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Abstract

The prevention of the disease severity seems critical for reducing the mortality of
Coronavirus (CoV) disease-19. The neutrophils play a key role in the induction of
severity. It is proposed here that inhibition of neutrophil activation and/or cascade
reactions of complement, leading to this cell activation at the early phase of the
disease, is a potential tool to inhibit aggravation of the disease. The need for
appropriate timing in intervention is emphasized as follows. (1) Intervention at
the very early stage of severe acute respiratory syndrome-CoV-2 infection may
harm the defensive host response to the infection because of the critical function
of neutrophils in this response, and (2) intervention at too late a stage will not stop
the infiltration of fully activated neutrophils that produce large amounts of toxic
substances.
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INTRODUCTION

Coronavirus (CoV) disease-19 (COVID-19), induced by
severe acute respiratory syndrome (SARS)-CoV-2, is
spreading around the world. As of this writing, the
number of people infected with SARS-CovV-2 is approx-
imately 440 million, and the total number of deaths
from COVID-19 to date has reached around 6 million
(WHO March 3, 2022)

The development of vaccines against COVID-19
resulting in a reduction of SARS-CoV-2 infection has
been changing the situation of pandemics of this

communicable disease.' ’ However, recent studies have
revealed that emerging variants may escape from
the protective immunity obtained through vaccination,
since breakthrough infections after two full vaccinations
have been observed in persons infected with variant
viruses, especially the B.1.1.529 variant (Omicron).* ®
These situations give us an impression that many
problems remain to be resolved to gain long term
protective immunity against SARS-CoV-2 infection.
We believe that clarifying the possible mechanisms of
the detailed pathogenesis is essential for the prevention
and/or therapy of COVID-19, since previous research on
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this disease suggests that interactions between
SARS-CoV-2 and human hosts have a high variability
depending on the individuals suffering from it and the
phase of the disease. Symptoms of COVID-19 vary from
asymptomatic to severe such as dyspnea with pneumo-
nia. We need to study the pathophysiology of each phase
of the disease, and the reason why some people are
asymptomatic and others have severe disease which
finally ends in death. Otherwise, it seems difficult to find
possible ways to prevent severe disease.

Many studies on the pathogenesis of COVID-19
suggest that the host response plays a pivotal role in the
determination of the disease direction.” "' Single cell
RNA sequencing (scRNA-seq) analysis of whole blood
cells and those from bronchoalveolar lavage (BAL)
suggest that various dysregulations of cytokine produc-
tion is observed in severe COVID-19 patients, which may
result from an imbalance between pro-inflammatