372 (293-393) NA NA NA NA 0.736
417.5)
Lymphocytes/ul 1,390 (835- 870 (840-1,160) 1,940 (1,423- 0.005 0.003 0.152 0.146
2,108) 2,200)
1,810 (1,675- 1,982 (1,269- 0.8464 0.710 0.661 0.898
1,995) 2,680)
Neutrophils/pl 3,923 (2,385- 7,447 (4,687- 3,228 (2,521- 0.011 0.010 0.924 0.007
4,952) 11,793) 6,390)
3,349 (2,792- 5,557 (4,303- 0.067 0.045 0.978 0.060
4,891) 9,620)
Lymphocytes/neutrophils 0.316 (0.26— 0.146 (0.086- 0.509 (0.47- 0.013 0.008 0.194 0.038
0.65) 0.380) 0.605)
0.588 (0.35— 0.264 (0.142- 0.098 0.005 0.892 0.032
0.69) 0.559)
Monocytes/pl 321.9 (228- 376.8 (210.6— 398 (274.8- 0.872 0.833 0.640 0.766
503) 658.5) 732.8)
397 (347-595) 636 (472-1,057) 0.099 0.055 0.890 0.112
Basophils/pl 15.09 (6.35— 31.2 (16.9- 31.6 (16.4-63) 0.150 0.550 0.077 0.152
31.77) 42.32)
19.56 (10.1- 30.9 (15.86— 0.273 0.589 0.109 0.364
26.8) 54.2)
Eosinophils/ul 12.5 (6.5~ 24.39 (6.85- 114.8 (96.48-  <0.001 <0.001 <0.001 0.602
40.88) 60.18) 297)
116 (36.95- 42 (23.21- 0.008 <0.001 0.364 0.190
142.7) 58.41)
Detectable SARS-Cov-2 Plasma viral 3 (33%) 10 (91%) NA 0.007 NA NA 0.007
Load, n (%)° 0 (0%) 0 (0%)
SARS-Cov-2 Plasma viral Load in patients with 111.7 (33.91- 131 (836.1-713) NA NA NA NA 0.864
detectable levels (cps/ml) 563.5)
NA NA NA NA NA NA NA
Treatment®: NA NA NA
Dexamethasone, n (%) (11) 4 (36) 0.293 0.293
Other glucocorticoids, n (%) (11) 5 (45) 0.619 0.619
Tocilizumab, n (%) 0(0) 3(27) 0.507 0.507
Lopinavir/Ritonavir, n (%) 6 (68) 2(18) 0.123 0.128
Remdesivir, n (%) 2 (22) 4 (36) 0.632 0.632

Values expressed as medians (interquartile range) unless otherwise specified. P/F, Ratio of the partial pressure of arterial oxygen to the fraction of inspired oxygen,; CRP, C reactive protein;
PCT, procalcitonin; Ferritin: A, Admission; D, Discharge; NA, Not Applicable. Comparisons were done using “One way ANOVA unless otherwise stated; PMann-Whitney U-test unless

otherwise stated; “Chi-squared test.
Significant p values were shown in bold.
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In this and other studies we confirmed that if rapid sample
processing was performed in whole blood no significant amount of
dead cells are reported, therefore a live/dead marker was not used for
this evaluation. After erythrocyte bulk lysis, 10 million leukocytes
were incubated with a panel of fluorochrome-labelled antibodies, for
30 min at room temperature. The cell populations were stained with
the following antibodies: anti-Slan Ef450, anti-CD141 BV510, anti-
CD45 BV605, anti-HLA-DR BV650, anti-CD86 BV711, anti-PD-L1
BV785, anti-CD3 FITC, anti-CD19 FITC, anti-CD66b FITC, anti-
CD14 PerCP-Cy5.5, anti-CD80 PE, anti-CD163 PE-CF594, anti-
CD206 PE-Cy5, anti-CD123 PE-Cy7, anti-CD204 APC, anti-CD16
AF700, anti-CD1c APC-Cy7 (Supplementary Table 1). After
fixation, cells were resuspended in PBS and acquired in a Fortessa
X20 flow cytometer. The data were analyzed with FlowJo software
(Version 10.7; Tree Star, Inc., Ashland, OR, USA).

For flow cytometry data analysis, both supervised and
unsupervised approaches were implemented. Traditional manual
hierarchical gating was applied on 2D scatterplots starting on a
large lymphocyte/monocyte including gate (Supplementary
Figure 1). After cell debris and doublets exclusion, based on
forward and side scatter, monocytes, macrophages, and DCs were
defined by selection of CD45 antigen-expressing cells, negative for
the lineage markers CD66b, CD19, and CD3 (CD45+Lin— cells).
CD56 was not used among lineage markers in order to prevent the
exclusion of possible myeloid cells expressing CD56 (13).

For the unsupervised analysis, CD45+Lin— cells were gated and
dimensionality reduction was applied through the t-distributed
Stochastic Neighbour Embedding (tSNE) in Flow-Jo version 10.7.
on 79,688 events from each patient and HC. Firstly, to obtain the
cluster number definition, both X-Shift and Phenograph were used
on the same datasets, evaluating the best clustering resolution
visualized on the t-SNE images. The Phenograph clustering was
excluded because of the higher number of clusters defined, several of
which representing single outliers. The X-Shift cluster definition of
16 clusters in CD45+Lin— concatenated events was applied (14).
Afterwards, to confirm and visualize the results on a minimal
spanning tree, the dataset was re-clustered using FlowSOM (15).

Bidimensional hierarchical gating strategy was also used to
further define in a CD45+Lin— gate the plasmocytoid dendritic
cell (pDC), and the CD141+ and CD1c+ myeloid dendritic cell
(mDC) subpopulations.

Within the CD14 positive cells, in the CD45+Lin— population, a
trapezoidal gating strategy was applied uniformly to all patients and
control samples to define the monocyte subsets as CD14++CD16—
classical, CD14++CD16+ intermediate, CD14lowCD16+ non-
classical (16, 17). Slan was used for non-classical monocyte
sub-setting.

In monocyte and DC cell populations, the levels of expression
of CD163, CD204, and CD206 (for M2-like polarization), PD-L1
(immune-regulation/suppression), HLA-DR, CD80, CD86
(activation, antigen presentation, and M1l-like phenotype),
were assessed.

For each studied individual unstained cells were used as
control for gating of the negative and positive populations.

For each patient and control a hemogram with complete
white blood cell count was performed from the same blood

sampling at Santa Maria Hospital clinical laboratory. Absolute
numbers of monocyte subsets were calculated by multiplying
their percentual representation by the absolute monocyte count
obtained at the clinical laboratory.

Serum Proteins
Multiplex ELISA for 71 cytokines and chemokines was performed on
the —80°C stored serum samples, from each time point, using a
Multiplexing LASER Bead Assay (Human Cytokine Array/
Chemokine Array 71-Plex Panel, HD71, Eve Technologies, Canada)
while CCL28, RAGE, SP-D, IL-22BP were determined by Sandwich
ELISA Kits, as specified by the manufacturer (RayBiotech, GA).
SARS-CoV-2 specific antibody responses were evaluated through
quantitative tests for IgM, IgG, and IgA against spike protein or
its receptor binding domain, as previously described (18).

SARS-CoV-2 Plasma Viral Load

Total RNA was extracted from collected plasma samples (560 pl)
using QIAamp® Viral RNA Mini Kit (QIAGEN), according to
manufacturer’s instructions. SARS-CoV-2 viremia was
quantified using the commercial RT-PCR amplification kit
Bio-Rad SARS-CoV-2 ddPCR Test Kit (Bio-Rad) on QX200""
Droplet Digital PCR System (Bio-Rad), following manufacturer’s
instructions. Each 20 pl ddPCR reaction used 5 pl of extracted
RNA with samples in duplicate to quantify copies/reaction.
Plasma samples with one of the two N1 or N2 regions or both
regions detected were considered as positive samples and results
were analyzed on QuantaSoft Analysis Pro (1.0.596). SARS-
CoV-2 RNA concentrations (cp/ml) were finally calculated
considering the extracted volume of plasma.

Statistical Analysis

The statistical analysis was performed within and between different
patient groups and in comparison to HCs. The Kruskal-Wallis and
the Dunn’s multiple comparison tests were used to compare
variables with continuous distribution in more than two groups.
Wilcoxon matched-pairs signed rank test and Mann-Whitney U-
test were used for paired and unpaired analyses of continuous data,
respectively. Spearman’s Delta was done for hypothesis testing of
correlations. Principal Component Analysis was performed for
dimensionality reduction and evaluation of relevant analytes
contributing to data variation, afterwards hierarchical clustering
was applied. Ultimately, volcano plots were employed to quantify,
in terms of fold changes and statistical significance, the most
meaningful modifications in the variables analyzed. All values
were presented as median (25"-75" percentiles). Data were
analyzed with R version 4.0.2., using the packages heatmaply,
EnhancedVolcano, and ggplot2 for data visualization and
GraphPad Prism version 8 (GraphPad Software, San Diego, CA,
USA). A p value <0.05 was considered statistically significant.

RESULTS

In order to investigate myeloid cell phenotype contributing to the
recovery of patients with severe COVID-19, we compared the
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data obtained at admission and at discharge from the respiratory
isolation units or the ICU, within patient group or between
patient groups and HCs (Table 1). As expected, patients
requiring ICU featured significantly longer hospital stay and
lower ratio of the partial pressure of arterial oxygen to the
fraction of inspired oxygen (P/f), both at admission and at
discharge (Table 1). The use of steroids and other therapies
with possible impact on the viral or immune response was
comparable between the two patient groups (Table 1).
Interestingly, SARS-CoV-2 was detectable in the plasma of all
ICU patients at admission, but not at discharge. Although ICU
patients had higher neutrophil counts and C reactive protein
(CRP) serum levels, no difference was reported for procalcitonin
(PCT), ferritin, and D-dimers in the two groups (Table 1).

Notably, both patient groups featured no significant changes
in circulating monocyte counts (Table 1).

Monocytes, macrophages, and DCs were analyzed within the
concatenated CD45+Lin— dataset (Supplementary Figure 1),
through an unsupervised approach, starting with dimensionality
reduction by tSNE (Figure 1A). Afterwards, X-Shift clustering was
applied to obtain 16 different clusters (Figures 1B, C,
Supplementary Figure 2 and Supplementary Table 2). The
CD45+Lin— dataset was then re-clustered with FlowSOM, to
show the relative distribution of the populations in a self-
organizing map defining a minimal spanning tree (Figures 1D, E).

Interestingly, all patients showed relevant changes in several
cluster frequencies compared to HCs, but at different time points
for No-ICU and ICU groups.

The Cluster (C) 8, having the characteristics of non-classical
monocytes expressing high levels of Slan, HLA-DR, PD-LI,
CD80, and CD86, and low CD163, was significantly and
persistently reduced in both patient groups until discharge, in
comparison to healthy subjects (Figures 1B, C, Figure 2A,
Supplementary Figure 2 and Supplementary Table 2). In the
spanning tree, a complete shrinking of the Slan+ CD14lowCD16+
nodes was observed in No-ICU patients at HA, only partially re-
appearing in the discharge time-point map. A reduction of this
branch was also present in the ICU group, but more notably at
discharge (Figure 1E).

On the other hand, the C15, with a classical monocyte phenotype,
characterized by the highest CD163 levels, low/intermediate HLA-
DR, CD86, and CD204, and low CD80 (CD163+++M2-like
monocytes), was significantly expanded, especially in ICU patients
at admission and discharge (Figures 1B, C, Figure 2B,
Supplementary Figure 2 and Supplementary Table 2).

Importantly, C16, a classical monocyte population with
positivity for M2 markers, high HLA-DR, and PD-L1 levels
(PD-L1+M2-like monocytes), showed the highest percentages in
ICU patients at discharge (Figures 1B, C, Figure 2C
Supplementary Figure 2 and Supplementary Table 2).

In the FlowSOM maps, classical monocytes with higher
expression of scavenger receptors, HLA-DR and PD-L1, as well
as the HLA-DRlow classical monocytes, were mainly observable
at discharge in ICU patients (Figures 1D, E).

No differences were found for less differentiated CD14++
CD16- monocytes (C5 and C14), as well as for other

CD14lowCD16+ clusters (C9 and C13) (Figures 1B, C,
Supplementary Figure 2 and Supplementary Table 2).

The bidimensional hierarchical gating strategy confirmed the
results of the unbiased analysis (Figure 3). A significant increase
in classical monocyte count was observed reaching significance
in ICU patients at discharge (ICU D = 599, 456-740; HC = 349,
253-519 cells/pl, p = 0.04). A global decrease in non-classical
monocyte population counts was observed in comparison with
HCs (34, 24-43 p/ml) in all patients at both time points (No-ICU
HA/D =6, 0.7-8.6 cells/ul, p = 0.007/13, 5-15 cells/pl, p = 0.05;
ICU A/D = 2.7, 1-4.6 cells/pl, p = 0.0005/7, 3-8 cells/pl, p <
0.0001). No significant alterations were reported in the
intermediate monocyte subset counts (Figure 3A).

Concerning the M2-like/immuno-regulatory marker
expression, in the ICU group at discharge, a significant
increase in CD163 MFI (HCs = 8,142, 7,280-9,945; ICU D =
14,938, 12,035-15,700, p = 0.01) and a tendency to increase in
the percentages of CD14++CD16— monocytes showing M2-like
markers (CD204+CD206+ classical monocytes at ICU D = 27,
16-33% vs HCs = 13, 9-17%, p = 0.08) was observed,
complemented by the expansion of a HLA-DRhighPD-L1+ cell
population (ICU D = 1.7, 0.7-2.8%; HCs = 0.6, 0.1-
0.8%) (Figure 3B).

Concerning non-classical monocytes, the most striking
feature in all patients from admission was the persistent
decline in the frequency of the non-classical monocytes
expressing Slan (HCs = 16, 7-25%, No-ICU HA/D = 1.6, 1.3-
2.1%, p = 0.002/0.1, 0.1-0.6, p = 0.0009; ICU A/D = 0.4, 0-2, p =
0.0005/0.6, 0.2-0.7, p = 0.001), and the expansion of cells lacking
the co-stimulatory molecules CD80 and CD86 at discharge
(ICU = 26, 8-30%, HCs = 4, 0.9-9%, p = 0.01) (Figure 3C).

Possible associations of relevant circulating myeloid cell
populations with clinical variables and circulatory inflammatory
or immune-regulatory mediators were evaluated. PD-L1+M2-like
classical monocytes (C16) constituted the only population which
frequency was positively correlated with the time elapsed from start
of the symptoms and from hospital admission (Figure 4A). PD-L1+
M2-like classical monocyte cluster percentage was also directly
correlated with the anti-SARS-CoV-2 IgM and IgG levels
(Figure 4B). This finding suggests that specific humoral
immunity is developed in parallel with the significant increase of
myeloid cell subsets with immunoregulatory phenotype, raising the
possibility that the emergence of M2-like phenotype and the
development of specific antibodies might be sustained by
common mechanisms. Given the previous data on the impact of
SARS-CoV-2 on myeloid cell differentiation (10-12), we also
sought to evaluate if viremia might be a factor underlying the
expansion of PD-L1+ M2-like classical monocytes (C16) and
observed that their levels at admission were higher in patients
with detectable SARS-CoV-2 viral load (Figure 4C). No other cell
population was affected by the viremic status of the patients.

Moreover, as displayed in Figure 4D, the expansion of PD-L1+
M2-like (C16) and CD163+++M2-like (C15) classical monocytes
showed an inverse correlation with the levels of circulating
inflammatory cytokines and chemokines related to the IFN
pathway (IP-10, CXCL9, IL-12p40). Conversely, the non-classical
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samples showing marker distribution. (B) Unsupervised clustering performed using X-shift. Bi-dimensional plots showing the 16 clusters obtained (left) and the
manual annotation of the clusters (right). Heatmap showing the marker expression in the 16 X-shift clusters. (C) Cluster distribution in patients at admission/
discharge and in healthy controls. Bi-dimensional plots showing event density using pseudo-color (top) and cluster manual annotation (bottom). (D) Unsupervised
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monocyte populations (C8, C9, and C13) declined in parallel with
several inflammatory cytokines, being correlated with the levels of
MIG-CXCL-9, MCP-2, IFNa2, IENy, IL-10, IP-10, IL-21, and
MIP1-$ (Figure 4D).

Concerning DC subsets, a persistent and marked contraction of
pDCs (C1) and CD141+mDCs (C7) was observed in all patients,

with a partial recovery at discharge in the No-ICU group
(Figures 5A, B, respectively, and Supplementary Table 2).

A targeted analysis performed by manual gating, confirmed
the contraction of all main DC populations (Supplementary
Figure 3), and revealed a profile remarkably similar to the one
observed in the monocyte compartment. Namely, an increase in
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the expression of scavenger receptors was observed in both
CD141+ mDCs and pDCs from all patients, persisting until
discharge in ICU patients (Figures 5C, D). ICU patients also
featured an increased percentage of HLA-DRhighPD-L1+ cells in
both DC populations at discharge, and a significant increase of
CD163+ pDCs at ICU admission (Figures 5C, D).

If analyzing both patient groups and time points, the
frequencies of HLA-DRhighPD-L1+ and CD204+CD206+ cells
in pDCs and CD141+mDCs were inversely correlated with
analytes related to IFN pathway, as well as to acute phase
response proteins and TNF levels (Figure 5E), overall
confirming the induction of an immune-modulatory signature
also in DC sub-populations. No significant changes were
reported for CD1c+ mDCs (Supplementary Figure 4).

For assessing the circulating cytokine environment, from the
71 inflammatory mediators analyzed, we selected 42 analytes
showing significant changes between patients and HCs or within
patient groups, or previously reported in literature as central for
the hyperinflammatory syndrome pathogenesis (Supplementary
Table 3) (5). Then, we evaluated using principal component
analysis, the most relevant analytes for the segregation of patients
from HCs (Figure 6A).

Subsequently, combining the analytes with higher loading
scores in the principal components with the relevant myeloid cell
populations described above, we were able to discriminate the
admission and discharge datasets, as well as HCs, using
unsupervised hierarchical clustering (Figure 6B).

Finally, using volcano plots, we showed that only ICU
patients kept at discharge statistically significant increased
levels of IL-1RA, IL-10, and IL-6 in comparison with HCs, in
parallel with the expansion of myeloid cells expressing M2
markers and PDL-1 (Figure 6C and Supplementary Table 3).

Notably, in the present cohort, no significant increase was
reported for IFN-y, IL-1a, and IL-1f levels in all patients, in
comparison to HCs. Moreover, although not significantly
increased at admission, IFN-y and IL-12p40 showed a negative
correlation with time, declining from admission to discharge, in
ICU patients (Figure 6C and Supplementary Table 2).

Altogether, our results show an immune-regulatory profile
shift in myeloid cell populations in a cohort of severe patients
surviving SARS-CoV-2. Moreover, the evolution towards
recovery, in ICU patients, was linked to the expansion of a
PD-L1+M2-like classical monocyte and DC subset, in parallel
with control of SARS-CoV-2 plasma viral load, development of
high titers of specific Ig, and a cytokine signature defined by
persistently low IFN-y, IL1-c, and IL1-B and high IL-1RA and
IL10 levels (Figure 6C).

DISCUSSION

This longitudinal study revealed systemic immune-regulatory
myeloid cell responses in all COVID-19 patients with respiratory
insufficiency throughout the path to recovery.

Interestingly, our longitudinal data showed that the myeloid
cell subpopulation modifications were associated with significant
changes in the balance of pro-inflammatory and immune-
regulatory cytokine/chemokine levels, in which low levels of
IFN-02, TNF-0, IL-10, and IL-1B, decline of IFN-y and IL-
12p40, and persistence of significantly high IL-10, and IL-1RA
were main features. Also, the evaluation of patients at admission
and recovery allowed us to describe, in those admitted to ICU,
the expression of immuno-regulatory elements, especially at
discharge, whereas this profile was mainly present at admission
to hospital in patients that did not require ICU. These findings
support a contribution of the timely acquisition of a myeloid cell
immune-regulatory phenotype to the recovery from
respiratory insufficiency.

As already described in severe COVID-19, global reduction of
pro-inflammatory myeloid cell subsets was observed in all
patients in comparison to healthy subjects (10). It appears
plausible that blunted type I interferon and IL-1 responses,
together with high systemic levels of regulatory cytokines,
support the M2-like differentiation observed in our COVID-19
patient cohort.

Circulating monocytes differentiate along a continuous
gradient of phenotype states to macrophage-like cells and they
are also precursors of myeloid DCs in tissues (19).
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Notably, healthy resident alveolar macrophages show an  paper, performed on hospitalized COVID-19 patients, showed
immune-regulatory/M2-like phenotype, favoring the continuous  significantly increased sCD163 and sCD14 and a reduction of
non-inflammatory clearance of pathogens, debris, and apoptotic = non-classical monocytes, mDCs and pDCs in COVID-19.
cells. However they also secrete the cytokines and chemokines that ~ However, in this study, the Slan positive population was classified
orchestrate the recruitment of inflammatory bone marrow derived ~ within DCs, while our unbiased flow cytometry data analysis, as well
cells in the course of infections (20). Regarding myeloid cell ~— as previous evaluations, performed through genome-wide

phenotype role in viral infection prognosis, a Ml-like shift,  transcriptional profiling, demonstrated that those cells cluster
correlated with secretion of cytokines like IFN-y, TNF-o, IL-6,  together with non-classical monocyte population (22-25).
and IL-12, both in mucosal associated and in systemic myeloid cells, The non-classical monocyte subset was shown to expand in

was considered determinant for worse outcomes in life-threatening ~ several bacterial and viral infections (26-28). Nevertheless, there
viral infection (21, 22). However, viruses, per se, can also divert  are reports of a reduction of this sub-population in viral infections
macrophage phenotype towards M2-like, for instance through  and in inflammatory or auto-immune diseases, where the decrease
increasing the production of cytokines like IL-4 or IL-10 (21). in circulation was mainly attributed to tissue migration (29-31).

In the context of an acute viral infection, it is particularly — Interestingly, inflammasome activation and pyroptotic cell death
remarkable the extreme decline in the Slan+ subset. A very recent ~ was described in circulating monocytes from severe COVID-19
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patients and non-classical monocytes might be among the first
cells to undergo this lytic programmed cell death process, after
inflammasome engagement (32).

Importantly, in our prospective cohort of patients surviving
severe COVID-19, the significant reduction of Slan+ non-classical
monocytes was associated to a contemporaneous general myeloid
cell shift towards a M2-like phenotype. Indeed, a similar transition
from a pro- to an anti-inflammatory status of human monocytes
was described to enhance protective functions like phagocytosis,
anti-microbial activity, and tissue remodeling, during sepsis (33).

In a recent in-vitro study, it was demonstrated that SARS-
CoV-2 infection of monocytes and macrophages is abortive and
associated with secretion of IL-10 and TGF-f immunoregulatory
cytokines, inducing a transcriptional program characterized by
the upregulation of M2 molecules (34).

In addition, a longitudinal study on cytokine and chemokine
response signature in severe COVID-19 demonstrated an
increase in multiple type 2 effectors, including IL-5, IL-13, IgE,

with low expression of pro-inflammatory cytokines and
enrichment in tissue repair genes in recovering patients, while
higher interferons and pro-inflammatory cytokines and
chemokines were observed in patients with worse prognosis (35).
It is relevant that we were able to quantify SARS-CoV-2
plasma viral load in a significant number of patients at
admission, particularly in those that required ICU. Moreover,
the presence of viral genes was associated with increased IL-10
levels and expansion of the PD-L1+M2-like monocytes,
suggesting a role for SARS-CoV-2 viral load in induction of
immune-regulatory changes in the innate immune system.
Besides M2-like polarization in myeloid cells, previous data
on classical monocytes expressing several scavenger receptors
and PD-L1 (PD-L1+M2-like) in viral infections are scarce.
Similar subsets have been studied mainly in association with
the immune-suppressive effects of neoplastic processes.
Interestingly, they are considered to be induced by commensal
bacteria with beneficial immunomodulatory properties in
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inflammatory diseases (36). Therefore, a favorable role for this of the pathogenic mechanism of immune-paralysis (37-40). On
particular cell subset in immune-regulation during viral  the other hand, a hyper-inflammatory syndrome associated with
infections should be further assessed. cytokine storm was shown to be linked with critical disease and

Alterations attributable to immuno-regulatory/suppressive  fatality in severe viral infections such as Ebola, Dengue, or
changes of myeloid cell compartment, such as reduction of  Influenza A HINI (41-43). Furthermore, in severe COVID-19,
HLA-DR or increase of CD163 in classical monocytes, and low  the increase in pro-inflammatory cytokines and chemoattractant
levels of non-classical monocytes, were defined as characteristics ~ proteins was associated with fatal outcome (44-50).
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SARS-CoV-2 was demonstrated to influence innate immune
responses in a complex way, inducing exuberant inflammatory
cytokine production associated with weak type I and III IFN
responses and reduced IFN stimulated gene (ISG) expression, as
previously observed for SARS-CoV-1 and MERS-CoV (51). The
function of all the 30 proteins encoded by the SARS-CoV-2
genome was recently studied, demonstrating that several non-
structural proteins have a direct suppressive effect on IFN
signaling (52).

A highly impaired IFN-o. and 3 response was associated with
persistent SARS-CoV-2 viremia and exacerbated inflammation

in severe and critically ill patients (53). The importance of a
reduced IFN response in SARS-CoV-2 infection was highlighted
also by two studies showing that inborn errors of immunity
involving IEN type I signaling pathways or auto-antibodies
against type I IFNs have increased frequency in patients
developing severe and critical disease (54, 55).

Conversely, strong/rapid type I IFN responses and distinctive
myeloid cell signatures were described in early, mild, and
moderate SARS-CoV-2 infection (11, 12, 56).

Our data supports the idea that IFN response or prophylactic
treatment with recombinant IFN can have different roles
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depending on the timing: an early and robust increase might be
needed for a rapid viral clearance in the initial stage of SARS-
CoV-2 infection (57, 58). The present patient cohort might be
considered as representative of a late phase, characterized by
persistent viral replication, inducing systemic spreading of the
virus and high levels of numerous inflammatory mediators. In
this disease stage, a coordinated action of low IFNs levels, high
immune-regulatory cytokines/decoy receptors and immuno-
suppressive/regulatory cell differentiation in circulation, might
induce the interruption of the auto-amplifying inflammatory
process. Immune-regulatory responses may re-establish an
equilibrium in the host-pathogen interaction, favoring recovery
from the respiratory insufficiency.

In this context, M2-like myeloid cells could represent
potential cellular targets contributing the required negative
feedback to the inflammatory response.

At the same time, our data raise concerns regarding evolution
towards lung fibrosis in COVID-19, since the expression of M2
phenotype markers in macrophages was associated with
pathogenesis of the fibro-proliferative process in lung fibrosis,
both idiopathic and associated to auto-immune conditions (59,
60). Although early studies in severe COVID-19 patients linked
extended lung fibrosis to the high pressure ventilation-related
barotrauma, the last reports under protective ventilation still
show presence of fibrotic abnormalities, reduced health-related
quality of life, and persistent respiratory symptoms (61).
Consequently, long-term studies are necessary for the
evaluation of myeloid cell phenotype in circulation, bronco-
alveolar lavage, and lung tissue, to address the possible
persistence of M2 signature and its relationship with long-term
sequelae in severe COVID-19.

Some limitation of the study should be noted, mainly related
to the relatively small sample size. In agreement with the gender
bias in severe COVID-19, few female patients were admitted to
hospital at the time of the study, precluding the evaluation of the
effect of sex as a variable.

Additionally, it was not possible to evaluate the effect of the
treatment, however it has to be considered that numerous
severe COVID-19 patients were enrolled before the routine
administration of steroids was implemented. In fact, a particular
importance has to be given to the possible impact of a treatment
with steroids on M2-like phenotype induction. Steroids were
demonstrated to influence myeloid cell phenotype both in-vivo
and in-vitro (62, 63). However, the results of those studies are not
conclusive, and it was not the purpose of the present research to
exclude an impact of immune-regulatory drugs on cell phenotype
in patients surviving severe COVID-19. Steroids have been
demonstrated to have a positive impact on severe disease
outcome, and the induction of a M2-like phenotype in myeloid
cells could possibly concur to this therapeutic effect (64).
Nevertheless, the development of larger perspective studies,
exploring the possible impact of a treatment with steroids on
regulatory myeloid cell phenotype induction in recovery from
symptomatic COVID-19, would be of critical significance.

Finally, even if high mortality is registered in critically ill
COVID-19 patients, only two deaths were observed in the

patient cohort, not providing statistical power for the evaluation
of a possible effect of innate immune system signature on
death rate.

In conclusion, the results of the present study support that
severe COVID-19 recovery is associated with timely acquisition
of a myeloid cell immune-regulatory phenotype. Consequently,
the development and use of therapeutic agents, in addition to
glucocorticoids, that would favor the immune-regulatory shift of
innate immune system components would be the best strategy at
this disease stage.
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Introduction: Coronavirus disease 2019 (COVID-19) can cause life-threatening acute
respiratory distress syndrome (ARDS). Recent data suggest a role for neutrophil
extracellular traps (NETs) in COVID-19-related lung damage partly due to microthrombus
formation. Besides, pulmonary embolism (PE) is frequent in severe COVID-19 patients,
suggesting that immunothrombosis could also be responsible for increased PE occurrence in
these patients. Here, we evaluate whether plasma levels of NET markers measured shorty
after admission of hospitalized COVID-19 patients are associated with clinical outcomes in
terms of clinical worsening, survival, and PE occurrence.

Patients and Methods: Ninety-six hospitalized COVID-19 patients were included, 50
with ARDS (severe disease) and 46 with moderate disease. We collected plasma early
after admission and measured 3 NET markers: total DNA, myeloperoxidase (MPO)-DNA
complexes, and citrullinated histone H3. Comparisons between survivors and non-
survivors and patients developing PE and those not developing PE were assessed by
Mann-Whitney test.

Results: Analysis in the whole population of hospitalized COVID-19 patients revealed
increased circulating biomarkers of NETs in patients who will die from COVID-19 and in
patients who will subsequently develop PE. Restriction of our analysis in the most severe
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patients, i.e., the ones who enter the hospital for COVID-19-related ARDS, confirmed the
link between NET biomarker levels and survival but not PE occurrence.

Conclusion: Our results strongly reinforce the hypothesis that NETosis is an attractive
therapeutic target to prevent COVID-19 progression but that it does not seem to be linked
to PE occurrence in patients hospitalized with COVID-19.

Keywords: neutrophil extracellular trap, acute respiratory distress syndrome, COVID-19, immunothrombosis,

pulmonary embolism

INTRODUCTION

Coronavirus disease 2019 (COVID-19) is responsible for more
than 4,550,00 deaths worldwide at the beginning of September
2021 according to the World Health Organization (WHO). The
vast majority of the infected people have subclinical to moderate
forms, but some of them develop respiratory failure with acute
respiratory distress syndrome (ARDS) (1). Postmortem
histological analysis from COVID-19-related ARDS non-
survivor patients exhibited vascular microthrombi in lung
capillaries that participate in lung damage (2). Moreover, about
20% of critically ill COVID-19 patients develop pulmonary
embolism (PE), which can aggravate their pulmonary
condition and impair oxygenation because of shunt effect (3).
Immunothrombosis is a physiological innate immune response
that leads to formation of thrombi inside blood vessels in order
to contain and destroy pathogens such as bacteria, fungi, and
viruses (4). It involves neutrophils, monocytes, platelets, and
activation of hemostasis. Activation of neutrophils by pathogens
causes the emission of neutrophil extracellular traps (NETs) that
are DNA fragments decorated with proteins of neutrophil origin
such as myeloperoxidase (MPO) (5). When uncontrolled,
immunothrombosis becomes detrimental to the host. As NET's
are procoagulant (6, 7) and cytotoxic for lung vascular
endothelial cells (8, 9), increased NETosis has been found to
participate in various pathological processes such as arterial and
venous thrombosis (6), ARDS (10), and other critical conditions
not linked to COVID-19 (11).

It is now well-admitted that circulating markers of NET
formation are associated with COVID-19 severity (12-14).
Whether measurement of NET biomarkers early after
admission for COVID-19 can be of prognostic value is a major
question, as it would strengthen the rationale to target NETs and
may help in clinical decision-making. The aim of this study is
thus to evaluate whether plasma levels of NET markers measured
shorty after admission of hospitalized COVID-19 patients are
associated with clinical outcomes in terms of clinical worsening,
survival, and PE occurrence.

PATIENTS AND METHODS
Study Design and Participants

A prospective observational study was conducted in 3 French
university hospitals from April to July 2020. We enrolled all
patients with laboratory-confirmed COVID-19 admitted to

conventional hospitalization ward (moderate, i.e, non-ARDS
patients) and patients admitted to intensive care unit (ICU) for
COVID-19-related ARDS (critical illness) defined according to
National Institutes of Health treatment guidelines (15) with
available samples. ARDS was defined according to Berlin’s
criteria (16), and criteria for admission to ICU were
persistence of SpO, <92% and/or clinical respiratory failure
despite conventional oxygen therapy. All ARDS patients
required high-flow nasal cannula oxygen (flow between 30 and
60 L/min) or mechanical ventilation. Patients could only be
included in the moderate or ARDS group for the subgroup
analyses according to their clinical condition at admission to
hospital. COVID-19 was defined as a positive result of real-time
reverse transcriptase—polymerase chain reaction (RT-PCR) on
nasal and pharyngeal swabs according to the WHO guidance. All
patients received prophylactic heparin treatment according to
the Groupe Frangais d'étude sur 1'Hémostase et la Thrombose
(GFHT) / Groupe d'Intérét en Hémostase Périoperatoire (GIHP)
proposals (17) or therapeutic treatment if indicated by their
comorbidities, but patients with PE at the time of sampling were
not included. PE was diagnosed by computerized tomography
angiography performed at clinician’s discretion according to
routine care. Routine criteria for receiving a computerized
tomography angiogram in patients with ARDS were
hypoxemia not improving with positive end-expiratory
pressure titration or PaO, worsening without lung compliance
impairment or elevation of right heart pressure without lung
compliance worsening. Ten non-hospitalized, non-COVID-19,
healthy participants with no history of thromboembolic events,
hemorrhagic events, or pneumonia were included as a control
reference group.

Data Collection

Data were prospectively recorded by physicians in charge of the
patient by questioning the patients, patients’ family, and patients’
general practitioners. Electronic worksheet was completed by
physicians caring for the patients.

Sample Collection

Samples were collected early after admission to hospital for
moderate COVID-19 patients and at admission to ICU for
ARDS patients. Both non-ICU COVID-19 patients and
COVID-19 ARDS patients were included at direct admission
or after a short (<12 h) stay in the emergency room. It implies
that hospitalized patients who were further admitted to ICU were
not included again in the ARDS patient group. Plasma samples
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were prepared from citrated blood after two 10-min
centrifugations at 2,500g and stored at -80°C.

Quantification of Plasmatic Cell-Free DNA
The Quant-it""" PicoGreen assay kit (Invitrogen, San Diego, CA,
USA) was used to quantify circulating cell-free double-strand
DNA according to manufacturer’s instructions. Fluorescence
intensity was measured using a microplate photometer
(Inﬁnite® 200 PRO NanoQuant Multimode Microplate Reader,
Tecan; 480 nm excitation wavelength/523 nm emission wavelength).

Quantification of Myeloperoxidase-DNA
Complexes

MPO-DNA complexes were quantified by enzyme-linked
immunosorbent assay (ELISA) using a modified approach of
the Cell Death Detection ELISA kit (Roche, Basel, Switzerland)
and the capture of anti-MPO antibody (Bio-Rad®) (7). To limit
the inter-assay variability and because no international standard
preparation is available to measure MPO-DNA complexes, we
used a calibration range made from a stock solution of NETSs, and
results are expressed as standard NETs (ST) (18). The detailed
protocol is available in the Supplementary Material.

Quantification of Citrullinated Histone H3
Citrullinated histone H3 (H3Cit) was quantified with a slight
modification of the ELISA previously described by Thalin et al.
(19) by using Cell Death detection kit without streptavidin-
precoated wells. The optical densities (ODs) were measured at a
wavelength of 450 nm with a reference correction wavelength at
620 nm using a microplate photometer (Infinite® 200 PRO
NanoQuant Multimode Microplate Reader, Tecan).

Statistical Analyses

No statistical sample size calculation was performed a priori, and
sample size was equal to the number of patients admitted for
COVID-19 with available frozen plasma. Continuous variables
are presented as median and interquartile range (IQR) and are
compared using the Mann-Whitney test for comparison
between two groups and Kruskal-Wallis test with Dunn’s
multiple comparison test for comparison between three
groups. Categorical variables are expressed as the number of
patients (percentage) and are compared using Fisher’s exact test.
Correlation analysis was performed using Pearson correlation
test. All analyses were performed on Prism 6.0 software
(GraphPad, La Jolla, CA) and R 3.6.1 statistical software (R
Foundation for Statistical Computing, Vienna, Austria).

Ethics Statement

According to French law and the French Data Protection
Authority, the handling of these data for research purposes
was declared to the Data Protection Officer of the University
Hospital of Bordeaux. Patients or relatives were notified about
the anonymized use of their healthcare data via the departments’
booklets, and non-opposition was recorded. All patients included
in the study gave their written informed consent for the use of
their plasma. The study complied with the Declaration of
Helsinki of 1975, revised in 2000. This study was approved by

the French institutional authority for personal data protection
[Commission Nationale de I'Informatique et des Libertes
(CNIL), registration number DEC20-086] and ethics
committee (ID-CRB 2020-A00763-36) and by the institutional
review board of the University Hospital of Bordeaux (declaration
number CE-GP-2020-39). Samples from healthy controls were
authorized by the Comité de Protection des Personnes Sud Ouest
et Outre Mer IIT DC 2015/94.

RESULTS

Patients’ Characteristics

Ninety-six COVID-19 patients were included, 50 (52%) with
ARDS and 46 (48%) with moderate disease. Samples were
collected with a median delay from admission of 2 days [1-3]
for moderate COVID-19 patients and of 1 day [1-2] for critical
COVID-19-related ARDS patients. Patients’ characteristics are
summarized in Table 1. Briefly, patients were mostly men (54%
for moderate patients and 68% for ARDS patients) with a median
age of 68 years for moderate patients and 61 for ARDS patients.
Hypertension and diabetes were the main comorbidities
(Table 1). PE occurred in 19 patients, one with moderate
disease and 18 with ARDS. Death occurred in 29/96 patients
(4/46 moderate patients and 25/50 ARDS patients). All patients
were on heparin treatment at the time of blood sampling, and
majority were on low-molecular weight heparin (LMWH) (66%).
Compared to moderate patients, ARDS patients were more
frequently treated with unfractionated heparin (UFH) than
with LMWH (64% vs. 13%, p = 0.0001) and on therapeutic
rather than prophylactic anticoagulant regimen (36% vs. 15%, p =
0.005). Median anti-Xa value for patients receiving UFH at
therapeutic dose (n = 13) was 0.34 (IQR 0.195-0.515), with no
difference between moderate and ARDS patients [respectively 0.35
(IQR 0.19-0.52) and 0.34 (IQR 0.21-0.49), p = 0.87). Indications for
therapeutic anticoagulation at the time of sampling were atrial
fibrillation (n = 9), history of phlebitis (n = 3), history of PE (n = 2),
essential thrombocythemia with history of PE (n = 1), early
initiation of veno-venous extracorporeal membrane oxygenation
(ECMO) (n = 1), physicians’ discretion in front of elevated
fibrinogen and/or D-dimer levels (n = 6), and unknown (n = 3).
Nine patients were treated with veno-venous ECMO during their
stay in the ICU.

Plasma Levels of Neutrophil Extracellular
Traps Increase With COVID-19

Clinical Severity

We quantified 3 NET markers in patients’ plasma collected
shortly after patients’ admission: one unspecific, i.e., total cell-
free DNA, and two more specific, i.e., MPO-DNA complexes
and H3Cit. For all 3 markers, we observed that all COVID-19
patients (n = 96) have significantly more NETs than healthy
donors (n = 10), respectively: total cell-free DNA concentrations
[304 ng/ml (209-443) vs. 140 ng/ml (124-151), p < 0.0001],
plasma MPO-DNA levels [0.63ST (0.15-3.10) vs. 0.044 ST
(0.012-0.093), p < 0.0001], and plasma H3Cit levels [0.37
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TABLE 1 | Patients’ characteristics at the time of blood sampling.

Moderate COVID-19 patients COVID-19 ARDS patients p-value
N =46 N =50
Age (years) 68 [62-78] 61 [564-68] 0.008
Sex (male) 25 (54%) 34 (68%) 0.18
Body mass index (kg/m2) 26 [24-30] 29 [26-36] 0.008
Hypertension 29 (63%) 29 (568%) 0.82
Diabetes mellitus 8 (17%) 16 (32%) 0.19
Chronic kidney disease 3 (7%) 0 (0%) 0.25
Chronic heart disease 8 (17%) 9 (18%) 1.00
Chronic obstructive pulmonary disease 5 (10%) 10 (20%) 0.35
Immunosuppressive drug before COVID-19 6 (14%) 10 (20%) 0.55
Respiratory rate (/min) 24 [18-22] 30 [24-35] 0.04
Oxygen flow (L/min) 4 [2-6] - -
FiOx (%) - 60 [45-90] -
Heart rate (/min) 97 [78-123] 105 [68-137] 0.90
Mean blood pressure (mmHg) 72 [64-91] 68 [59-94] 0.82
Temperature (°C) 37 [36.8-37.3] 38 [37-39] 0.08
Fibrinogen (g/L) 6 [5.45-6.5] 7.5 [5.8-8.5] 0.22
D-dimers (mg/L) 625 [513-838] 2,123 [1,230-6,308] <0.001
Platelets (/mm?) 175,000 [111,250-252,500] 210,000 [130,000-320,000] 0.78
Neutrophils (/mm?) 3,300 [2,510-5,450] 6,300 [4,430-11,750] 0.02
Lymphocytes (/mm®) 1,000 [700-1,315] 820 [400-1,240] 0.07
C-reactive protein (mg/L) 49 [27-78] 132 [73-256] <0.01
Anticoagulant treatment at the time of blood sampling
Prophylactic vs. therapeutic anticoagulation regimen 39 (85%)/7 (15%) 32 (64%)/18 (36%) 0.05
Care during hospitalization
Corticosteroids use 5 (11%) 16 (32%) 0.01
Immunomodulating agents 2 (5%) 8 (16%) 0.13
Tocilizumab 0 6 -
Anakinra 1 0 -
Interferon-f 1 0 -
Antiviral agents 3 (7%) 18 (36%) 0.001
Lopinavir-ritonavir 2 10 -
Remdesivir 1 1 -
Oseltamivir 0 2 -
Clinical evolution after blood sampling
PE 1 18
In-hospital mortality 4 25

Continuous variables are presented as median and interquartile range and are compared using Mann-Whitney test. Categorical variables are expressed as the number of patients

(percentage) and are compared using Fisher’s exact test.

ARDS, acute respiratory distress syndrome; FiO2, fractional inspired oxygen; PE, pulmonary embolism.

(0.16-1.06) vs. 0.14 (0.088-0.18), p < 0.01]. The 3 NET markers
were significantly higher in ARDS patients compared to patients
with moderate COVID-19 disease (Figures 1A-C). Because one
study reported that heparin can dismantle already formed NET's
by removing histones from secreted DNA (20), we wondered
whether heparin anticoagulation, either at prophylactic or
therapeutic dose, modified NET dosages in COVID-19
patients. A first, analysis in all COVID-19 patients showed no
difference in plasma levels of NET markers (total DNA, MPO—
DNA, and H3Cit, respectively; Figures 1D-F) between patients
treated with prophylactic or therapeutic anticoagulant treatment.
As we were concerned that the more severe patients were the
ones who received the most therapeutic anticoagulation, thereby
inducing a bias in the analysis, we analyzed moderate and ARDS
patients separately. We did not observe any difference of NET

markers whether patients were under prophylactic or therapeutic
heparin either for ARDS or moderate patients (respectively;
Figures 1G-L).

Levels of Neutrophil Extracellular Trap
Markers at the Time of Admission Are Not
Higher in Moderate COVID-19 Patients Who
Will Later Worsen Their Respiratory Condition
Compared With Those Who Will Not

We did not find any significant difference between patients
initially hospitalized for moderate COVID-19 disease (n = 46)
who later developed ARDS (n = 9) and those who did not (n =
37) [respectively, cell-free total DNA concentrations of 193 ng/
ml (177-226) vs. 240 ng/ml (191-290), p = 0.14; MPO-DNA:
0.60 ST (0.40-2.2) vs. 1.2 ST (0.60-2.3), p = 0.58; and H3Cit OD

Frontiers in Immunology | www.frontiersin.org

24

March 2022 | Volume 13 | Article 851497


https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles

Prével et al. NETs in Critical COVID-19

A
= *xx B *xx c ok
E
=) 1500 * LRy - 4
£ 2
5 . H
£ €3
s 1000 A <1 2
S A a : -
H Al B 32
- ] < 2
S 500- = =
=)
< ° § 1
2 Lo~ e g
T 0
2 Controls  non ARDS ARDS Controls  non ARDS ARDS Controls  non ARDS ARDS
D AllCOVID-19 pati ]

§ —
m
m

NS

.
.
-

L
-
.
.
]
MPO-DNA (% standard)
H3Cit (Abs 450nm)

ARDS pati 1

= o

NS 1 NS 4 NS ™
-

Pmpn; lactic

Non-ARDS patients ]

~

NS

=

==

MPO-DNA (% standard)

Prophylactic

Theréemk

p < 0.0001. NS, statistically non-significant.

Prophylactic

Total DNA concentration (ng/mL) < Total DNA concentration (ng/mL) © Total DNA concentration (ng/mL)
. g 8 8
-
- -
MPO-DNA (% standard)
LL]
e o0
.
-
-n L]
-
H3Cit (Abs 450nm)
N ©
.‘
L d
- e -
. LE N ]
-
L] .
.
‘ .

r-

H3Cit (Abs 450nm)
-]

Therapeutic Prophylactic Therapeutic

FIGURE 1 | Critically ill COVID-19 patients have higher plasma neutrophil extracellular trap (NET) levels than those of moderate COVID-19 patients and controls.
Plasma NET levels were compared between healthy donors (“controls”, n = 10), moderate [without acute respiratory distress syndrome (ARDS) “non-ARDS”] COVID-
19 patients (n = 46), and patients with ARDS (n = 50) admitted to the intensive care unit. Levels of NET markers were as follows: plasma total DNA concentrations
[140 ng/ml (124-151) vs. 220 ng/ml (188-271) vs. 428 ng/ml (324-560), p < 0.0001], plasma MPO-DNA levels [0.044 ST (0.012-0.093) vs. 10.15 ST (0.10-0.31)
vs. 3.00 (1.38-4.63), p < 0.0001] and plasma H3Cit levels [0.14 (0.088-0.18) vs. 0.17 (0.10-0.30) vs. 0.97 (0.41-1.75), p < 0.0001]. (A) Total DNA concentration (ng/mli). (B)
Myeloperoxidase-DNA levels (% standard NETSs). (C) Histone H3 citrullinated (absorbance 450 nm). Plasma NET levels were compared between COVID-19 patients treated
with prophylactic (n = 71) or therapeutic (n = 25) heparin treatment. (D) Total DNA concentration (ng/ml). (E) Myeloperoxidase-DNA levels (% standard NETSs). (F) Histone H3
citrulinated (absorbance 450 nm). Plasma NET levels were compared between COVID-19-related ARDS patients treated with prophylactic (n = 32) or therapeutic (n = 18)
heparin treatment. (G) Total DNA concentration (ng/mli). (H) Myeloperoxidase-DNA levels (% standard NETs). (I) Histone H3 citrullinated (absorbance 450 nm). Plasma NET
levels were compared between COVID-19 moderate patients treated with prophylactic (n = 39) or therapeutic (n = 7) heparin treatment. (I) Total DNA concentration (ng/mi). (J)
Myeloperoxidase-DNA levels (% standard NETSs). (K) Histone H3 citrullinated (absorbance 450 nm). Threshold for statistical significance was a p-value of 0.05. *p < 0.05,

measures: 0.21 (0.081-0.23) vs. 0.16 (0.10-0.31), p = 0.78]
(Figures 2A-C).

Levels of Neutrophil Extracellular Trap
Markers Are Higher in COVID-19 Patients
Who Will Not Survive, Even in the
Subgroup of Patients Admitted With ARDS
We found that the plasma levels of the 3 NET markers were
higher in non-survivor COVID-19 patients than those in

survivors [respectively, cell-free total DNA concentration:
437 ng/ml (362-600) vs. 264 ng/ml (200-382), p < 0.0001;
MPO-DNA: 3.60 ST (1.65-5.85) vs. 1.20 ST (0.68-2.52), p <
0.001; and H3Cit OD: 0.91 (0.33-1.43) vs. 0.30 (0.14-0.85), p
< 0.01] (Figures 3A-C). Given that our population of COVID
patients includes patients who arrive at the hospital with
either moderate or severe disease, we were concerned that
analysis of the whole population induces a bias, as the patients
who arrive at the hospital with a severe form have de facto a
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FIGURE 2 | Plasma NET levels are not different between COVID-19 moderate patients who will subsequently need a transfer to the ICU than those who will not.
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intensive care unit because of acute respiratory distress syndrome (ARDS) (n = 9) and those who will not (n = 37). (A) Total DNA concentration (ng/ml).

(B) Myeloperoxidase-DNA levels (% standard NETSs). (C) Histone H3 citrullinated (absorbance 450 nm). NS, non-significant.

worse prognosis than the ones who arrive with a moderate
disease. We thus analyzed both populations separately.

In COVID-19 moderate patients, only total DNA concentration,
but not MPO-DNA nor H3Cit levels, was higher in non-survivors
than that in survivors (Supplementary Figure S1), but the low
number of events deters from firm conclusions.

We then focused on the more severe patients with the higher
mortality rate, i.e., COVID-19-related ARDS patients (n = 50).
Cell-free total DNA concentrations and MPO-DNA complex
levels measured within the first 3 days after ICU admission were
significantly higher in non-survivors (n = 25) than those in
survivors (n = 25) (respectively, cell-free total DNA
concentration: 475 ng/ml (391-760) vs. 393 ng/ml (303-460),

p = 0.03; MPO-DNA: 3.70 ST (2.25-6.25) vs. 2.00 ST (0.70-
3.10), p < 0.001] but not plasma H3Cit levels [H3Cit OD: 0.97
(0.41-1.66) vs. 0.97 (0.39-1.81), p = 0.91] (Table 2 and
Figures 3D-F). Median time between dosage of NET markers
and death was 5 days [3-13]. We did not observe any correlation
between plasma levels of NET markers and time to death
(Supplementary Figure S2).

When going back to the clinical and biological characteristics
of non-survivor and survivor ARDS patients at inclusion, we did
not observe major significant differences except a higher
proportion of patients with chronic obstructive pulmonary
disease (COPD) and higher levels of plasmatic d-dimers in
non-survivors compared to survivors (Table 2).

All COVID-19 patients

***p < 0.001. NS, statistically non-significant.
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FIGURE 3 | COVID-19 acute respiratory distress syndrome non-survivors have higher plasma total DNA concentrations and myeloperoxidase—DNA levels than
survivors. Plasma NET levels were compared in all COVID-19 patients between survivors (n = 67) and non-survivors (n = 29). (A) Total DNA concentration (ng/ml).
(B) Myeloperoxidase-DNA levels (% standard NETSs). (C) Histone H3 citrullinated (absorbance 450 nm). Plasma NET levels were compared between COVID-19-
related acute respiratory distress syndrome (ARDS) survivors (n = 25) and non-survivors (n = 25). (D) Total DNA concentration (ng/ml). (E) Myeloperoxidase-DNA
levels (% standard NETSs). (F) Histone H3 citrullinated (absorbance 450 nm). Threshold for statistical significance was a p-value of 0.05. *p < 0.05, **p < 0.01,
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Levels of Neutrophil Extracellular Trap
Markers Are Higher in COVID-19 Patients
Who Will Subsequently Develop Pulmonary
Embolism Compared With Those Who Will
Not, but Not When Assessed in the Subset
Group of ARDS Patients

Besides being implicated in microthrombus formation leading to
lung damage, NETs are also involved in thrombosis in the
macrocirculation, especially in veins (21, 22). Consistent with
data in conditions other than COVID-19, we found that cell-free
total DNA in plasma and H3Cit levels were higher in COVID-19
patients who subsequently developed PE (n = 19) than those who
did not (n = 73) [respectively, cell-free DNA concentrations: 437
ng/ml (333-529) vs. 263 ng/ml (198-409), p < 0.01; H3Cit OD:
1.09 (0.72-1.55) vs. 0.26 (0.14-0.85), p < 0.0001] (Figures 4A, C).
Plasma MPO-DNA levels were not different [2.60 ST (1.30-3.90)
vs. 1.90 ST (0.73-3.50), p = 0.27] (Figure 4B). PE occurred 4 days
(3-6) after the time of sampling [8 days (6-11) after admission].
PE is of particular concern in COVID-19 ARDS patients, as it
occurs in about 20% of them (23) vs. only in 3.1% of non-
critically ill patients (24). Consistent with these data, only 1
patient in the moderate COVID-19 group subsequently
developed PE, 5 days before he died. We thus focused our
analysis on those patients (n = 50), and neither plasma cell-
free DNA concentrations, MPO-DNA, nor H3Cit levels were
different between ARDS patients who later developed PE (n = 18)
and those who did not (n = 32) (Figures 4D-F). The occurrence
of PE did not seem to be associated with death in this subset of
critical patients, as 7/25 (28%) non-survivors developed PE vs.

11/25 (44%) in survivors (p = 0.38). No patient died from severe
gas exchange impairment or circulatory failure attributed to PE.
As D-dimers are a classical biomarker of venous thrombosis, we
assessed the correlation between plasma levels of NET markers
and D-dimers. Interestingly, only MPO-DNA, but not plasma
total DNA concentration nor H3Cit, correlated with D-dimer
levels in ARDS patients but with a poor correlation coefficient (r =
0.43) (Supplementary Figure S3).

DISCUSSION

The prediction of disease evolution is a challenge among
COVID-19 patients and especially among the most severe
ones, i.e.,, with COVID-19-related ARDS. Our study was
designed to assess the involvement of circulating markers of
NETs for COVID-19 evolution among inpatients who were
admitted at the hospital for moderate and severe COVID-19.
We thus included 46 COVID-19 patients with moderate disease
and 50 with ARDS. We studied the association between 3
circulating markers of NETs measured shortly after hospital
admission and disease evolution in terms of survival,
aggravation (for patients with moderate disease only), and PE
occurrence. Our findings confirm previous reports showing that
circulating markers of NETs correlate with the clinical severity at
the time of blood sampling (12-14), but we also report an
association between circulating markers of NETs and later
survival within the subgroup of patients admitted to the
hospital for severe COVID-19 (ARDS patients). The study of
Ng et al. (14) previously reported an association between

TABLE 2 | COVID-19-related ARDS patients’ characteristics at the time of blood sampling.

Survivors Non-survivors p-value
N=25 N=25
Age (years) 60 [564-70] 62 [52-69] 0.99
Sex (male) 17 (68%) 17 (68%) 1.00
Body mass index (kg/m?) 28 [25-38] 31 [27-36] 0.65
Hypertension 13 (62%) 18 (72%) 0.48
Diabetes mellitus 5 (20%) 11 (44%) 0.15
Chronic kidney disease 0 (0%) 0 (0%) 1.00
Chronic heart disease 5 (20%) 2 (8%) 0.39
Chronic obstructive pulmonary disease 1 (4%) 11 (44%) <0.01
Immunosuppressive drug before COVID-19 3 (12%) 8 (32%) 0.39
SOFA 4 [2-9] 5 [2-8] 0.99
Pa0,/FiO, (mmHg) 149 [115-275] 160 [86-212] 0.39
Fibrinogen (g/L) 7.6 [6.7-9] 7.5[5.1-8.5] 0.39
D-dimers (mg/L) 1,342 [751-3,760] 3,450 [1,930-8,850] 0.05
Platelets (/mm?) 294,000 [178,000-393,000] 166,000 [107,000-297,000] 0.06
Neutrophils (/mm?) 5,240 [4,100-9,000] 7,850 [4,430-13,980] 0.26
Lymphocytes (/mm?) 840 [680-1,400] 750 [325-1,025] 0.12
Albumin (g/L) 23 [18-26.8] 25 [18-28.5] 0.64
C-reactive protein (mg/L) 137 [77-229] 118 [69-267] 0.88
Invasive ventilation 19 (83%) 25 (100%) 0.27
ECMO 1 (4%) 8 (32%) 0.005
Corticosteroids 8 (32%) 10 (40%) 0.72
Immunomodulating agents 4 (16%) 4 (16%) 1.00
Antiviral agents 8 (32%) 9 (36%) 1.00

Continuous variables are presented as median and interquartile range and are compared using Mann-Whitney test. Categorical variables are expressed as the number of patients
(percentage) and are compared using Fisher’s exact test. ARDS, acute respiratory distress syndrome; ECMO, extracorporeal membrane oxygenation;, MPO-DNA, myeloperoxidase—DNA;
SOFA, sequential organ failure assessment score; %ST, % Standard NETSs.
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FIGURE 4 | Plasma total DNA concentrations and myeloperoxidase~DNA levels are higher in COVID-19 patients who will subsequently have pulmonary embolism
but not when assessed by comparable severity. Plasma NET levels were compared between COVID-19 patients who will subsequently develop pulmonary embolism
(PE) (n = 19) and those who will not (n = 77). (A) Total DNA concentration (ng/ml). (B) Myeloperoxidase-DNA levels (standard NETSs). (C) Histone H3 citrullinated
(absorbance 450 nm). Plasma NET levels were compared between COVID-19-related acute respiratory distress syndrome patients who will subsequently develop
pulmonary embolism (PE) (n = 18) and those who will not (n = 32). (D) Total DNA concentration (ng/ml). (E) Myeloperoxidase-DNA levels (standard NETSs).

(F) Histone H3 citrullinated (absorbance 450 nm). “p < 0.01, **p < 0.001, NS, statistically non-significant.

circulating markers of NET's and clinical outcome in a cohort of
106 patients with moderate to severe COVID-19 patients, but
this study did not analyze the prognostic value of circulating
markers of NETSs specifically in each group of patients. Here we
did not report any significant association between circulating
markers of NET's and disease evolution in the moderate COVID-
19 patients in terms of clinical aggravation (i.e., transfer to ICU,
PE occurrence, or death). On the contrary, we did find an
association between plasma levels of NET markers and survival
in ARDS patients.

These results reinforce the hypothesis that immunothrombosis
and in particular NETosis are involved in the complications of
COVID-19, especially in the most severe forms (13, 25-27). Only
experiments in animal models could definitely prove the pathogenic
role of NETosis in COVID-19 progression but, at present, several
lines of evidence show a link between severe acute respiratory
syndrome coronavirus 2 (SARS-CoV-2) infection and NET
formation. First of all, several studies reported induction of NET
release during COVID-19 either by the virus itself (28), plasma and
serum from severe COVID-19 patients (probably through the
hyperinflammation typical of severe forms of COVID-19),
activated platelets from severe patients (12, 13, 29), and anti-
phospholipid antibodies (30). Second, a recent study compared
lung specimens from four patients who died from COVID-19 and
four from a COVID-19-unrelated cause. The authors reported that
NETs infiltrated the lung airways and interstitial and vascular
compartments only in severe COVID-19 patients but not in
controls, supporting the hypothesis that NETs may drive severe
pulmonary complications of COVID-19 (31). The third range of
evidence comes from the known role of NETs in thrombosis (32)
and the observation that severe SARS-CoV-2 infection induces a

prothrombotic state manifesting especially with microthrombosis
(33). In line with that, a consortium of authors recently proposed
that exaggerated immunothrombosis, occurring for the most part
within lung microvessels, drives the clinical manifestations of
COVID-19 (32), with the atypical ARDS of COVID-19 being
summarized as “microvascular COVID-19 lung vessels obstructive
thromboinflammatory syndrome” (MicroCLOTS) (34).

It may look contradictory that we observe an association
between circulating NET markers and survival in patients who
arrive at the hospital for an already severe form of COVID-19
but that we do not find any association with transfer to ICU in
the moderate ones. Part of the explanation could be that host
response is still regulated in moderate patients but not in ARDS
patients, causing the accumulation of NETs. Another plausible
explanation is that NETosis generation could occur mostly
within the lung tissue (31, 35) and not the circulation. Lung
biopsies are not available in these patients for ethical reasons, as
their complications are frequent and possibly lethal.

From a therapeutic point of view, as our results show that
NETosis is already highly activated in severe patients who will die,
we wonder whether targeting NETosis in severe patients is not
already too late. In our opinion, our results suggest that NETosis
should be targeted to prevent COVID-19 aggravation, before
ARDS occurrence. There are ongoing clinical trials that aim to
either prevent NET formation or degrade already-formed NETs.
The first ones use anti-inflammatory drugs such as the Janus
Kinases 1/2 (JAK1/2) inhibitor ruxolitinib (NCT04338958),
dipyridamole (NCT 04391179), and ticagrelor (NCT02735707,
NCT04518735). We suspect that these drugs should be more
efficient in the less severe patients. DNase I (dornase alpha) can
degrade already formed NETs and is currently tested by inhalation
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in patients with COVID-19 (NCT04402944, NCT04355364,
NCT04432987, NCT04359654, NCT04445285, NCT04402970).
A major issue with the nebulizing administration route in severe
COVID-19 is that there is concern that it will not reach the
perialveolar vessels due to the high amounts of platelet factor 4
(PF4) (13) that compacts NETs and decrease their susceptibility to
DNase degradation (36).

Thrombosis, and especially PE, is a frequent feature in
COVID-19 patients and is an independent risk factor for death
(37). It should be noted that the embolic origin of the pulmonary
vessel occlusions is questionable, and it may be that the so-called
PEs are rather pulmonary thrombi that occur directly in
pulmonary arteries (38, 39). Given the known role of NETs in
venous thrombosis, we looked for differences in circulating
markers of NETs. We found that 2 markers were higher in
hospitalized COVID-19 patients who subsequently developed PE
than those who did not. But when we restricted our analysis within
the specific subgroup of COVID-19-related ARDS patients, who
are the ones at more risk to develop PE, we did not find any
difference between patients who will develop PE or not. This
suggests, if confirmed in a larger cohort, that NETosis in itself is
not a major driver for PE (venous thromboembolic event in the
macrocirculation). Whereas there is an abundant literature to
search for biological markers of clinical aggravation, there are only
very few studies that report an association between a biological
marker or a clinical parameter that is associated with occurrence of
thrombosis among severe COVID-19 patients. D-dimers, which
are reported to have a significant predictive value for mortality
both in non-critical and critical COVID-19 patients (40, 41), have
a limited predictive value for venous thromboembolism (VTE)
occurrence, with an area under the curve (AUC) of 0.565 (42).

Our study has several limitations. First, we observe, as others
in COVID-19 patients (12), dichotomies between the three
circulating NET markers. This could be due to the relatively
small number of samples we analyzed and also to the lack of
standardization for NET marker measurement. We used 3
different plasma markers to measure NETs. Indeed, despite the
discovery of the process of NETosis in 2004 (5), there is still no
reference test for NET quantification (6). NET's can be visualized
and quantified with conventional fluorescence microscopy, but
this assay is hardly reproducible and time-consuming and is
better when performed right after blood sampling. To overcome
this issue and quantify NETosis that occurs in vivo, various
plasmatic tests, and mostly ELISAs, have been developed. Given
the large amount of tests available and the lack of homogeneity
between them, we decided to perform 3 of them: total DNA,
MPO-DNA complexes, and H3Cit. Total DNA dosage is not
specific for NETs, as it also measures DNA coming from necrotic
cells. MPO-DNA complexes are more specific, as it measures
DNA together with MPO that specifically comes from
neutrophils, but this assay is often not standardized in
publications. Here we used a standardized method, with a
calibration curve, to allow precise measurement and
reproducibility. Lastly, H3Cit measurement can appear to be
the most reliable marker, as it directly measures histone H3 that
has been citrullinated, a process that is specific from NETosis.

But currently, all available ELISAs lack reproducibility and
standardization (43). A Scientific and Standardization
Subcommittee of the International Society of Thrombosis and
Haemostasis is currently running a study aiming at providing
recommendation for NETs” dosage standardization.

Second, computerized tomography pulmonary angiograms were
not systematically performed because of in-hospital transport issues
regarding these critically ill patients. We only considered here
clinically relevant PE. PE occurrence might have been
underestimated, as the pretest probability and clinical likelihood
of PE could have presumably been lower in patients treated with
therapeutic heparin, especially in the ARDS subgroup. Moreover,
transportation to CT scan may have been avoided in the more
severe patients because of the risks of transferring patients with
critical respiratory failure. As catheter-related thrombosis and limb
deep-vein thrombosis screening strategy was heterogeneous among
centers, we did not analyze those outcomes.

CONCLUSION

Taken together, our data demonstrate that circulating markers of
NETs are linked to survival but not to PE occurrence in patients
with COVID-19 and especially among the most severe ones.
Even if measuring NET markers could not be easily implemented
in clinical practice to become prognostic biomarkers, our
findings are important, as they strengthen the fact that
NETosis is a proper therapeutic target in COVID-19 disease,
but, more specifically, they argue that NETosis should be
targeted before COVID-19 aggravation and ARDS occurrence
to be the most efficient.
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The S1 Subunit of the SARS-
CoV-2 Spike Protein Activates
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Cytokines Linked to COVID-19:
Relevance to Galectin-3

John T. Schroeder* and Anja P. Bieneman

The Department of Medicine, Division of Allergy and Clinical Immunology, Johns Hopkins Asthma and Allergy Center, Johns
Hopkins University, Baltimore, MD, United States

Coronavirus disease 2019 (COVID-19), caused by the severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2), rapidly evolved into a pandemic —the likes of which has not
been experienced in 100 years. While novel vaccines show great efficacy, and
therapeutics continue to be developed, the persistence of disease, with the
concomitant threat of emergent variants, continues to impose massive health and
socioeconomic issues worldwide. Studies show that in susceptible individuals, SARS-
CoV-2 infection can rapidly progress toward lung injury and acute respiratory distress
syndrome (ARDS), with evidence for an underlying dysregulated innate immune response
or cytokine release syndrome (CRS). The mechanisms responsible for this CRS remain
poorly understood, yet hyper-inflammatory features were also evident with predecessor
viruses within the B-coronaviridae family, namely SARS-CoV-1 and the Middle East
Respiratory Syndrome (MERS)-CoV. It is further known that the spike protein (S) of
SARS-CoV-2 (as first reported for other B-coronaviruses) possesses a so-called galectin-
fold within the N-terminal domain of the S1 subunit (S1-NTD). This fold (or pocket) shows
structural homology nearly identical to that of human galectin-3 (Gal-3). In this respect, we
have recently shown that Gal-3, when associated with epithelial cells or anchored to a
solid phase matrix, facilitates the activation of innate immune cells, including basophils,
DC, and monocytes. A synthesis of these findings prompted us to test whether segments
of the SARS-CoV-2 spike protein might also activate innate immune cells in a manner
similar to that observed in our Gal-3 studies. Indeed, by immobilizing S components onto
microtiter wells, we show that only the S1 subunit (with the NTD) activates human
monocytes to produce a near identical pattern of cytokines as those reported in COVID-
19-related CRS. In contrast, both the S1-CTD/RBD, which binds ACE2, and the S2
subunit (stalk), failed to mediate the same effect. Overall, these findings provide evidence
that the SARS-CoV-2 spike protein can activate monocytes for cytokines central to
COVID-19, thus providing insight into the innate immune mechanisms underlying the CRS
and the potential for therapeutic interventions.

Keywords: inflammation, lectin, cytokine, virus, innate immunity, dendritic cell, basophil
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INTRODUCTION

The Coronavirus disease 2019 (COVID-19) pandemic, caused by
the severe acute respiratory syndrome coronavirus 2 (SARS-
CoV-2), has caused devastation worldwide with massive health
consequences that continue to spawn enormous socioeconomic
and political issues. While vaccines have had clear beneficial
impact, COVID-19 cases, and a proportional number of deaths,
continue to swell. And, as variants of the virus concurrently arise,
so likely the need for updated vaccines and/or other
preventative measures.

As with its predecessors within the Coronaviridae family,
including SARS-CoV and the Middle East Respiratory Syndrome
(MERS)-CoV, infection with SARS-CoV-2 is commonly linked
to the development of acute respiratory distressed syndrome
(ARDS) (1, 2). ARDS is the life-threatening condition involving a
leakage of fluid into the lung that is most often responsible for the
mortality seen in severe COVID. In addition, studies continue to
reveal evidence for a dysregulated hyper-inflammation, or
cytokine release syndrome (CRS) that is thought to contribute
to acute lung injury and development of ARDS (3, 4). Among the
cytokines over-expressed in COVID-19 are those generally
linked to innate immunity, including pro-inflammatory
cytokines (e.g. IL-6, TNF-q, IL-1f), chemokines (e.g. CXCL10/
IP-10, CCL2/MCP-1, CCL3/MIP-10ai, CCL4/MIP-1f, and IL-8),
immunoregulatory cytokines (e.g. IL-10, TGF-B), and growth
factors (G-CSF) (5-11). Studies are also emerging with evidence
that several of these cytokines associate with and/or are
predictive of severe COVID, with IL-6, CXCL10/IP-10, and IL-
10 most often cited (7, 9, 10, 12, 13). Likewise, several studies
point to various innate immune cells - many of which are well
known for producing these cytokines- to be hallmark in the lung
inflammation associated with COVID, with monocytes and
macrophages most often implicated in the underlying
pathogenesis of the disease (14-17). Yet, despite the mounting
reports, there remains a poor understanding of the exact
mechanism(s) underlying the dysregulated innate immune
response and CRS associated with COVID-19.

Like SARS-CoV-1, SARS-CoV-2 uses Angiotensin-
converting enzyme 2 (ACE2) as its major receptor to infect
host cells (namely epithelial cells), which is mediated via the
virus’ envelope-anchored spike glycoprotein (S). The mature S
glycoprotein is a heavily glycosylated trimer, with each protomer
composed of 1260 amino acids (residues 14-1273). The S1
subunit is composed of 672 amino acids (residues 14-685) and
organized into four domains: an N-terminal domain (NTD), a C-
terminal domain (CTD), which is also known as the receptor-
binding domain (RBD), and two subdomains (SD1 & SD2). A
transmembrane S2 subunit forms the stalk and is composed of
588 amino acids (residues 686-1273) (18, 19).

Within the NTD of SARS-CoV-2 (and other B-coronaviruses)
is a region often referred to as the “galectin-fold”, given its high
degree of structural homology to that of human galectin-3 (Gal-3)
(20, 21). Because of this remarkable similarity, it has been
proposed that the S1-NTD of SARS-CoV-2 may very well act
like Gal-3 and that this might explain, in part, the immunological
sequelae observed in COVID-19 (22, 23). Indeed, intracellular

Gal-3 has been linked to immune cell activation, namely that of
monocytes/macrophages (24). We also recently reported evidence
that epithelial cell-associated Gal-3 (EC-Gal-3) can activate a
variety of innate immune cells to produce pro-inflammatory
cytokines (25-27). In particular, we showed the activation of
human dendritic cells (DC) and monocytes, demonstrating that
these cells produced high levels of IL-6 and TNF-o. —two hallmark
cytokines in COVID-19-associated CRS (27).

A synthesis of the above observations prompted us to test
whether portions of the SARS-CoV-2 spike protein might also
activate innate immune cells in a manner similar to that observed
in our Gal-3 studies. Indeed, by immobilizing subunit
components onto microtiter wells, we show that the S1 subunit
(and likely the NTD portion) activates human monocytes to
produce a near identical pattern of cytokines to that observed in
COVID-19-related CRS. Other regions of the spike protein, such
as S1-CTD/RBD, which binds ACE2, or the S2 subunit (stalk),
failed to activate monocytes. Overall, these findings provide
novel evidence that the S1 subunit of the SARS-CoV-2 spike
protein directly activates monocytes for cytokines central to
COVID-19-related CRS, with mechanistic implications
fundamental to the pathogenesis of the disease.

MATERIALS AND METHODS

Special Reagents, Buffers, and Media

The following reagents were purchased: crystallized human serum
albumin (Calbiochem-Behring Corp, La Jolla, CA); PIPES, FCS,
and crystallized BSA (Sigma-Aldrich, Allentown, PA); gentamicin,
IMDM, and nonessential amino acids (Life Technologies, Inc,
Grand Island, NY); Percoll (Pharmacia Biotec, Inc., Piscataway,
NJ); rhIL-3 and the following recombinant SARS-CoV-2 Spike
protein subunits: 1) S1/S2 “active trimer” (cat. # 10549-CV)
consisting of a.a. 16-1211 and made resistant to Furin cleavage,
yet capable of binding ACE2; 2) S1-RBD (cat. # 10500-CV)
consisting of a.a. 319-541 and capable of binding ACE2; S1 (cat.
# 10569-CV) consisting of a.a. 16-681, and S2 (cat. # 10594-CV)
consisting of a.a. 686-1211. All were c-terminal His-tagged, HEK
cell-derived, and contained no detectable endotoxin (R&D
Systems, Minneapolis, MN). Some experiments used another S1
subunit (cat. # REC31806) containing a.a. 1-674) —also HEK cell-
derived and with no detectable endotoxin yet Fc-tagged (The
NativeAntigen Co., Oxfordshire, UK). All PIPES-containing
buffers used in this study (e.g. 1x PIPES, PIPES/albumin/glucose
-PAG, and PAG-EDTA) were made from a 10x solution, as
previously described (27, 28). C-IMDM consisted of IMDM
supplemented with 5% FCS, non-essential amino acids, L-
glutamine, 10 ug/ml gentamicin, pH 7.2-7.4.

Coupling of Recombinant SARS-CoV-2
Spike Protein Components to Microtiter
Plate Wells

Recombinant SARS-CoV-2 spike protein components were
coupled to polystyrene microtiter plate wells (ThermoFisher,
Grand Island, NY). In brief, wells immediately received 0.100 ml
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of a 5 pg/ml solution after preparing in carbonate buffer
(ThermoFisher, Grand Island, NY). Plates were covered and
placed at 4°C for overnight. Within ~30 min. of initiating cell
culture, the contents of each well was aspirated, with wells then
washed three times using 0.250 ml 1x PIPES per wash. After the
final wash, each well immediately received 0.100 ml C-IMDM
before adding cells and stimuli for cell culture, as described in
detail below. In the experiments using galectin-3-binding protein
(LGALS3BP) as a reagent to block Sl-induced monocyte
activation, washed wells first received 0.200 ml PAG buffer to
which 0.050 ml of serially-diluted solutions of 5x LGALS3BP
(also in PAG) were immediately added. These plates were then
incubated at 37°C, 5% CO, for 1 hr. before transferring to 4°C
until used for cell culture (~3h total). At that time, each well was
again washed 3x with 1x PIPES (0.250 ml per wash) before
adding 0.100ml C-IMDM to initiate set-up for cell culture.

Isolation of Basophils, Monocytes and DC
Subtypes From Blood

Basophils, monocytes and DC subtypes were prepared from
residual TRIMA cassettes from anonymous subjects
undergoing platelet pheresis. In some instances, venipuncture
was performed on consenting adults (age range, 21-65 years)
using a protocol approved by the Johns Hopkins University
Institutional Review Board. Subjects were selected regardless of
allergic status. Buffy-coats from both specimen sources were
subjected to double-Percoll density centrifugation, which
produces both basophil-depleted cell (BDC) and basophil-
enriched cell (BEC) suspensions, as described (28). Basophils
were purified from BEC suspensions by negative selection using
an antibody cocktail & microbeads (StemCell Technologies,
Vancouver, Canada, cat# 14309-A01P), and collecting the
flow-thru from magnetized LS columns (Miltenyi Biotec,
Gaithersburg, MD), as described in detail (28). Basophil
purities ranged between 98% and >99%, as assessed by Alcian
blue staining. The BDC suspensions were washed 4x to remove
platelets before preparing monocytes and DC subtypes.
Monocytes were prepared using CD14" selection by collecting
those binding to magnetized LS columns (Miltenyi), Monocyte
suspensions regularly exceed 95% purity when prepared in this
manner, as assessed by flow cytometry. The monocyte-depleted
flow-thru cells were then partitioned to separately isolate pDC
and mDC using negative selection protocols (StemCell
Technologies, Vancouver, Canada). The few numbers of DCs
isolated did not always allow for flow cytometric analysis, but
previous studies indicate purities in the range of 50-90%, based
on CD123"BDCA2" (pDC) and BDCA1" (mDC) staining (27).

Co-Culture Conditions

All cultures to induce cytokine production by basophils,
monocytes and DC subtypes were done in a manner similar to
that previously described (26, 27). In brief, cells were suspended
in C-IMDM such that 2x10* (DC and monocytes) and 1x10°
(basophils) were added in 0.050 ml volumes to flat-bottom wells
(96-well plates) pre-coated with spike protein components, and
with all wells containing 0.100 ml C-IMDM. Immediately after

adding cells, 0.050 ml of 4x the final IL-3 concentration (or
medium alone) was added and the cultures incubated as
indicated at 37°C, 5% CO,. Supernatants were harvested after
20h unless otherwise indicated and tested for cytokine secretion.

Cytokine Measurements

Supernatants were analyzed for cytokine content using Bio-Plex
plates capable of simultaneously measuring 27 cytokines in a
0.050 ml volume using Luminex technology (Bio-Rad, Hercules,
CA). Assays were performed according to the manufacturer’s
specifications and included standard curves for each cytokine.
Plates were analyzed using a Bio-Plex 200 instrument (Bio-Rad,
Hercules, CA). Supernatants were additionally analyzed for IL-6
protein by ELISA (ThermoFisher. Grand Island, NY).

Statistical Analysis

Statistical analyses were performed with Prism 7.0 software
(GraphPad, Software, LaJolla, Calif.) Analyses were performed
using multiple paired t-test analyses unless otherwise specified.
Differences were considered statistically significant at a P
value <0.05.

RESULTS

S1 Subunit of SARS-CoV-2 Activates
Human Blood Monocytes to Secrete
Cytokines Linked to COVID-19

In testing whether recombinant components of the SARS-CoV-2
spike protein activate innate immune cells for cytokine
production, we focused on the effects potentially seen with
basophils, monocytes, and dendritic cell subtypes (pDC and
mDC) -all freshly isolated from blood. These cell types were
chosen because we have shown that all are activated by EC-Gal-3.
And, since the S1I-NTD of the spike protein expresses a “galectin-
fold”, we hypothesized that each might likewise be stimulated.
Two additional approaches were done for these experiments: 1)
cultures were performed in microtiter plates pre-coated with
spike protein components, since preliminary results indicated
that proteins used in solution showed no to little capacity to
stimulate cells (data not shown); and 2) we investigated the
effects of co-stimulation with IL-3. Importantly, both in vitro
culture strategies had proved instrumental is establishing the role
of Gal-3 in activating these cells types (26, 27).

We first investigated the effects on those pro-inflammatory
cytokines that are hallmark in COVID-19. As shown in
Figure 1A, effects were most evident with IL-6 production by
monocytes. In particular, culture wells pre-coated with SI
induced 194 + 64 pg/10° monocytes vs. 41 + 20 seen with
medium alone. For comparison, monocytes averaged less IL-6
secretion in culture wells coated with either the S2 or the S1/S2
“active Trimer” components, with levels just 20 + 8 and 21 £ 9
pg/10°, respectively. These amounts, however, were not
significantly different from the IL-6 secreted in control cultures
with medium alone. As predicted, the addition of IL-3 (10 ng/ml)
augmented all responses and most significantly in culture wells
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coated with S1, where IL-6 levels averaged 12.5-fold more than
those detected in the IL-3 controls (1104 + 167 vs. 88 + 48 pg/
106, respectively). In contrast, IL-6 levels averaged just ~2-fold
above the IL-3 controls for wells coated with S2 or the active
Trimer (163 + 104 and 148 + 38 pg/10°, respectively), with
neither significantly different. These IL-6 responses were not
seen with any of the other cell types tested (basophils, pDC, or
mDC), where levels mostly went undetected.

With results signifying that the S1 component of the spike protein
activates monocytes for IL-6 secretion, additional analyses revealed a
comparable pattern for other COVD-19 relevant cytokines produced
in the same monocyte cultures. For example, IL-1f3 and TNF-c. were
both induced in culture wells coated with the S1 subunit, which were
significantly higher than those measured in uncoated wells or wells
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FIGURE 1 | (A-E) Cytokines linked to COVID-19 are induced by the S1 subunit of the SARS-CoV-2 spike protein. Subunit components of the SARS-CoV-2 spike
protein were passively absorbed onto polystyrene culture wells, as described in the Materials & Methods section. After overnight incubation at 4°C followed with 3x
washes, basophils (Ba), pDC, mDC, and monocytes (Mono) were then cultured as indicated in medium alone or with IL-3 added to 10 ng/ml. After 20h incubation, cell-
free supermnatants were harvested for analysis of the indicated cytokines using multiplex analysis. Box-Whisker plots (Tukey’s method) represent results from different donor
cell preparations (n=7). Responses to spike protein components were tested for significance by comparing to medium/IL-3 controls. **P<0.001, **P<0.01, *P<0.05.

containing either the S2 or S1/S2 components (Figures 1B, C). The
addition of IL-3 did not augment these responses as it did for IL-6.
Instead, IL-3 itself triggered monocytes to produce IL-1 and TNF-o.
Whereas pDC and mDC also produced these cytokines, they
primarily did so in response to IL-3 alone, with no evidence that
any of the spike protein components directly acted on these DC
subtypes. The S1 subunit also induced IL-10 in a couple of the
monocyte cultures, although the levels were generally much lower
and only evident when IL-3 was included. In contrast, none of the
other spike protein components acted in a similar capacity to induce
this cytokine (Figure 1D).

Several growth factors were among the panel of cytokines
assayed by the multiplex analysis. As shown in Figure 1E, only
the S1 unit mediated any significant affect by directly inducing
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G-CSF secretion by monocytes. There was a trend for increased
production of G-CSF by mDC when cultured with S2 and in the
presence of IL-3, yet this did not reach statistical significance.
None of the spike protein components significantly impacted
any other cell type for the production of the other growth factors
investigated, which included FGF, PDGF, CM-CSF, or VEGF
(Figure S1, online supplemental data).

As shown in Figures S2, S3 of the online supplemental data,
the spike protein components mediated little to no effect on most
of the Thl and Th2 interleukins analyzed, despite some
predictable responses that lent validation to the multiplex
analysis. For example, basophils cultured in IL-3 were clearly
the predominant source of interleukin-13 among the four cell
types investigated, as expected. However, these responses were
not affected by any of the spike protein components analyzed
(Figure S3A). Interestingly, the secretion of both IL-1ra and IL-
15 was significantly affected, but not specifically by the S1
subunit. For example, IL-1ra was spontaneously secreted by
monocytes in medium alone, yet this response was significantly
reduced in culture wells coated with each of the three spike
protein components (Figure S28S). Likewise, IL-15 was secreted
by monocytes in response to IL-3, yet all three components
significantly suppressed this response (Figure S3E).

S$1 Subunit of SARS-CoV-2 Activates
Human Blood Monocytes to Secrete
Chemokines Linked to COVID-19
The S1 subunit also acted on monocytes to produce several
chemokines that are prominent in severe COVID-19
(Figures 2A-E). In particular, CXCL10/IP-10, CCL3/MIP-10,
and CCL4/MIP-1p were all significantly induced in culture wells
coated with S1, but not in culture wells containing S2 or the S1/
S2 component. IL-3 augmented these responses for the latter two
chemokines, although this was only significant for CCL4/MIP-
1B. Oddly, both the S2 and S1/S2 components appeared to
inhibit monocytes from producing these chemokines when
compared to the controls, although levels were not significantly
different. Likewise, a similar pattern was evident for CCL2/MCP-
1, where S1 showed only a trend for inducing this chemokine vs.
the medium control, yet significantly induced this this cytokine
compared to the other spike protein components (Figure 2B).
When used alone, the S1 subunit showed no capacity to induce
any of these chemokines from the other cell types (basophils,
pDC, or mDC). However, when combined with IL-3, the S2
subunit significantly induced both CCL3/MIP-10. and CCL/
MIP-1B from mDC, but not from any other cell type. None of
the spike protein components acted on the other chemokines
measured in the multiplex analysis, including IL-8 (Figure 2E),
CCL5/RANTES (Figure S1E), or CCL11/eotaxin (Figure S3D).
An overall summary of the monocyte cytokines significantly
induced and/or affected by the S1 subunit is shown in Table S1 of
the online supplemental data. Included in these analyses are
comparisons between values observed with S1 vs. those made in
response to the S1/S2 and S2 components. In general, the latter
two showed a trend to induce less cytokine, even when
comparing to the medium and IL-3 controls.

Activation of Monocytes by the S1 Subunit
Does Not Track With the CTD/RBD Region
Known to Bind ACE2

Structural analyses indicate that the so-called galectin-fold lies
within the NTD of the S1 subunit (20). However, the S1 subunit
used in the above cytokine experiments consisted of both the
NTD and CTD/RBD (i.e. a.a. residues 1-681). Hence, it remained
possible that the capacity of S1 to activate monocytes for
cytokine secretion might still be attributed to the CTD/RBD
region, and if confirmed, then a potential role for ACE2 despite
this enzyme not typically found on immune cells. Therefore,
additional experiments were conducted using another
recombinant protein consisting of only the CTD/RBD region
of S1 (a.a. residues 319-541). This component retains the
capacity to bind ACE 2, as indicated by the data sheets
provided by R&D Systems yet lacks the NTD region. For these
experiments, we focused only on the capacity to induce IL-6,
since this cytokine was readily secreted by the S1 subunit alone.
However, cultures co-stimulated with IL-3 were also included
with the goal of maximizing the IL-6 response. Measurements
were performed using ELISA and included several of the
previously analyzed specimens simply to lend validation of the
IL-6 findings using the multiplex analysis. Figure 3 shows that
the same pattern of IL-6 was indeed detected as in the multiplex
analysis and with comparable levels. However, the added
experiments indicated little to no capacity for the CTD/RBD
component to induce IL-6 from monocytes (used alone or with
IL-3), despite robust responses from the same donor cells when
using the full length S1 subunit that additionally contains
the NTD.

Galectin-3 Binding Protein Suppresses
IL-6 Secretion by Monocytes Activated by
the S1 Subunit

In a recent study conducted with the purpose of identifying novel
serum proteins that bind/interact with the SARS-CoV-2 spike
protein, the authors reported evidence that galectin-3 binding
protein (LGALS3BP) was the top contender detected (29).
Therefore, in a final set of experiments, we tested whether
LGALS3BP might suppress the S1 subunit from activating
monocytes for IL-6 secretion. To conduct these experiments,
various concentrations of LGALS3BP were added to culture wells
pre-coated with the S1 component. After incubating, the wells
were then washed 3 times to remove any excess LGALS3BP.
Again, IL-3 was added to maximize the S1-induced response. As
shown in Figure 4, a consistent dose response suppression of the
IL-6 produced by monocytes was observed with increasing
amounts of LGALS3BP for an average inhibition of 59%
(range 50-70%) observed at the 1pug/ml concentration (P=0.012).

DISCUSSION

The motivation for conducting this study evolved from two
independent observations. The first originated from our work
prior to the COVID-19 pandemic in which we showed evidence

Frontiers in Immunology | www.frontiersin.org

36

March 2022 | Volume 13 | Article 831763


https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles

Schroeder and Bieneman

SARS-CoV-2 S1-Subunit Induces Monocyte Cytokines

CXcCL10/1P-10

6000
5000
4000
3000

pg/108 cells

2000
1000

CCL2/MCP-1

12000
9000+
6000+

3000--
2000+
1500
1000

500

pg/108 cells

CCL4/MIP-1pB
12000

9000

6000

pg/108 cells

3000

- ;‘ﬁéég ﬂlﬁla ”

mDC

0 \ =
Ba pDC Mono

pg/108 cells

medium
S$1/82

S1

S2

IL-3
IL-3+S1/S2
IL-3+S1
IL-3+S2

EEEBONDD

CCL3/MIP-1a

*k

|
J
;gL ) EEEE '

_[H_;_;lt-.[s T

Ba pDC mDC

IL-8
500000
400000
300000
200000

100000

0

FIGURE 2 | (A-E) Chemokines linked to COVID-19 are induced by the S1 subunit of the SARS-CoV-2 spike protein. The same culture supernatants described in
Figure 1 were also assayed for the indicated chemokines using multiplex analysis. Box-Whisker plots (Tukey’s method) represent results from different donor cell
preparations (n=7). Responses to spike protein components were tested for significance by comparing to medium/IL-3 controls. **P<0.01, *P<0.05.

that epithelial cell-associated Gal-3 (EC-Gal-3) can effectively
activate various innate immune cells for cytokine production
(25-27). The second arose after the start of the pandemic upon
learning that the SARS-CoV-2 virus contains a structurally
relevant “galectin-fold” or pocket within the NTD of the S1
subunit of its spike protein —a structural feature first identified in
the spike proteins of its predecessors (SARS-CoV-1 and MERS-
Co) (20, 21). A synthesis of the two led us to hypothesize that the
innate immune cytokine response (or CRS), which is most
prominent in severe COVID-19, results, in part, from the S1-
NTD of the spike protein mimicking the cytokine-inducing
potential we had observed with EC-Gal-3. For further context,
we have recently demonstrated that monocytes, and to a lesser
extent DC subtypes, secrete IL-6 and TNF-o when co-cultured
with A549 epithelial cells. However, these cytokine responses

were eliminated upon knocking down Gal-3 expression in this
adenocarcinoma cell line (27). We had also shown in earlier
reports that IgE-expressing basophils produced IL-4 and IL-13
when co-cultured with EC-Gal-3 (26). Moreover, many of these
EC-Gal-3-dependent cytokine responses were similarly
replicated by culturing basophils, monocytes, and DC with
microspheres coupled with rhGal-3 (MS-Gal-3). And, that IL-3
augmented Gal-3 dependent cytokine production by several of
the innate immune cells, in particular basophils and pDC -those
that bear the highest levels of IL-3R (CD123).

To address the belief that SI-NTD acts similarly to Gal-3 in
promoting cytokine responses, we took the approach of using
recombinant and endotoxin-free proteins that encompass
various regions of the SARS-CoV-2 spike protein and that
collectively span the entire ~1211 amino acid sequence.
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FIGURE 3 | Capacity for S1 to activate monocytes for IL-6 secretion is lost using only the CTD/RBD region known to bind ACE2. Additional experiments (n = 5) were
conducted like those described in Figure 1 to test whether the S1-CTD/RBD region, which lacks the NTD, is capable of activating monocytes and DC. These experiments
included using the full length S1 as a positive control. Since IL-6 measurements were made using ELISA, several supematants from the multiplex analysis (Figure 1) were

included for added validation. Box-Whisker plots (Tukey’s method) represent results from different donor cell preparations (n = 5-14). Responses to spike protein components
were tested for significance by comparing to mediumvIL-3 controls. **“P < 0.00001.
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FIGURE 4 | Galectin-3 binding protein (LGALS3BP) suppresses IL-6 secretion by monocytes activated by the S1 subunit. Increasing concentrations of LGALS3BP
were added to wells pre-coated with the S1 subunit, as described in the Materials & Methods. After incubating, plate wells were washed 3x to remove excess
LGALSS3BP before adding monocytes and IL-3 for cell culture. Supernatants were harvested after 20h incubation and assayed for IL-6 by ELISA. Box-Whisker plots

represent results from different cell preparations (n = 4), with a linear regression line shown (P = 0.012). IL-6 levels induced by S1 alone without LGALS3BP averaged
713 + 258 pg/10° monocytes (n = 4).

Importantly, with the exception of the S2 subunit (stalk), all of ~ 686-1211) failed to activate monocytes, thus implying the

the recombinant proteins investigated possess the CTD/RBD,  importance of the NTD -the region showing structural
which, according to data sheets supplied by R&D Systems, = homology to Gal-3 (20, 21).
enables functional binding to ACE2. Unfortunately, none of Most unexpectantly, the so-called S1/S2 “active trimer”,

the proteins consisted only of the NTD. Nonetheless, of those ~ which encompasses nearly the entire spike protein sequence
investigated, only the SI subunit, comprising the first ~615  (a.a. 16-1211), failed to induce significant cytokine levels,
amino acids and containing both the NTD and CTD, showed  despite including the S1-NTD. Exactly why this full-length
the capacity to induce cytokines from monocytes. In fact, this  spike protein lacked the capacity to activate monocytes
activity was observed using recombinant S1 proteins made by = remains unknown. However, we propose that in this form, the
two different companies (see Materials ¢& Methods). In contrast, ~ SI-NTD may not be properly exposed, perhaps even hidden, and
both the CTD/RBD alone (a.a. 319-541) and the S2 subunit (a.a. thus unable to activate monocytes, as did the S1 subunit. In fact,
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R&D Systems specifies modifications to this protein making it
resistant to furin (and perhaps other serine proteases), which
means cleavage at the S1/S2 junction site is not possible.
Accordingly, we further propose herein that a similar
mechanism seems possible with the spike protein of live SARS-
CoV-2 virus, at least during the course of infecting host cells. For
instance, the virus attaches to ACE2 molecules expressed on host
airway epithelial cells by utilizing the S1-CTD/RBD portion of its
spike protein. However, it is known that viral entry is mediated
by the S2 subunit, which is only primed and exposed after
cleavage at the S1/S2 linkage site by the transmembrane serine
protease 2 (TMPRSS2) and possibly by other host cell-associated
proteases (30, 31). As a consequence, this cleavage event may
serve to unmask the S1-NTD on the surfaces of infected cells,
especially if the S1-CTD portion remains bound/anchored to
ACE2, as conceptualized in Figure 5. If this mechanism is
correct, it’s logical to hypothesize that the SI-NTD of the spike
protein can then act in a manner similar to EC-Gal-3 and thus
activate innate immune cells such as monocytes/macrophages
that infiltrate virally infected lesion sites. Whether such a
mechanism contributes to the CRS often seen in severe
COVID-19 disease remains speculative at this time, yet the
hypothesis is logical and thus requires further investigation.

Importantly, the mechanism proposed above (and in Figure 5)
eliminates the prerequisite that immune cells express ACE2, which
seems necessary if the virus was to promote cytokine production
and dysregulation by directly infecting monocytes/macrophages
via this receptor. However, there is currently little evidence in the
literature to support ACE2 expression on human immune cells.
Moreover, with the exception of the S2 protein, all the other spike
protein components used in this study reportedly bind ACE 2. It
therefore seems probable that all would have activated monocytes
for cytokine production if binding to ACE 2 is critical for this
response. In contrast, only the S1 subunit containing the NTD
showed a capacity to activate monocytes. Naturally, our study did
not use live virus, let alone test its capacity to bind ACE2, nor did
we test whether it uses a variety of other receptors that have been
proposed to facilitate its capacity to directly infect monocytes for
induction of cytokines (14, 32-34). Therefore, we are not
dismissing these possibilities yet only suggesting the above as
another potential mechanism based on our findings using
recombinant spike protein components and the resemblance of
the SI-NTD region to that of human Gal-3.

Interestingly, of the innate immune cells co-cultured with
plate bound S1 protein, only monocytes reacted by producing
relevant cytokines. Basophils, pDC and mDC did not react to this

A TMPRSS2 \/T/ACEZ

S$1-CTD

SARS-CoV-2

B Post cleavage of S1/S2 by TMPRSS2, exposing
S1-NTD (and the “galectin-fold”)
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IL-6, TNF-ai, IL-1B, IL-10
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the S1 subunit in this study.

FIGURE 5 | Hypothetical representation of how SARS-CoV-2 infection exposes the S1-NTD (and “galectin-fold”) on epithelial cells for potential activation of
infiltrating monocytes. (A) SARS-CoV-2 infection of epithelial cells is initiated with the binding of S1-CTD/RBD to ACE2. The serine protease, TMPRSS2, expressed
on host cells then cleaves the spike protein at the S1/S2 linkage. (B) The S2 subunit undergoes structural changes, serving first to anchor the virus and then
facilitating its entry into the cell. It is proposed that the S1/S2 cleavage event simultaneously exposes the S1-NTD, which extends outward as the S1-CTD/RBD
remains bound to ACE2. (C) Infiltrating monocytes/macrophages are then activated to produce COVID-related cytokines via cell surface glycoproteins (e.g. CD147)
and/or polysaccharides (e.g. Heparan Sulfate) interacting with S1-NTD, which mimics EC-Gal-3. Those cytokines indicated in red type were significantly impacted by
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spike protein subunit, as was predicted based on our prior work
showing EC-Gal-3-dependent activation. While there is
currently no precise explanation for these findings, one could
argue that the SI-N'TD, while closely resembling Gal-3, may not
function to the full range of this lectin, especially given that we
only tested recombinant protein. Moreover, Gal-3 is somewhat
unique among the known mammalian galectins in that it can
exist in many forms, ranging in structure from monomers to
multivalent pentamers, each potentially having different binding
affinities for many kinds of glycoproteins that contain the -
galactosides required for binding this lectin (35). For example,
studies conducted ~30 years ago were among the first to show
that Gal-3 binds IgE (hence, the early name of epsilon binding
protein, €BP) (36). In fact, this partly explained its capacity to
activate RBL cells (a mast cell line) for serotonin release (37), and
more recently why basophils were required to express this
immunoglublin when activated by EC-Gal-3 (26). However,
Gal-3 has since been shown to bind many other non-IgE
glycoproteins, including those for which the SARS-CoV-2
spike protein reportedly interact with, such as heparan sulfate
(38) and CD147 (39). Although we did not explore the ligand(s)
or receptor(s) on monocytes potentially binding the S1 subunit,
it’s reasonable to hypothesize involvement of heparan sulfate
and/or CD147 since both are reportedly expressed on monocytes
(40, 41). Moreover, it seems possible that IL-3 may modulate
expression of the putative receptor, since this factor generally
augmented S1-induced cytokine secretion. Whether it acts in vivo
toimpact severe COVID-19 is presently unknown. Nonetheless, IL-
3 is reported to promote the alternative activation of monocytes in
vitro, thus it seemingly affects the plasticity of these cells (42). Future
studies are required to determine the exact molecule/receptor on
monocytes responsible for interacting with the S1 subunit to trigger
cytokine secretion and whether IL-3 modulates its expression. Of
particular importance, monocytes and macrophages are currently
regarded to be the primary innate immune cells contributing to the
CRS associated with COVID-19 (15-17). Therefore, the
observation that monocytes were the only cells reactive to S1-
NTD among those tested is consistent with this line of thought.
The pattern of monocyte-derived cytokines induced by the S1
subunit is among the more striking observations revealed in this
study because the profile is remarkably similar to that implicated
in the CRS associated with severe COVID-19. Again, IL-6 was
the cytokine most consistently induced by the S1 subunit, which
occurred regardless of whether IL-3 was added to augment the
response. Likewise, IL-6 is perhaps the most consistently elevated
cytokine associated with COVID-19 (7, 10, 13), which was the
impetus for early trials testing whether blocking the activity of
this cytokine (e.g. with anti-IL-6 receptor antibodies such as
tocilizumab and sarilumab) might be useful in treating or
preventing severe pneumonia in critically ill COVID-19
patients (43). Indeed, several studies have reported some
efficacy in combating COVID-19 by blocking IL-6 activity
(44, 45). To a lesser extent, TNF-o. and IL-1B were other pro-
inflammatory cytokines significantly induced by the S1 subunit
and they too are cytokines that are generally increased in
COVID-19. Interestingly, IL-10 has been linked to the CRS,

but may play a pathological role by suppressing otherwise
beneficial DC and T cell activity (46). While levels of this
cytokine were generally low and detected in just a few of our
experiments, its secretion was only evident when S1 was included
in the culture (Figure 1D).

Several chemokines linked to COVID-19 were also significantly
induced by the S1 subunit, including CCL3/MIP- 1o, CCLAMIP-10,
and CXCL10/IP-10. All are implicated in playing a role in monocyte
recruitment and are reportedly secreted by monocytes. Several
studies, in fact, have reported CXCL10/IP-10 as a key marker of
severe disease (9, 12). While our study also showed DC to be a
source of this chemokine, only monocytes produced it in response
to SI. In contrast, we observed no significant induction of CCL2/
MCP-1 (only a trend) or IL-8 by S1, even though several studies
report these chemokines increased in COVID-19 (47, 48). The same
was true for VEGF (8). However, G-CSF was the only growth factor
among those included on our multiplex panel that was significantly
induced by S1 alone -it too is linked to COVID-19 (8).

As expected, no Th1/Th2 cytokines were induced by S1 or any
of the spike protein components. Indeed, we know of no studies
that consistently report increased level of any Th1/Th2 cytokines
occurring with COVID-19. IL-2R levels are reported increased in
the disease, but this cytokine was not among those investigated in
our multiplex panel. Interestingly, our results showed that both
IL-15 and IL-1ra, which were produced by monocytes when
cultured in medium alone or with IL-3, were significantly
decreased by all of the spike protein components tested. The
bases for these latter findings remain unclear. Although, IL-1ra
has been implicated in immune homeostasis, its suppression by
the spike protein may thus help to promote dysregulation (1).
Obviously, our in vitro cytokine findings do not definitively
prove that the S1 subunit of the spike protein is responsible for
inducing these in actual COVID-19 disease, but the comparison
is quite striking and thus warrants further investigation.

To further support the notion that S1-NTD mimics Gal-3 in its
capacity to activate immune cells, we demonstrated that Gal-3
binding protein, LGALS3BP, blocked (up to ~70%) the ability of
the S1 subunit to activate monocytes. The rationale for conducting
this set of experiments was two-fold. First, LGALS3BP is long
known to interact with Gal-3, hence the name given to this 90kD
protein. Therefore, we reasoned that it should also interact with
S1-NTD, given the high degree of structural homology of this
component with that of Gal-3. Second, a recent study reported
evidence that recombinant SARS-CoV-2 spike protein, when
added to serum/plasma specimens, specifically interacted with
LGALS3BP, as determined by analysis using mass-spectrometry
(29). Importantly, in conducting the experiments herein, we added
increasing concentrations of LGALS3BP to wells pre-coated with
the S1 subunit. After incubating, the wells were then washed
extensively to remove any unbound LGALS3BP. Thus, not only
was residual unbound protein removed prior to cell culture, which
seemingly reduced any chances of LGALS3BP directly interacting
with monocyte, its apparent interaction with plate bound S1
seemed stable enough to suppress monocyte activation. Overall,
these results support the concept that the SI-NTD of the SARS-
CoV-2 spike protein does, indeed, act like Gal-3.
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In conclusion, the COVID-19 pandemic caused by the SARS-
CoV-2 virus has to date claimed the lives of some 5.7 million
worldwide, with over 900,000 of those occurring here in the
United States alone (based on the JHU COVID-19 Dashboard).
While vaccines continue to show remarkable efficacy in slowing
these numbers and novel therapeutics continue to emerge, a
better understanding of how this virus mediates immune
dysfunction and the development of ARDS, remains poorly
understood. Therefore, we propose that the findings presented
herein provide insight into a potentially relevant mechanism -
one in which the SI-NTD of the viruses’ spike protein (and likely
that of other B-coronaviruses) mimics Gal-3 and the capacity of
this lectin to modulate activation of innate immune cells, namely
monocytes. Therefore, the development of therapeutics, such as
Gal-3-like antagonists or neutralizing antibodies that target the
S1-NTD of the spike protein, cannot be overstated in that they
could prove efficacious in preventing prolonged innate immune
dysfunction and onset of CRS leading to ARDS.
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Unusually for a viral infection, the immunological phenotype of severe COVID-19 is
characterised by a depleted lymphocyte and elevated neutrophil count, with the
neutrophil-to-lymphocyte ratio correlating with disease severity. Neutrophils are the
most abundant immune cell in the bloodstream and comprise different subpopulations
with pleiotropic actions that are vital for host immunity. Unique neutrophil subpopulations
vary in their capacity to mount antimicrobial responses, including NETosis (the generation
of neutrophil extracellular traps), degranulation and de novo production of cytokines and
chemokines. These processes play a role in antiviral immunity, but may also contribute to
the local and systemic tissue damage seen in acute SARS-CoV-2 infection. Neutrophils
also contribute to complications of COVID-19 such as thrombosis, acute respiratory
distress syndrome and multisystem inflammatory disease in children. In this Progress
review, we discuss the anti-viral and pathological roles of neutrophils in SARS-CoV-2
infection, and potential therapeutic strategies for COVID-19 that target neutrophil-
mediated inflammatory responses.

Keywords: neutrophil, COVID-19, SARS-CoV-2, innate immunity, inflammation

INTRODUCTION

Neutrophils are the first responders to infection and extravasate rapidly from the blood vessels into
tissue. They are the most abundant leukocyte in blood, with about 10'" neutrophils produced by the
bone marrow each day, representing 40-60% of circulating immune cells in healthy adults (1).
Neutrophils kill pathogens using oxidative burst, degranulation, phagocytosis and the release of
neutrophil extracellular traps (NETs) (2, 3). Their role is most prominent in bacterial infection but
they can also contribute to antiviral immunity.
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Severe disease in COVID-19 is associated to increased
neutrophil-to-lymphocyte ratio and high expression of
neutrophil-related cytokines IL-8 and IL-6 in serum, and
neutrophilia has been described as a predictor of poor outcome
(4-14). Peripheral blood neutrophil counts in patients with
COVID-19, although not as elevated as bacterial pneumonia,
are higher in severe COVID-19 compared with mild cases and
most other viral infections (4, 15). Neutrophils are associated
with the development of thrombosis and pulmonary infiltrates
found in post-mortem samples following severe acute respiratory
syndrome coronavirus 2 (SARS-CoV-2) (16-18). In this Progress
review, we focus on emerging data on the roles of neutrophils in
the pathogenesis and response to SARS-CoV-2.

NEUTROPHILS IN COVID-19

An altered neutrophil-to-lymphocyte ratio occurs in many
conditions such as cancer, cardiovascular disease, sepsis and
inflammatory disorders, including Systemic lupus erythematosus
(SLE) and psoriasis (19). Patients with COVID-19 with severe
disease had significantly higher absolute neutrophil counts (8)
similar to the neutrophilia in both Severe Acute Respiratory
Syndrome (SARS) and Middle East Respiratory Syndrome
(MERS) (20). The limited antiviral response in COVID-19 may
exacerbate neutrophil infiltration, resulting in exuberant
inflammation (21).

A small gene ontology (GO) analysis of COVID-19 infected
cells indicated that neutrophil activation and degranulation are
the most activated cellular immune processes in COVID-19, but
did not play a role in the antibody-mediated elimination of
SARS-CoV-2 in a passive immunisation model (22). Neutrophils
contribute to hypersensitivity pneumonitis in SARS-CoV-2
infection and altered neutrophil immunometabolism, with
accumulation of succinate correlating with disease severity
(21). A rat coronavirus (RCoV) model demonstrated that
neutrophils produce cytokines and chemokines in response to
alveolar epithelial cell infection with SARS-CoV-2, resulting in
an inflammatory response which contributes to lung injury (23).

NEUTROPHIL EXTRACELLULAR TRAPS

Neutrophil extracellular traps (NETs) are web-like chromatin
structures released by neutrophils to degrade virulence factors
and kill bacteria. Once unregulated in sepsis or severe COVID-
19, they induce multiple organ damage, including arterial
hypotension, hypoxemia, coagulopathy, renal, neurological,
and hepatic dysfunction as consequence of a NETs-associated
cytokine storm (24-26). Silva et al. found that gasdermin
inhibition with disulfiram or genic deletion decreases NETSs
formation with reduced multiple organ dysfunction and
mortality in a sepsis model (27). NETs concentration was
markedly increased in the tracheal aspirate and plasma of
patients hospitalised with COVID-19 as well as in SARS-CoV-
2-infected lung airways and alveoli, with spontaneous NETs

production from their neutrophils (13, 28-32). SARS-CoV-2
can directly induce healthy neutrophils to release NETs in
vitro, which increase pulmonary epithelium cell death (28).
NETs also appear to drive neuroinflammation in Ischemic
Brain Damage (IBD) and IBD following COVID-19, by
affecting the blood-brain barrier, promoting thrombosis, and
by inducing neuronal damage through extruded NETs
components, NETs-IL-1 loop and IL-17 cascades (33, 34),
making them a promising target for therapy.

The first step in NETosis is cellular activation via pattern
recognition receptors (PRR) such as Toll-like receptors 4 (TLR4),
TLR7 and TLRS in viral infections (24, 35, 36). Reactive oxygen
species (ROS) are subsequently produced, resulting in the
activation of protein arginase deiminase 4 (PAD4) which is
responsible for chromatin decondensation (24, 37). Neutrophil
elastase (NE), a granule protein, induces neutrophil nuclear
membrane break down while granule protein gasdermin D
facilitates pore formation in the cell membrane and mediates
release of NETs into the extracellular space (Figure 1) (24, 31).
NETs do play a role in viral clearance, but excessive NETSs
production exacerbates inflammation in acute respiratory
distress syndrome (ARDS) and contributes to microvascular
thrombosis (Figure 1) (38). These is potentially related to
over-activation of the Stimulator of interferon genes (STING)
pathway through cyclic GMP-AMP synthase (cGAS) in
phagosomes, and by SARS-CoV-2 infection itself through
Angiotensin-Converting Enzyme 2 (ACE2)-angiotensin II (39,
40). Pharmacological activation of the STING pathway may also
regulate the effects of SARS-CoV-2 infection (41). NETs can also
have different proteins cargo associated to their deoxyribonucleic
acid (DNA), citrullinated histone 3 (cit-H3), NE, and
myeloperoxidase (MPO) structure which can influence the
type of immune response triggered (42). Severe COVID-19
patients were shown to have higher expression of the alarmin
nuclear protein High mobility group box 1 (HMGBI), antiviral
molecules like ISG-15 and LL-37, or functionally active tissue
factor (TF) as protein cargo in NETs, produced mostly by normal
density granulocytes (NDG) (43, 44). These cargo molecules
induced thrombogenic activity and differential cytokines
expression (43, 44).

INFLAMMASOME ACTIVATION IN
COVID-19

COVID-19 is characterised by a cytokine storm and the Pyrin
domain containing 3 (NLRP3) inflammasome has been implicated.
The inflammasomes are molecular mechanism involving
multiprotein complexes which regulate the production of pro-
inflammatory cytokines. NLRP3, a member of the nucleotide
oligomerization domain (NOD)-like receptor (NLR) family, is
present in neutrophils (17). After NLRP3 activation, pro-caspase
1 is cleaved to the active form caspase 1, leading to the cleavage of
pro-inflammatory pro-IL-1B and pro-IL-18 into the active forms
(Figure 2) (45). Single-stranded ribonucleic acid (ssRNA) viruses,
such as SARS-CoV-2, induce Nuclear factor kappa B (NF-kB)
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FIGURE 1 | The neutrophil and clinical characteristics of COVID-19 patients. Activated neutrophils can produce cytokines such as IL-1B, IL-6, TNF-a, MIF, IL-12, TGF-B,
IL-21, IL-23 and IL-27, contributing to a cytokine storm and the further development of ARDS and organ failure in COVID-19 patients. Pneumonia in COVID-19 patients is
most likely to be caused by the production of proteases, cationic polypeptides, cytokines and ROS by neutrophils. Upon SARS-CoV-2 recognition by TLR7/8/9, protein
arginase deiminase 4 (PAD4) is activated, which induces chromatin decondensation through histones citrullination and consequently NETs formation. Neutrophil nuclear
membrane is disrupted by neutrophil elastase (NE) and gasdermin D which facilitates the formation of a pore in the neutrophil cell membrane and mediates release of the
contents of NETs into the extracellular space. NETs induce macrophage activation and IL-1B production resulting in a positive loop with neutrophils and NETs formation.
Macrophages also secrete CCR1, CCR2, IL-6 and TNF-a leading to further neutrophil recruitment. Extracellular histones presented in NETs causes cell cytotoxicity
contributing with ARDS, sepsis and organ failure observed in COVID-19 patients. Extracellular DNA induces thick and viscous mucus production allowing bacteria
colonization and respiratory failure. NETs also interact with fibrinogen, VWF and platelets causing thrombosis in several organs such as lung, kidney, liver and
extremities. IL, interleukin; TNF, tumour necrosis factor; MIF, macrophage migration inhibitory factor; ARDS, acute respiratory distress syndrome; ROS, reactive
oxygen species; PAD4, protein arginase deiminase 4; NETs, neutrophil extracellular trap; NE, neutrophil elastase; CCR, chemokine receptor; DNA, deoxyribonucleic

acid; VWF, von Willebrand factor.

activation and the further production of pro-IL-1f and pro-IL-18
(45, 46). Simultaneously, ROS and Adenosine 5’-triphosphate
(ATP) produced by mitochondria trigger NLRP3 inflammasome
assembly (46). Active NLRP3 inflammasome is present in
peripheral blood mononuclear cells (PBMCs) and post-mortem
tissues of COVID-19 patients, and high expression of its derived
products such as Casplp20 and IL-18 were seen to correlate with
disease severity and poor clinical outcome (47). NLRP3
inflammasome activation has also been described in neutrophils
of severe COVID-19 patients (48). Aymonnier et al. found that
neutrophils from COVID-19 patients with respiratory failure
demonstrated NLRP3 inflammasome molecule Apoptosis-
associated speck-like protein containing a CARD (ASC) specks,
and their early formation in NETosis. In patients with severe
COVID-19 neutrophils with intact multilobulated nuclei, ASC
specks formation and histone H3 citrullination was elevated (48).
In a murine model they also showed transient presence of ASC
specks at the microtubule organizing center, before nuclear
rounding, early in NETosis (48). In addition, SARS-CoV-2 has
been shown to directly activate the NLRP3 inflammasome through
viroporin protein 3a, which most likely acts by the formation of K*
and Ca* channels (49). Such direct activation of the inflammasome
leads to the production of IL-1B and IL-18, perpetuating
inflammation and resulting in further neutrophil activation (50).
NLRP3 inflammasome activation in the blood of patients reveals an
impaired immature neutrophil response in severe COVID-19.
Inflammasome signature analysis in circulating myeloid cells

allows COVID-19 patients to be stratified and predicts evolution
of disease severity (51).

NEUTROPHIL SUBSETS IN COVID-19

Heterogeneity within the neutrophil population during infection
has been demonstrated in multiple diseases, and different subsets
have defined roles in influencing the inflammatory response (38,
52). Neutrophil subsets varying in their density, maturity and
expression of surface markers have been reported in COVID-19
(53, 54). Classically, in sepsis, immature neutrophils are released
from the bone marrow and Carissimo et al. found increased
immature neutrophils in whole blood that correlated with
increased IL-6 and IP-10, and COVID-19 disease severity (55).
The ratio of immature neutrophils to gamma delta (V)2 T cells
could predict severe COVID-19 (55). Additionally, a shift toward
immature neutrophils as the driver of hyperinflammation is
associated with severe COVID-19 disease (56).

Recently there has been a renewed interest in immunomodulatory
neutrophil subsets, specifically in the field of cancer, SLE and sepsis,
including low density granulocytes (LDGs) and myeloid derived
suppressor cells (MDSCs) (38), but there is not a consensus on
nomenclature and classification (57). MDSCs are a mixed population
of mature and immature cells with differing immunomodulatory
roles (58). There is a lack of clarity on the phenotypical and functional
characteristics of MDSCs and their relationship to LDGs but their
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defining characteristic is suppression of the adaptive immune
response (59). MDSC expansion is linked to G-CSF, a cytokine
increased in the lungs of COVID-19 patients (60) and almost 90% of
mononuclear cells in the severe disease cohort were MDSCs.
Proportion of LDGs increases with disease severity in COVID-19
patients, as well as their production of NETs when compared to
healthy controls (43, 61).

Morrisey et al. described a population of LDGs correlating with
disease severity and hypercoagulable state in COVID-19 patients
(53). A population of CD45"CD66b"CD16™CD44'°*CD11b™
LDGs was found in patients with severe disease, which displayed
enhanced phagocytic capacity, spontaneous NET's formation and
elevated cytokine production. Similarly, an immune-suppressive
CD16"8"/CD62L%™ neutrophil subtype was increased in patients
developing pulmonary embolism (PE) on the day of ICU admission
(54). Using whole blood transcriptomics analysis, increased NLRP3
inflammasome, monocytes and LDGs were found in the lungs of
COVID-19 patients, and neutrophil activation-associated
signatures correlated to disease severity (62). In COVID-19,
immature neutrophils are expanded and show increased
programmed death ligand (PD-L) 1, which suppresses T cells,
and reduced oxidative burst functions with no change in
phagocytosis in severe COVID-19 (63). Chevrier et al. found
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FIGURE 2 | Neutrophil activation. ACE2 or L-SING receptors on neutrophils most likely recognise SARS-CoV2 via a spike (S) protein on its surface. Once the virus enters the
cell, ssRNA viruses such as SARS-CoV-2 are recognised by TLR 7/8/9 which induce the activation of the MyD88 pathway. MyD88 activates TRAF3 and TRAF6 which result
in the transcription of NF-xB and IRF7 associated genes. The activated NF-kB pathway leads to the transcriptional induction of proinflammatory cytokines, chemokines and
additional inflammatory mediators in neutrophils. In addition, cytosolic viral RNA recruiting MDAS, RIF1 and PKR lead to the activation of TBK1 and the further activation of
IRF3 resulting in the transcription of type I/Il IFN genes. The positive stimulatory loop by type I IFN induces the production of more IFNs through the JAK/STAT pathway and
the induction of Interferon Stimulated Genes (ISG). At the same time, SARS-CoV-2 possess ORF6, an accessory protein antagonist of IFNs by the inhibition of MDAS, TBK1,
IRF3 and IRF9. ssRNA viruses also cause the recruitment of the NLRPS inflammasome complex and the further activation of pro-caspase-1 resulting in the cleavage of pro-IL-
1B and pro-IL-18 into the active forms. ACE2, angiotensin-Converting Enzyme 2; L-SING, L-Specific Intercellular adhesion molecule-3-Grabbing Non-integrin/CD209L; RNA,
ribonucleic acid; ssRNA, Single-stranded RNA; TLR, toll-like receptor; MyD88, myeloid differentiation primary response 88; TRAF, tumor necrosis factor receptor (TNF-R)-
associated factor; NF-xB, nuclear factor kappa B; IRF, Interferon Regulatory Factor; MDA, melanoma differentiation-associated protein; RIF, Replication Timing Regulatory
Factor; PKR, protein kinase R; TBK, TANK Binding Kinase; IFN, interferon; ISG, Interferon Stimulated Genes; JAK-STAT, janus kinase; ORF, open Reading Frame; NLRP3,

higher LDGs were present in COVID-19 patients early in the
course of the disease and decreased in convalescence using mass
cytometry and serum proteomics, but CD16"" neutrophil
population remained expanded over the disease course (64).
COVID-19 induced-ARDS is associated with MDSC expansion,
reduced lymphocyte function and arginine shortage, through
increased arginase activity, therefore arginase supplementation
may be therapeutic (65). Further study into the role of neutrophil
subsets in COVID-19 is warranted, potentially as biomarkers of
disease severity, or as new targets for therapeutic approaches.

NEUTROPHIL RESPONSE TO
SARS-COV-2

Does SARS-CoV-2 Actively Infect
Neutrophils?

Although neutrophils express the L-SIGN and DC-SIGN C-type
lectins receptors that have been suggested to act as entry
receptors for SARS-CoV-2, there is conflicting evidence about
active infection of neutrophils with the virus. In other ssSRNA
viruses such as West Nile and influenza virus neutrophils serve as
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an important viral reservoir and contain actively replicating
virus, and studies with human immunodeficiency virus (HIV)
and Respiratory syncytial virus (RSV) viral models suggest that
neutrophils can internalise virus without productive infection
(66). Neutrophils are important for viral detection and initiation
of downstream effector immune pathways but the replicative
ability of ssSRNA virus SARS-CoV-2 within neutrophils is
not known.

ACE2 is the primary cell entry receptor for SARS-CoV-2 and
ACE2 deficiency is associated with worse outcomes in COVID-
19 (67). Entry of SARS-CoV2 into the cells following membrane
fusion majorly down-regulates ACE2 receptors, with loss of the
catalytic effect of these receptors at the external site of the
membrane (68). This induces increased pulmonary
inflammation and coagulation due to enhanced and unopposed
angiotensin II effects. ACE2 down-regulation induced by viral
invasion may be especially detrimental in people with baseline
ACE2 deficiency (68). Following viral entry, the additional ACE2
deficiency may exacerbate the dysregulation between
ACE— Angiotensin II—AT1 receptor axis (potentially adverse)
and the ACE2—Angiotensin—Mas receptor axis (negative
regulator of angiotensin II activity, potentially protective
recombinant ACE2) (68). Therefore, angiotensin and
angiotensin II type 1 receptor blockers may be beneficial in
patients with severe SARS-CoV-2 (68). However, two large
cohort studies showed that angiotensin-converting enzyme
inhibitors (ACEIs)/angiotensin receptor blockers (ARBs) use
was not associated with increased SARS-CoV-2 infection, but
was in fact associated with a lower risk of all-cause mortality in
hospitalized patients (69, 70). Further studies are needed to test
the protective effects of ACEIs/ARBs in COVID-19 (69, 70).
NETs triggered by SARS-CoV-2 depend on ACE2, serine
protease TMPRSS2, virus replication, and PAD-4 (28). ACE is
important in neutrophil antibacterial activity. Veras at al found
that NETosis was facilitated in neutrophils in patients with
COVID-19 (28). Neutrophils express ACE2 similar to other
immune cells and it is postulated that allows the virus-
triggered cell activation and NETosis (28). Knockout of this
gene in mice or treatment with an ACE inhibitor increased
susceptible to bacterial infection by methicillin-resistant
Staphylococcus aureus (MRSA). Mice overexpressing ACE in
neutrophils have increased killing of MRSA Pseudomonas
aeruginosa, and Klebsiella pneumoniae, with increased
neutrophil production of reactive oxygen species (ROS)
independent of the angiotensin II AT1 receptor (71).

DYSFUNCTIONAL NEUTROPHIL
ACTIVATION IN COVID-19

Neutrophils express all known Toll-like receptors (TLRs) with
the exception of TLR3 (72). TLR7, TLR8 and TLRY are involved
in the detection of ssRNA viruses such as SARS-COV-2 (73).
Activation of these receptors leads to downstream activation of
NF-xB and interferon regulatory factor (IRF7), and the
subsequent production of pro-inflammatory cytokines and

chemokines in neutrophils (Figure 2) (74). In conjunction
with neutrophils, these pro-inflammatory cytokines and
chemokines drive the characteristic hyperinflammation and
pulmonary infiltration seen in severe COVID-19 (74).
Neutrophils also produce type 1 interferons (IFN-o/IFNf)
through the activation of IRF proteins (75) and this broad, but
dysregulated, pro-inflammatory and antiviral response puts
selective pressure on these highly pathogenic respiratory
viruses. The host response to SARS-CoV-2 has also been
broadly defined as a significantly depleted type 1 IEN response,
with a consistent upregulation of chemotactic signals (CCLS,
CCL2, CXCL2, CXCL8 and CXCL9), most of which are key
mediators of neutrophil recruitment. Liao et al. found that in the
lungs of patients with severe COVID-19, macrophages
exacerbate inflammation by producing chemokines that recruit
neutrophils to the site of infection through chemokine receptors
CC-chemokine receptor 1 (CCR1) and C-X-C chemokine
receptor type 2 (CXCR2) (57). Using a SARS-CoV-2 animal
model early induction of CXCL9 and CCL8 was found consistent
with observations in primary human bronchial epithelial cells
infected with SARS-CoV-2. At day 7, despite waning levels of
virus, elevated CCR5, CCL2, CXCL9 and IL-6 were found in the
animal model, suggesting neutrophil-mediated inflammation
may persist after the virus has been cleared (76). This may
correlate with the clinical findings of persistent symptoms and
fatigue with post-viral infection complications in some patients.

The loss of IFN signalling is vital to understanding why
SARS-CoV-2 elicits such a potent inflammatory and
neutrophilic chemotactic response. For instance, bats appear to
limit the inflammatory and neutrophilic chemotactic response
when infected with coronaviruses endemic in the bat population
(77). Banerjee et al. have proposed that bats possess repressors of
NF-xB signalling, a potent inductor of pro-inflammatory and
chemotactic responses, allowing these strains of the viruses to
become endemic in the population. However, unlike bats,
humans lack this repressor activity rendering us susceptible to
this uncontrollable neutrophil-mediated inflammatory response
following viral infection (77).

NEUTROPHILS AND THROMBOSIS

Coagulation cascade activation is a common finding in patients
with COVID-19 and is associated with disease severity (78).
Elevated levels of fibrin D-dimer degradation products, a marker
of fibrin degradation indicating overactive coagulation, correlates
with a worse clinical outcome (79). High plasma levels of
plasminogen activator (tPA) and plasminogen activator
inhibitor-1 (PAI-1) in hospitalised COVID-19 patients had
strong correlations with neutrophil counts and activation, and
extremely high levels of tPA increasing fibrinolysis (80).
Plasmatic matrix metalloproteinase-9 (MMP-9) was likewise
increased in COVID-19 patients which induced platelet and
neutrophil activation, and NETs formation in vitro (81). Post-
mortem studies have consistently shown that micro-thrombi are
present throughout the pulmonary vasculature (82). Collectively,
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these data suggest that coagulation activation and vasculopathy
within the lungs (pulmonary intravascular coagulopathy [PIC])
plays a role in modulating COVID-19 pathogenesis (78). The
biological mechanisms through which SARS-CoV-2 infection
causes PIC within the lung blood vessels remain poorly
understood (83). However, recent autopsy studies have
reported significant endothelial cell (EC) damage, apoptosis,
loss of tight junctions and separation from the basement
membrane (84). Local inflammation and dysregulated pro-
inflammatory cytokine generation within the lungs are a major
factor as well as local hypoxia and complement activation, which
significantly enhance procoagulant pathways and downregulate
anticoagulant pathways in vivo. Moreover, ECs express the ACE2
receptor through which SARS-CoV-2 gains entry into cells, and
electron microscopy studies have reported viral inclusion bodies
within ECs.

Neutrophils and platelets are key modulators of thrombosis.
Significant NETosis is found in patients with severe COVID-19
and is important in thrombus aetiology (85). NETs can bind to
platelets, triggering platelet activation, and through their
citrullinated histone H3 (citH3) they can also interact with
procoagulant von Willebrand factor (VWE) (85). In addition
to their effects on primary hemostasis, NETs also enhance local
thrombin generation. In particular, NETSs initiate coagulation
activation through the alternative contact pathway and trigger
thrombin generation by enhancing the intrinsic tissue-factor
dependent pathway. NETs have also been described to over-
activate the STING pathway through the cGAS sensor in
phagosomes (40). The over-activation of the STING-pathway
increases hyper-coagulability via interferon-f3 and tissue factor,
released by monocytes-macrophages, and can be inhibited
upstream the STING-pathway by aspirin, intravenous
immunoglobulins and Vitamin-D (40). NETs histones can
activate platelets by stimulating platelet TLR4 and TLR2;
neutrophils can bind to these active platelets through surface
glycoprotein Ib to induce NETosis and, consequently, result in
thrombosis (85). Platelet activation is associated with disease
severity in COVID-19 (86). Finally, NETosis has potent pro-
inflammatory effects on ECs, which serve to attenuate the normal
ability of ECs to regulate procoagulant pathways (87, 88). NET's
and thrombosis have been implicated in several disorders
including cancer, SLE, rheumatoid arthritis (RA),
atherosclerosis and ischemic stroke. NETs have been shown to
invade microthrombi in septic patients and contribute to organ
damage, hence it is likely that neutrophils are a mediator of organ
dysfunction in COVID-19 (31).

NEUTROPHILS AND COVID-19
IN CHILDREN

The severity of COVID-19 differs between age-groups, and
children, especially neonates, exhibit milder disease with only a
small proportion require intensive care with acute respiratory
illness. There are many theories about this discrepancy, which is
also seen with other similar viral illnesses, and the decreased

expression of ACE2 and NETs formation may be contributory
(89). However, a multisystem inflammatory disease in children
(MIS-C) or paediatric multisystem inflammatory syndrome
temporally associated with COVID-19 (PIMS-TS) has emerged
in children, occurring weeks after the primary infection with
SARS-Cov-2, that can lead to serious and life-threatening illness
in previously healthy children (90). There is no internationally
accepted single definition of MIS-C/PIMS-TS, but most case
definitions require multi-organ dysfunction, systemic
inflammation evidence of recent a SARS-CoV-2 infection, and
the exclusion of other causes. The clinical presentation and
laboratory findings in MIS-C are similar to Kawasaki’s disease
and toxic shock syndrome, and considered to be a spectrum of
disease (90).

Similar to adults with COVID-19, neutrophilia and
lymphocytopenia are common in MIS-C. Neutrophils play a
key functional role in Kawasaki disease with recent descriptions
of NETosis and neutrophil activation in the form of CD11b and
CD64 production (91). Neutrophil counts predict responsiveness
of patients with Kawasaki disease to intravenous
immunoglobulin therapy, also used in MIS-C (92, 93).
Neutrophils activation marker Fc 7y receptor I (FcyRI; CD64)
was described to be highly expressed on neutrophils of
treatment-naive MIS-C patients in acute phase compared with
healthy controls (94). These patients also showed increase levels
of the neutrophils chemoattractant cytokine IL-8 (94).
Ramaswamy et al. talk of a potential myeloid dysfunction in
MIS-C patients based on the high expression of alarmin-related
S100A genes in neutrophils and monocytes, and the significant
reduction in key antigen-presentation molecules such as HLA
class I and CD86 (95). Additional research is required to fully
understand the role of neutrophils in MIS-C and to determine
whether treatments used in Kawasaki disease such as intravenous
immunoglobulin therapy could also be used with MIS-
C patients.

THERAPEUTIC TARGETING
OF NEUTROPHILS

Targeting Cytokines

The efficacy of targeting cytokines produced by various immune
cells, including neutrophils, is being explored in ongoing clinical
trials. Neutrophils produce IL-6, and IL-6 inhibitor tocilizumab
has been shown to decreases neutrophil survival and
lipopolysaccharides (LPS)-induced oxidative burst, as well as
neutrophil release from the bone marrow and lung
demargination (96, 97). Tocilizumab has been approved by the
United States Food and Drug Administration (FDA) for use in
COVID-19 patients and decreased mortality, poor outcome and
mechanical ventilation (98, 99). Clazakizumab also targets IL-6
and is currently being evaluated for safety in several clinical trials
of patients with life-threatening COVID-19 (Table 1). The
interleukin-6 receptor inhibitors (IL6ri) sarilumab or
tocilizumab decreased intubation and mortality in a study
including 255 patients with COVID-19 (100). Doxycycline (a
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TABLE 1 | Clinical trials therapeutically targeting neutrophils.

Therapeutic target

IL-6

GM-CSF

NLRP3 inflammasome

NLRP3 inflalmmasome
IL-1B

IL-1

IFN-y
TLR4
NETs

JAK-STAT

JAK-STAT

Angiotensin receptor

Neutrophil

Type of drug

Anti-IL-6

Anti-IL-6

Anti-IL-6

Anti-IL-6

Anti-IL-6R

Monoclonal antibody-anti-GM-CSF
Monoclonal antibody-anti-GM-CSF
Monoclonal antibody-anti-GM-CSF
Monoclonal antibody-anti-GM-CSF
GM-CSF

Inhibitor of NLRP3 inflammasome

Inhibitor of NLRP3 inflammasome
Inhibitor of NLRP3 inflammasome
Anti-IL-1B monoclonal antibody

IL-1 receptor antagonist

Anti-IFN-y
TLR4 inhibitor
rhDNase1

NE inhibitor
NE inhibitor
NE inhibitor
JAK1/2 inhibitor

JAK1/2 inhibitor

Angiotensin receptor blocker
Angiotensin Il receptor antagonist
Angiotensin Il receptor antagonist

Inhibitor of the spike protein serine
proteases

Calcium-release activated calcium
(CRAC) channel inhibitor
Neutrophil viability modulator

Drug name

Clazakimumab

Tocilizumab
Siltuximab
Olokizumab
Sarilumab
Lenzilumab
Mavrilimumab
TJ003234
Gimsilumab
Sargramostim

Colchicine

Tranilast
Dapansutrile
Canakinumab

Anakinra

Emapalumab
EBO5
Dornase alfa

13 cis retinoic acid
Alvelestat
Brensocatib
Ruxolitinib

Baricitinib
Tofacitinib

Telmisartan
Losartan

Valsartan

Alpha-1 antitrypsin
CM4620-IE

Intravenous
immunoglobulin (IVIG)

Effect on Neutrophils

Reduces inflammation produced by neutrophils
and other immune cells

Blocks neutrophils recruitment

Recruits neutrophils

Reduces NLRP3 inflammasome activated by
neutrophils

Reduces hyperinflammation and organ damage
Reduces hyperinflammation and organ damage
Reduces hyperinflammation and organ damage

Reduces hyperinflammation and organ damage

Inhibits activation of neutrophils
Reduces hyperinflammation and organ damage
Promotes clearance of NETs

Promotes clearance of NETs

Reduces inflammation produced by neutrophils
and other immune cells.

Reduces inflammation produced by neutrophils
and other immune cells.

Reduces oxidative stress. Inhibits NADPH
oxidase in neutrophils.
Blocks neutrophils recruitment

Reduces oxidative stress. Inhibits NADPH
oxidase in neutrophils.
Blocks neutrophils recruitment

Blocks neutrophils recruitment

Neutrophil viability modulator

Reference number

NCT04363502
NCT043810562
NCT04343989
NCT04403685
NCT04329650
NCT04452474
NCT04357860
NCT04351152
NCT04397497
NCT04341116
NCT04351243
NCT04400929
NCT04411680
NCT04326920
NCT04400929
NCT04322682
NCT04350320
NCT04322565
NCT04326790
NCT04367168
NCT04381936
ChiCTR2000030002
NCT04540120
NCT04365153
NCT04348448
NCT04362813
NCT04339712
NCT04324021
NCT04341584
NCT04324021
NCT04401475
NCT04432987
NCT04359654
NCT04355364
NCT04409925
NCT04402970
NCT04402944
NCT04396067
NCT04539795
NCT04817332
NCT04334044
NCT04348071
NCT04355793
NCT04366232
NCT04362137
NCT04320277
NCT04340232
NCT04321993
NCT04401579
NCT04469114
NCT04750317
NCT04360551
NCT04355936
NCT04340557
NCT04328012
NCT04335786

NCT04385836
NCT04345614

NCT04432324
NCT04411667

(Continued)
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TABLE 1 | Continued

Therapeutic target Type of drug Drug name Effect on Neutrophils Reference number

NCT04383548

NCT04403269

L-MOD Neutrophil viability modulator NCT04353674

Neutrophil chemotaxis inhibitor Lenalidomide Blocks neutrophils recruitment NCT04361643

Dexamethasone NCT04325061

NCT04395105

NCT04360876

NCT04344730

IL-6, IL-8, IL-1B and TNF-o.  Modulates IL-8, TNF-a, IL-1B and IL-6  Doxycycline Reduces inflammation produced by neutrophils ~ NCT04371952
gene expression and other immune cells

IL-17A Binds interleukin 17A and neutralizes it Ixekizumab Reduces inflammation produced by neutrophils ~ NCT04724629
and other immune cells

Anti-inflammatory and anti- Monoclonal antibody TB006 Reduces inflammation produced by neutrophils ~ NCT04801056

fibrotic agent

and other immune cells

IL, interfeukin;, GM-CSF, granulocyte-macrophage colony-stimulating factor; NLRP3, nod like receptor family, pyrin domain containing 3; IFN, interferon; TLR, toll-like receptor; NET,

neutrophil extracellular trap; JAK-STAT, janus kinase; TNF, tumour necrosis factor.

tetracycline) reduces IL-6, IL-1 and TNF-o levels, however,
doxycycline treatment did not have a significant clinical impact
on time to recovery, hospital admissions or deaths related to
COVID-19 in patients with high risk to adverse outcomes (101).

Granulocyte-macrophage colony-stimulating factor (GM-
CSF) is involved in neutrophil recruitment, survival, IL-6
release and priming for NETosis (102, 103). Mavrilimumab, an
anti-GM-CSF receptor-o. monoclonal antibody, improved
clinical outcomes in patients with COVID-19 pneumonia and
systemic hyperinflammation (104). In contrast, sargramostim, a
recombinant human GM-CSF is under investigation, to improve
the immune response by recruiting neutrophils, dendritic cells
and macrophages to fight the virus and to repair tissue damage
(Table 1), although there may be significant risks including
neurotoxicity (103). GM-CSF also induces the expansion of
immunosuppressive MDSCs, which impair NK cells, CD8+ T
cells and increase proliferation of immunosuppressive T
regulatory (Treg) cells (105, 106). GM-CSF stimulates the
expression of IL-1f, IL-6, TNFa. and other pro-inflammatory
cytokines and chemokines, therefore, its inhibition would more
broadly dampen hyperinflammation than therapy for IL-6 alone.
In patients with rheumatoid arthritis this strategy is used for
those unresponsive to anti-TNF therapy or tocilizumab (106).
Cytokine signalling pathways are targeted by using inhibitors of
JAK1/JAK2, to potentially reduce inflammation (Table 1).
Clinical trials using JAK1/JAKK2 inhibitor Baricitinib showed
reduction in 30-day mortality in over 70s with moderate-to-
severe COVID-19 pneumonia, and combined with Remdesivir
decreased recovery time and reduced 28-day mortality, serious
events and new infections (107, 108). Reduction in the risk of
death or respiratory failure was also described in a clinical trial
including 289 COVID-19 patients when comparing the effects of
JAK inhibitor Tofacitinib with a placebo (109).

NLRP3 inflammasome activation in neutrophils is implicated
with pulmonary inflammation and inhibition with MCC950
inhibited IL-1f in the lungs of cystic fibrosis mice (110). Tranilast
is the first NLRP3 inflammasome inhibitor in clinical trials in the
Chinese Clinical Trial Registry. Interleukin-1 blockade with
canakinumab treatment increases neutrophil apoptosis and

decreases pro-inflammatory signalling in the IL-13 pathway using
gene expression and pathway data (111). Canakinumab, is another
FDA approved drug under investigation in clinical trials, and may
help reduce respiratory and cardiac damage. Colchicine targets the
neutrophil and monocyte NLRP3 inflammasome, hence attenuating
activation of IL-1B (112). However, no significant differences were
seen in primary (disease progression or mortality) or secondary
(time to discharge, proportion of patients discharged, time in
Intensive Care unit (ICU) or duration of hospitalisation)
outcomes in two separated clinical trials comparing patients who
were given colchicine to placebo/usual care treated patients (113,
114). Anakinra (commercially known as Kineret) is an FDA
approved human IL-1RA (inflammasome-regulated immune
response inhibitor of IL-1) which may reduce hyperinflammation
and organ damage (Table 1) (112). Clinical trials using anakinra as
treatment for COVID-19 have reported conflicting results. One
study described lower risk of clinical progression in patients who
received anakinra compared to placebo, while other study reports
no effect of anakinra treatment on in-hospital mortality or days of
organ support (115-117). However, the European Medicines
Agency (EMA) recommended the use of anakinra in December
2021, specifically for COVID-19 adult patients at risk of developing
severe respiratory failure or with pneumonia requiring
supplemental oxygen (118).

Intravenous Immunoglobulin (IVIG)

and Corticosteroids

IVIG are purified IgG made from a pool of plasma from healthy
donors (119) and modulate neutrophil viability through
agonistic antibodies anti-Fas and Siglec-9 (120). It may also
decrease neutrophil activation and NET's formation and mitigate
vascular injury (121). IVIG has been tested in clinical trials in
patients with COVID-19 (Table 1) and has shown to have
therapeutic value (121). Similar positive effects of IVIG have
been described in children with Kawasaki’s disease and MIS-C.
However, ambiguity exists about dose dependent pro/anti-
inflammatory effects as high dose IVIG is anti-inflammatory
while a lower dose is considered pro-inflammatory (122). The
widespread utility of this therapy may be precluded by plasma
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shortage, as it is also use as treatment in immunodeficiencies and
inflammatory disorders. Treatment of healthy neutrophils with
IVIG decreased NETosis and ROS production but enhanced
phagocytosis (122).

The efficacy of treating COVID-19 patients with corticosteroids
remains controversial. Lomas et al. have demonstrated that
dexamethasone can inhibit neutrophil chemotaxis in vitro and in
vivo (123). A variety of studies hypothesise that this anti-inflammatory
drug may be effective in reducing ARDS and respiratory failure in
COVID-19 patients (Table 1). The randomised evaluation of
COVID-19 therapy (RECOVERY) trial in hospitalized COVID-19
patients found that treatment with dexamethasone results in a lower
28-day mortality for patients receiving oxygen only or ventilation,
though no explanation of the mechanism for this was provided (124).
Neutrophil-to-Lymphocyte ratio was reduced in patients treated with
corticosteroids for COVID-19.

Targeting NETs

The targeting of neutrophil extracellular traps with dornase alfa,
a human recombinant deoxyribonuclease (DNAse) enzyme,
degrades DNA and promotes the clearance of NETs and has
been used in patients with cystic fibrosis (125). Several studies are
investigating the use of dornase alfa to improve pulmonary
function in severe COVID-19 with ARDS (Table 1) (125).
Similarly, all-trans retinoic acid, an inhibitor of NE (granular
component involved in NETosis), is also being explored to
improve lung injury in COVID-19 patients. COVID-19 is
associated with a significant neutrophil NETs burden and
targeting NETs-driven IL-1 signalling, using the IL-1 receptor
antagonist, decreased NETosis and may modulate inflammation.
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CONCLUSION

The clinical syndrome of severe COVID-19 has several unique
features, including, unusually for a viral infection, an increased
neutrophil-lymphocyte ratio. Neutrophils play a role in viral
clearance in terms of NETs and the production of IFN.
However, neutrophils can have detrimental effects by aiding
the pathogenesis of SARS-CoV-2 and exacerbating
complications of COVID-19 such as ARDS, thrombosis and
MIS-C. Understanding the role of neutrophils in the
pathogenesis of severe COVID-19 may lead to identification
of key therapeutic targets and/or biomarkers for early
identification of patients who may benefit from
immunomodulatory agents to control hyperinflammation and
reduce mortality rates.
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Neutrophil Extracellular
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Esmeiry Ventura-Santana, Joshua R. Ninan, Caitlin M. Snyder and Emeka B. Okeke”

Department of Biology, State University of New York at Fredonia, Fredonia, NY, United States

The novel severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) is responsible
for the current coronavirus disease 2019 (COVID-19) pandemic. Majority of COVID-19
patients have mild disease but about 20% of COVID-19 patients progress to severe
disease. These patients end up in the intensive care unit (ICU) with clinical manifestations
of acute respiratory distress syndrome (ARDS) and sepsis. The formation of neutrophil
extracellular traps (NETs) has also been associated with severe COVID-19. Understanding
of the immunopathology of COVID-19 is critical for the development of effective
therapeutics. In this article, we discuss evidence indicating that severe COVID-19 has
clinical presentations consistent with the definitions of viral sepsis. We highlight the role of
neutrophils and NETs formation in the pathogenesis of severe COVID-19. Finally, we
highlight the potential of therapies inhibiting NETs formation for the treatment of
COVID-19.

Keywords: cytokines, inflammation, lymphocyte, septic shock, homeostasis, acute respiratory distress syndrome,
pneumonia, cytokine storm

INTRODUCTION

Coronavirus disease 2019 (COVID-19) was first reported in the city of Wuhan, Hubei province in
mainland China in late 2019. The disease spread rapidly around the globe and was declared a
pandemic by the World Health Organization on March 11, 2020 (1). In 2021, at the peak of the
surge, COVID-19 was the number one cause of death in the United States (US) surpassing heart
disease and cancer with an average of more than 3000 deaths per day (2). In fact, COVID-19 has led
to the biggest drop in life expectancy in the US in more than seven decades (3). The successful
rollout of vaccines has significantly halted mortality from the disease in the US. However, the
emergence of more virulent strains of the virus remains a public health concern. As of January 2022,
COVID-19 resulted in more than 800,000 deaths in the US and more than five million deaths
globally with experts suggesting the number is significantly higher (4).

The causative agent is severe acute respiratory syndrome coronavirus-2 (SARS-CoV-2), whose
origin is unknown. The closest human coronavirus related to SARS-CoV-2 is SARS-CoV which
caused the SARS outbreak from 2002-2004 with 79% genetic similarity (5). However, SARS-CoV-2
bears the greatest genetic similarity to bat coronavirus RaTG13, with 96% similarity (6), fueling a
suspicion that the virus originated from bats.

Most patients with COVID-19 have mild disease. Roughly 20% of patients exhibit exaggerated
immune responses, including a hyper-inflammatory state and cytokine storm that leads to acute
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respiratory distress syndrome (ARDS) and eventually resulting
in multi-organ damage and death. Several clinical observations
indicate that severe COVID-19 meets the criteria to be classified
as viral sepsis (7).

Although the cause of aberrant host immune response in
severe COVID-19 is not completely understood, accumulating
evidence indicates that immune dysfunction contributes to
disease severity. The adaptive immune system plays a crucial
role in host defense following SARS-CoV-2 infection. Antigen
presenting cells (APCs) present viral antigens to CD4+ T cells
which induce robust neutralizing antibody responses by B cells
(8). In addition, CD8+ Cytotoxic T lymphocytes (CTLs) produce
perforins and granzymes which mediate killing of virally infected
cells and are important for antiviral immunity (9). Studies have
shown that severe COVID-19 is associated with significant
decrease in numbers of CD4+ T cells, CD8+ T cells and B cells
(10, 11). Severe SARS-CoV-2 infection is also associated with an
overwhelming inflammatory phenotype (12, 13). Inflammatory
CD4+ Th17 cells have been shown to mediate lung damage in
COVID-19 patients (14). Likewise, innate immune cells like
macrophages and neutrophils have been shown to be skewed
towards an inflammatory phenotype in SARS-CoV-2 infection
(15, 16). In particular, the production of neutrophil extracellular
traps has been shown to propagate severe COVID-19 (17-19).
The role of T and B cells in COVID-19 has been extensively
reviewed (8, 20, 21) and we will focus on the role of neutrophils
in the pathology of severe COVID-19.

In this article, we highlight important observations which
indicate that severe COVID-19 has clinical presentations
consistent with the definitions of viral sepsis. We discuss the
significant contribution of neutrophils in driving disease
pathology following infection with SARS-CoV-2 via formation
of neutrophil extracellular traps (NETs). Furthermore, we
highlight the potential of therapies inhibiting NETs formation
for the treatment of severe COVID-19.

NETS AND INFLAMMATION

Polymorphonuclear neutrophils (PMNs) are the most abundant
white blood cells in circulation and are rapidly deployed to the
site of bacterial, fungal or viral infection as a critical part of host
defense (22, 23). The role of neutrophils in host defense is widely
appreciated and defective neutrophil function is associated with
recurrent infections or occurrence of rare diseases (24). For
several decades, neutrophils have been known to kill pathogens
through phagocytosis and oxidative burst accompanied by
granular release of potent antimicrobials (25). Recently,
neutrophils were shown to kill microbes through the release of
neutrophil extracellular traps (NETs). NETs are web-like
extrusions, composed of a DNA framework and decorated
with granular proteins like neutrophil elastase (NE) and
myeloperoxidase (MPO) (26).

The molecular mechanisms involved in NET formation is
incompletely understood and the processes that lead to the
release of DNA by neutrophils is still a subject of debate. It has

been reported that neutrophils form NETs through a tightly
regulated cell death pathway called NETosis that involves
collapse of the nuclear envelope and rupture of the cytoplasmic
membrane (27). Studies have also shown that neutrophils release
NETs in the absence of cell death (28, 29). These discrepancies
may be due to the use of different stimulants for NET induction.
Nevertheless, the critical role of certain enzymes and molecules
in NET formation including NE, NADPH oxidase complex,
peptidylarginine deiminase 4 (PAD4) and the protein kinase C
(PKC) pathway have been highlighted and reviewed elsewhere
(30-32). NETs have been shown to kill bacteria, fungi, viruses,
and parasites (26, 33-35) and there is significant interest in the
role of NETs in SARS-CoV-2 infection.

Although NET formation is a mechanism of host defense,
excessive NET formation or defective clearance of NETs triggers
sustained inflammatory response that can lead to organ damage
and drive disease pathology. For example, histones released
during NET formation have been shown to be cytotoxic and
damage endothelial cells (36). NET formation leads to the
production of autoantibodies that damage important organs
(37) and inhibition of NETs formation has been shown to be
protective in several models of inflammatory diseases (38, 39).
Accumulating evidence indicates that NETs contributes to the
pathophysiology of severe COVID-19 (18, 19). The role of NET's
in the pathophysiology of COVID-19 constitutes a major focus
of this review and will be discussed in later sections.

VIRAL SEPSIS

Despite decades of research and treatment, sepsis still constitutes
a major challenge in modern medicine and is a leading cause of
death in the intensive care unit (ICU). Sepsis is a heterogeneous
and dynamic syndrome, due to a complex interplay between the
host immune response and the invading microbe. The Third
International Consensus Definitions Task Force defined sepsis as
life-threatening organ dysfunction caused by a dysregulated host
response to infection (40). This definition implies the general
notion that bacteria, fungi and viruses can equally cause sepsis.
However, there has been concerns that physicians are reluctant
to designate viral infections as a case of sepsis (7). Although,
bacteria accounts for more than 70% of documented sepsis (41,
42), the role of viruses in sepsis should not be ignored and this
knowledge is important to tailor adequate treatment to culture
negative patients.

The global burden of viral sepsis is huge with an estimated
occurrence of 200 million cases of viral community-acquired
pneumonia (CAP) each year (43). Pneumonia is the most
common clinical syndrome in patients with sepsis (41, 42).
Interestingly, studies have shown that viruses are the most
common causes of CAP (44, 45). Therefore, the strict
association of sepsis with bacterial infection can be costly given
that early antiviral therapy is associated with better outcome in
viral sepsis (46). It is also concerning that antibiotics have been
administered in culture negative cases of pneumonia (47)
indicating the bias of physicians to ignore viruses as a veritable
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cause of sepsis. It must be stated that the presence of a virus is not
sufficient for the diagnosis of viral sepsis. This is due to the
possibility of bacterial co-infection or bacterial sepsis resulting
from virus-induced immunosuppression. However, among
patients with a diagnosis of pure viral CAP, 61% and 7%
presented with sepsis and septic shock respectively upon
admission to the clinic (47).

Several viruses have been reported to cause sepsis including
influenza viruses, rhinoviruses, respiratory syncytial viruses,
adenoviruses, herpes simplex viruses, human enteroviruses,
dengue viruses and coronaviruses (7, 47). Importantly, the
betacoronaviruses - Middle East respiratory syndrome
coronavirus (MERS-CoV), SARS-CoV, and SARS-CoV-2 that
threaten global health have also been known to cause sepsis. For
example, patients with severe COVID-19 have clinical symptoms
of viral sepsis. In one study, 59% of patients with COVID-19
were diagnosed with sepsis (48). Importantly, 76% of COVID-19
patients diagnosed with sepsis were negative for bacterial or
fungal infections (48). Another study diagnosed sepsis in 100%
of patients who died of COVID-19 (49). More studies are
required for the diagnosis of sepsis in critically ill patients with
COVID-19. However, taking into consideration several clinical
observations and the above definition of sepsis, the authors agree
that severe COVID-19 is a typical case of dysregulated host
response to infection and therefore qualifies as sepsis caused by
SARS-CoV-2 infection.

PATHOPHYSIOLOGY OF SEPSIS

The normal immune response to microbial invasion leads to the
activation of host defense mechanisms to counter the microbe
and prevent colonization of the host by the microbe. This
involves cellular activation, vasodilation, leukocyte recruitment
and increased endothelial permeability (50, 51). This complex
and well-choreographed mechanism of immune activation
describes the inflammatory response. Overwhelming infection
caused by a virulent microbe or dysregulated immune response
to an infection can lead to an overtly exaggerated immune
activation or hyper-inflammatory state causing tissue injury
and collateral damage to the host.

Innate immune cells like neutrophils and macrophages
express molecular receptors called pattern recognition
receptors (PRRs) that recognize pathogen-associated molecular
patterns (PAMPs) on microbes (52). Several PRRs have been
described and among them, TLRs are the most studied.

SARS-CoV-2 is an enveloped virus, with a single-stranded,
positive-sense RNA genome (53). During replication, RNA
viruses produce double-stranded RNA (dsRNA) as an
intermediate (53). Both ssSRNA and dsRNA can activate TLRs
leading to the production of proinflammatory cytokines via
MyD88 and NFk-B activation (54, 55).

Innate immune cells also play a role in the maintenance of
antiviral state by the activation of Stimulator of Interferon Genes
(STING) pathway (56-58). Upon activation, STING recruits
TANK binding kinase 1 (TBK1) and the STING-TBK1

complex subsequently phosphorylates Interferon Regulatory
Factor 3 (IRF3) (58). STING can also stimulate IKK leading to
NE-xB activation (58). The transcription factors, IRF3 and NF-
kB induce the production of type I IFNs and other pro-
inflammatory cytokines important for antiviral immunity (58).
For example, activation of STING pathway has been shown to
block human coronavirus infection (59) and defective type I IFN
production is associated with severe COVID-19 (60, 61).

The production of cytokines via NF-«B activation is an
important step for the recruitment of neutrophils and other
immune cells. However, a major hallmark of sepsis and severe
COVID-19 is the excessive production of pro-inflammatory
cytokines termed cytokine storm (CS) (7, 49). Cytokines like
tumor necrosis factor (TNF), Interleukin (IL)-1, IL-6, IL-8, IL-12
and IL-17 propagate the inflammatory response through
leukocyte recruitment, release of secondary inflammatory
mediators, endothelial dysfunction and NETs formation (7,
18). For example, TNF and IL-1 induce vasodilation, facilitate
the release of secondary mediators such as nitric oxide (NO),
platelet activation factor (PAF), prostaglandins, leukotrienes and
the activation of the complement system (62). Indeed, CS has
been implicated in the pathogenesis of sepsis, viral diseases,
autoimmune diseases, cancer and COVID-19 (18, 62-65).

CS also promotes leukocyte recruitment and endothelial
permeability in the pulmonary capillaries resulting in lung
injury and acute respiratory distress syndrome (ARDS) (64).
Microbes associated with pulmonary infection will induce
neutrophil migration to the lungs. The lumen of the
pulmonary capillaries are more narrow and this leads to
extended transit time along the pulmonary endothelium.
Neutrophil accumulation and sequestration in the lungs leads
to prolonged release of proteolytic enzymes that results in acute
lung injury (ALI) and ARDS (66). Sepsis is the most common
cause of ARDS and sepsis-related ARDS is associated with
overall higher disease severity, longer ICU stays and mortality
(67, 68).

Additionally, cytokine activity also activates the coagulation
pathway, which can lead to disseminated intravascular
coagulation (DIC) and/or coagulopathy which is a hallmark of
sepsis (62). Aberrant activation of the coagulation pathway leads
to capillary microthrombi, tissue hypoperfusion and end-organ
ischemia (69).

Overall, there is consensus that sepsis is driven by the host
immune response to infection rather than the pathogen itself
(63). However, several clinical trials of therapies targeting
important steps in the host immune response during sepsis
have not been successful (62). We anticipate that advances in
technology will increase our knowledge of sepsis pathogenesis
leading to more novel therapeutic interventions.

NETs, SEPSIS AND SEVERE COVID-19

Neutrophils are the first immune cells to arrive at the site of
bacterial infection and play an important role in host defense.
These cells are equipped with antimicrobial granular content that
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is rapidly deployed to eliminate the invading microbe. However,
there is unequivocal experimental evidence that neutrophils
contribute to sepsis pathology by release of cytolytic granular
content, vaso-occlusion, and NET formation (66, 70).

The discovery of the process of NET formation by neutrophils
highlighted a novel mechanism of innate immune defense
against microbes. NETs have been shown to trap and kill a
wide range of microbes including bacteria, fungi and viruses (26,
33-35). NETs formation can be beneficial during sepsis because
NETs spatially restrict the dissemination of microbes during
infection (26). To prevent physical containment by NETSs, some
bacteria have evolved to degrade NETs and NET degradation
promotes bacterial virulence (71). Patients with chronic
granulomatous disease (CGD) caused by mutations in genes
encoding NADPH oxidase subunits do not make NET's and are
susceptible to recurrent life-threatening infections (72). Gene
therapy in a CGD patient restored NET forming ability of
neutrophils resulting in clearance of refractory fungal infection
(72). Additionally, NET proteins like histones, NE, MPO and
proteinase 3 (PR3) have potent antimicrobial properties and help
in bacterial killing (73).

However, accumulating evidence suggests that NETs
formation is a double-edged sword (74) that contributes to the
pathogenesis of several diseases including sepsis (70), rheumatoid
arthritis (75), vasculitis (76), diabetes (77), lupus (78), cancer (79)
and COVID-19 (18, 80). For example, studies have shown that
levels of circulating cell-free DNA that are released during NET
formation is a strong predictor of sepsis mortality (81). Also,
histones which are the most abundant proteins in NETs (82) are
cytotoxic towards epithelial and endothelial cells (36, 83). Histone
administration to mice resulted in neutrophil accumulation in the
lungs, microvascular thrombosis and death (83). Additionally, in
non-human primates challenged with lethal concentration of
E. coli, histone levels correlate with onset of renal failure.
Furthermore, using three different models of sepsis: injection
of LPS, injection of TNF, and CLP, the authors showed that
antibodies against H4 improved animal survival (83). Consistent
with this, we recently showed that inhibition of NE produced
during NET formation reduced lung neutrophil accumulation,
systemic levels of proinflammatory cytokines and improved
survival in a mouse model of endotoxic shock (38).

A major complication attributed to NETs formation is
thrombosis resulting in multi-organ failure (84-87). Due to
their ability to form scaffolds, NETs can occlude blood vessels
and cause thrombosis. NET scaffolds also promote adhesion of
platelets leading to thrombus formation (85, 86). Importantly,
serine proteases released by NETs like neutrophil elastase
enhance tissue factor and factor XII dependent coagulation
thereby leading to intravascular thrombus formation (88).
Histones produced by NETs can promote platelet aggregation
and thrombin generation via toll-like receptor (TLR) 2 and 4
(89). Interestingly, activated platelets have been shown to induce
de novo NETs formation thereby propagating the vicious circle
of platelet-neutrophil interaction in coagulopathy (90-92).
Indeed, dysregulated NETs formation is associated with
coagulopathy in sepsis and severe COVID-19 (80, 92-95).

We have drawn comparisons between sepsis and severe
COVID-19 and conclude that the clinical presentations of
sepsis and severe COVID-19 intersect at so many levels. Sepsis
and severe COVID-19 commonly affect the pulmonary,
cardiovascular, and renal systems. Many patients with severe
COVID-19 exhibited clinical manifestations of shock-like cold
extremities, weak peripheral pulses, dysfunction in
microcirculation and organ damage notably in the lungs,
kidney and liver (96). Like sepsis, ARDS and respiratory failure
is the most common cause of death in COVID-19 patients (49,
97). Additionally, like sepsis, mortality in severe COVID-19 is
driven by risk factors like age and presence of predisposing
conditions (49). Severe COVID-19 is also characterized by
excessive inflammatory cytokine production (19, 98, 99).
Moreover, C-reactive protein, a biomarker for sepsis severity
has also been shown to predict poor prognosis in COVID-19
(100). Furthermore, similar to sepsis, patients with severe
COVID-19 show evidence of coagulopathy and dysregulated
thrombus formation (80, 101). Indeed, one study showed that
100% of patients who died from COVID-19 were diagnosed with
sepsis (49). In line with the evidence given above, we argue that
severe COVID-19 is a typical case of viral sepsis.

Since NET's have been shown to contribute to sepsis pathology,
it is conceivable that NETs may contribute to the pathogenesis of
severe COVID-19 (Figure 1). Indeed, several studies have
implicated NETSs in the pathogenesis of severe COVID-19. For
example, it was shown that SARS-CoV-2 replicates in neutrophils
and triggers NETosis which contributes to COVID-19 pathology
by killing lung epithelial cells (102). Sera from patients with
COVID-19 have elevated levels of markers of NET formation
including cell-free DNA, MPO-DNA, citrullinated histone H3,
and neutrophil elastase (Table 1) and these markers are associated
with disease severity (18, 111-113). Neutrophilia and NETosis is a
major cause of ARDS and lung injury in severe COVID-19 (80,
114, 115). NETs formation is associated with systemic
inflammation and cytokine storm which contributes to mortality
in severe COVID-19 (116, 117). Additionally, dysregulated
thrombus formation which contributes to mortality in severe
COVID-19 has been associated with NET formation (80, 118,
119). Furthermore, COVID-19 has been shown to induce the
production of autoantibodies associated with NET production
(101). These observations have led to an overwhelming scientific
support for targeting NET's formation as a veritable approach for
the treatment of severe COVID-19 (19, 120, 121).

TARGETING NETs IN COVID-19

Recently, there has been concerted efforts to develop therapies
targeting NETs in several diseases. Therapies targeting NETs have
shown excellent success in mitigating lung inflammation and
ARDS in preclinical models (19, 38). Since ARDS is the major
cause of death in COVID-19, we advocate for the investigation of
NET therapies in the treatment of COVID-19 patients. Different
approaches to targeting NET's have shown remarkable success in
preclinical models. Such approaches include dissolving NET
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FIGURE 1 | SARS-CoV-2 infection induces neutrophil extracellular traps. SARS-CoV-2 replicates in neutrophils and induces the formation of NETs which leads to
the release of inflammatory cytokines and several proteins that damage lung epithelium resulting in acute lung injury and acute respiratory distress syndrome (ARDS).

backbone, for example using DNAse (122), blocking molecules
relevant in NET formation for example ROS, PAD4 and
gasdermin D (39, 123) or blocking the activity of NET proteins
like neutrophil elastase (38). Some of these NET therapeutics are
currently available in the clinic and should be considered for the

TABLE 1 | NET proteins associated with severe COVID-19.

treatment of patients critically ill with COVID-19. For example,
DNAse treatment is used in the clinic for patients with cystic
fibrosis and the NE inhibitor sivelestat is clinically approved for
the treatment of ARDS in Japan and South Korea (124, 125).
Indeed, clinical trials of several NET inhibitors are underway for
the treatment of COVID-19 (Table 2) and some of them have
already been adopted as the standard of care for COVID-19
patients. For example, glucocorticoid therapy which is one of the
earliest anti-inflammatory treatments available for sepsis patients

NET COMPONENT REFERENCE  }as been shown to be beneficial for COVID-19 patients and
DNA (18, 103) dexamethasone is routinely given to COVID-19 patients (133).
Elastase (104) Importantly, dexamethasone has been shown to reduce NETSs
Myeloperoxidase (18, 109) formation (134). Heparin, another NET inhibitor has also been
Protenase 3 (105, 106) shown to be beneficial for the treatment of COVID-19 patients
Histone 3 (18, 103)

Cathepsin G (104, 107) (135, 136).

Azurocidin (108) Anti-inflammatory therapies and anti-cytokine therapies can
Transketolase (104, 109) also be beneficial in reducing neutrophilia, NETs formation and
Alpha-defensins (110 NET-induced thrombosis. For example, elevated levels of IL-6 has
Calprotectin (110) been associated with severe COVID-19 thereby highlighting IL-6
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as a therapeutic target. IL-6 signaling has been shown to promote
NET formation and lung inflammation (137). We recently
showed that inhibition of NETs formation led to decrease in
systemic levels of IL-6 and improved survival in a mouse model of
endotoxic shock (38). Indeed, Tocilizumab, a recombinant
humanized monoclonal anti-IL-6 antibody targeting the human
IL-6 receptor was recently approved for the treatment of COVID-
19 (138). Previous studies showed that Tocilizumab is also
associated with decrease in NET formation (139).

As our understanding of the molecular mechanisms of NET
formation increases, more therapies targeting NETs will become
available and may hold promise for the effective treatment of
severe COVID-19.

CONCLUDING REMARKS

The management of sepsis has been a challenge in modern
medicine and the launch of surviving sepsis campaign was
aimed to curtail the unacceptably high mortality of sepsis
patients in the ICU (40). The mortality induced by the novel
SARS-CoV-2 responsible for the current global pandemic has
been attributed to sepsis (49). In this regard, biomarkers used for
sepsis can be used for the early identification of COVID-19
patients that are at risk of progressing to severe disease. There is
consensus that mortality in sepsis and COVID-19 is due to host
immune response. Hence, modulating dysfunctional immune
response in COVID-19 is critical for improving survival.

The formation of neutrophil extracellular traps has emerged
as a contributing factor to the pathogenesis of COVID-19 (102).
Importantly, SARS-CoV-2 has been shown to infect neutrophils
and promote NETosis (102). Understanding of the role of NET's
in the pathogenesis of severe COVID-19 holds potential for
improving survival of patients. NET biomarkers can be easily
detected in the blood and has been shown to indicate disease
severity in COVID-19 (18). Hence, biomarkers of NET
formation can be used to stratify COVID-19 patients at risk of
progressing to severe disease. Since therapies targeting NETs
have shown success in experimental models of ARDS, we
propose that therapies targeting NETs have great potential for
the treatment of COVID-19.

While we have focused on the role of extracellular traps
produced by neutrophils in this review, macrophages also

produce macrophage extracellular traps (METs) which
propagate inflammation (140, 141). Interestingly, macrophages
have been shown to contribute to inflammation in COVID-19
(12). Moreover, neutrophil extracellular traps from COVID-19
patients induce a proinflammatory response in monocyte-
derived macrophages thereby linking NET formation to
inflammatory macrophage activity (17). It is worthy of note
that similar to neutrophils, macrophages also release elastase,
histones and MPO during MET formation (142, 143). Hence, it
is conceivable that mechanisms inhibiting the formation of
NETs as highlighted here will also inhibit the formation
of METs. Studies investigating the role of macrophage
extracellular traps in severe COVID-19 will help unravel its
role in the condition.

As with the case in sepsis, it is likely that one drug may not be
sufficient to improve survival in COVID-19. Rather, a
combinatorial approach may be necessary to reverse mortality
in COVID-19. For example, the recently approved Tocilizumab
showed benefit for COVID-19 patients who received it in
conjunction with corticosteroids (144). We advocate for
clinical trials investigating such combinations of NET
therapeutics for the treatment of COVID-19. As another
example, although sivelestat did not improve mortality in
patients with ARDS (145), combination of sivelestat with
antiviral therapy or another NET inhibitor may be beneficial
for COVID-19 patients.

The intelligent design of clinical trials of therapies targeting
NETs is essential and several factors including timing of
intervention is critical for success. For example, there are
concerns that DNase may enhance the dispersal of free
histones and promote inflammation thereby leading to worse
outcome in sepsis. In line with this, Meng et al, showed that early
administration of DNase led to hyper-susceptibility to
polymicrobial sepsis in mice (146). In a follow-up study, Mai
et al showed that delayed administration of DNase is necessary
for improved outcome in sepsis (147).

More research is needed to understand neutrophil behavior
during SARS-CoV-2 infection. For example, an interesting
question is whether different viral strains that have varying
degrees of immunogenicity differ in their degree of NET
induction, and this remains an important subject of
investigation in our laboratory. Increase in our knowledge and
understanding of the pathogenesis of COVID-19 will widen the

TABLE 2 | Clinical trials of NET inhibitors for COVID-19 Treatment.

NET INHIBITOR MOLECULAR TARGET/FUNCTION COVID TRIAL
Pulmozyme Recombinant DNase that improves lung function by thinning NCT04359654
(dornase alfa) (126) sputum. NCT04409925
Brensocatib (127) Inhibits dipeptidyl peptidase 1 and neutrophil proteases NCT04817332
Anakinra (128) Interleukin-1 Receptor antagonist NCT04594356
Glucocorticoid Immunosuppressive treatment NCT04244591
(methylprednisolone)

(129

Hydroxychloroquine (130) Reduces activity of immune system by disrupting lysosomal stability NCT04332991
Colchicine (131) Anti-inflammatory NCT04326790
Alvelestat (132) Neutrophil Elastase inhibitor NCT00769119
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availability of molecular targets that will yield the desired
therapeutic benefit. With concerted research efforts, the
menace of severe COVID-19 in the ICU will be curtailed.
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Comparable bidirectional
neutrophil immune
dysregulation between Kawasaki
disease and severe COVID-19
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Kaohsiung, Taiwan, “College of Medicine, Chang Gung University, Taoyuan, Taiwan, *Department
of Electrical Engineering, National Cheng Kung University, Tainan, Taiwan, °Department of
Respiratory Therapy, Kaohsiung Chang Gung Memorial Hospital, Kaohsiung, Taiwan

Kawasaki disease (KD), a multisystem inflammatory syndrome that occurs in
children, and severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2 or
COVID-19) may share some overlapping mechanisms. The purpose of this
study was to analyze the differences in single-cell RNA sequencing between KD
and COVID-19. We performed single-cell RNA sequencing in KD patients
(within 24 hours before IVIG treatment) and age-matched fever controls. The
single-cell RNA sequencing data of COVID-19, influenza, and health controls
were downloaded from the Sequence Read Archive (GSE149689/
PRINA629752). In total, 22 single-cell RNA sequencing data with 102,355
nuclei were enrolled in this study. After performing hierarchical and
functional clustering analyses, two enriched gene clusters demonstrated
similar patterns in severe COVID-19 and KD, heightened neutrophil
activation, and decreased MHC class Il expression. Furthermore, comparable
dysregulation of neutrophilic granulopoiesis representing two pronounced
hyperinflammatory states was demonstrated, which play a critical role in the
overactivated and defective aging program of granulocytes, in patients with KD
as well as those with severe COVID-19. In conclusion, both neutrophil
activation and MHC class Il reduction play a crucial role and thus may
provide potential treatment targets for KD and severe COVID-19.

KEYWORDS

kawasaki disease, COVID-19, aged neutrophils, overactivation, single-cell
RNA sequencing
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Introduction

Kawasaki disease (KD) was first reported with an unknown
etiology more than 50 years ago by Dr. Kawasaki in Japan. The
five major clinical diagnosis criteria of KD (1) include oral
mucosa changes (fissure lips, strawberry tongue, and oral
mucosal inflammation), bilateral conjunctivitis, enlarged neck
lymph nodes, limb induration (subsequent desquamation), and
polymorphic skin rash (2). However, the detailed mechanisms
underlying the pathogenesis of KD is complex and remains
inconclusive (3).

Recent outbreaks of the SARS-CoV-2 pandemic in 2019-
2021 (COVID-19) have been associated with a sharp increase in
the incidence of multisystemic inflammatory syndrome in
children (MIS-C), suggesting a common etiology and
pathophysiology with KD (4-6). Certain signs or symptoms
are specific to KD and go beyond the five major symptoms, such
as induration over the bacillus Calmette-Guérin (BCG)
vaccination site and coronary arteritis, dilatation, or aneurysm
formation. Coronary artery involvement has also been found in
rheumatologic or infectious diseases but are primarily (more
than 95%) found in KD patients, MIS-C patients and now also
experience of COVID-19 vaccine-related adverse events among
adolescents and youth (7-9). Meanwhile, BCG vaccination has
also been reported to have some protective role in COVID-19
(10, 11). BCG induration in patients with KD was considered a T
cell immune response, much like the type 4 hypersensitivity of
the tuberculin skin test (PPD skin test), while T cell response has
also been reported in COVID-19 (12, 13).

Hypercytokinemia, or “cytokine storm,” refers to a set of
clinical conditions caused by excessive immune reactions and
has been recognized as a leading cause of both Kawasaki disease
(KD) (14) and severe COVID-19 (15, 16). A recent study
profiled MIS-C, adult COVID-19, and healthy individuals
using single-cell RNA sequencing and found elevated alarmins
and decreased antigen presentation signatures, thus indicating
myeloid dysfunction in both MIS-C and COVID-19 patients
(17). Currently, a study revealed that MIS-C and KD shared
same fundamental nature of the host immune response
continuum as COVID-19 which was found to be
predominantly IL15/IL15RA-centric cytokine storm (18).
Thus, we determined to characterize the cytokine responses in
COVID-19, focusing on the impact of disease severity by
comparing those in KD, as such may provide important clues
regarding the underlying pathogenesis of both diseases.
Monocyte/macrophage-derived interleukin (IL)-1 and
epithelial cell-derived IL-6 were unique features of SARS-CoV-
2 infection compared to the viral and bacterial causes of
pneumonia. Despite having no evidence of active infection,
MIS-C patients displayed elevated S100A-family alarmins and
decreased antigen presentation signatures, which indicated
myeloid dysfunction (17). Therefore, COVID-19 and KD may
share some innate inflammatory or immune responses and thus
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need to be analyzed together. In this study, we aimed to analyze
the shared innate immune characteristics between COVID-19
and KD using single-cell RNA sequencing profiling. To unravel
the complexity of immune response in COVID-19 and KD, we
performed a detailed immune cell phenotyping and
transcriptomics analyzed at the single-cell level on whole
blood cells. We compared data from children with KD during
acute phase and patients with SARS-CoV-2 acute infection, and
then analyzed the hyperinflammatory cell types and their
associated molecular signatures.

Results

Comparing single-cell transcriptomes of
peripheral immune cells between
Kawasaki disease and COVID-19 patients

To characterize the immunological properties of patients
with Kawasaki disease, we performed droplet-based single-cell
transcriptomic profiling of whole blood cell (WBC) specimens
from three patients (KD) and two febrile controls (FC) at
Kaohsiung Chang Gung Memorial Hospital. Furthermore, we
obtained the COVID-19 datasets were obtained from the
Sequence Read Archive (SRA) public repository (five data sets
for severe influenza (FLU), nine datasets for COVID-19 (four for
mild COVID-19, five for severe COVID-19), and four datasets
for healthy controls (HC) in BioProject PRINA629752 according
to GSE149689 in the GEO database).

After completing the unified single-cell analysis procedure
with stringent quality control (see Methods), we obtained
approximately 625 million unique transcripts from 107,387
nuclei from the immune cells of all samples. Among these
cells, 16,973 cells (15.8%) came from KD patients, 14,773 cells
(13.8%) came from FC, 17,327 cells (16.1%) came from severe
COVID-19, 24,672 cells (23%) came from mild COVID-19,
8,718 cells (8.1%) came from FLU, and 24,924 cells (23.2%)
came from HC subjects. We performed integrative analysis to
harmonize all 23 datasets, followed by graph-based clustering
and non-linear dimensionality reduction using t-Distributed
Stochastic Neighbor Embedding (t-SNE) in order to visualize
communities of similar cells by reducing dimensionality based
on highly variable genes using the Loupe® browser (Figure 1A).
We resolved 14 distinct cell types (Figure 1B) assigned from 45 t-
SNE-identified different clusters, unbiased by datasets from all
the experimental batches of scRNA-seq studies based on well-
known marker genes (Figure S1).

We performed the first direct comparison of cytokine
profiles in both diseases. Genes were considered differentially
expressed when the false discovery rate (FDR) < 0.05. Seven out
of the 16 known cytokine markers (including IL1A, ILIRI,
CCL2, IL6, IL10, CXCL10, and VEGFA) were less pronounced
in KD than in severe COVID-19 patients compared to FC and
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Immunological characterization of blood cells from Kawasaki disease and COVID-19 patients. (A) t-SNE projection of the blood cells from
patients with Kawasaki disease (KD) (three samples), febrile controls (FC) (two samples), patients with COVID-19 (four samples for mild COVID-
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in the t-SNE plots of Figure S1. (C) Direct comparison of known cytokines among single-cell datasets that may be involved in hypercytokinemia
of both KD and severe COVID-19 diseases. (D) Violin plots showing the comparable expression of canonical hypercytokinemia markers IL1B,
CXCL8, S100A8, and S100A9 under different conditions. Genes were considered differentially expressed according to the P values from the
Mann-Whitney U test with a false discovery rate (FDR) < 0.05 (*), or < 0.0005 (***).

HC, respectively (Figure 1C). Levels of the inflammasome
cytokine IL1B, the neutrophil chemotaxis factor CXCLS8, and
alarmins S100A8 and S100A9 were comparably elevated in KD
and severe COVID-19 compared to FC and HC, respectively
(Figure 1D). However, IL15, CXCL9 and IL12A levels were not
significantly altered in KD or severe COVID-19 compared to FC
or HC, respectively. TNF levels did not differ between KD and its
febrile controls. Furthermore, IFN-y (IENG) levels were more
than three-fold higher in KD compared to severe COVID-19, a
key observation that differentiates KD hypercytokinemia from
the cytokine storm in severe COVID-19. Nevertheless, we found
markedly lower levels of IFNG-induced chemokine CXCL10 in
KD and CXCL9 and IL15 in both KD and severe COVID-19,
suggesting blunted type II interferon signaling in both KD and
severe COVID-19 conditions. Therefore, we linked comparably
elevated IL1B and CXCL8 values to the emerging role of
neutrophil activation in both KD and severe COVID-19.
Interestingly, the four highly increased markers of IL1B,
CXCLS8, S100A8, and A100A9 were mainly expressed by
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neutrophils (Figure 2), so we specifically focused on
neutrophils in downstream analysis.

Features of neutrophil subsets in both
KD and severe COVID-19 patients

We compared the expression patterns of the KD or severe
COVID-19 condition with that of the FC or HC condition,
respectively, in 15,428 neutrophils. Genes were considered
differentially expressed when FDR < 0.05. In the KD patient
group, 474 genes were differentially expressed when compared
with the FC group, while 2,265 differentially expressed genes
(DEGs) appeared in the severe COVID-19 group when
compared with the HC group. Figure S2 shows 219 overlapped
DEGs between the KD group and the severe COVID-19 group.
Next, we aimed to identify relevant biological functions in clustered
genes in terms of the ontological categorization. We found that the
overlapping DEGs were highly associated with immune response,
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MHC class II protein complex, T cell co-stimulation, interferon-y-
mediated signaling pathway, inflammatory response, and
neutrophil chemotaxis as the top-ranked biological and cellular
functions (Table 1). Interestingly, the three functional categories of
MHC classII protein complex, T cell co-simulation, and interferon-
v-mediated signaling pathway share nine MHC class II genes, while
the two functional categories of inflammatory response and
neutrophil chemotaxis share 11 genes involved in neutrophil
activation (Figure S3).

Furthermore, the hierarchical cluster analysis results of the 219
DEGs represented two clusters with comparably up-regulated and
down-regulated genes in both KD and severe COVID-19 among all
group conditions (Figure 3A). The over-represented function of the
two closely clustered genes between KD and severe COVID-19
featured by the DAVID annotation tool is shown in Figure 3B. The
featured functions included neutrophil chemotaxis, chemokine
signal pathway, chemokine-mediated signal pathway and cytokine-
cytokine receptor interaction for the cluster 1 genes, while MHC
Class IT activity, immunoglobulin/major histocompatibility complex,
MHC Class II-like antigen recognition protein, interferon-y-
mediated signal pathway, and viral myocarditis represented the
cluster 2 genes.

The 12 neutrophil activation markers demonstrated a
significant increase in KD when compared with FC, including
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IL1B, CXCLS8, IL6, S100A8, S100A9, S100A12, FCGRIA,
CCL3L1, PADI4, CCL4, BCL2A1 and CCL4L2 (all p <0.001,
except PADI4, p <0.05) (Figure 4). Meanwhile, CXCL8, SI00A8,
S100A9, S100A12, FCGR1A, PADI4, and BCL2A1 showed
significant increases in severe COVID-19 when compared with
mild COVID-19 (p <0.05). All 12 markers of neutrophil
activation were significantly higher in KD and severe COVID-
19 when compared with adult HC (p <0.001). The eight MHC
class II gene expressions were significantly decreased in the KD
group compared to FC, including HLA-DMA, HLA-DMB,
HLA-DPA1, HLA-DPB1, HLA-DQA1, HLA-DRA, HLA-
DRBI, and HLA-DRB5, as well as in severe COVID-19
compared to mild COVID-19 (Figure 5). All nine MHC class
IT genes showed significant decreases in both KD and severe
COVID-19 conditions compared to their respective
control groups.

Neutrophil maturation and
aging trajectories

According to known gene signatures, we further conducted
differentiating neutrophil populations along possible
granulopoiesis trajectories in pseudo-time using Monocle 2
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TABLE 1 DAVID enrichment analysis for 219 overlapped DEGs between KD and severe COVID-19.

GOID Term Count % Genes Fold FDR
Enrichment
GO:0006955 Immune 32 15.61 IFITM3, IFITM2, CXCL8, CCL4L2, CXCL3, THBS1, CXCL2, CRIP1, HLA-DMA, HLA-DMB, 6.718 8.79E-
response NFIL3, IGKC, CCL4, CCL3, FCGR1A, HLA-DQA2, HLA-DQA1, HLA-DPA1, CD74, HLA- 14
DRB5, IL1R2, OSM, PPBP, CD4, IL6, IGLV1-51, IL1B, HLA-DPBI, HLA-DRA, HLA-DRBI1,
PF4, HLA-DQB1
G0:0042613 MHC class II 11 5.366 CD74, HLA-DMA, HLA-DRB5, HLA-DMB, HLA-DPB1, HLA-DRA, HLA-DQA2, HLA- 46.97 1.54E-
protein DRBI1, HLA-DQA1, HLA-DPA1, HLA-DQB1 12
complex
GO:0060333 Interferon-y- 14 6.341 HLA-DRBS5, IENGRI, STAT1I, IFI30, MT2A, HLA-DPB1, HLA-DRA, FCGR1A, HLA-DMA, 16.18 9.79E-
mediated HLA-DMB, HLA-DQA1, HLA-DRBI1, HLA-DPA1, HLA-DQBI1 09
signaling
pathway
GO0:0006954 Inflammatory 23 11.22 CSF1R, CXCLS8, CCL3L1, CCL4L2, CXCR4, TNFAIP3, PPBP, FOS, CXCL3, PTGS2, CXCL2, 5.363 8.84E-
response THBSI, IL6, IL1B, NFKBIZ, CCL4, CCL3, S100A12, NLRP3, NFKBID, S100A9, S100A8, PF4 08
GO:0030593 Neutrophil 11 5.366 CXCLS8, CCL3L1, IL1B, CCL4L2, CCL4, CCL3, S100A12, PPBP, CXCL3, S100A9, S100A8 14.73 7.37E-
chemotaxis 07
GO:0019882 Antigen 10 4.878 CD74, HLA-DRB5, HLA-DMB, HLA-DPB1, HLA-DRA, HLA-DQA2, HLA-DRBI1, HLA- 16.07 1.71E-
processing DQAL1, HLA-DPAI, HLA-DQB1 06
and
presentation
GO0:0031295 T cell co- 12 5.366 HLA-DRB5, CD4, LGALS1, HLA-DPBI, HLA-DRA, MAP3K8, HLA-DMA, HLA-DMB, 12.46 2.61E-
stimulation HLA-DRBI1, HLA-DQA1, HLA-DPA1, HLA-DQB1 06
GO0:0070098 Chemokine- 10 4.878 CXCL8, CCL3L1, CCL4L2, CCL4, CCL3, CXCR4, PPBP, CXCL3, CXCL2, PF4 12.45 1.06E-
mediated 05
signaling
pathway

algorithm. As shown in Figure 6A, neutrophil maturation and
aging organized on a tightly associated trajectory, starting from
S4 cells and S2 cells, and ending at the left-branched S1 cells and
right-branched aging neutrophils (S5-S7 cells). Neutrophil
differentiation in S3 concluded with a less mature state that
highly expressed CXCL2 but lower CCL4 and CXCLS8 than S1,
all of which are vital for neutrophil inflammation and
mobilization (Figure 6B). S1 cells exhibited the highest
expressions of alarmins S100A8, S100A9, SI00A12 and toll-
like receptors TLR4 and TLRS, all of which are involved in
neutrophil activation and were the most mature neutrophils in
both KD and Severe COVID-19 patients. S5, S6, and S7 cells
exhibited relatively aged states that highly expressed CXCL4 and
ARG but lower SELL, which accounted for the majority of aged
neutrophils, while S7 cells also showed the highest TNF-ou
expression in both KD and severe COVID-19 patients.
Furthermore, S6 and S7 cells highly expressed pyroptotic genes
(such as NLRC4/5, NLRP1/12 and CASP1) in both KD and
severe COVID-19 patients (data not shown). Notably, the
percentages of aged neutrophils were largely increased in KD
as well as severe COVID-19 patients (24.3% in KD vs. 8% in FC,
44.3% in severe COVID-19 vs. 26.9% in HC, respectively).
However, there was no significant change of aged neutrophils
in both influenza and mild COVID-19 patients (25.8% and
23.5%, respectively). The aging tendency of neutrophils was
further concluded by reducting the transcription factors LEFI,
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MYC, CTNNB1, MAX and ATF2, which mediates the
proliferation, survival and differentiation of granulocyte
progenitor cells (Figure 6C). These observations indicate a
comparable dysregulation of neutrophilic granulopoiesis, the
occurrence of which may play a critical role in the defective
aging program of granulocyte progenitors in patients with KD as
well as those with severe COVID-19.

Altogether, these results suggested that the transcriptomic
change for elevated neutrophil activation, inflammation and
suppressive interferon-y-mediated signaling pathway through
general MHC class II reduction could be a “comparable”
immune response between KD and severe COVID-19 patients
compared to their controls. Overactivated and dysregulated aging
neutrophils represent two pronounced hyperinflammatory states
in both KD and severe COVID-19 and could be mediated via
impaired antigen presentation.

Discussion

On clinical grounds, both KD and severe COVID-19 have
been shown to be caused by accompanying hyperinflammatory
states (19, 20). In particular, inflammatory cytokines secreted by
over-activated classical monocytes and macrophages have been
given a central role in not only the acute phase of KD but also the
severe progression of COVID-19 (21, 22). Recently, one study
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demonstrated that the TNF/IL1B-driven inflammatory response
was dominant in COVID-19 across all types of cells among
PBMCs using single-cell RNA sequencing (23). Classical
monocytes in severe COVID-19 were found to be
accompanied by the IFN-I response that was characterized by
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the up-regulation of various interferon-stimulating genes (ISGs),
including ISG15, IFITM1/2/3, 1SG20, IFI27, and MX1 when
compared to mild COVID-19. Furthermore, an important
objective in the study of KD has been identifying the pro-
inflammatory cytokines that play a role in the pathogenesis of
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cardiac inflammation, and both TNF and IL-1 have been
identified as potential in vitro and in vivo candidates. In the
current study, we performed direct comparisons of cytokine
expressions in KD and severe COVID and found that the
expressions of IL1A, IL1R1, and TNF were about 2.6- to 10-
fold higher in severe COVID-19 than in KD. Only levels of IL1B,
neutrophil chemotactic CXCL8, and alarmins S100A8/S100A9
were comparably elevated in KD and COVID-19 compared to
their respective controls. These four inflammatory markers were
mainly expressed by neutrophils, which have a high expression
of the CXCL8 receptors CXCR1 and CXCR2, which showed a
significant increase in both KD and severe COVID-19 when
compared with the respective controls (Figure S4). Furthermore,
MIS-C represents a cytokine storm induced by SARS-CoV-2
with elevated inflammatory markers, including C-reactive
protein (CRP), procalcitonin, neutrophilia, lymphopenia, and
pro-inflammatory cytokine levels (i.e., IL-6, IL-10, ferritin, and
D-dimers), that often meets the criteria for macrophage
activation syndrome (MAS) of children and shares certain
characteristics with KD (3, 24, 25). It has been recently
reported that patients with MAS had higher absolute
neutrophil counts which may also be associated with
neutrophil activation (26, 27). Therefore, the mechanism
underlying the neutrophil activation involved in the
pathogenesis of KD could be, at least in part, comparable with
that of COVID-19 as well as MIS-C. In animal models, IL-1 has
been determined to be non-essential for the development of
acute myocarditis, which is driven by TNF in the acute phase of
KD, but plays an essential role in the subsequent development of
coronary vasculitis (28). It has been demonstrated that IL1B
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triggers the activation of aortic infiltrated neutrophils and
further leads to the formation of abdominal aortic aneurysms
in an experimental murine model (29). Therefore, the
comparable molecular mechanisms underlying neutrophil
activation could be critical in both diseases and may
contribute to unveiling the pathogenesis of KD.

Neutrophils have been demonstrated to have an important
role in a variety of innate immune processes in KD. Mounting
evidence has indicated that the regulation of toll-like receptors
participates in the pathogenesis of KD (30) by stimulating
neutrophil migration (31-33). More importantly, both
neutrophil migration and transformation were associated with
shock syndrome, a refractory response to IVIG and coronary
artery lesions (CAL) in KD (34-36). Neutrophil activation has
been reported to be enhanced with a marked increase in ROS,
which contributes to the excessive formation of neutrophil
extracellular traps (NETs), which has been suggested as being
involved in the pathogenesis of KD (31, 37-39), as well as the
severity of acute respiratory syndrome caused by SARS-CoV-2
and severe COVID-19 patients who have cardiovascular injuries
(40-42). One recent study profiled whole blood transcriptomes of
COVID-19 patients and found that neutrophil activation
signatures were predominantly enriched in the severe COVID-
19 group, which was confirmed via granulocyte sample validation
of an independent cohort of COVID-19 patients (43). In said
study, they found that alarmins S100A/8/9/12 and NETs-involved
PADI4 exhibited heightened expressions of granulocytes from
severe COVID-19 patients. In our study, neutrophil heterogeneity
with distinct subsets of orchestrated maturation associated with
KD and disease severity of COVID-19 were revealed using single-
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cell RNA-seq analysis in the blood of patients with these diseases.
We identified a comparably heightened expression of alarmin
genes S100A8/9/12 toll-like receptors TLR4/8, together with
markedly increased neutrophil activation-associated signatures
PADI4, ELANE, OSM, and anti-apoptotic BCL2A1, PLACS,
and CLU in neutrophil subsets from both KD and severe
COVID-19 patients (S1 cells in Figure 6). We also found that
aged neutrophils highly expressing CXCR4 and ARGl were
concomitantly increased in PDCDI in both KD and severe
COVID-19 patients (S5-S7 cell populations in Figure 6). CXCR4
phays a critical role in orchestrating the distribution and
trafficking of senescent neutrophils. The over-activated/aged
phenotype of neutrophils was recently shown to contribute to
vascular inflammation and myocardial infarction (44) and to be
associated with severity of stroke patients (45). Moreover,
neutrophils with increased PDCD1 expression represented
immunosuppression of CD8" T cells in patients living with HIV
infection (46). Our data indicated that the aged neutrophils may
have an immunosuppressive effect on T cells in both KD and
severe COVID-19 patients. Furthermore, MHC class II genes
attributed to antigen presentation abilities were highly decreased
in KD compared to FC, as well as in severe COVID-19 compared
to either HC or mild COVID-19 patients (cluster 2 genes in
Figure 3). Reduced HLA class II expression in innate myeloid
cells, which is considered an established marker of
immunosuppression in sepsis, may imply a dysregulated innate
response to inflammation in both KD and severe COVID-19
patients. As for immunosuppressive properties, PD-L1 (CD274) is
up-regulated and dysregulated in several types of immune cells of
COVID-19 patients’ monocytes, neutrophils, gamma delta T cells,
and CD4+ T cells. It has been demonstrated that neutrophils from
severe COVID-19 patients were persistently increased in PD-L1
(CD274) expression compared to those from healthy controls by
single-cell transcriptomes and proteomics (47). We confirmed
those findings and further observed that elevated PD-LI
expression on neutrophils was observed in severe COVID-19
but not in KD patients. Nevertheless, the ITGA4 that was
attributed to the “mildly activated” neutrophils was also reduced
and clustered together with MHC class II genes in both KD and
severe COVID-19 patients. FLU patients also exhibited a drastic
reduction of MHC class IT genes in neutrophils, but their alarmins,
neutrophil activation-associated signatures, and anti-apoptotic
genes were not significantly altered. Therefore, we identified that
neutrophils could mediate both KD and COVID-19
immunopathology, which represents a simultaneous appearance
of over activation and immunosuppressant signatures.
Collectively, we provided the first evidence using single-cell
transcriptomes that KD represents similar molecular phenotypes
of bidirectional over-activated neutrophils with severe COVID-
19. The identification of the underlying mechanisms in immune
dysfunction associated with maturation and aging of neutrophils
behind KD may be essential for developing preventive strategies
or focused therapies, but its etiology has remained unknown for
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decades. Our data implicate defective crosstalk between innate
and adaptive immune responses with direct relevance for tissue
destruction during the acute phase of KD. When comparing KD
to severe COVID-19, the pathological features of neutrophils
have important implications for diagnostic and prognostic
testing. In particular, the heightened alarmins, reduced MHC
class II molecules, and bidirectionally promoted neutrophil
survival as well as the aging that we identified, are all crucial
for clinical application for improved diagnosis and may be able
to predict disease severity early in both KD and COVID-19
patients. Our study has some limitations, including the relatively
low number of cases in each group and lack of a comparison
with healthy children. We usually compared biochemical and
molecular characteristics between Kawasaki disease with
common fever to identify true features that differentiated
suspected Kawasaki disease patients with febrile children for
mechanistic investigation. In this study, the key innate immune
response genes and abundantly expressed alarmins that
currently known as important features of KD as well as those
MHC class II genes were not significantly altered in febrile
controls. Thus, the use of febrile children as control of KD
patients is suitable at least in investing in the key molecular
events occurred in KD and comparing with those in COVID-19
patients. The febrile children may have altered adaptive immune
response that will take days and even a week. The altered
adaptive immunity in febrile children might affected those
genes that also involved in that of KD patients. A further
longitudinal analysis of polymorphonuclear leukocytes of KD,
febrile children and healthy controls will be required.

Methods
Enrollment of human subjects

We obtained ethical approval for this study from the
Institutional Review Board of the Chang Gung Memorial
Hospital (No. 202001350A3 and 201800472B0), as well as
written informed consent from the parents or guardians of all
participants. The KD patients were treated with a single dose of
IVIG (2 g/kg) over a 12-hour period and aspirin. Patients whose
symptoms did not fit the diagnostic criteria of KD according to
the American Heart Association, had an acute fever for less than
5 days, or had an incomplete collection of pre- and post-IVIG
blood samples were excluded. The patients in the fever control
group had diagnoses of upper respiratory tract infection, as
previously described (32).

Preparation of single-cell suspension

Peripheral blood samples were collected from three KD
patients within 24 hours before IVIG treatment and two
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febrile control subjects in EDTA collection tubes (vender) and
centrifuged at 400 x g for 5 min at 4°C. The cell viability of
purified white blood cells (WBC) exceeded 90%.

Single-cell RNA-sequencing

Immune cell suspensions were loaded on a GemCode Single-
Cell Instrument (10x Genomics, Pleasanton, CA, USA) to
generate single-cell GEMs. Single-cell RNA-Seq libraries were
prepared using GemCode Single-Cell 3’ Gel Bead and Library
Kit (now sold as P/N 120262, 1000009, 120267, 10x Genomics).
GEM-RT was performed in a Veriti 96-Well Thermal Cycler
2020/7/29 Versionl (Applied Biosystems; Model#: 9902)at 53°C
for 45 min, 85°C for 5 min, and held at 4°C. After RT, GEMs
were broken, and the single-strand cDNA was cleaned up with
DynaBeads MyOneSilane Beads (Thermo Fisher Scientific; P/N
37002D) and the SPRIselect Reagent Kit (0.6 x SPRI; Beckman
Coulter; P/N B23318). cDNA was amplified using the Veriti 96-
Well Thermal Cycler Module at 98°C for 3 min, cycled 12x at
98°C for 15 s, at 67°C for 20 s, and at 72°C for 1 min and was
then held at 4°C. Amplified cDNA product was cleaned up with
the SPRIselect Reagent Kit (0.6xSPRI). The cDNA was
subsequently sheared to ~200 bp using a Covaris S2 Focused
Ultrasonicator system (Covaris; P/N 600028). Indexed
sequencing libraries were constructed using the reagents in the
GemCode Single-Cell 3’ Library Kit, following these steps (1):
end repair and A-tailing (2); adapter ligation (3); post-ligation
cleanup with SPRIselect (4); sample index PCR and cleanup. The
barcode sequencing libraries were quantified using quantitative
PCR (KAPA Biosystems Library Quantification Kit for Illumina
P/N KK4824 platforms). Sequencing libraries were loaded at 250
pM on an Illumina Hiseq 4000 with 2 x 150 paired-end Kkits
using the following read lengths: 98 bp Readl, 14 bp 17 Index, 8
bp I5 Index, and 10 bp Read2.

ScRNA-seq data analysis

We used the Cell Ranger Single Cell Pipeline v.4.0.0 to
process data de-multiplexing, barcode processing, and single
cell 3’ gene counting, which was generated using the 10X
Chromium platform (Kawasaki disease) or downloaded from
the SRA/GEO repository (COVID-19, GSE149689/
PRJNA629752). All raw and processed SCRNA-seq data of KD
patients and febrile controls have been deposited in the GEO
database under accession number GSE200743. For all data
analyses, we used publicly available software. The Loupe Cell
Browser (v.5.0.1) and Seurat (v.4.0) were used for data
processing, differential expression analysis, and visualization.
For the scRNA-seq dataset, we removed cells with a low
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number of genes detected (< 200), cells with a high number of
UMI detected (> 300,000), and cells with a high proportion of
UMI counts attributed to mitochondrial genes (> 20%). The
filtered expression matrix was then normalized and scaled to
exclude unwanted sources of variation driven by the number of
UMIs and mitochondrial content.

Clustering and visualization of scRNA-
seq data using t-SNE

Before clustering the cells, we ran principal component
analysis (PCA) on the normalized, log-transformed, centered,
and scaled gene-barcode matrix to reduce the number of feature
(gene) dimensions. The pipeline adopted a python
implementation of the IRLBA algorithm, which produced a
projection of each cell onto the first N principal components.
After running PCA, we then performed the t-distributed
Stochastic Neighbor Embedding (t-SNE), a machine learning
algorithm for visualization developed by Laurens van der
Maaten and Geoffrey Hinton, to visualize cells in a 2-D space.
Clustering was then ran in order to group cells that have similar
expression profiles together based on their projection into PCA
space. Two clustering methods were performed: graph-based
and k-means. Cell Ranger also produced a table indicating that
genes were differentially expressed in each cluster relative to all
other clusters. Classification of immune cells was inferred from
the annotation of cluster-specific genes and based on the
expression of some well-known markers of immune cell types.
Loupe' " Cell Browser (v5.0) was generally used to view the
entire dataset and interactively find significant genes, cell types,
and substructure within cell clusters.

Gene Ontology enrichment analysis

Functional enrichment was performed on overlapped
genesets from Gene Ontology (GO) annotation within the
neutrophils by using the DAVID gene functional classification
tool. The p-value and the Benjamini-Hochberg FDR were used
to determine the significance of enrichment or the
overrepresentation of terms for each annotation.
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Increased neutrophils and elevated level of circulating calprotectin are
hallmarks of severe COVID-19 and they contribute to the dysregulated
immune responses and cytokine storm in susceptible patients. However, the
precise mechanism controlling calprotectin production during SARS-CoV-2
infection remains elusive. In this study, we showed that Dok3 adaptor restrains
calprotectin production by neutrophils in response to SARS-CoV-2 spike (S)
protein engagement of TLR4. Dok3 recruits SHP-2 to mediate the de-
phosphorylation of MyD88 at Y257, thereby attenuating downstream JAK2-
STAT3 signaling and calprotectin production. Blocking of TLR4, JAK2 and
STAT3 signaling could prevent excessive production of calprotectin by
Dok3™/~ neutrophils, revealing new targets for potential COVID-19 therapy.
As S protein from SARS-CoV-2 Delta and Omicron variants can activate TLR4-
driven calprotectin production in Dok3™/ neutrophils, our study suggests that
targeting calprotectin production may be an effective strategy to combat
severe COVID-19 manifestations associated with these emerging variants.

KEYWORDS

neutrophils, calprotectin, SARS-CoV-2, Dok3, TLR4

Introduction

The Coronavirus disease 2019 (COVID-19) pandemic, caused by severe acute
respiratory syndrome coronavirus 2 (SARS-CoV-2), has affected more than 490
million individuals and caused more than 6 million deaths to date (who.int). While
majority of the patients are presented with asymptomatic or mild disease, more severe
and critical illnesses can arise in a subset of patients due to dysregulated innate immune
response, leading to the development of cytokine storm, acute respiratory distress
syndrome (ARDS), multiple organ failure, and even death (1). While mass COVID-19
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vaccination program is currently underway worldwide, a
significant proportion of the population remains unvaccinated,
and breakthrough infection is increasingly common in fully
vaccinated individuals due to the emergence of new SARS-
CoV-2 variants (2-4). Moreover, monoclonal antibody
therapies which predominantly target the spike (S) protein of
SARS-CoV-2 show diminished potency against newly emerging
variants such as the Omicron (5, 6). As such, it is necessary for us
to expand and diversify our therapeutic toolbox against SARS-
CoV-2 to counteract the ongoing COVID-19 pandemic.

One biomarker which distinguishes mild from severe
COVID-19 is serum calprotectin level in infected individuals
(7-11). Calprotectin is a stable heterodimer of S100a8 and
§100a9 which accumulates in the cytoplasm of neutrophils.
During infection, they are released in massive amounts to
initiate and amplify inflammatory immune responses,
including the production of cytokines and recruitment
of leukocytes, through binding to Toll-like receptor (TLR) 4
and receptor for advanced glycation end products (RAGE)
(12). However, uncontrolled release of calprotectin
by neutrophils can lead to life-threatening systemic
inflammation in the host. Calprotectin was reported to be the
most abundant immune mediator present in the plasma of
severe COVID-19 patients (8), and it correlates strongly with
disease severity (7-10). Accordingly, therapeutic agents
targeting S100a8-TLR4 or S100a9 can alleviate inflammatory
responses and improve survival in preclinical models of SARS-
CoV-2 infection (13), thereby emphasizing the clinical
significance of calprotectin in COVID-19 pathogenesis (7, 10,
14). However, how SARS-CoV-2 can be sensed by and how
calprotectin production can be regulated in neutrophils
remain elusive.

Dok3 is an adaptor protein which regulates signaling
pathways downstream of various immune receptors. As it
lacks intrinsic catalytic activity, it functions primarily as a
molecular scaffold to facilitate protein-protein interaction
through distinct protein-binding domains (15). Dok3 has been
shown to be highly expressed in neutrophils where they play a
role in suppressing anti-fungal response downstream of C-type
lectin receptors (16). Interestingly, RNA-seq analysis of
neutrophils from COVID-19 patients revealed that Dok3
expression is elevated in severe disease cases, suggesting a
possible role for Dok3 in SARS-CoV-2 infection in humans
(17). However, whether Dok3 is involved in the regulation of
calprotectin production in response to SARS-CoV-2 infection
remains unexplored.

In this study, we report that Dok3 could suppress the
production of calprotectin in neutrophils during SARS-CoV-2
infection when the viral S protein engages TLR4. Dok3 recruits
protein tyrosine phosphatase SHP-2 to mediate the de-
phosphorylation of MyD88 at Y257, thereby suppressing
JAK2-STATS3 signaling axis to prevent excessive calprotectin
production by neutrophils. Hence, our study provides novel
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insight into the mechanism underlying calprotectin production
by neutrophils in response to SARS-CoV-2 infection and helps
to uncover potential therapeutic signaling molecules which can
be targeted to alleviate the massive inflammation in severe
COVID-19 patients.

Results

Loss of Dok3 enhances calprotectin
production by neutrophils in response to
SARS-CoV-2 S protein stimulation

Recent RNA-seq analysis of neutrophils from COVID-19
patients revealed that Dok3 expression is elevated in severe
disease cases, suggesting an association with SARS-CoV-2
infection in humans (17). To investigate if Dok3 is involved in
calprotectin production in neutrophils during SARS-CoV-2
infection, we stimulated wild-type (WT) and Dok3”"
neutrophils isolated from mouse bone marrow cells with the
ancestral WT SARS-CoV-2 S protein, which has previously been
shown to activate both mouse and human immune cells (18),
and analyzed for the release of calprotectin (S100a8/9
heterodimer) into the culture medium by ELISA. We observed
that treatment with S protein induces a significant increase in
calprotectin secretion by Dok3” but not WT neutrophils
(Figure 1A). Similarly, we found that S100a8 and S100a9
expression were significantly higher in Dok3”" as compared to
WT neutrophils upon S protein stimulation (Figure 1B),
suggesting that Dok3 is required to suppress calprotectin
production by neutrophils during SARS-CoV-2 infection.
Since the S protein can activate immune responses in mouse
neutrophils, we further examine the production of calprotectin
in vivo upon intranasal instillation of S protein in mice. Our
histological and flow cytometry analyses revealed higher levels of
$100a8 and S100a9 expressed by Dok3”" as compared to WT
neutrophils in the lungs 24h following S protein administration
(Figures 1C, D). Moreover, circulating level of calprotectin is
significantly increased in Dok3”" mice treated with the S protein
(Figure 1E). Calprotectin are potent initiators and amplifiers of
inflammation via activation and recruitment of circulating
leukocytes. Indeed, we detected increased numbers of S100a8-
and S100a9-producing cells, which are defined to be neutrophils
via flow cytometry, accumulating in the lungs of Dok3”" mice
(Figure 1D and Supplementary Figure S1). These reflect a
positive feedback loop, in which loss of Dok3 leads to elevated
calprotectin production by neutrophils, which subsequently
triggers further recruitment of calprotectin-producing
neutrophils into the lungs, thereby amplifying aberrant
immune responses. Taken together, our data indicate that
Dok3 plays a key role in the negative regulation of calprotectin
production by neutrophils in response to S protein of SARS-
CoV-2.
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FIGURE 1

Dok3 suppresses calprotectin production by neutrophils in response to SARS-CoV-2 S protein through a TLR4-dependent pathway. (A) WT and
Dok3™" neutrophils were stimulated with or without S protein for 5h. Calprotectin level in culture medium is measured by ELISA. Data is shown
as mean + S.E.M. (n = 3, 3 independent experiments). **p = 0.002, unpaired two-tailed Student’s t-test. (B) Flow cytometric analysis of S100a8
and $100a9 expression in WT and Dok3”~ neutrophils following 3h stimulation with S protein. Histograms were pre-gated on singlet, Ly6G™*
cells. Filled histogram represents isotype control. Bar graph depicting MFI of $100a8 or $100a9 fluorescence in Dok3™" neutrophils relative to
WT neutrophils. Data is shown as mean + S.E.M. (n = 5, 5 independent experiments). *p = 0.02, 0.03, **p = 0.002, ***p = 0.001, unpaired two-
tailed Student's t-test. (C and D) Lungs were harvested from WT and Dok3”" mice 24h after intranasal instillation of S protein. (C) Flow
cytometric analysis of S100a8 and S100a9 expression in WT and Dok3™" neutrophils following S protein administration. Histograms were pre-
gated on singlet, CD45*, Ly6G™ cells. Filled histogram represents isotype control. (D) Lung sections were stained with anti-S100a8 and anti-
S100a9 antibodies. Scale bar, 50um. Data shown are representative of 3 biological replicates. (E) Circulating calprotectin levels in WT and
Dok3”" mice 24h after intranasal instillation of S protein are measured by ELISA. Data is shown as mean + S.E.M. (n = 3). *p = 0.03, **p = 0.01,
unpaired two-tailed Student's t-test. (F) Flow cytometric analysis of S100a8 expression in WT and Dok3”~ neutrophils following 3h stimulation
with S protein in the presence or absence of TAK-242. Histograms were pre-gated on singlet, Ly6G* cells. Filled histogram represents isotype
control. Bar graph depicting MFI of S100a8 fluorescence relative to untreated WT neutrophils. Data is shown as mean + SEM. (n = 4, 4
independent experiments). *p = 0.03, **p = 0.01, unpaired two-tailed Student's t-test. (G) HEK293T cells were transfected with FLAG-tagged
mouse (m) or human (h) TLR4. Cell lysates were incubated with His-tagged S protein and immunoprecipitated (IP) with anti-His antibody
overnight. Precipitates and whole cell lysates (WCL) were immunoblotted with anti-FLAG and anti-His antibodies. Data shown are representative
of 3 independent experiments. (H) WT neutrophils were incubated with His-tagged S protein and cell lysates were IP with anti-His or IgG
control. Precipitates and WCL were probed for TLR4 and His. Data shown are representative of 3 independent experiments. (I) Flow cytometric
analysis of S100a8 expression in WT and Dok3™" neutrophils following 3h stimulation with or without LPS. Histograms were pre-gated on
singlet, Ly6G™ cells. Filled histogram represents isotype control. Bar graph depicting MFI of $100a8 fluorescence in Dok3”" neutrophils relative
to WT neutrophils. Data is shown as mean + S.E.M. (n = 3, 3 independent experiments). *p = 0.04, unpaired two-tailed Student’s t-test. (J) Flow
cytometric analysis of S100a8 expression in WT and Dok3™" neutrophils following 3h stimulation with S protein in the presence or absence of
MD2-IN-1. Histograms were pre-gated on singlet, Ly6G* cells. Filled histogram represents isotype control.
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TLR4/MD2 is required for sensing of
SARS-CoV-2 S protein in neutrophils

The S protein of SARS-CoV-2 has been reported to interact
with host receptors TLR2, TLR4 and ACE2 to activate
inflammatory immune responses (18-21). To determine
which receptor is responsible for sensing S protein upstream
of Dok3, we treated WT and Dok3” neutrophils with various
inhibitors in the presence of S protein and compare their
expression of calprotectin. Treatment with selective TLR4
inhibitor Resatorvid (TAK-242) abolished the enhanced
production of $100a8 by Dok3” neutrophils (Figure 1F),
whereas inhibition of other receptors involved in viral
recognition, such as the cell surface ACE2 and TLR2, and the
intracellular TLR7 and TLRY, had no effect on S100a8
expression (Supplementary Figure S2). These suggest that
TLR4 signaling drives calprotectin production in Dok3”"
neutrophils. To verify if S protein can interact directly with
TLR4, we perform co-immunoprecipitation (co-IP) studies
with overexpressed TLR4 and SARS-CoV-2 S protein, and
observed that both mouse and human TLR4 could interact
with the S protein (Figure 1G). Endogenous co-IP using lysates
from mouse bone marrow neutrophils also revealed interaction
between TLR4 and SARS-CoV-2 S protein (Figure 1H).
Moreover, TLR4 agonist lipopolysaccharide (LPS) also
induced a significant increase in $100a8 levels in Dok3”"
neutrophils (Figures 1G, I). Collectively, these revealed that
Dok3 inhibits neutrophil production of calprotectin during
TLR4 sensing of SARS-CoV-2 S protein.

MD2 is a co-receptor of TLR4 involved in LPS sensing. To
determine if MD2 plays a role during TLR4 sensing of SARS-
CoV-2 S protein, we treated WT and Dok3”" neutrophils with a
MD2 inhibitor MD2-IN-1. Here, we observed that MD2
inhibition can abolish the enhanced production of S100a8 by
Dok3™”" neutrophils (Figure 1]), suggesting that TLR4/MD2
complex is required for sensing of SARS-CoV-2 S protein
in neutrophils.

Dok3 is not degraded upon TLR4
signaling in neutrophils

Activation of TLR4 signaling by LPS has been reported to
induce Dok3 degradation in macrophages (22). To determine if
Dok3 is also degraded upon TLR4 activation in neutrophils, we
examined Dok3 protein expression in WT neutrophils upon
stimulation with S protein or LPS. However, Dok3 expression in
TLR4 ligands-stimulated neutrophils remained stable over time,
unlike that in LPS-treated macrophages (Supplementary Figure
S3). This suggest that Dok3 in neutrophils might function in a
distinct signaling pathway from macrophages downstream
of TLR4.
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Dok3 interacts with MyD88 to mediate
its de-phosphorylation on Y257 in
response to S protein

MyD88 is a central adaptor protein crucially involved in
relaying signals downstream of TLR4 to initiate kinase-
dependent signaling during innate immune responses. Recent
clinical data suggest that increased expression of MyD88 is
associated with the development of severe COVID-19 (23, 24).
As such, we postulate that Dok3 may exert an effect on MyD88
during the regulation of TLR4-dependent calprotectin
production. To examine possible interactions between Dok3
and MyD88, we overexpressed Dok3 and MyD88 in HEK293T
cells, and observed that Dok3 co-IP with MyD88, suggesting an
interaction between the two molecules (Figure 2A). Similarly,
co-IP experiment using cell lysates from mouse bone marrow
neutrophils revealed that Dok3 and MyD88 form a complex
endogenously (Figure 2B). Hence, Dok3 is likely to suppress
calprotectin production in neutrophils through a MyD88-
dependent mechanism.

Dok3 is a non-catalytic adaptor molecule which controls post-
translational regulation by directing various enzymes to their
target proteins downstream of immuno-receptors (15, 16). A
recent study demonstrated that the activity of MyD88 can be
regulated post-translationally via phosphorylation of tyrosine
residues (25). Indeed, we observed that loss of Dok3 led to
elevated phosphorylation of MyD88 at Y257 in Dok3”" as
compared to WT neutrophils upon stimulation with S protein,
indicating that Dok3 mediates the de-phosphorylation of MyD88
in response to SARS-CoV-2 S protein stimulation (Figure 2C).

MyD88 Y257 phosphorylation controls
JAK2-STAT3-calprotectin signaling in
response to S protein

To delineate the functional role of MyD88 Y257
phosphorylation, we investigated NF-kB and MAPK signaling
pathways downstream of MyD88 which are involved in the
regulation of inflammatory cytokine production during SARS-
CoV-2 infection (24). However, no difference in Erk, NF-kB and
p38 activation were observed, and the transcription of
inflammatory cytokine genes such as illb, il6 and tnfa were
comparable between WT and Dok3” neutrophils
(Supplementary Figures S4A, B). We next examined JAK2-
STATS3 signaling which was previously implicated in calprotectin
production in Dok3”" colonic neutrophils (26), and detected
higher levels of phospho-JAK2 (Y1007/1008) (Figures 2, D, E)
and its downstream target, phospho-STAT3 (Y705) (Figures 2F,
G), in Dok3”" neutrophils upon stimulation with S protein. On
the other hand, phosphorylation of STAT3 at inactivating
residue S727 remains unaffected (Supplementary Figure S4C).
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FIGURE 2

Dok3 mediates de-phosphorylation of MyD88 Y257 and suppression of JAK2-STAT3 signaling in response to SARS-CoV-2 S protein stimulation.
(A) HEK293T cells were transfected with HA-tagged MyD88 and FLAG-tagged Dok3. Cell lysates were IP with anti-HA antibody. Precipitates and
WCL were immunoblotted with anti-HA and anti-FLAG antibodies. Data shown are representative of 3 independent experiments. (B) Cell lysates
from WT neutrophils were IP with anti-Dok3 or IgG control. Precipitates and WCL were probed for Dok3 and MyD88. Data shown are
representative of 3 independent experiments. (C) Immunoblot analyses of pMyD88(Y257) and total MyD88 in WT and Dok3~~ neutrophils
treated with or without S protein for 15 mins. Data shown are representative of 3 independent experiments. Bar graph depicts quantification of
pMyD88/MyD88 signals from immunoblot. **p = 0.005, unpaired two-tailed Student’s t-test. (D, F) Flow cytometric analyses of (D) pJAK2
(Y1007,1008) and (F) pSTAT3(Y705) in WT and Dok3™" neutrophils treated with or without S protein for 3h. Histograms were pre-gated on
singlet, Ly6G* cells. Data shown are representative of 3 independent experiments (n = 3). (E, G), Immunoblot analyses of (E) pJAK2(Y1007,1008),
total JAK2, (G) pSTAT3(Y705) and total STAT3 in WT and Dok3”~ neutrophils treated with or without S protein for 15 mins. Data shown are
representative of 3 independent experiments. (H) Flow cytometric analysis of S100a8 expression in WT and Dok3™" neutrophils following 3h
stimulation with S protein in the presence or absence of STATTIC. Histograms were pre-gated on singlet, Ly6G* cells. Filled histogram
represents isotype control. Bar graph depicting MFI of S100a8 fluorescence relative to untreated WT neutrophils. Data is shown as mean +
S.E.M. (n = 4, 4 independent experiments). *p = 0.05, unpaired two-tailed Student's t-test. () Co-IP analysis of WCL from WT and Dok3™~
neutrophils treated with or without S protein for 15 mins, and IP with anti-MyD88. Precipitates and WCL were probed for JAK2, pMyD88(Y257)

and MyD88. Data shown are representative of 3 independent experiments.

In addition, treatment with a selective STAT3 inhibitor, STATTIC,
was able to block S100a8 upregulation in Dok3”" neutrophils
efficiently in the presence of S protein (Figure 2H), thus
validating the direct involvement of JAK2-STAT3 pathway in
calprotectin production. Previous studies revealed that JAK2 can
be activated via direct association with the TLR4-MyD88 complex
during LPS signaling (27), but how this complex formation is
being regulated remains unknown. Since the highly
phylogenetically conserved Y**’KXM motif in MyD88 is a
putative SH2 binding site (28), we investigated if
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phosphorylation of MyD88 at Y257 can regulate JAK2 binding
with MyD88. To this end, we performed an endogenous co-IP in
neutrophil cell lysates with anti-MyD88 antibody, and found an
increased association of JAK2 with MyD88 in Dok3” neutrophils,
and these MyD88 molecules were more highly phosphorylated on
Y257 than those in WT neutrophils (Figure 2I). Collectively, these
data indicate that Y257 phosphorylation on MyD88 acts as a
molecular switch to turn on downstream JAK2-STAT3 signaling
for calprotectin production upon TLR4 recognition of SARS-CoV-
2 S protein.
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Dok3 recruits SHP-2 to de-
phosphorylate MyD88 in response
to S protein

Since Dok3 is an adaptor protein which lacks intrinsic
catalytic activity, we postulate that it could act as a scaffold to
recruit a protein tyrosine phosphatase (PTP) to mediate the de-
phosphorylation of MyD88 at Y257. SH2 domain-containing
protein tyrosine phosphatase-2 (SHP-2) is a PTP highly
expressed in hematopoietic cells. To examine possible
interactions among Dok3, SHP-2 and MyD88, we overexpress
them in HEK293T cells, and observed that Dok3 interacts with
MyD88, while SHP-2 co-IP with MyD88 only in the presence of
Dok3 (Figure 3A). These data indicate that Dok3 is required to
bridge the interaction between SHP-2 and MyD88.

Dok3 is a multidomain adaptor protein containing a
N-terminal PH, a central PTB and C-terminal tyrosine-rich SH2

10.3389/fimmu.2022.996637

domain (Figure 3B). To further characterize the interaction
between Dok3, MyD88 and SHP-2, we overexpressed variants
of Dok3 bearing specific domains together with MyD88 or SHP-2
and examined their physical associations via co-IP experiments.
We observed that MyD88 can co-IP with full-length Dok3 as well
as the truncated variant bearing the PH domain of Dok3
(Figure 3C). Similarly, SHP-2 was observed to bind full-length
Dok3 and the variant bearing the PH domain of Dok3
(Figure 3D). Hence, Dok3 interacts with both MyD88 and SHP-
2 via its N-terminal PH domain.

To determine the role of SHP-2 in the de-phosphorylation of
MyD88, we treated WT neutrophils with SHP-2 inhibitor PHPSI,
and observed a dose-dependent increase in Y257 phosphorylation
on MyD88, thus confirming that SHP-2 can act specifically on
MyD88 (Figure 3E). Moreover, PHPSI treatment enhances JAK2
association with MyD88 and results in an increased S100a8 and
$100a9 production by WT neutrophils in a dose-dependent manner

A C
His-SHP2 — — + — + FLAG-Dok3-1
FLAG-Dok3 — — — + + FLAG-Dok3-2
HA-MyD88 — + + + + FLAG-Dok3-3
IB: His | “ 75 FLAG-Dok3-FL
< - HA-MyD88
I| IB:FLAG e
o
- . —37
IB: HA - e < | B:FLAG
T
: 75
=
PH PTB SH2 IB: FLAG
Dok3-FL EE= SN
Dok3-1
Dok3-2 [ | IB: HA
Dok3-3 NN
E
MyD88 IP WGL
PHPS1(UM)1gG 0 1 5 10 0 1 5 10
JAk2e TEmS W 150
pMyDBBY2e" L B sesn ™
MyDSE = M My * e O

FIGURE 3

D
-t - o FLAG-Dok3-1 - — + — — —
4o FLAG-Dok3-2 - — — + — —
4 - FLAG-Dok3-3 _ _ _ _ 4 _
_____ + FLAG-Dok3-FL _ _ _ _ _ 4
— + + + + + His-SHP2 - + + + + +
D
o | IB:FLAG
T - —50
i
e :...53
B 50 IB:FLAG | - R sl = |
- - 50
i
37 me——
 eeee- IB: His | e 75
F G
PHPS1
- / OpM PHPST (M) 0 1 510
- —20
. vy S10029 = e
M .
- /\,\ B-actin ==
2.
5= / SuM
O
o o

$100a8 ——>

Dok3 recruits SHP-2 to de-phosphorylate MyD88 at Y257 in response to SARS-CoV-2 S protein engagement. (A) HEK293T cells were
transfected with HA-tagged MyD88, FLAG-tagged Dok3 and His-tagged SHP-2. Cell lysates were IP with anti-HA antibody. Precipitates and
WCL were immunoblotted with anti-HA, anti-FLAG and anti-His antibodies. Data shown are representative of 3 independent experiments.
(B) Diagram depicting Dok3 full-length protein and truncation variants bearing individual PH, PTB, and SH2 domains. (C) HEK293T cells were
transfected with HA-tagged MyD88 and FLAG-tagged Dok3 or its truncation variants. Cell lysates were IP with anti-HA antibody. Precipitates
and WCL were immunoblotted with anti-HA and anti-FLAG antibodies. (D) HEK293T cells were transfected with His-tagged SHP-2 and
FLAG-tagged Dok3 or its truncation variants. Cell lysates were IP with anti-His antibody. Precipitates and WCL were immunoblotted with
anti-His and anti-FLAG antibodies. Data shown are representative of 3 independent experiments. (E, F) WT neutrophils were treated with
increasing dosages of PHPS1 in the presence of S protein. (E) WCL were IP with anti-MyD88. Precipitates and WCL were probed for JAK2,
pMyD88(Y257) and MyD88. Data shown are representative of 3 independent experiments. (F) Flow cytometric analysis of S100a8 expression
in WT neutrophils following PHPS1 treatment. Histograms were pre-gated on singlet, Ly6G™ cells. (G) Immunoblot analysis of S100a9
expression in WT neutrophils following PHPS1 treatment. Data shown are representative of 3 independent experiments.
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upon stimulation with the S protein (Figures 3E-G). We further
showed that phosphorylation of SHP-2 on Y580 (Supplementary
Figure S5), and hence its activity, is not affected by loss of Dok3,
implying that altered SHP-2 activity is unlikely to be responsible for
enhanced MyD88 Y257 phosphorylation in the absence of Dok3.
Taken together, our results suggest that Dok3 is required to recruit
SHP-2 to de-phosphorylate Y257 on MyD88 for the suppression of
calprotectin production during SARS-CoV-2 infection.

Fedratinib and Momelotinib suppress
S100a8 production by neutrophils in
response to SARS-CoV-2 S protein

JAK inhibitors have been proposed as therapy for severe
COVID-19 patients on the basis that JAKs are important
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mediators in the cytokine storm (29-31). However, whether
these inhibitors can modulate calprotectin levels to improve
COVID-19 outcome remains unknown. To this end, we treated
WT and Dok3”" neutrophils with clinically approved JAK2 and
STATS3 inhibitors, including Ruxolitinib, Baricitinib, Fedratinib,
Momelotinib and Atovaquone, in the presence of S protein.
Among them, we observed that Fedratinib and Momelotinib
were able to significantly reduce $100a8 expression by Dok3”"
neutrophils to WT levels (Figure 4A), suggesting that these 2
inhibitors can efficiently block the JAK2-STAT3 signaling
pathway downstream of Dok3 to prevent aberrant release of
calprotectin in response to SARS-CoV-2 S protein.

To further examine the relevance of our study in human
context, we stimulated human neutrophils isolated from
peripheral blood of healthy donors with the S protein
of SARS-CoV-2. In line with our mouse data, we do not
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Fedratinib and Momelotinib suppress S100a8 expression in mouse and human neutrophils. (A) Flow cytometric analysis of S100a8 expression
in WT and Dok3 ™/ neutrophils following 3h stimulation with S protein in the presence or absence of indicated inhibitors. Histograms were
pre-gated on singlet, Ly6G" cells. Filled histogram represents isotype control. The same control histogram is shown for different inhibitor
treatments. Bar graph depicting MFI of S100a8 fluorescence relative to control WT neutrophils. Data is shown as mean + SEM. (n = 4, 4

independent experiments).

*p = 0.04, 0.03, **p = 0.003, ***p = 0.0004, unpaired two-tailed Student’s t-test. (B) Flow cytometric analysis of

S100a8 expression in purified human neutrophils following 3h stimulation with S protein in the presence or absence of indicated inhibitors.
Filled histogram represents isotype control. The same control histogram is shown for different inhibitor treatments. Bar graph depicting MFI of
S100a8 fluorescence relative to S protein-treated WT neutrophils. Data is shown as mean + S.E.M. (n = 4, 4 independent experiments). **p =
0.01, 0.006, 0.01, 0.008, ***p = 0.0009, 0.0008, unpaired two-tailed Student’s t-test.

Frontiers in Immunology

85

frontiersin.org


https://doi.org/10.3389/fimmu.2022.996637
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Loh et al.

see an induction of S100a8 by human neutrophils in
response to S protein (Figure 4B). This is also consistent with
clinical data which shows that plasma calprotectin levels in
COVID-19 patients with mild disease are not elevated as
compared to healthy controls (8). Consequently, Fedratinib
and Momelotinib treatment only resulted in a minor decrease
in S100a8 level (Figure 4B). Since our earlier findings indicated
that SHP-2 negatively regulates calprotectin production through
de-phosphorylating MyD88, we treated human neutrophils with
PHPS1 and observed a significant increase in S100a8
production. Moreover, Fedratinib and Momelotinib can block
PHPS1-induced S100a8 production (Figure 4B), further
confirming that JAK2 functions downstream of SHP-2 during
calprotectin production. Together, these findings provide a
rationale for the use of JAK2 inhibitors Fedratinib and
Momelotinib to treat severe COVID-19 patients since they can
attenuate calprotectin production in neutrophils.

SARS-CoV-2 Delta and Omicron variant
S proteins bind TLR4 to trigger
calprotectin release in the absence

of Dok3

The SARS-CoV-2 Delta (B.1.617.2) and Omicron (B.1.1.529)
variants harbor distinct amino acid mutations in their S proteins
which result in the evasion of host immune responses. As such,
we evaluate if these variant S proteins are able to trigger TLR4
signaling in neutrophils by performing co-IP experiments using
overexpressed or endogenous TLR4 and Delta or Omicron
variant S protein. Interestingly, both Delta and Omicron
variant S proteins retained their ability to bind mouse and
human TLR4 (Figures 5A-D), and this resulted in an
enhanced production of $100a8 and S100a9 by Dok3”" as
compared to WT neutrophils (Figures 5E, F). Together, these
show that likewise to WT SARS-CoV-2, both Delta and
Omicron variant S proteins can activate TLR4-driven
calprotectin production in Dok3”" neutrophils.

Discussion

During SARS-CoV-2 infection, aberrant production of
calprotectin by neutrophils has been linked to the
development of severe COVID-19 (8, 9, 11). Our study
revealed that Dok3 plays an essential role in restraining
neutrophil production of calprotectin upon binding of SARS-
CoV-2 S protein to TLR4. In the absence of Dok3, S protein-
mediated TLR4 signaling results in the hyper-phosphorylation
of Y257 on MyD88, leading to enhanced JAK2-STATS3 signaling
and a resultant calprotectin burst in the neutrophils (Figure 6).

Calprotectin are stable heterodimers of S100a8 and S100a9
involved in neutrophil-mediated inflammatory processes. Given
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that calprotectin levels are associated with hyperinflammation
and poor clinical outcomes in COVID-19 patients, dissecting the
molecular mechanism underlying their regulation will be of
great significance and contribute towards the identification of
potential therapeutic targets for COVID-19 treatments. In our
study, we demonstrated for the first time that calprotectin
expression in neutrophils is regulated via TLR4 pathway in
response to SARS-CoV-2 S protein. In WT cells, S100a8
production is generally suppressed upon TLR4 activation,
analogous to clinical studies which show that circulating
calprotectin levels remain low in majority of the COVID-19
patients who are asymptomatic or have mild symptoms. In this
case, Dok3 recruits SHP-2 to maintain MyD88 Y257 in a de-
phosphorylated state, thereby dampening downstream JAK2-
STATS3 signaling to prevent excessive release of calprotectin.
However, in the absence of Dok3, sensing of S protein by TLR4
promotes increased phosphorylation of MyD88 on Y257. This
enhances its association with JAK2 and subsequently turns on
downstream JAK2/STAT3 signaling, resulting in hyper-
production of calprotectin and an uncontrolled inflammation
in the host. Collectively, our findings revealed that Dok3 plays a
critical role in the negative regulation of TLR4-MyD88-JAK2-
STATS3 axis in neutrophils during SARS-CoV-2 infection for the
suppression of calprotectin production, and the increased Dok3
levels detected in neutrophils of severe COVID-19 patients (17)
could be a compensatory mechanism to blunt elevated
calprotectin levels.

Hyperactivation of neutrophils have been implicated in the
immunopathogenesis of COVID-19, in which aberrant NETs
formation and enhanced calprotectin secretion are prominent
features driving inflammation and tissue damage (32-34).
Recent studies demonstrated that SARS-CoV-2 can stimulate
neutrophils directly through the ACE2-TMPRSS2 axis to induce
release of NETSs, thus presenting a potential therapeutic
approach to inhibit NETs and its associated devastating
complications in severe COVID-19 patients (35). On the other
hand, the mechanism governing calprotectin production by
neutrophils remains poorly understood. A growing body of
evidence suggests that the trimeric S protein of SARS-CoV-2
can interact with TLR4 to activate immune responses (18), and
TLR4 signaling has recently been associated with calprotectin
production during SARS-CoV-2 infection (13). In our study, we
provided compelling evidence that calprotectin production is a
tightly regulated process which is triggered upon TLR4
activation by S protein. In the absence of Dok3, calprotectin is
robustly upregulated in neutrophils, and this increase is
abrogated upon blockade of TLR4 signaling by Resatorvid. We
further eliminated the contribution of ACE2 in the induction of
calprotectin, since treatment with ACE2 inhibitor does not affect
calprotectin production by Dok3”" neutrophils, and murine
ACE2 harbors differences in amino acids from human ACE2,
and hence exhibits poor binding affinity for the S protein (36—
38). Thus, our data indicate that SARS-CoV-2 S protein can be
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SARS-CoV-2 Delta and Omicron variant S proteins can activate TLR4 signaling. (A, C) HEK293T cells were transfected with FLAG-tagged mouse
(m) or human (h) TLR4. Cell lysates were incubated with His-tagged S protein derived from (A) Delta or (C) Omicron variant and IP with anti-His
antibody overnight. Precipitates and WCL were immunoblotted with anti-FLAG and anti-His antibodies. Data shown are representative of 3
independent experiments. (B, D) WT neutrophils were incubated with His-tagged S protein derived from (B) Delta or (D) Omicron variant and
cell lysates were IP with anti-His or IgG control. Precipitates and WCL were probed for TLR4 and His. Data shown are representative of 3
independent experiments. (E, F) Flow cytometric analysis of S100a8 and S100a9 expression in WT and Dok3™" neutrophils following 3h
stimulation with or without S protein from (E) Delta or (F) Omicron variant. Histograms were pre-gated on singlet, Ly6G™ cells. Filled histogram
represents isotype control. Data shown are representative of 3 independent experiments.

sensed directly by TLR4 on neutrophils to regulate calprotectin
expression. Consistent with this, it was reported that SARS-
CoV-2 infection activates an anti-bacterial like immune
response, which was originally proposed to be a result of
calprotectin binding to TLR4 (13). Here, our findings suggest
that the induction of anti-bacterial pathway genes could be a
direct result of interaction between viral S protein and TLR4.
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We observed that treatment of Dok3” neutrophils with
other TLR4 agonists of bacterial origin such as LPS and cecal
bacteria similarly induced elevated levels of calprotectin
(26). Hence, it is likely that SARS-CoV-2 is sensed by a
TLR4-dependent manner analogous to bacteria, to turn on the
production of classical anti-bacterial proteins S100a8 and
$100a9 in neutrophils.
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Currently, no specific treatment is available for COVID-19
patients, and drug repurposing is the most popular strategy
adopted to accelerate drug development against a novel
emerging pathogen like SARS-CoV-2. As hyperinflammation
stemming from dysregulation of the immune system in
response to SARS-CoV-2 may culminate into ARDS,
thrombosis and multi-organ damage in severe COVID-19
patients, drugs which act to mitigate the cytokine storm are
proposed to be beneficial. However, blockade of cytokines such
as IL-6 only yield limited clinical success (39-42). On the other
hand, calprotectin levels correlate strongly with COVID-19
severity (8, 9, 11), and inhibiting its function can improve
disease outcome in preclinical models of SARS-CoV-2 infection
(13). Moreover, the sustained release of calprotectin has been
proposed to be a key contributor of hyperinflammation and
cytokine storm, hence suggesting that targeting calprotectin
production is an attractive strategy to alleviate severe COVID-
19 manifestations. Here, we provided the first mechanistic study
on the regulation of calprotectin production by neutrophils during
SARS-CoV-2 infection, and presented several signaling molecules

10.3389/fimmu.2022.996637

which can be targeted with currently available drugs to limit
calprotectin release (Figure 6). Firstly, TLR4 inhibitors or
antibodies can interfere with the recognition of S protein,
thereby preventing the release of calprotectin. In addition,
inhibitors of JAK2 and STAT3 can dampen calprotectin
production, and we have demonstrated the efficacy of JAK2
inhibitors Fedratinib and Momelotinib in blocking S100a8
release in human neutrophils, thus providing a rationale for the
repurposing of these clinically approved drugs for severe COVID-
19. However, future preclinical animal models are warranted to
investigate the in vivo potency and specificity of these drugs for
treatment of COVID-19.

SARS-CoV-2 is continuously evolving, and several mutations
have been detected in the S protein of Delta and Omicron variants
which affected their binding affinities to ACE2 and weakened the
neutralizing efficacy of therapeutic and vaccine-elicited antibodies
(4-6). Surprisingly, we observed that mutations in S proteins of
Delta and Omicron variants did not abolish their binding to
TLR4, although we were unable to compare their affinities with
respect to that of WT SARS-CoV-2. Given that the Delta and

WT neutrophils Dok37 neutrophils

SARS-CoV-2

SARS-CoV-2

S100a8/9

FIGURE 6

Fedratinib @
Momelotinib @&

S100a8/9

Proposed signaling mechanism underlying Dok3 negative regulation of calprotectin production in neutrophils. Binding of the SARS-CoV-2 S
protein to TLR4 triggers phosphorylation of MyD88 on Y257. This activates downstream JAK2-STAT3 signaling cascade to turn on the
production of calprotectin. Dok3 negatively regulates this pathway by recruiting SHP-2 to mediate the de-phosphorylation of MyD88, as such
preventing excessive release of calprotectin which leads to uncontrolled inflammation associated with severe COVID-19. Treatment with TLR4
inhibitor Resatorvid and STAT3 inhibitor STATTIC, as well as clinically approved JAK inhibitors Fedratinib and Momelotinib, can dampen
calprotectin production by neutrophils, revealing potential therapeutic targets to improve disease outcome in severe COVID-19 patients.
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Omicron variants can elicit enhanced calprotectin production by
Dok3” neutrophils through a TLR4-dependent manner, it is likely
that therapeutic strategies which suppress calprotectin production
by neutrophils may still be effective in preventing severe COVID-
19 manifestations in patients infected with these variants. This is
of paramount importance since extensive S protein mutations on
the Omicron variant has severely compromised the efficacy of
current vaccines and antibody therapies. As such, an immune-
based treatment may be more effective in countering emergent
variants as opposed to S protein-directed approaches. Moreover,
recent study revealed that aberrant production of calprotectin by
neutrophils is a common phenotype observed following
Hence, the
discovery of promising drug targets to suppress calprotectin

coronavirus-induced zoonotic infection (13).

production may be a milestone for future treatment of divergent
coronavirus-infected patients.

In conclusion, our study identified a key immune signaling
pathway involved in the regulation of calprotectin production by
neutrophils in response to the S protein of SARS-CoV-2, and
further revealed potential therapeutic molecules which can be
targeted to dampen the over-expression of calprotectin
associated with severe cases of COVID-19.

Materials and methods
Mice

C57BL/6 mice were purchased from The Jackson
Laboratory. Dok3”" mice were generated as described
previously (43). Dok3”" mice were backcrossed to C57BL/6
mice for more than 10 generations. Male and female mice
were used at 8 to 10 weeks of age unless otherwise stated. All
mice were maintained under specific pathogen-free conditions at
A*STAR Biological Resource Centre (BRC).

Isolation of mouse neutrophils

Neutrophils were isolated from tibias and femurs of mice
using EasySEP Mouse Neutrophil Enrichment Kit (Stem Cell
Technologies). Purity of isolated cells was confirmed by flow
cytometry. Cells were stimulated with 1pg/ml recombinant
SARS-CoV-2 § protein (10549-CV, R&D Systems), B.1.617.2 S
protein (10942-CV), B.1.1.529 S protein (SPN,C52Hz, Acro
Biosystems) or LPS for indicated time periods.

Isolation of human neutrophils
Venous blood of healthy human donors was collected and

diluted 1:1 in PBS before overlaying on Ficoll-Paque Plus
(Cytiva). After density gradient centrifugation, the

Frontiers in Immunology

89

10.3389/fimmu.2022.996637

polymorphonuclear and erythrocyte-rich pellet was collected,
and cells were treated with red blood cell lysis bufter for 15 min
at room temperature. Cells were subsequently washed with PBS,
and neutrophils obtained were resuspended in PBS and rested at
37°C for 1 h.

Inhibitors

Purified neutrophils were treated with the following
inhibitors for 2-4 hours at 37°C: TAK-242 (HY-11109,
MedChem Express), STATTIC (sc-202818, Santa Cruz
Biotechnology Inc.), Ruxolitinib (HY-50856, MedChem
Express), Baricitinib (HY-15315, MedChem Express),
Fedratinib (HY-10409, MedChem Express), Momelotinib (HY-
10961, MedChem Express), Atovaquone (HY-13832, MedChem
Express), MLN-4760, C29 (HY-100461, MedChem Express) and
AT791 (HY-124603, MedChem Express).

Flow cytometry

Cell suspensions were surface labelled with fluorochrome-
conjugated antibodies for 10 minutes at 4°C in staining buffer
(PBS containing 1% BSA). For phosphoprotein staining, cells
were fixed and permeabilized using the Phosflow kit (BD)
according to manufacturer’s protocol before staining for 1
hour at room temperature. Data were acquired using LSRII
(BD Biosciences) and analyzed using FlowJo software (Tree
Star). The following antibodies were used for flow cytometry
analysis: anti-CD45 APC/Cy7 (clone 30-F11; BioLegend),
anti-Ly6G PE/biotin (clone 1A8; BD, BioLegend), anti-
STAT3 (Y705) PE (clone 4/P-STAT3, BD Biosciences), anti-
STAT3 (S727) PE (clone 49/P-STAT3, BD Biosciences),
anti-pJAK2 (Y1007,1008) Alexa Fluor 647 (clone E132,
abcam), anti-Erk1/2 (pT202/Yp204) PE (612593, BD
Biosciences), anti-pIKKo/fB (S176/180) PE (14938S, Cell
Signaling Technology), anti-p-p38 (T180/Y182) FITC
(612594, BD Biosciences), anti-S100a8 (clone E4F8V; Cell
Signaling Technology), anti-S100a9 (clone D3U8M; Cell
Signaling Technology), anti-pSHP2 (Y580) PE (MA5-28045,
Invitrogen), goat anti-rabbit IgG (H+L) secondary antibody
FITC (Invitrogen).

Intranasal S protein instillation
and histology

20ug of S protein was administered intranasally to WT and
Dok3”" mice. PBS was used as a negative control. At 24h post-
administration, lungs were harvested for flow cytometry analysis
or fixed in 4% PFA overnight. For immunohistochemistry, lung
sections were stained with anti-S100a8 (clone E4F8V; Cell
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Signaling Technology), anti-S100a9 (clone D3U8M; Cell Signaling
Technology), according to manufacturer’s instructions.

Calprotectin ELISA

Neutrophils were stimulated with or without S protein in
RPMI (Gibco), and cell culture medium was collected after 5
hours. The release of calprotectin into the supernatant was
measured by ELISA (ab263885), according to the
manufacturer’s instructions.

Co-IP

For endogenous co-IP, purified neutrophils were stimulated
with S protein for 15 minutes before lysis with cell lysis buffer
(Cell Signaling Technology) containing protease and
phosphatase inhibitors (Cell Signaling Technology). For
overexpression studies, HEK293T cells were transfected with
the plasmid overnight using lipofectamine (Invitrogen) before
lysis with cell lysis buffer. Cell lysates were IP overnight using the
indicated antibodies and pulled down using Protein A/G Plus
Agarose beads (Santa Cruz Biotechnology Inc.): anti-His (clone
H-3; Santa Cruz Biotechnology Inc.), anti-HA (clone F-7; Santa
Cruz Biotechnology Inc.), anti-MyD88 (clone E-11;
Santa Cruz Biotechnology Inc.), anti-Dok3 (clone H-5; Santa
Cruz Biotechnology Inc.), anti-SHP-2 (clone B-1; Santa Cruz
Biotechnology Inc.). Precipitates were analyzed by Western
blotting according to standard protocol.

Western blotting

Cells were lysed with cell lysis buffer (Cell Signaling
Technology) containing protease and phosphatase inhibitors
(Cell Signaling Technology). Cell lysates were analyzed by
Western blotting according to standard protocol using the
indicated antibodies: anti-pSTAT3 (Y705) (clone D3A7; Cell
Signaling Technology), anti-STAT3 (clone 79D7; Cell
Signaling Technology), anti-pJAK2 (Y1007/1008) (3771S;
Cell Signaling Technology), anti-JAK2 (clone C-10; Santa
Cruz Biotechnology Inc.), anti-pMyD88 (Y257) (PA5-64835;
Invitrogen), anti-MyD88 (clone E-11; Santa Cruz
Biotechnology Inc.), anti-S100a8 (clone E4F8V; Cell
Signaling Technology), anti-S100a9 (clone D3U8M; Cell
Signaling Technology), anti-Dok3 (clone H-5; Santa Cruz
Biotechnology Inc.), anti-f actin (clone C-4; Santa Cruz
Biotechnology Inc.), anti-GAPDH (clone 1D4; Santa
Cruz Biotechnology Inc.), peroxidase affinipure goat anti-
rabbit IgG (H+L) (Jackson ImmunoResearch), m-IgGk BP-
HRP (Santa Cruz Biotechnology Inc.).
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Quantitative PCR

Purified neutrophils were lysed with TRIzol (Life
Technologies), and RNA was purified using phenol/chloroform
extraction. Complementary DNA was reversed transcribed using
RevertAid First Strand ¢cDNA Synthesis Kit (Thermo Fisher
Scientific). The following primers were used for real-time PCR
using SYBR Green PCR Master Mix (Applied Biosystems): IL6
(forward): GAGGATACCACTCCCAACAGACCG; IL6 (reverse):
AAGTGCATCATCGTTGTTCATACA; IL1B (forward):
CAACCAACAAGTGATATTCTCCATG; IL1B (reverse):
GATCCACACTCTCCAGCTGCA; TNFo (forward):
GCCTCTTCTCATTCCTGCTTG; TNFa (reverse):
CTGATGAGAGGGAGGCCATT; B-actin (forward):
AGATGACCCAGATCATGTTTGAGA; B-actin (reverse):
CACAGCCTGGATGGCTACGTA.

Statistics

Figures and statistical analyses were generated using
Graphpad Prism software. Mice were allocated to experimental
groups based on genotypes and were randomized within their
sex- and age-matched groups. No mouse was excluded from the
analyses. Unpaired 2-tailed Student’s ¢ test was performed. A P
value of less than 0.05 was considered significant.

Study approval

All mouse protocols were conducted in accordance with
guidelines from and approved by the A*STAR BRC
Institutional Animal Care and Use Committee. Human blood
was obtained for research with approval from the Centralised
Institutional Research Board of the Singapore Health Services
in Singapore.
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Introduction: The emergence of several SARS-CoV-2 variants during the
COVID pandemic has revealed the impact of variant diversity on viral
infectivity and host immune responses. While antibodies and CD8 T cells are
essential to clear viral infection, the protective role of innate immunity
including macrophages has been recognized. The aims of our study were to
compare the infectivity of different SARS-CoV-2 variants in monocyte-derived
macrophages (MDM) and to assess their activation profiles and the role of ACE2
(Angiotensin-converting enzyme 2), the main SARS-CoV-2 receptor. We also
studied the ability of macrophages infected to affect other immune cells such
as y02 T cells, another partner of innate immune response to viral infections.

Results: We showed that the SARS-CoV-2 variants o.-B.1.1.7 (United Kingdom), 3-
B.1.351 (South Africa), y-P.1 (Brazil), 8-B.1.617 (India) and B.1.1.529 (Omicron),
infected MDM without replication, the y-Brazil variant exhibiting increased
infectivity for MDM. No clear polarization profile of SARS-CoV-2 variants-infected
MDM was observed. The -B.1.351 (South Africa) variant induced macrophage
activation while B.1.1.529 (Omicron) was rather inhibitory. We observed that SARS-
CoV-2 variants modulated ACE2 expression in MDM. In particular, the $-B.1.351
(South Africa) variant induced a higher expression of ACE2, related to MDM
activation. Finally, all variants were able to activate Y62 cells among which y-P.1
(Brazil) and B-B.1.351 (South Africa) variants were the most efficient.

Conclusion: Our data show that SARS-CoV-2 variants can infect MDM and
modulate their activation, which was correlated with the ACE2 expression.
They also affect y862 T cell activation. The macrophage response to SARS-CoV-
2 variants was stereotypical.
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Introduction

Since its emergence in Wuhan (China) in December 2019,
severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2)
caused COVID-19, a pandemic associated with a global health
crisis and more than 6.3 million deaths to date (COVID Live -
Coronavirus Statistics - Worldometer). SARS-CoV-2 infection
may be asymptomatic or can exhibit mild to moderate
respiratory disease associating respiratory and digestive
symptoms and neurological abnormalities (1, 2). The patients
with comorbidities at risk to develop severe illness expressing as
acute respiratory distress syndrome characterized by lung injury,
inflammation and pulmonary vascular leakage (3, 4). SARS-
CoV-2 infection may be also responsible of long-term
invalidating symptoms named post-COVID-19 syndrome (5).

The pathogenesis of SARS-CoV-2 infection has been largely
imprinted by host immune response (6). Severe COVID-19
patients exhibit a lymphopenia and an impairment of T-cell
mediated anti-viral immunity (7). In contrast, few severe
patients experience a macrophage activation syndrome (MAS)
(8), followed by respiratory and even multi-organ failure (9, 10);
and a cytokine release syndrome (CRS) characterized by large
amounts of pro-inflammatory cytokines like interleukin (IL)-1,
IL-6, IL-8 and tumor necrosis factor (TNF).

Macrophages play a role in the physiopathology of COVID-
19 as shown by histological examination of tissue sample from
patients with severe symptoms (11, 12). The accumulation of
macrophages in the alveolar lumen has been shown in a
humanized mice model of SARS-CoV-2 expressing human
angiotensin-converting enzyme 2 (ACE2) (13). In addition,
post-mortem COVID-19 lung tissue showed an increased
proportion of ACE2-positive cells, including a majority of
inflammatory macrophages (14, 15). We previously reported
that SARS-CoV-2 infects monocyte-derived macrophages
(MDM) with abortive infection, similar to SARS-CoV-1
infection (16). According to their function in pathological
conditions, macrophages are considered as activated or
alternatively activated also referred to as M1 and M2
polarization phenotype, respectively. We showed that SARS-
CoV-2 elicited a transcriptional program associating
inflammatory and anti-inflammatory genes in macrophages,
which shifted to an anti-inflammatory program of M2 type
(16). However, there is not a consensus regarding the activation
status of macrophages during SARS-CoV-2 infection. Some
studies reported a pro-inflammatory response to viruses (17,
18), while others a lack of macrophage activation (19, 20). We
still ignore if the activation status of macrophages in vivo results
from a cytokine-mediated bystander effect or a direct effect of
SARS-CoV-2 including its variants.

During the course of COVID-19, the action of the immune
system favors SARS-CoV-2 acquiring mutations notably in the
virus Spike (S) protein (21). The World Health organization has
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classified variants into classes: Variants Being Monitored
(VBM), Variants of Interest (VOI) and Variants of Concern
(VOC). The least hazardous strains are classified as VBM, while
VOI are variants that present a possible risk to public health.
Finally, VOC are mutated strains of the Wuhan strain that have
increased transmissibility, higher disease progression, severity
and mortality. In addition, VOC show a decreased susceptibility
to vaccine/infection-induced immune responses but they have
the ability to reinfect previously infected and recovered
individuals. Five SARS-CoV-2 lineages are designated as the
VOC: 0.-B.1.1.7 (United Kingdom), 3-B.1.351 (South Africa), y-
P.1 (Brazil), 6-B.1.617 (India) and B.1.1.529 (Omicron) (22, 23).

Here, we investigated the infection and the inflammatory
response of MDM in response to Wuhan strain and 5 variants of
concern, compared to Vero E6 cell line as the reference model in
the study of SARS-CoV-2 infection (24). We also studied the
interaction of macrophages infected with other immune cells
such as Y02 T cells, partners of the innate immune response to
viral infections. Indeed, previous studies have highlighted the
role of Y82 T cells during SARS-CoV-2 infection (25, 26). We
recently demonstrated that activation of 82 T cells leads to
inhibition of SARS-CoV-2 replication in co-cultures of MDM
infected with y02 T cells (27). Our data showed that SARS-CoV-
2 variants infected MDM and modulated their activation
program, which is correlated with ACE2 expression. 82 T cell
were also found activated. Our study reveals that the
macrophages respond to the infection but this one remains
stereotypical without specific response against SARS-CoV-
2 variants.

Materials and methods
Cell culture and infection

Vero E6 (African green monkey kidney, American Type
Culture Collection (ATCC® CRL-1586TM) cell line was cultured
using Minimum Essential Media (MEM, Life Technologies,
Carlsbad, CA, USA) supplemented with 10% or 4% fetal
bovine serum (FBS, Gibco, Life technologies) and 100 U/mL
penicillin and 50 pug/mL streptomycin (Life Technologies).

Blood samples (leucopacks) come from the French Blood
Establishment (Etablissement francais du sang, EFS) that carries
out donor inclusions, informed consent and sample collection.
Through a convention established between our laboratory and
the EFS (N°7828), buffy coats were obtained and peripheral
blood mononuclear cells (PBMC) were isolated as previously
described (28). Monocytes were purified from PBMC using anti-
CD14-conjugated magnetic beads (Miltenyi Biotec, Bergisch
Glabach, Germany) and cultured in Roswell Park Memorial
Institute-1640 medium (RPMI, Life Technologies) containing
10% FBS, 2 mM L-glutamine, 100 U/mL penicillin and 50 pg/mL
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streptomycin. Macrophages derived from monocytes (MDM)
were cultured in RPMI-1640 containing 10% inactivated human
AB-serum (MP Biomedicals, Solon, OH, USA), 2 mM
glutamine, 100 U/mL penicillin and 50 pug/mL streptomycin
for 3 days. Then, the medium was replaced by RPMI-1640
containing 10% FBS and 2 mM glutamine, and cells were
differentiated into macrophages for 4 additional days.

v2 T cells were expanded from fresh PBMCs as previously
described (29, 30). Briefly, PBMCs were cultured in RPMI-1640
medium supplemented with 10% FBS, interleukin-2 (IL-2, 200
UI/ml) and Zoledronic acid monohydrate (to a final
concentration of 1 puM). IL-2 was added every 2 days
beginning on day 5 for 12 days and the purity of the Y52 T
cells was assessed by flow cytometry analysis (>85%) and then
frozen at -80°C in 10% dimethyl sulfoxide (Sigma-Aldrich,
Saint-Quentin-Fallavier, France) and 90% FBS.

MDM and Vero E6 cells were infected with 20 ul virus
suspension at a multiplicity of infection (MOI) of 0.1 for 6, 24, 48
and 72 hours at 37°C in the presence of 5% CO2 and 95% air in a
humidified incubator.

SARS-CoV-2 variant production

SARS-CoV-2 strains, including Wuhan-SARS-CoV-2 (from
initial outbreak), o.-B.1.1.7 (United Kingdom), 3-B.1.351 (South
Africa), y-P.1 (Brazil), 8-B.1.617 (India) and B.1.1.529
(Omicron) was obtained after Vero E6 cells (ATCC® CRL-
1586""") infection in MEM supplemented with 4% FBS (31) and
virus titration using the median tissue culture infectious dose
(TCID50) method. All virus strains were stored at -80°C.

Viral RNA extraction and q-RTPCR

Viral RNA was extracted using NucleoSpin® Viral RNA
Isolation kit (Macherey-Nagel, Hoerdt, France). Virus detection
was performed using One-Step RT-PCR SuperScriptTM 111
Platinum '™ (Life Technologies). Thermal cycling was achieved
at 55°C for 10 minutes for reverse transcription, pursued by 95°C
for 3 minutes and then 45 cycles at 95°C for 15 seconds and 58°C
for 30 seconds using a LightCycler 480 Real-Time PCR system
(Roche, Rotkreuz, Switzerland). We investigated the N gene for
the detection of SARS-CoV-2 as previously described
(Table 1) (32).

TABLE 1 SARS-CoV-2 Nucleocapsid primers and probe.

Forward primer (5'-3')

N gene primers

N gene probe
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RNA isolation and q-RTPCR

Total RNA was extracted from MDM (1.10° cells/well) using
the RNA extraction Kit (ZYMO Research) with DNase I
treatment to eliminate DNA contaminants as previously
described (33). The extracted RNAs were evaluated using a
NanoDrop spectrophotometer (Nanodrop Technologies,
Wilmington, DE, USA). Reverse transcription of isolated RNA
was performed using a Moloney murine leukemia virus-reverse
transcriptase kit (Life Technologies) and oligo(dT) primers. Real
time q-PCR was performed using Smart SYBR Green fast Master
kit (Roche Diagnostics, Meylan, France) and specific primers
(Table 2). Results were normalized using the housekeeping
endogenous control ACTB gene and were expressed in fold
change: 274" with AACt = ACtipgected-ACtUninfected-

Cell viability

Cell viability was evaluated using the 3-[4,5-dimethylthiazol-
2-yl]-2,5 diphenyl tetrazolium bromide (MTT) assay. After a 24,
48 and 72 hours of SARS-CoV-2 stimulation, 10 ul of MTT (5
mg/ml, Sigma-Aldrich) were added to the cell cultures and
incubated at 37°C for 4 hours. The formed formazan crystals
were solubilized with 50 pl of dimethylsulphoxide (DMSO) for
30 minutes at 37°C and quantified using a Synergy MxF plate
reader at 540 nm (Biotek Instruments, Winooski, VT, USA).

Immunofluorescence

MDM and Vero E6 cells (5.10° cells/well) cultured into a 24-
well plate containing a glass coverslip were fixed with 4%
paraformaldehyde at 4°C for 20 minutes and then permeabilized
with 0.1% Triton X-100 in phosphate-buffered saline (PBS) for 3
minutes. Permeabilized cells were incubated with blocking buffer
(3% bovine serum albumin diluted in PBS) for 30 minutes and then
with primary SARS/SARS-CoV-2 Coronavirus Spike Protein
(subunit 1) (1:250, Life Technologies) and ACE2 (1:250, R&D
systems, Minneapolis, MN, USA) antibodies for 1 hour.
Coverslips were then washed three times with PBS and incubated
for 30 minutes at room temperature with secondary antibodies:
anti-rabbit Alexa Fluor 633 and anti-mouse Alexa Fluor 488
(1:1000, Invitrogen). Phalloidin-647 (1:250) and 4’,6-diamidino-2-
phenylindole (DAPI, 1:250) were also added to reveal F-actin and

Reverse primer (5-3')

TCTGGTTACTGCCAGTTGAATCTG

5 FAM-ACCCCGCATTACGTTTGGTGGACC 3’
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TABLE 2 List of primers used for q-RTPCR.

Gene Forward primer (5’-3')
ACTB GGAAATCGTGCGTGACATTA

TNF AGGAGAAGAGGCTGAGGAACAAG
ILI1B CAGCACCTCTCAAGCAGAAAAC
L6 CCAGGAGAAGATTCCAAAGATG
TGFB GACATCAAAAGATAACCACTC
IL10 GGGGGTTGAGGTATCAGAGGTAA
IFNB ACAACCTCCCAGGCACAAGGGCTGTATTT
NOS2 GACTTTCCAAGACACACTTCACC
ILIR2 CACTCAGGTCAGGGCATACTAA
MR CTTTCATCACCACACAATCCTC

nuclei, respectively. An LSM800 Airyscan confocal microscope
(Zeiss, Germany) with a 63x oil objective was used. Relative
ACE2 expression was quantified by fluorescence with ImageJ
software (National Institutes of Health, Bethesda, MD, USA).
Relative percentage of ACE2 fluorescence was reported to
DAPI fluorescence.

Immunoassays

Cytokine release was evaluated from supernatants of infected
MDMs at 24 and 48 hours post-infection. Tumor necrosis factor
TNF-a, interleukin IL-10, IL-1B (R&D Systems), and IL-6
(CliniSciences, Montrouge, France) were quantified according to
the manufacturer’s recommendations. The sensitivity was (pg/ml):
5.5 for TNF-0,, 3.9 for IL-10, 0.125 for IL-1P, and 15.4 for IL-6.

Flow cytometry

Cells (1.10° cells/well) were suspended in PBS containing 5%
FBS and 2mM EDTA (Sigma-Aldrich). Suspended cells were
incubated with viability dye (Live/Dead Near IR, Invitrogen),
CD14-FITC, anti-ACE-2-PE or appropriate isotype control
(Miltenyi) for 30 minutes at 4°C. Labelled cells were then
permeabilized using BD Cytofix/Cytoperm kit and stained
with CD68-PE-Cy7 (Miltenyi). Data were collected on a
Navios instrument (Beckman Coulter) and analyzed with
FlowJo software (FlowJo v10.6.2, Ashland, OR).

02 T cells activity

MDM were infected for 24 hours with the different
SARS-CoV-2 variants studied at an MOI of 0.1. The MDMs
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Reverse primer (5'-3')
AGGAGGAAGGCTGGAAGAG
GAGGGAGAGAAGCAACTACAGACC
GTTGGGCATTGGTGTAGACAAC
GGAAGGTTCAGGTTGTTTTCTG
TCTATGACAAGTTCAAGCAGA
GCTCCAAGAGAAAGGCATCTACA
TGATGGCAACCAGTTCCAGAAGGCTCAAG
CTATCTCCTTTGTTACCGCTTCC
AGGAGAAGAAGAGACACGGATG

ACCTCACAAGTATCCACACCATC

were then co-cultured with Y82 T cells at effector-to-target (E:T)
ratio of 1:1 in presence of GolgiStop (BD Biosciences) and
CD107(a+b)-FITC (BD Biosciences). Phorbol 12-myristate 13-
acetate (PMA, 20 ng/mL) with ionomycine (1 pg/mL) was used
as positive control for Y02 T cell activation. After 4 hours, cells
were harvested and stained with a viability marker (Live/Dead
Near IR), CD3-PE-Cy7 and TCRY/3-PE (Miltenyi Biotec).
Fixation/permeabilization kit (BD Biosciences) was used for
intracellular staining with TNFo-eFluor 450 and IFNY-APC
(eBioscience). Data were collected on a Navios instrument
(Beckman Coulter) and analyzed with FlowJo software
(FlowJo v10.6.2).

Statistical analysis

Statistical analysis was performed with GraphPad Prism (7.0,
La Jolla, CA), using the two-way ANOVA test. Transcriptional
data were analyzed using the ClustVis webtool. Significance was
set at p<0.05.

Results

Macrophage infection with
SARS-CoV-2 variants

We previously showed infection properties of MDM using
the Wuhan (china) strain (34). We then wondered if SARS-
CoV-2 variants exhibited a similar response in MDM. We
infected MDM with viruses at 0.1 MOI for 6, 24, 48 and 72
hours and we measured their infection rate with qRT-PCT. We
showed that MDM were infected with all variants (Figure 1).
Furthermore, the y-P.1 (Brazil) variant was more efficient
at infecting MDM than the other variants (Figure 1A),
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something that was not detected in infected Vero E6 cells
(Supplementary Figure 1A), the reference cell model for the
study of SARS-CoV-2 (35). In addition, we reported a significant
increase in viral load at 24, 48 and 72 hours post-infection
compared to the Wuhan (china), 6-B.1.617 (India) and B-
B.1.351 South African variants at 6 hours post-infection
(Figure 1A). In contrast, all SARS-CoV-2 variants led to a
strong increase in viral load in Vero E6 cells (Supplementary
Figure 1A). Thus, despite small variations, SARS-CoV-2 variants
did not efficiently replicate in MDM.

Then, we studied how can SARS-CoV-2 variants induce a
cytopathic effect as assessed by cell viability assay. No cytopathic
effect was observed in MDM infected by any of the SARS-CoV-2
variants (Figure 1B). In contrast, all SARS-CoV-2 variants
induced a cytopathic effect in Vero E6 cells, with a 70%
mortality at 72 hours post-infection (Supplementary Figure 1B).

Finally, we quantified SARS-CoV-2 viral load in MDM
supernatants to study viral replication. In contrast to Vero E6
cells (Supplementary Figure 1C), the viral load of all SARS-CoV-
2 variants did not change over time (Figure 1C). Taken together,
despite the higher infectivity of the y-Brazil variant, SARS-CoV-
2 variants shared the ability to infect MDM without replication.

Macrophage inflammatory response to
SARS-CoV-2 variants

Macrophages activation is usually classified in M1 category
(pro-inflammatory) and M2 category (anti-inflammatory). We
have previously shown that SARS-CoV-2 induces a specific
reprogramming of MDM towards an atypical M2 polarization
(34). Therefore, we wondered if infection with different SARS-
CoV-2 variants could affect the MDM polarization program. We
measured the expression of 6 M1-related genes (IL6, TNF, IL1B,
NOS2, IENB, ILIR2) and 3 M2-related genes (IL10, TGFB, MR)
by ¢-RTPCR in MDM infected with SARS-CoV-2 variants. First,
the hierarchical clustering showed two clusters of infected MDM
(36): Wuhan, a-B.1.1.7 (United Kingdom) and 8-B.1.617 (India)
(1) y-P.1 (Brazil), B-B.1.351 South Africa, and B.1.1.529
(Omicron) variants (Figure 2A). Interestingly, the principal
component analysis of gene expression showed that MDM
infected with the -B.1.351 (South Africa) variant formed a
distinct group from the other SARS-CoV-2 variants (Figure 2B).
The hierarchical clustering revealed a tendency of increased
expression of Ml-related genes i.e. TNF, ILIB and IL6 in
MDM infected with the B-B.1.351 (South Africa) variant
compared to the other SARS-CoV-2 variants (Figure 2A).
However, only the expression of ILIB gene was significantly
increased in MDM infected with the B-B.1.351 (South Africa)
variant compared to the other variants (p<0.0001) (Figure 2C).
On the other hand, for M2-related gene expression, a significant
increase in TGFB expression was found for the Wuhan SARS-
CoV-2 compared to the y-P.1 (Brazil) and B.1.1.529 Omicron
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variants (p<0.05). The expression of IL1I0 and MR was not
modulated upon infection with all variants (Figure 2D).

We then investigated the cytokine secretion induced by
SARS-CoV-2 variants at 24 hours (Figure 3A) and 48 hours
(Figure 3B) post-infection. The TNF production was
significantly increased at 24 hours post-infection in -B.1.351
(South Africa) infected-MDM compared to uninfected MDM
and Wuhan-infected MDM (p=0.0279) (Figure 3A). IL-13 over
production was also observed in (-B.1.351 (South Africa)
infected-MDM at 24h post-infection in comparison to the
other SARS-CoV-2 variants and uninfected MDM (all
p<0.0001) (Figure 3B), respectively. We noticed a significant
increase in IL-10 secretion in B.1.1.529 (Omicron) infected
MDM compared to infections with the 8-B.1.617 (India)
variants (p=0.0244). Overall, these results do not illustrate a
polarization of MDM. Nevertheless, unlike the other variants,
the B-B.1.351 (South Africa) variant induced macrophage
activation while the B.1.1.529 (Omicron) was rather inhibitory.

Modulation of ACE2 expression by
macrophages infected with
SARS-CoV-2 variants

It has been shown that ACE2 expression was higher on the
LPS-activated M1 macrophages compared to IL-4-treated M2
macrophages (37). Thus, we tested the activation profile in
stimulated MDM infected with SARS-CoV-2 variants in
relationship to ACE2 expression. We showed that ACE2 gene
expression was lower in uninfected or stimulated MDM
compared to unstimulated Vero E6 cells (p<0.0001). ACE2
gene expression was higher in MDM infected with the B-
B.1.351 (South Africa) variant and lower in MDM infected
with the 0.-B.1.1.7 (United Kingdom) and B.1.1.529 (Omicron)
variants (Figure 4A). The ACE2 protein expression was
quantified by flow cytometry and immunofluorescence in
infected MDM. We reported that the ACE2 protein expression
was higher in MDM infected with the B-B.1.351 (South Africa)
variant compared to the other variants (B.1.1.529 (Omicron),
p=0.0002) and uninfected cells (p=0.0002). In contrast, MDM
infected with the B.1.1.529 (Omicron) presented the lowest
levels of ACE2 expression (o-B.1.1.7 (United Kingdom),
P=0.0472 and y-P.1 (Brazil) variants, p=0.0355) (Figure 4B).
This high ACE2 expression for the South Africa variant was also
found by immunofluorescence analysis. Indeed, an increase of
ACE2 expression was observed in MDM infected with the -
B.1.351 (South Africa) variant compared to the other variants (y-
P.1 (Brazil), p<0.05) and uninfected cells (p<0.05) (Figure 4C).

Taken together, the results showed that SARS-CoV-2
variants modulate ACE2 expression in MDM. In particular,
the B-B.1.351 (South Africa) variant induced a higher expression
of ACE2, in relationship to MDM activation.
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Hours

MDM infection with SARS-CoV-2 variants. MDM were infected with SARS-CoV-2 variants including Wuhan (China), a-B.1.1.7 (United Kingdom,
UK), B-B.1.351 (South Africa, SA), y-P.1 (Brazil), 6-B.1.617 (India) and B.1.1.529 (Omicron) (0.1 MOI) for 6, 24, 48 and 72 hours. (A) SARS-CoV-2
was quantified in cells as Ct values by RT-PCR. (B) Cell viability was tested at 24, 48 and 72 hours post-infection. (C) SARS-CoV-2 replication
was quantified by RT-PCR in cell supernatants and expressed as Ct values. Data values represent the mean + SD from 4 healthy donors whose
experiments were carried out in triplicate. Statistical analysis was performed with two-way ANOVA and Tukey's multiple comparison test. *p <

0.05, **p <0.01 and ***p < 0.001.

Macrophages infected with SARS-CoV-2
variants induce a different activation
of ¥02 T cells

We then tested if MDM infected with SARS-CoV-2 variants
affected differently the activation of other immune cells playing an
important role in COVID-19. For this purpose, we co-cultured
SARS-CoV-2 variants infected-MDM with autologous Y62 T
lymphocytes, which play a role during SARS-CoV-2 infection
(25, 27). 82 T lymphocytes kill infected cells by direct
cytotoxicity through the secretion of cytolytic molecules (perforin
and granzymes) and by a cell-mediated non-cytolytic activity based
on cytokine production (IFN-y and TNF-o secretion) (38).
Therefore, we assessed Y02 T cell degranulation (% CD107ab"
cells) by flow cytometry (Figure 5). We showed that MDM infected
with the y-P.1 (Brazil) and B-B.1.351 (South Africa) variants

Frontiers in Immunology

98

induced a higher degranulation of ¥52 T cells than unstimulated
MDM (p=0.0108 and p=0.0071, respectively) (Figure 5).

Since Y02 T cells exert their antiviral activity in a cytokine-
dependent manner, we analyzed their TNF-o and IFN-y production
by flow cytometry. Infection of MDM with the y-P.1 (Brazil) and -
B.1.351 (South Africa) variants resulted in highest TNF-o. secretion
by v62 T cells (p=0.0324 and p=0.0101, respectively).

In summary, all variants were able to activate y32 cells. y-P.1
(Brazil) and B-B.1.351 (South Africa) variants were the
most efficient.

Discussion

In this study, we analyzed how SARS-CoV-2 variants
differently infect human macrophages and modulate their
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function. We compared SARS-CoV-2 variant infection using
two cell models, Vero E6, African green monkey kidney cell line,
which is widely used for SARS-CoV-2 isolation and virus
production, as a positive control (39, 40) and MDM, a model
of tissue macrophage of hematopoietic origin (41). Firstly, we
showed that Vero E6 were more infectable than macrophages,
likely related to abundant expression of ACE2 by Vero E6 cells.
This was in accordance with previous study in which Vero E6
are more permissive for SARS-CoV-2 infection than primary
cells (42). Secondly, we reported that all SARS-CoV-2 variants
were able to infect macrophages, the y-P.1 (Brazil) variant being
most efficient as compared to the other variants. In contrast, we
did not find any difference in infectibility among the SARS-CoV-
2 variants in Vero E6 cells. This may indicate that internalization
of viruses cannot be a means to predict the severity of
the disease.

The interaction of viruses like SARS-CoV-2 with
macrophages induces their activation, which may lead to tissue
damage and severe disease via the production of inflammatory
and toxic mediators (9). As we previously demonstrated,
macrophage activation can be stratified into M1 and M2 states
using a combination of markers (11, 43, 44). It was recently
reported that polarized M1 and M2 macrophages presented an
inhibitory effects on SARS-CoV-2 infection (45). More
interestingly the authors showed that, in contrast to M2
macrophages, M1 and un-activated M0 macrophages up-
regulated inflammatory factors. Here, we wondered whether
infection with the different variants could lead to a distinct
immune response in macrophages and contribute to the
observed clinical differences. Our results show that infection
led to the expression of genes associated with either M1 or M2

Frontiers in Immunology

100

profile, suggesting that SARS-CoV-2 does not induce a clear
macrophage polarization. This is consistent with a previous
study, where we showed that the o-SARS-CoV-2 (Wuhan)
variant induced an early M1/M2 followed by a late M2
program in macrophages (16). More specifically, macrophages
infected with the B-B.1.351 (South Africa) variant showed a
transcriptional program characterized by the up-regulation of
M1-type genes validated by an increased secretion of TNF and
IL-1PB. Although the number of modulated macrophage markers
was small, it seems that the 3-B.1.351 (South Africa) variant was
more efficient than the other variants to reprogram macrophages
toward an M1 profile. In contrast, the Omicron variant seems to
be less able to polarize macrophages toward an M1 profile via its
ability to induce IL-10 secretion. These finding highlight the
concept of targeting macrophage in COVID-19 as a current and
future therapeutic strategy as it was reported that blocking
macrophage pro-inflammatory molecules such as the
treatment by IL-10/ inhibitor anakinra provided encouraging
perspectives (46).

The viral load in SARS-CoV-2 infected macrophages
remained unchanged during the time of the culture. This was
emphasized by the lack of cytopathic effects in response to all
variants. This shows that infection with all SARS-CoV-2 variants
in macrophages presents no replication although a discrete
increased viral load was observed with o-SARS-CoV-2
(Wuhan), 8-B.1.617 (India) and [B-B.1.351 (South Africa)
variants. This is reminiscent of previous studies showing that
SARS-CoV-2 efficiently infects human macrophages without
replication (17, 47, 48), similar to SARS-CoV-1 (16, 49-51)
suggesting a protective role for macrophage during SARS-CoV
infection at it was recently reported in humanized mice model
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ACE2 expression by MDM infected with SARS-CoV-2 variants. MDMs were infected with SARS-CoV-2 variants including Wuhan (China), a-B.1.1.7
(United Kingdom, UK), B-B.1.351 (South Africa, SA), y-P.1 (Brazil), -B.1.617 (India) and B.1.1.529 (Omicron) (0.1 MOI). (A) Relative quantity of ACE2
gene was evaluated by q-RTPCR at 6 hours post-infection after normalization with housekeeping ACTB gene as endogenous control. Data values
represent the mean + SD from 4 healthy donors, and the experiments on unstimulated Vero E6 cells were performed in triplicate. (B) ACE2
protein expression was quantified by flow cytometry in MDMs at 24 hours post-infection and expressed as mean fluorescence intensity (MFI)
values. (C) ACE2 was evaluated by immunofluorescence in MDMs at 24 hours post-infection. ACE2 was identified in red, SARS-CoV-2 in green,
F-actin in purple and DAPI. Relative ACE2 expression was quantified by fluorescence with Imaged software. Statistical analysis was performed with
two-way ANOVA and Tukey's multiple comparison test. *p < 0.05, ***p < 0.001 and ****p < 0.0001

(52). It is likely that variations in macrophage response to SARS-
CoV-2 variants may be a consequence of changes in ACE2
expression. Several recent studies reported a link between
macrophage polarization and ACE2 expression (37, 45, 53).
Indeed, ACE2 expression has been shown to be higher in LPS-
activated M1 macrophages than in IL-4-treated M2
macrophages (37). The inhibition of viral entry using ACE2
blocking antibody enhances the activity of M2 iPSC-derived
macrophages (45). Therefore, we investigated the ACE2
expression in macrophages infected with the different variants.
It is noteworthy that the expression of ACE2 by macrophages
was markedly lower than that of Vero E6 cells. Interestingly,
among the response to different variants of concern, 3-B.1.351
(South Africa) infected macrophages expressed higher levels of
ACE2 at the cell surface than uninfected macrophages or
B.1.1.529 (Omicron) infected macrophages. These results
suggest that elevated levels of pro-inflammatory cytokines
increase ACE2 expression in an autocrine manner, facilitating
cell infectivity. In the case of the B-B.1.351 (South Africa)
variant, the M1 profile may induce a higher ACE2 expression,
and explains the increased infectivity of macrophages during the
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infection kinetics. In contrast, IL-10 overproduced in response to
B.1.1.529 (Omicron) may decrease ACE2 expression and limit
virus-mediated inflammatory response.

Finally, macrophages infected with the variants displayed a
different effect on Y82 T cells whose antiviral properties are
promoted by macrophages (54, 55). We recently reported that
activated y82 T cells elicit in vitro strong cytotoxic and non-
cytolytic anti-SARS-CoV-2 activities in response to the Wuhan
strain (27). Using an in vitro co-culture model, we studied SARS-
CoV-2 variant-infected macrophage impact on the activation of
v82 T cells in response to each variant of concern. We revealed
that infection of MDM with the y-P.1 (Brazil) and B-B.1.351
(South Africa) variants resulted in higher y82 T cell activation.

Our results suggest that the -B.1.351 (South Africa) variant
possesses molecular characteristics that account for its specific
impact on macrophages. B-B.1.351 (South Africa) variant is
known to be less sensitive to neutralizing antibodies (56) and
to exhibit increased affinity for ACE2 compared with Wuhan
receptor binding domain (RBD). This latter is the result of the
triple mutation K417N, E484R, and N501Y that is characteristic
of the B-B.1.351 (South Africa) RBD. Therefore, antibodies of
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02 T cell activation. MDM previously infected 24 hours with SARS-CoV-2 variants including Wuhan (China), a-B.1.1.7 (United Kingdom, UK), B-
B.1.351 (South Africa, SA), y-P.1 (Brazil), 8-B.1.617 (India) and B.1.1.529 (Omicron) (0.1 MOI) were co-cultured with autologous y82 T cells (E:T
ratio of 1:1). y82 T cell degranulation (% CD107ab" cells) and intracellular TNFo. and IFNy, respectively, were assessed after 4 hours of co-culture
in the presence of GolgiStop and analyzed by flow cytometry. Manual gating to identify 82 T cell population (CD3" TCRV82*). The percentage
of CD107%, IFNy" and TNFo* cells, were then gated in the y32 cell population (CD3* TCRV82"). Data values represent the mean + SD from 3
healthy donors. Statistical analysis was performed with one-way ANOVA and Tukey's multiple comparison test. *p < 0.05 and **p <0.01.

lower affinity will struggle to compete with ACE2 receptor (57).
These facts may explain why we observed an upregulation in
ACE2 expression in macrophages infected with the -B.1.351
(South Africa) variant, suggesting that escaping from
neutralizing antibodies may enhance the activation of
macrophages and innate immunity in an ACE2 receptor-
dependent manner.

We have previously reported the importance of several
models to investigate SARS-CoV-2 infection in vitro and in
vivo (24). Vero E6 cell line constitutes a reference model in the
study of SARS-CoV-2 infection due to an abundant expression
of ACE2 receptor on their membrane (58, 59). Nevertheless,
Vero E6 presents several disadvantages, such as low expression
of IEN genes (60, 61) and the absence of TMPRSS2, an essential
protein for SARS-CoV-2 viral entry (58). In the absence of
TMPRSS2, SARS-CoV-2 may be proteolytically activated
following receptor-mediated endocytosis by cathepsin B/L (58,
62). To investigate the role of macrophage in SARS-CoV-2
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infection we used the MDM model that it was previously
reported to express both ACE2 and TMPRSS2 proteins (37,
63) constituting a more relevant model to the actual disease
in humans.

In conclusion, SARS-CoV-2 variants modulate both
macrophage activation program including 82 T cells and
ACE2 expression. Among the variants of concern, the [3-
B.1.351 (South Africa) variant is highlighted thanks to its
efficacy to induce an M1-related program, Y02 T cell activation
and ACE2 overexpression. The characteristics of -B.1.351
(South Africa) mutations may explain this specific effect on
macrophages although the molecular impact of these mutations
has still to be clearly deciphered. On the other hand, the
Omicron variant is the only one able to stimulate IL-10,
known for its immunoregulatory properties, which may
account for its decreased pathogenicity. This study
demonstrates that the diversity of SARS-CoV-2 has an impact
on macrophages and this must be taken into account to
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understand the immunopathology of COVID-19 and the
treatment of patients with new therapies such as cytokine
antagonists or antibody targeting virus receptors.
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Introduction: In response to viral infection, neutrophils release inflammatory
mediators as part of the innate immune response, contributing to pathogen
clearance through virus internalization and killing. Pre- existing co-morbidities
correlating to incidence to severe COVID-19 are associated with chronic airway
neutrophilia. Furthermore, examination of COVID-19 explanted lung tissue revealed
a series of epithelial pathologies associated with the infiltration and activation of
neutrophils, indicating neutrophil activity in response to SARS-CoV-2 infection.

Methods: To determine the impact of neutrophil-epithelial interactions on the
infectivity and inflammatory responses to SARS-CoV-2 infection, we developed a
co-culture model of airway neutrophilia. This model was infected with live SARS-
CoV-2 virus the epithelial response to infection was evaluated.

Results: SARS-CoV-2 infection of airway epithelium alone does not result in a
notable pro-inflammatory response from the epithelium. The addition of neutrophils
induces the release of proinflammatory cytokines and stimulates a significantly
augmented proinflammatory response subsequent SARS-CoV-2 infection. The
resulting inflammatory responses are polarized with differential release from the
apical and basolateral side of the epithelium. Additionally, the integrity of
the \epithelial barrier is impaired with notable epithelial damage and infection of
basal stem cells.

Conclusions: This study reveals a key role for neutrophil-epithelial interactions in
determining inflammation and infectivity.

KEYWORDS

airway epithelium, cell-cell interactions, cytokines, inflammation, neutrophils, viral
infection, COVID-19
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Introduction

Novel coronavirus infectious disease 2019, COVID-19, is
caused by the severe acute respiratory distress syndrome related
coronavirus 2, SARS-CoV-2 (1, 2). While COVID-19 is associated
with high hospitalization and mortality rates, a substantial
proportion of the population is asymptomatic or only experiences
mild symptoms. In response to viral infection neutrophils are the
first and predominant immune cells recruited to the respiratory
tract (3). Neutrophils release inflammatory mediators as part of the
innate immune response and contribute to pathogen clearance
through virus internalization and killing (4). While the protective
versus pathological role of neutrophils in the airways during viral
response is poorly understood, it has been shown that the number
of neutrophils in the lower respiratory tract correlates to COVID-19
disease severity (5-7). Infiltration of neutrophils is also
characteristic of other lung diseases associated with chronic
infection and inflammation, such as asthma, chronic obstructive
pulmonary disease (COPD) and cystic fibrosis (CF). All these
respiratory diseases have been associated with an increased risk of
developing severe COVID-19 (8). Evaluating the relationship
between SARS-CoV-2 infection and pre-existing airway
neutrophilia may provide critical insight into how host and viral
factors contribute to disease severity.

Neutrophils have an inherent capacity to recognize infectious
agents, in addition to acting as sites of infection and, in both cases,
result in an acute inflammatory response (9). Understanding the
precise nature of the inflammatory response and the
pathophysiological consequences, could identify pathways for
therapeutic intervention based on early detection of a prognostic
signature for COVID-19 outcomes. An uncontrolled, hyper-
inflammatory response, known as a “cytokine storm” can result
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from a massive influx of innate leukocytes, inclusive of neutrophils
and monocytes (10), and has been heavily implicated in patients
with severe COVID-19 (11, 12). Cytokine storm and presence of
pro-inflammatory mediators can be a predictor of disease severity
and often leads to acute respiratory distress syndrome (ARDS), and
eventually respiratory failure (13). Retrospective studies have also
demonstrated that elevated levels of interleukin-6 (IL-6) are a
strong predictor of mortality over resolution (14), and tumor
necrosis factor alpha (TNFo) is increased in severe compared to
moderate cases (15).

Despite their importance in anti-viral immunity and response
to viral pathogens, neutrophils have been somewhat overlooked for
their role in the pathogenesis of SARS-CoV-2 infection (16-18). It
has been shown that the number of neutrophils in the lower
respiratory tract correlates to disease severity in other viral
infections, including influenza A infection (19) and, more
recently, to also be a feature of COVID-19 pathology (18). Several
studies have highlighted the importance of neutrophils in the
response to SARS-CoV-2 infection (17, 18, 20, 21) and clinically
neutrophil-lymphocyte ratios (NLR) are becoming an important
hallmark of severe COVID-19 (22). Furthermore, the expression of
angiotensin converting enzyme 2 (ACE2) on neutrophils has also
been demonstrated (23-25). These studies, however, have primarily
focused on the recruitment of neutrophils post-infection and the
production of neutrophil extracellular traps and lack insights into
the infection of airways with pre-existing neutrophilia and other
neutrophil functional responses such as inflammatory cytokine
production and viral internalization.

In this study, the relationship between SARS-CoV-2 infection
and pre-existing airway neutrophilia in differentiated airway
epithelium was evaluated through the adaption of a co-culture
infection model previously used to study viral infections in vitro
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(26). Primary neutrophils were isolated from peripheral blood and
co-cultured with differentiated primary tracheo-bronchial airway
epithelium prior to infection with live SARS-CoV-2 virus for 4
hours to characterize the earliest stages of infection. Changes in the
inflammatory profile and epithelial response were comprehensively
evaluated to determine the impact of pre-existing neutrophilia on
SARS-CoV-2 infection of the airway epithelium.

Materials and methods

Isolation of neutrophils from
peripheral blood

Neutrophils were isolated from fresh human peripheral blood
with patient consent and approval of the Institutional Review Board
(IRB) of the University of Southern California (USC), protocol #HS-
20-00546. CD15-expressing neutrophils were isolated using the
EasySepTM direct neutrophil isolation kit (Stem Cell Technologies,
Seattle, WA) within 1 hour of the blood draw as per the
manufacturer’s instructions. Briefly, 5 ml of peripheral blood was
collected into 10 ml EDTA vacutainers (Becton Dickinson, Franklin
Lakes, NJ). From this, 3 ml was diluted 1:1 with PBS (Thermo Fisher
Scientific, Waltham, MA) and kept on ice for purity analysis by flow
cytometry. The remaining 2 ml was transferred to a 5 ml polystyrene
round bottomed tube (Genesee Scientific, San Diego, CA) and gently
combined with 100 ul of isolation cocktail and 100 ul of
RapidSpheresTM (Stem Cell Technologies). After incubation at
room temperature for 5 mins, 1.8 ml of 1 mM EDTA was added,
gently mixed, and placed into the EasySepTM Magnet (Stem Cell
Technologies) for 5 mins. The enriched cell suspension was placed
into the EasySepTM Magnet for an additional 5 mins and decanted
into a fresh tube. Approximately 4.25 x 10° cells were isolated from
5 ml of peripheral blood.

Flow activated cell sorting

To validate the purity of neutrophils isolated from peripheral
blood; 1x10” CD15" freshly isolated human neutrophils were
resuspended in 100 ul FACS buffer (PBS, 0.5mM EDTA, 1% FBS,
0.1% BSA) and fresh whole human blood diluted 1:5 in FACS buffer
and supplemented with 5 ul of human TruStain Fc receptor blocker
(Biolegend, San Diego, CA) for 5 mins on ice. Cells were then
incubated with anti-human CD15 PE (Biolegend) for 1 hour prior
to FACS analysis. Cells were analyzed on the SORP FACS
Symphony cell sorter (BD Biosciences) in the Flow Cytometry
Facility at USC using FACS Diva software and all analyses was
carried out in Flow Jo V10.8.0 (BD Biosciences).

Air-liquid interface differentiation of
airway epithelium

Primary human airway basal epithelial cells (HBECs) were
isolated from explant human lung tissue as previously described
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(27) and with approval of IRB at USC (protocol #HS-18-00273). For
this study, HBEC donors were randomly paired with blood
neutrophil donors (detailed in supplemental table S1&2). HBECs
were expanded for 1 to 4 passages in airway epithelial cell growth
media (AEGM, Promocell, Heidelberg, DE) and transitioned to
Pneumacult Ex+ (Stem Cell Technologies) for 1 passage, prior to
growth on Transwells. Cells were routinely passaged at 80%
confluence using Accutase " (Stem Cell Technologies) and seeded
at 5 x 10* cells per 6.5 mm polyethylene (PET) insert with 0.4 um
pores (Corning, Corning, NY). Media was changed every 24-48
hours and transepithelial electrical resistance (TEER) was
monitored every 24-48 hours using an EVOM3 epithelial volt-
ohm meter (World Precision Instruments, Sarasota, FL). At
resistances > 450Q Acm?, cells were air lifted by removing the
apical media and washing the apical surface with phosphate
buffered saine (PBS, Sigma-Aldrich, St Louis, MO). The
basolateral media was replaced with Pneumacult ALI media
(Stem Cell Technologies) and changed every 2 to 3 days for up to
40 days.

SARS-CoV-2 culture

Vero E6 cells overexpressing ACE2 (VeroE6-hACE2) were
obtained from Dr. Jae Jung and maintained in DMEM high
glucose (Thermo Fisher Scientific), supplemented with 10% FBS
(Thermo Fisher Scientific, Waltham, MA), 2.5 ug/ml puromycin
(Thermo Fisher Scientific) at 37°C, 5% CO, in a humidified
atmosphere in the Hastings Foundation and The Wright
Foundation Laboratories BSL3 facility at USC. SARS-CoV-2 virus
(BEI resources, Manassas, VA) was cultured and passaged 4 times
in VeroE6-hACE2 cells and harvested every 48 hours post-
inoculation. Plaque forming units (PFU) were determined using a
plaque assay by infecting a monolayer of VeroE6-hACE2 cells with
serial dilutions of virus stocks and layering semi-solid agar. Plaques
were counted at day 3 post infection to determine PFU. Virus stocks
were stored at -80°C.

SARS-CoV-2 infection

Differentiated airway epithelium at ALI was cultured with
addition of 50 pl of PBS to the apical surface and incubated at
37°C, 5% CO, in a humidified atmosphere. After 10 minutes PBS
was removed to eliminate the mucus build-up on the apical surface.
The basolateral culture media was removed and replaced with 400
ul of assay media (Bronchial Epithelial Growth Media (BEGM),
Lonza, Walkersville, MA), without the addition of bovine pituitary
extract, hydrocortisone & GA-1000, for 1 hour prior to the addition
of neutrophils. Freshly isolated neutrophils were diluted to 5 x10°
cells/ml in Hank’s Balanced Salt Solution (with Mg2" and Ca2")
(Thermo Fisher Scientific) and 20 pl of this suspension was seeded
onto the apical surface of the ALI cultures. Monocultures of airway
epithelium and neutrophils were used as controls. The neutrophil-
epithelial co-cultures were incubated for 1 hour during which they
were transferred to the BSL3 facility for infection. Co-cultures were
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infected with 1x10* PFU of SARS-CoV-2 in 100 ul of OptiMEM
(Thermo Fisher Scientific) added to the apical surface to a final MOI
of 0.1 relative to neutrophils. Infected cell cultures were incubated
for 4 hours at 37°C, 5% CO, in a humidified atmosphere. After
infection, 50l of apical and 400ul basolateral supernatants were
collected, and SARS-CoV-2 was inactivated with a 10x solution of
Triton-X (Sigma-Aldrich) in PBS for 1 hour to a final concentration
of 1% Triton-X. Culture supernatants were stored at -20°C
until required.

For neutrophil monocultures, freshly isolated CD15+
neutrophils were seeded into black walled 96 well plates (Thermo
Fisher Scientific) at 2x10* cells per well in 50ul Hank’s Balanced Salt
Solution (with Mg2" and Ca2") with or without 50 ng/ml IFNy
(Peprotech, Cranbury, NJ) for 1 hour. These plates were transferred
to the BSL3 facility for infection. Neutrophil monocultures were
infected 2 x10° PFU in 50 pl of OptiMEM of SARS-CoV-2 to a final
MOI of 0.1. After 4 hours of infection 90ul of cell culture
supernatants were collected, and SARS-CoV-2 inactivated with
10x Triton-X solution in PBS for 1 hour to a final concentration
of 1% Triton-X. Culture supernatants were stored at -20°C
until required.

Validation of virus inactivation

SARS-CoV-2 virus was inactivated by addition of 10% Triton-X
to supernatants to generate a final concentration of Triton-X of 1%
and incubating at room temperature for 1 hour. PFU was quantified
using a plaque forming assay with ACE2 over-expressing Vero E6
cells (VeroE6-hACE2). Serial dilutions of SARS-CoV-2 virus were
performed from a stock concentration of 1x10° PFU/ml and
inactivated with 1% Triton-X at room temperature for 1 hour and
used to infect Vero E6 cells for a total of 4 days. Cells were
monitored routinely for cytopathic effects using the Revolve
microscope (Echo Laboratories, San Diego, CA).

RNA isolation and qRT-PCR

RNA was collected in 100 pl of Trizol (Thermo Fisher Scientific)
per insert and incubated for 15 mins at room temperature. Cell
isolates were gently mixed by pipetting up and down. An additional
900 pl of Trizol was added and cell isolates were collected and stored
at -80°C until required. Cellular RNA was isolated by either phenol/
chloroform extraction or using the Direct-zol RNA Microprep kit
(Zymo Research, Irvine, CA). RT-qPCR was performed in 384 well
plates on an Applied Biosystems 7900HT Fast Real-Time PCR
system using the QuantiTect Virus Kit (Qiagen, Redwood City, CA)
and SARS-CoV-CDC RUO primers and probes (Integrated DNA
Technologies (IDT), Coralville, IA). Briefly, each 5 pl reaction
contained 1 ul 5x QuantiTect Virus Master Mix, 500 nM forward
primer, 500 nM Reverse Primer, 125 nM Probe, 10 ng DNA, 0.05 pl
QuantiTect Virus RT Mix, and DNAse/RNAse-free water up to a
final volume of 5 pl. Calibration curves for RNAseP primers/probe

Frontiers in Immunology

10.3389/fimmu.2023.1112870

was performed with 10-fold dilutions of RNA from uninfected
Calu3 cells (ATCC, Manassas, VA) from 100 ng to 0.01 ng per
reaction. Calibration curves for N1 primers were performed on 5 ng
of RNA from uninfected Calu3 cells per reaction spiked with 10-
fold dilutions from 50 ng to 0.005 ng of RNA from Calu3 cells
collected 48 hours post infection. Relative gene expression was
calculated using the Pfaffl method (28).

Immunohisto-/cyto-chemistry

Primary human lung tissue from post-mortem or surgical
resection donors (detailed in supplemental table S3) was fixed in
10% neutral buffered Formalin (Thermo Fisher Scientific). The
tissue was then dehydrated in 70% ethanol (Thermo Fisher
Scientific) prior to embedding in paraffin blocks for sectioning.
Tissue sections were mounted on positively charged slides (VWR,
Visalia, CA) and tissue was rehydrated through sequentially
decreasing concentrations of ethanol (100% - 70%) and finally
water. Slides were stained sequentially with Hematoxylin and
then Eosin and imaged on the Olympus microscope IX83
(Olympus, Waltham, MA). Alternatively, tissue slides were
incubated overnight at 60°C in Tris-based antigen unmasking
solution (Vector Laboratories, Burlingame, CA) before
permeabilization in 3% BSA, 0.3% Triton-X 100 in PBS for 1
hour and blocking in 5% normal donkey serum (Jackson
ImmumoResearch, West Grove, PA) for 1 hour at room
temperature. In vitro co-cultures were fixed in 4% PFA (Thermo
Fisher Scientific) for 1 hour at room temperature and stored in PBS
at 4°C to be used for immunohisto/cytochemistry. Co-cultures were
then permeabilized and blocked in 3% BSA, 0.3% Triton-X 100 in
PBS for 1 hour and blocking in 5% normal donkey serum (Jackson
ImmumoResearch, #017-000-121) for 1 hour at room temperature.
Tissue sections and in vitro cultures were subsequently stained with
the antibodies or RNAScope probes listed in supplemental table S4.
Slides were mounted in Fluoromount-G (Thermo Fisher Scientific)
and imaged on a DMi8 fluorescent microscope (Leica, Buffalo
Grove, IL) or a Zeiss LSM 800 confocal microscope (Zeiss,
Dublin, CA).

Image analysis

5 random 20x regions were imaged for each ALI section. Sections
were prepared from each of the conditions for three random donor
pairings. Images were blinded, randomized and analyzed by an
independent investigator. Cell frequency was determined by nuclei
staining for total cells and KRT5+ staining for basal cells. Infected
cells were quantified through positive SARS-CoV-2 staining within
an individual cell. Signal thresholds were determined using unstained,
uninfected and secondary only control-stained slides. For cell layer
thicknesses, 10 random regions from each image were used to
measure the thickness in um. All images were analyzed with Image
J 1.53t (Fiji, Bethesda, MD)
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Trans epithelial electrical resistance

Pre-warmed assay media (200 pl) was added to the apical
surface of the cultures and trans epithelial electrical resistance
(TEER) was measured using an EVOM-3 meter (World
Precision Instruments).

Meso scale discovery cytokine assay

50 ul of cell culture supernatants were analyzed for cytokines
using the Meso Scale Discovery (MSD) Proinflammatory panel 1,
Human kit, Lot:K0081459 & K0081080 (Meso Scale Diagnostics,
Rockville, MD) as per the manufacturer’s instructions. Briefly, 1:5
dilutions of cell supernatant samples were diluted in PBS containing
1% Triton-X. Samples were added to the MSD plate along with a 7-
point 4-fold serial dilution (concentrations related to certificate of
analysis for each individual standard) of protein standards diluted
in PBS with 1% Triton-X. The MSD plate was sealed, and samples
incubated at room temperature for 2 hours on a plate shaker
(ThermoFisher Scientific) at 700RPM. The plate was washed 3x
in wash buffer and 25 pl of secondary antibody was added to each
well. Plates were sealed and incubated at room temperature on a
plate shaker at 700RPM for a further 2 hours in the dark. Plates
were washed 3x with wash buffer and 50 pl of 2x read buffer (MSD
R92TC) was added to each well. The plates were read on the MESO
Sector S 600 (Meso Scale Diagnostics), and concentrations
determined against the standard curves.

Meso scale discovery SARS-CoV-2
spike protein assay

25 pl of cell culture supernatants were analyzed for cytokines
using the MSD S-plex SARS-CoV-2 Spike Kit Lot: Z00S0021 as per
the manufacturer’s instructions. Briefly, plates were washed 3x in
wash bufter (PBS 0.05% Tween-20) and coated with 50 pl of coating
solution (1:40 dilution of Biotin SARS-CoV-2 spike antibody; 1:200
dilution of S-PLEX Coating reagent C1 in Diluent 100) and
incubated at room temperature on a plate shaker at 700RPM for
1 hour. Plates were then washed 3x in wash buffer and blocked in 25
ul blocking solution (1:100 dilution of Blocker s1 in Diluent 61) per
well. Samples were added to the MSD plate along with a 7-point 4-
fold serial dilution (concentrations related to certificate of analysis
for each individual standard) of protein standards diluted in PBS
with 1% Triton-X. Plates were incubated at room temperature on a
plate shaker at 700RPM for 1.5 hours. Plates were washed 3x in
wash buffer and 50 ul per well of TURBO-BOOST antibody (1:200
dilution of TURBO-BOOST SARS-CoV-2 Spike antibody in
Diluent 59) was added to each well and plates were incubated at
room temperature on a plate shaker at 700RPM for 1 hour. Plates
were washed 3x in wash buffer and 50 pl per well of Enhance
Solution (1:4 dilution of S-plex Enhance E1 1:4 dilution of S-plex
Enhance E2 and 1:200 dilution of S-plex Enhance E3 in molecular
biology grade water) was added. Plates were incubated at room
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temperature on a plate shaker at 700RPM for 30 mins. Plates were
washed 3x in wash buffer and 50 pl of Detection solution (1:4
dilution of S-plex Detect D1 and 1:200 dilution of S-plex detect D2
in molecular biology grade water) was added to each well. Plates
were incubated at 37°C on a plate shaker at 700RPM for 1 hour.
Plates were washed 3x in wash buffer and 150 pl on MSD GOLD
Read Buffer B was added to each well. Plates were read immediately
on an MSD 1300 MESO QuickPlex SQ 120 plate reader (Meso Scale
Diagnostics) and concentrations determined against the
standard curve.

Viral internalization assay

CD15+ neutrophils were seeded at 20,000 cells per well in in
HBSS with or without 15 uM Cytochalasin D (Sigma Aldrich) black
walled 96 well plates (Thermo Fisher Scientific) for 1 hour to allow
for attachment. Cells were then infected with SARS-CoV-2 at 2
MOI (80 pl at 5x10A5 PFU/ml) for 4 hours. Cells were then washed
2 x with PBS and fixed in 4% PFA. Cells were stained for SARS-
CoV-2 RNA via RNAScope and DAPI as per the manufacturer’s
instructions. Whole wells were supplemented with 50 pl of PBS post
staining and well were scanned on the DMi8 fluorescent microscope
(Leica, Buffalo Grove, IL). Total cell number was determined by
total frequency of DAPI particles and infected cells determined by
SARS-CoV-2 particle signal in proximity to DAPIL Images were
analyzed with Image]J software 1.52n (National Institute of Health,
Bethesda, MD).

Data analysis and statistics

All data are presented as mean + S.E.M. Statistical analysis is
dependent upon the data set and is specifically indicated in each
figure. For comparisons of 2 groups. a two-tailed unpaired Student’s
T-test was used. For more than 2 groups, an analysis of variance
(ANOVA) was used with a post hoc Tukey test. Significance is
determined to be p<0.05. All data represents a minimum of three
independent biological replicates (N=3), each with 3 experimental
replicates (n=3). Data was presented and analyzed using Graph Pad
prism v8.4.3 (GraphPad, San Diego, CA).

All Key reagents for this study are detailed in supplemental
table S5.

Results

In vitro models of neutrophilic airways
have significant, polarized inflammatory
responses to SARS-CoV-2 infection

Given the prevalence of neutrophilia in the airways of patients
with chronic airway disease (29) and its association with other
SARS-CoV-2 co-morbidities, such as hypertension (30, 31), the
impact of chronic neutrophilic airway inflammation in the initial
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stages of SARS-CoV-2 infection was evaluated. We adapted a
neutrophilic airway in vitro model, previously described by Deng
and colleagues (26), co-culturing CD15" peripheral blood
polymorphonuclear leukocytes (PMNs) with primary HBECs
differentiated at the ALI and infected these cultures with live
SARS-CoV-2 virus for 4 hours, shown in the schematic in
Figure 1A. This 4-hour time point allows for profiling of the
initial stages of infection and acute phase cellular viral response,
i.e., neutrophil degranulation. The short time frame for analysis was
chosen to eliminate significant viral replication and thus anticipate
any detectible intracellular viral load is because of the initial
infection (32). It also allows for optimal investigation into
neutrophil function without loss of viability interfering with the
assays due to the relatively short half-life of neutrophils. Prior to
infection we confirmed the expression of ACE2 and
Transmembrane Serine Protease 2 (TMPRSS2) in our in vitro
airway epithelium models (Supplementary Figure S1). While
ACE2 RNA was relatively low in expression across basal,

1 hour prior

T z Post infection
to infection

Neutrophil —— 2, <

<«— Apical
° Apical

< <
0 g saRsCVz

Epithelium ——>

<«— Basolateral

10.3389/fimmu.2023.1112870

secretory and multiciliated cells (Supplementary Figure SIA-C) at
the protein level a predominant colocalization was detected with
multiciliated cells in the airways (Supplementary Figure SIA, D-F).
This data is supported by similar analysis of human lung tissues
(Supplementary Information) and Supplementary Figure S2) where
we observed a similarly low level of expression in RNA in basal,
secretory and multiciliated cells (Supplementary Figure S2A-B)
while protein, detected by IF, was associated with multiciliated
cells and cells in submucosal glands (Supplementary Figure S2C-F).
Confirmation of ACE2 expression at the RNA and protein level in
human lung tissues and our in vitro model supports currently
published data evaluating ACE2 in human lung tissue (33-35).

In our model system the apical side of the epithelium
predominantly comprises of multiciliated, and secretory cells
directly exposed to neutrophils and the virus, the basolateral side
predominantly comprises of basal cells. To understand the
immediate inflammatory response of the airway epithelium to
SARS-CoV-2 infection we evaluated both the apical and
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FIGURE 1

Polarized inflammatory response of neutrophils in co-culture with human airway epithelium, infected with SARS-CoV-2. (A) Schematic of the in vitro
model of neutrophilic airways denoting neutrophils in co-culture with differentiated airway epithelial cells and infected with live SARS-CoV-2 virus.
Inflammatory profiles of apical (B) and basolateral (C) supernatants collected 4 hours post infection in the neutrophilic airway model. (D) Inflammatory
profile of naive or IFN-y (50ng/ml 1 hour) neutrophil monocultures infected with SARS-CoV-2 virus for 4 hours. Data is expressed as Tukey method box
& whiskers plots. Significance is determined by analysis of variance (ANOVA) followed by Tukey's post hoc analysis. *p<0.05,**p<0.01, ***p<0.001, ****,
<0.0001 from n=3 experimental repeats from N=3 donors. ns, not significant, ND, not done as an experiment.
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basolateral cell culture supernatants using the MSD cytokine assay.
All experiments were carried out using three independent HBEC
donors and three independent neutrophil donors ensuring
significant biological variability in our model system. As shown in
Figures 1B, C a differential inflammatory profile exists between the
apical and basolateral compartments. Focusing first on the apical
cytokine and chemokine release, in the absence of neutrophils there
were, surprisingly, no significant changes in cytokine release from
the airway epithelial cells upon SARS-CoV-2 infection (Figure 1B).
The addition of neutrophils to the model, creating a neutrophil-
epithelial co-culture in the absence of any infection, resulted in a
significant secretion of interferon gamma (IFNYy) (p<0.01) and IL-
10 (p<0.01) at the apical surface with notable, but not statistically
significant, increases in tumor necrosis factor alpha (TNFo)
(Figure 1B). In the airway only cultures, only the basolateral
release of interleukin-8 (IL-8, p<0.001), and IL-10 (p<0.05) were
significantly changed in response to SARS-CoV-2 infection
(Figure 1C). As IL-8 is a major chemoattractant for neutrophils
this suggests that the basolateral surface responds to viral infection
by releasing IL-8 to recruit neutrophils to infection site (36-38). The
addition of neutrophils to the airway stimulated the release of IFNy
(p< 0.05) and IL-10 (p<0.01) apically (Figure 1B) and additionally,
significantly increased the release of IFNYy (p< 0.0001) IL-1B
(p<0.0001), IL-4 (p<0.0001), IL-6 (p<0.05), IL-10 (p<0.0001) and
TNFo (p<0.01) from the basolateral surface (Figure 1C).
Interestingly, the presence of neutrophils did not stimulate
significant changes in IL-8 secretion from the basolateral surface
supporting the role for IL-8 in the recruitment phase of airway
neutrophilia, already established in our neutrophilic airway model
(Figure 1C) (39, 40). This data demonstrates that a pro-
inflammatory niche is driven primarily by the neutrophils, likely
though degranulation. Based on this information we added
neutrophils to our airway epithelium to create a pro-
inflammatory niche recreating aspects of chronic airway
inflammation in the human lung in an in vitro model.

Infection of the neutrophilic airway models with live SARS-CoV-2
virus was compared directly to both the infection in the absence of
neutrophils and the neutrophilic airway in the absence of infection.
Changes in inflammatory cytokine release from both the apical and
basolateral surfaces was significantly augmented compared to both the
infected epithelial monocultures and the non-infected co-cultures,
demonstrating an exacerbation of pro-inflammatory cytokine release
in the infected co-cultures (Figures 1B, C). Compared to the infected
epithelial monocultures, infection of the co-culture model resulted in a
significant increase in the apical secretion of IFNy (p<0.0001), IL1-8
(p<0.05), IL-6 (p<0.0001) and IL-10 (p<0.001) (Figure 1B) and in the
basolateral secretion of IFNY (p<0.05), IL-4, IL-6 both (p<0.0001), IL1-
B, IL-10 and TNFo (all p<0.001) (Figure 1C). Compared to the
uninfected neutrophil-epithelial co-cultures, co-culture infection
resulted in a significant increase in the apical secretion of IFNYy, IL-6
(both p<0.0001) IL1-f and IL-10 (both p<0.05) and in the basolateral
secretion of IFNY, IL-10 (both p<-.001), IL-1f3, IL-4, IL-6 and TNFo.
(all p<0.0001) (Figure 1B). The only instance where TNFo. was
significantly changed in the apical supernatants was in the infected
co-cultures increased when compared to uninfected epithelial cell
monocultures (p<0.01). This data supports a significant
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augmentation of the inflammatory response to SARS-CoV-2
infection occurs in the presence of pre-existing airway neutrophilia.
Importantly, this secretion profile closely reflects the cytokine
biomarkers that have been clinically identified in patients
hospitalized with severe COVID-19 disease (41-43), highlighting the
importance of the co-culture models in recapitulating features
associated with more severe responses to SARS-CoV-2 and
demonstrating a role for neutrophils in the inflammatory profile
observed in patients with severe COVID-19.

The innate reactivity of neutrophils in isolation was evaluated
independently of the co-culture model. We noted a significant apical
increase in IFNYy in the co-cultures in the absence of any stimulation or
infection (Figure 1B). As IFNYy is a known activator of neutrophils we
evaluated inflammatory cytokine release from neutrophils pre-
stimulated with IFNY in response to SARS-CoV-2 infection using
naive neutrophils as controls to determine whether there was innate
recognition of SARS-CoV-2 by neutrophils. Initially we assessed the
response of naive, non-activated neutrophils to SARS-CoV-2 infection.
Very small, <1 pg/ml, responses from naive neutrophils, in the absence
of infection or stimulation, was observed for all cytokines assessed
except for IL-8. An increase in IL-8 secretion was observed, however
this increase equates to an increase of <0.1% of the response to
infection. In infected naive neutrophils, significant increases in
cytokine release of IL1-B, IL-4, IL-6, IL-8 (all p<0.001) and IL-10
(p<0.05) was noted compared to uninfected controls (Figure 1D).
Uninfected neutrophils activated with IFNy produced no significant
cytokine release compared to naive uninfected neutrophils. The
observed increase in IFNYy was likely due to the exogenous
recombinant IFNYy used to activate the neutrophils and not a
response of the neutrophils. Activation of neutrophils with IFNy
produced significant increases in IL-1[, IL-4, IL-6, IL-8, IL-10 and
TNFo (all p<0.0001). It is worth noting that there was also a significant
(p<0.01) decrease in IFNYy from the infected neutrophils activated with
IFNY; the presence of exogenous recombinant IFNy complicates
interpretation of this finding (Figure 1D). Finally, we compared IFNy
activated neutrophils with naive neutrophils after SARS-CoV-2
infection. IFNYy (p<0.05), IL-1f3, IL-4, IL-6 and TNFo. (all p<0.0001)
were all significantly increased and IL-8 significantly decreased
(p<0.0001) (Figure 1D). This data demonstrates that naive
neutrophils have an innate recognition of SARS-CoV-2 in the
absence of any activation and highlight an exacerbation of the
response in IFNY activated neutrophils.

Increased SARS-CoV-2 infection of the
airway epithelium is associated with
neutrophilia and disruption of epithelial
barrier integrity

To determine whether a proinflammatory niche, such as that
observed in the presence of pre-existing neutrophilia, impacts
epithelial barrier integrity and viral load of the epithelial cells we
evaluated barrier resistance and viral content of the airway
epithelium. TEER was recorded at 4 and 24 hours after
introduction of neutrophils to the airway epithelium. The
presence of neutrophils significantly reduced the TEER and,
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therefore, epithelial barrier integrity, by 23 + 9%, (p<0.05) after 4
hours. This reduction in TEER was sustained through 24 hours (22
+ 4%, p<0.05), all data are compared to epithelial monocultures
(Figure 2A). Evaluation of intracellular viral load by qRT-PCR for
SARS-CoV-2 nucleocapsid RNA in the epithelial cells under the
same conditions indicated a concurrent and significant increase in
infection after the addition of neutrophils by 3.1 + 1.1-fold (p<0.05)
(Figure 2B). In the absence of infection, no SARS-CoV-2 RNA was
detected (data not shown). To determine if the change in epithelial
barrier function allowed for increased passage of viral particles from
the apical to basolateral surface of the airway epithelium, we also
evaluated SARS-CoV-2 spike protein expression in the supernatants
(Figures 2C-D). The presence of neutrophils significantly decreased
the apical viral load from 69204 + 9200.1 fg/ml to 6655.6 + 475.61
fg/ml (p<0.01) (Figure 2C) with a concurrent increase in the
basolateral viral load from 48823 + 129.12 fg/ml to 2307.7 +
238.94 fg/ml (p<0.01) (Figure 2D). This data shows that the
presence of neutrophils is allows for increased migration of virus
from the apical to the basolateral surface. To determine whether the
physical presence of neutrophils is essential or whether the pro-
inflammatory cytokines released from neutrophils in epithelial co-
cultures (Figure 2) and stimulated by SARS-CoV-2 infection, could
induce similar changes in epithelial barrier function, we
supplemented the culture media with IFNy (10 ng/ml), IL-1B (10
ng/ml), IL-6 (10 ng/ml) and TNFa (10 ng/ml) (referred to as

10.3389/fimmu.2023.1112870

cytomix). In the presence of cytomix TEER decreased after 4 hours
(18 + 7%, not significant) with a further and significant decline of 30
+ 5%, p<0.05 after 24 hours (Figure 2E). This decrease in TEER
corresponded to an increase in viral infection of the airway
epithelium (2.6 + 0.5-fold, p<0.05) in the presence of cytomix
(Figure 2F). Reflecting the observations in the presence of
neutrophils the apical concentrations of SARS-CoV-2 were
decreased from 76703 + 8708.7 fg/ml to 35261 + 3598.7 fg/ml
(p<0.05) and basolateral concentrations increased from 479.87 +
129.21 fg/ml to 12344 + 906.62 fg/ml (p<0.001). This data supports
the hypothesis that pro-inflammatory cytokines secreted by
neutrophils allow for increased transition of virus from the apical
to basolateral surfaces of the airway epithelium.

Neutrophils increase SARS-CoV-2 infection
of the epithelium including basal stem cells

To investigate changes in airway pathology associated with
SARS-CoV-2 infection we evaluated co-localization of SARS-
CoV-2 virus in the presence or absence of neutrophils. Analysis
of the airway structure by hematoxylin and eosin (H&E) highlights
significant changes in pathology in the presence of neutrophils
(Figures 3A-D). We use KRT5 as a marker to identify the sub-apical
basal cell layer from the pseudostratified differentiated epithelium.
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FIGURE 2

Neutrophils and pro-inflammatory cytokines break down the epithelial barrier and increase viral load in human airway epithelial cells. (A) TEER of
human airway epithelial cells at the air-liquid interface in the presence, or absence (control), of neutrophils. (B) Intracellular viral load of SARS-CoV-2
RNA isolated from infected human airway epithelial cells with neutrophils present. (C) Apical supernatant SARS-CoV-2 spike protein concentration 4
hours post infection with neutrophils present. (D) Basolateral supernatant SARS-CoV-2 spike protein concentration 4 hours post infection with
neutrophils present. (E) TEER of human airway epithelial cells cultured with a “cytomix” of TNFo, IL-1pB, IL-6 and IFN-y each at 10ng/ml. (F)
Intracellular viral load of SARS-CoV-2 in airway epithelial cells cultured with cytomix. (G) Apical supernatant SARS-CoV-2 spike protein concentration
4 hours post infection from epithelial cells cultured with cytomix. (H) Basolateral supernatant SARS-CoV-2 spike protein concentration 4 hours post
infection from epithelial cells cultured with cytomix. Data are expressed as mean + SEM. Statistical significance of TEER data was determined by
ANOVA and viral load data was analyzed using an unpaired two-tailed Student’s t-test. *p<0.05, **P<0.01, ***p<0.001. Experiments include n=3
experimental repeats of N=3 independent epithelial donors paired with 3 independent neutrophil donors
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a-d representative hematoxylin and eosin (H&E) staining and

immunofluorescent images of cross section culture models probed for KRT5 (green) SARS-CoV-2 (red) and alpha-tubulin (cyan). (A) uninfected
monocultured epithelial cells. (B) uninfected epithelial:neutrophil co-cultures. (C) SARS-CoV-2 infected epithelial cell monoculture. (D) SARS-CoV-2
infected epithelial:neutrophil co-cultures. All IF images have nuclei counterstained with DAPI (blue) and scale bars represent 50 um. (E) Image
analysis quantification of infected KRT5-, KRT5+ and total cells. (F) Image analysis of cell layer thickness for KRT5+ Cells and Total cells All images
are representative of 3 independent experimental repeats of 3 neutrophil and 3 epithelial random donor pairings. Data is expressed as Tukey method
box & whiskers plots. Significance is determined by analysis of variance (ANOVA) followed by Tukey's post hoc analysis. *p<0.05,**p<0.01,
***p<0.001, **** p<0.0001 from n=3 experimental repeats from N=3 donors. ns, not significant
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In the absence of neutrophils and infection the airways comprise of
a typical airway epithelium with KRT5+ basal cells residing on the
basolateral surface and ciliated cells lining the airway lumen
(Figure 3A). Despite the presence of pro-inflammatory cytokines
produced by the neutrophils, epithelial cells appear to tolerate the
presence of neutrophils, which can be observed near the apical
ciliated cells in the culture model (Figure 3B). In an airway without
neutrophils, the epithelial cells are capable of tolerating infection by
SARS-CoV-2 after 4 hours of exposure with little evidence of
cellular pathology by H&E and only sporadic infection observed
in the columnar epithelial cells (Figure 3C and Supplemental Figure
S3). Most notably, in the presence of neutrophils, significant cellular
pathology is observed by H&E, with evidence for thickening of the
basal cell layer, indicative of basal cell proliferation (Figure 3D).
Furthermore, SARS-CoV-2 infection in epithelium is more
widespread across the entire epithelial layer with KRT5+ basal
cells also being infected (Figure 3D and Supplementary Figure
S3). To corroborate these findings, we quantified infected KRT5+
basal cells and KRT5- differentiated epithelial cells using blinded
image analysis by an independent investigator (Figure 3E). The
infection rate in total epithelial cells increased (p<0.01) in the
presence of neutrophils when compared to monoculture controls.
The infection rates increased in KRT5- differentiated epithelium
(i.e., ciliated, goblet and club cells) (not significant) and in KRT5+
basal cells in the presence of neutrophils (p<0.001). As
demonstrated by the H&E staining in Figure 3D, infection in the
presence of neutrophils caused significant cellular pathology
compared to uninfected controls or infected airways in the
absence of neutrophils. To quantify this, we also measured the
thickness of the KRT5+ cellular layer and total cell layer and
counted the total cells as part of our image analysis. In response
to SARS-CoV-2 infection in the presence of neutrophils, the KRT5+
layer thickness increased (p<0.0001) and the total cellular layer
increased to (p<0.0001) compared to uninfected epithelial layer
monocultures. Overall, there were no significant changes in total
cell numbers, suggesting that the change in thickness is a result of
epithelial cellular pathology and remodeling rather than cell
proliferation (Figure 3F). Interestingly, we observed a small, but
significant decrease in total layer thicknesses in uninfected co-
cultures (p<0.0001) and infected monocultures (p<0.0001)
compared to the uninfected monoculture control. In our model
system, neutrophils drive significant cellular pathology in response
to infection by SARS-CoV-2. Infection of basal cells at such a short
timepoint is likely to have significant implications on their function
and subsequently airway regeneration.

Airway epithelial pathologies are
associated with neutrophil activity in
severe COVID-19

The data presented from our in vitro models suggests that
neutrophils play a role in the pathophysiology of early-stage
epithelial infection in COVID-19. To further investigate
continued neutrophil related pathologies in severe COVID-19 we

Frontiers in Immunology

10.3389/fimmu.2023.1112870

evaluated epithelial cell related damage and neutrophil activity in
post-mortem human tissues from COVID-19 subjects. Formalin-
fixed paraffin embedded (FFPE) tissue sections from two post-
mortem COVID-19 subjects, kindly provided by the autopsy service
at the University of Vermont Medical Center (UVMMC) were
assessed for infection-related pathologies through H&E staining.
Pathologies were determined by an independent pathologist to be
consistent with severe ARDS with mixed inflammatory cell
infiltrates, inclusive of neutrophils, and organizing pneumonia
(Figures 4A-D). Tissues from patient Au20-39 (detailed in
supplementary table S1) contained a mild infiltrate of chronic
inflammatory cells surrounding the bronchiole and arterial tissues
with involvement in the adjacent surrounding alveolar tissue
(Figure 4A and Supplementary Figure S4A). Scattered giant cells
were identified in alveolar spaces and within the interstitium
(Figure 4B, indicated by the red arrows and Supplementary
Figure S4B). No well-formed granulomas or definite viral
inclusions were evident in this patient. Images from the second
patient; Au20-48 (Supplementary Table S3) also show severe
organizing diffuse alveolar damage with evidence of barotrauma
(Figure 4C and Supplementary Figure S4D). Alveolar spaces are
lined by hyaline membranes or filled with polyps of organizing
pneumonia and chronic inflammation (Supplementary Figure
$4D). Alveolar walls are expanded with edema and a mixed
inflammatory cell infiltrate including neutrophils (Supplementary
Figure S4C-D). Bronchioles demonstrate chronic injury with
peribronchiolar metaplasia and early squamous metaplasia
(Figure 4D and Supplementary Figure S$4C). Organizing
pulmonary emboli are present in several arteries (Supplementary
Figures S4C, D). There are frequent rounded airspaces lined by
inflammatory cells and giant cells, consistent with barotrauma from
ventilation injury (Supplementary Figure S4D). There are also
scattered giant cells in the interstitium not associated with the
barotrauma (Supplementary Figures S4C, D). Given the extensive
infiltration of inflammatory cells, inclusive of neutrophils, we
further evaluated the neutrophil-related epithelial tissue pathology
in both patients. An array of airway tissue pathologies was evident
in both tissues including 1) basal cell hyperplasia and small airway
occlusion (Figure 4E), 2) epithelial damage and tissue remodeling of
smaller ciliated airways (Figure 4F), 3) epithelial shedding of large
cartilaginous airways (Figure 4G), 4) neutrophil invasion into the
airway lumen (Figure 4H). and finally, 5) neutrophil invasion in the
alveolar space with associated alveolar tissue damage and
remodeling (Supplementary Figure S4e). In each of these
examples, neutrophils were detected and frequently demonstrated
strong neutrophil elastase (NE) activity (Figure 4E-I), and
myeloperoxidase (MPO) expression (a common neutrophil
marker) is frequently observed around centers of SARS-CoV-2
infection in postmortem COVID-19 tissues (Supplementary
Figure S4F-G). We also observed sporadic formation of
neutrophil extracellular traps (NETs) that stained for SARS-CoV-
2 (Supplementary Figure 4G). From this data we conclude that
neutrophils are a core part of the COVID-19 lung pathophysiology
and significantly impact airway infection and injury in response to
SARS-CoV-2 infection.
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Phagocytosis of SARS-CoV-2 is the
predominant mechanism of viral
internalization in neutrophils

As previously mentioned, airway diseases, such as CF, that are
co-morbidities for severe SARS-CoV-2 infection and progression to
severe COVID-19, are also associated with significant infiltration of
the airways with neutrophils (Supplementary Figure S5A-B).
Interestingly, the neutrophils also colocalized with strong ACE2
expression (Supplementary Figure S5). Despite having significant

Patient Au20-39

Epithelial damage Basal Cell Hyperplasia

Epithelial Shedding

Neutrophil breach

FIGURE 4

10.3389/fimmu.2023.1112870

ACE2 expression our data suggests that internalization of the virus
in neutrophils is likely through phagocytosis. The apical
concentration of SARS-CoV-2 in the presence of neutrophils was
significantly smaller than the apical concentrations of SARS-CoV-2
in the presence of cytomix (Figure 4C, G) at 6655.65 + 475.61 fg/ml
compared to 35260.93 + 3598.7 fg/ml, p<0.01. This suggests that
viral clearance is taking place by the neutrophils in their functional
role as professional phagocytes. In our experiments SARS-CoV-2
viral RNA was detected in the co-cultures by RNAscope confirming
infection of the airway epithelium (Figure 5A). Interestingly, NE

Patient Au20-43

¥ R

Patient Au20-43

Neutrophil associated tissue pathology in post-mortem COVID19 human lung airways. a-d) Representative images of hematoxylin and eosin (H&E)
staining of postmortem COVID-19 patient tissues showing patchy organizing pneumonia centered around a major artery and an airway (A); focally
expanded interstitium by a mixed cellular infiltrate including scattered giant cells (red arrowheads) (B); diffuse alveolar damage from intense
fibroinflammatory process and barotrauma induced rounded airspaces (C) and organizing diffuse alveolar damage with fibrin disposition replaced by
organizing pneumonia, inflammatory cells and oedema (D). (E-H) Representative IF images of postmortem COVID-19 tissue probed for NE (cyan)
KRTS5 (green) and ACE2 (red). Images highlight; small airway occlusion resulting from basal cell hyperplasia with surrounding neutrophils present (E);
epithelial damage with breaching neutrophils into the luminal space (F); epithelial shedding, inclusive of basal cell layer with neutrophil inclusion of
mucosal surface (G); neutrophil breach into airway luminal space with high neutrophil elastase activity (H). All IF images have nuclei counterstained
with DAPI (blue) and scale bars represent 100 um. All images are representative of 3 independent regions per donor at least 2 independent donors
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activity was heavily centered around sites of SARS-CoV-2 infection
synonymous to that observed in post-mortem patient tissues
(Supplementary Figure S4F), and internalization of SARS-CoV-2
by neutrophils was also confirmed by co-localization of staining for
NE and SARS-CoV-2 viral RNA (Figure 5A) in vitro, indicated by
the orange arrows.

Finally, to determine whether the expression of ACE2 protein in
neutrophils has a significant impact in the response of neutrophils
to SARS-CoV-2, we evaluated whether neutrophils were being
actively infected via a physical interaction of ACE2 and SARS-
CoV-2 or functionally phagocytosing the SARS-CoV-2 virus. The
decrease in apical spike protein concentrations when neutrophils
are present, compared to epithelial cell monocultures, suggests that
the neutrophils are clearing the virus at the apical surface through
innate pattern recognition phagocytosis. To better understand this,
the frequency of SARS-CoV-2 internalization in monocultures of
neutrophils was quantified in the presence or absence of
cytochalasin D (15 uM) to inhibit phagocytosis (Figure 5B). The
number of neutrophils positive for SARS-CoV-2 RNA, reflecting
viral internalization relative to the total number of neutrophils, was
calculated after infection of the cells with SARS-CoV-2 (MOI = 2).
Infection, detected by RNA scope, occurred at a rate of 7.9 + 1% of
neutrophils in culture. This signal was significantly reduced by from
7.9 £ 1% to 1.3 £ 0.3% in the presence of cytochalasin D
(Figure 5C). Disruption of the actin cytoskeleton, a core
component of phagocytosis, therefore, significantly reduced viral
uptake in neutrophils. This suggests the primary mechanism for
SARS-CoV-2 internalization in neutrophils is phagocytosis.

Discussion

It is well established that neutrophils are critical in the development
of pathological inflammation which can result in both acute and

Untreated Cytochalasin D

FIGURE 5

10.3389/fimmu.2023.1112870

chronic tissue damage. Evaluation of post-mortem COVID-19 tissues
indicated significant neutrophil presence and activation in regions of
airway epithelial damage and pathology. In addition, we know that
many SARS-CoV-2 co-morbidities, including chronic airway disease
(29, 44), aging (45-47) and obesity (48-50), are also associated with
chronic airway inflammation. In this study we developed a model of
pre-existing airway neutrophilia akin to a model previously developed
to investigate other respiratory viruses (26) and applied this to
investigate the initial stages of SARS-CoV-2 airway infection. Using
this model, we were able to conclude that the pre-existing presence of
neutrophils in airway epithelium generates a pro-inflammatory niche,
significantly augments initial proinflammatory responses to SARS-
CoV-2 infection, increases viral load in basal stem cells and decreases
airway epithelial barrier integrity. Our data, therefore, supports a key
role for neutrophilic airway inflammation in determining the infectivity
and outcome measures of COVID-19.

Establishing a primary cell co-culture model of an inflammatory
airway overcomes some of the limitations of using immortalized cell
lines and more complex in vivo models. While in vivo models are
perhaps considered gold standard in infection models, they have
not been observed to closely mimic human lung pathophysiology,
particularly with respect to SARS-COV-2. While infection can be
detected, no animal model had closely reflected COVID-19
pathogenesis that leads to severe symptoms and fatal lung disease
(5, 51). Furthermore, studying neutrophilia in animal models is
challenging, several depleted or knockout models exist (52),
however evaluation of elevated lung neutrophilia typically
requires pro-inflammatory stimulation with lipopolysaccharide
(LPS) (53), this could complicate interpretation of findings in
relation to viral infection. Our models use primary HBECs, some
of the first cells exposed to inhaled viral particles, that express
endogenous levels of ACE2 and TMPRSS2. This allowed for
investigation of the initial stages of SARS-CoV-2 infection and
characterization of acute phase inflammatory responses.

% Infected Cells

Con Cyt-D

Cytochalasin D inhibits internalization of SARS-CoV-2 in neutrophils. a) Representative IF images of ALI cultures probed for neutrophil elastase (NE)
(Green) infected with SARS-CoV-2 (red) detected by RNAScope. b) Quantification or SARS-CoV-2 positive neutrophils relative to total number of
neutrophils determined by DAPI (blue). Data expressed as mean + SEM. **p<0.01 unpaired 2-tailed Student’s T-test. N=3 independent neutrophil

donors, n=3 experimental replicates
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Neutrophil phenotype and function, including those involved in
resolving viral infections, is strongly regulated by signals received
from their tissue micro-environment (54), in our study we
considered neutrophil responses in the presence of an epithelial
micro-environment. Our model mimics components of
neutrophilic airway inflammation associated with other chronic
lung diseases that have been linked with a predisposition to
developing more severe COVID-19 disease. Perhaps our most
striking finding is the presence of a differential polarized
inflammatory response in response to neutrophils and/or SARS-
CoV-2. IL-8, the core chemoattractant for neutrophils (36-38, 55),
is secreted only on the basolateral surface of the epithelial
monocultures, demonstrates that epithelial cells are capable of
recognizing neutrophils within their niche and downregulate this
chemokine secretion as a result and that the model recapitulates the
directionality required to recruit circulating neutrophils into an
infected epithelial environment. Furthermore, despite seeding
neutrophils on the apical surface of our model, we observed a
predominant pro-inflammatory basolateral niche, with increases in
IL-1B, IL-4, IL-6 and TNFo. Through paired comparisons to
primary airway epithelial cells in monoculture, we were able to
demonstrate key differences in the secretion of pro- (IFNy, IL1{, IL-
6, IL-8 and TNFo) and anti-inflammatory (IL-4 and IL-10)
mediators, epithelial barrier integrity and infectivity of epithelial
cells (Figures 1, 2), which would have been over-looked in
monoculture experiments involving airway infection only.
Importantly, the secretion of pro-inflammatory cytokines in our
model is consistent with clinical studies that have reported an
elevated inflammatory profile associated with severe COVID-19
disease. In patient peripheral blood samples, IL-6 (56-59) IL-10 (57,
58) are consistently higher in COVID-19 patients and correlate with
disease severity. Additionally, IL-6 and IL-8 are even higher in ICU
than the IMU (60). Our data also closely mimics responses observed
in primate models of the disease (61). The lack of robust
inflammatory response of the epithelium alone may also provide
rational for why some people are predisposed to more severe
responses than others. In fact, our data evaluating the response of
the more proximal, cartilaginous airways may highlight the
importance of a robust proximal airway defense mechanism that
controls the progression to severe COVID-19 associated with ARDS
and distal airway dysfunction.

IFNy is a known activator of neutrophils (62) and widely
studied in virology (63, 64). In addition to IL-10, IFNy was the
only other cytokine increased apically after inclusion of neutrophils
in the cultures creating a pro-inflammatory niche. We therefore
assessed if IFN activation of neutrophils was required for innate
recognition of SARS-CoV-2. We found that IFN activated
neutrophils exacerbated their inflammatory response to SARS-
CoV-2, however naive neutrophils still recognized and responded
to SARS-CoV-2 (Figure 1D). There are caveats to our neutrophil
monoculture analysis. IL-4 and IL-10 concentrations are so low that
whilst the assay is sensitive enough to detect such small
concentrations it is questionable whether these concentrations
would have any significant biological impact. Further, exogenous
IFNYy used to activate the neutrophils clearing had a downstream
impact in the IFNy measure in our assay, however, Interestingly we
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did observe a significant decrease in IFNYy concentration in the
IFNy-treated neutrophil monocultures after SARS-CoV-2 infection
(Figure 1D). IFNY has direct anti-viral mechanisms (63) which may
account for a reduction in its expression in the presence of SARS-
CoV-2.

Pro-inflammatory cytokines, including IFNYy, IL-1f, IL-6 and
TNFo, have extensively been shown to disrupt barrier integrity and
permeability of the epithelium (65, 66). This breakdown in barrier
integrity exists to allow for leukocyte migration to sites of stress and
infection. Theoretically, any tight-junction breakdown that allows
for more leukocyte migration, would also allow for increased
permeability for viral particles to sub-apical and sub-epithelial
structures, thus increasing infectivity and cellular viral loads. Our
data supports this phenomenon with both neutrophils and cytomix
synonymously decreasing barrier integrity (Figure 2) whilst
increasing intracellular viral loads and virus concentrations in
sub-apical compartments. This association of epithelial barrier
integrity with an increase in intracellular epithelial viral loads,
especially in the basal stem cells, suggests that epithelial barrier
integrity plays an important functional role in SARS-CoV-2
infection. The changes in airway gross pathology are indicative of
responses to neutrophil degranulation and are likely a result of
increased reactive oxidative species (ROS) production, we are
continuing work to define the mechanisms of action.

Finally, we addressed the key question of whether neutrophils,
as professional phagocytes (67, 68), are capable of recognition of
SARS-CoV-2 as an invading pathogen through innate recognition
pathways, and/or are capable of infection by SARS-CoV-2 through
ACE2. Our data supports a high level of expression of ACE2 at the
protein level, but not the RNA level in neutrophils; an observation
recently reported by Veras and colleagues (23). Furthermore,
infection is facilitated by TMPRSS2, and we did not see any
evidence for expression on neutrophils by RNA and protein (data
not shown). Using cytochalasin D to breakdown actin filament
organization we significantly reduced virus internalization,
supporting a predominant role for phagocytosis in the
internalization of SARS-CoV-2 in neutrophils. Reports are,
however, emerging that suggest a significant role for cytoskeletal
rearrangement in SARS-CoV-2 entry and, therefore, we cannot
entirely rule out infection (69). The use of blocking antibodies has
potential to elucidate the mechanisms of internalization, however,
neutrophils express copious amounts of Fc receptors (70) and likely
to recognize antigens and opsonize through phagocytosis. Our assay
attempted to investigate an innate recognition, i.e., a non-humoral
opsonization of the SARS-CoV-2 virus. To determine whether the
expression of ACE2 on neutrophils is functionally relevant in
SARS-CoV-2 infection further investigation will be essential.

In conclusion, we have developed a model to study neutrophil-
epithelial interactions which more closely reflects an in vivo and
more clinically relevant infection of airways than monocultures.
Our findings demonstrate that the co-presence of neutrophils
generates a polarized pro-inflammatory niche with the
conducting airway epithelium that is significantly augmented with
SARS-CoV-2 infection. This pro-inflammatory niche breaks down
the epithelial barrier integrity allowing for increased epithelial
infection including basal stem cells. Overall, this study reveals a
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key role for pre-existing chronic airway neutrophilia in determining
infectivity and outcomes in response to SARS-CoV-2 infection that
highlight neutrophilia as a potential target for prevention of severe
COVID-19 disease.
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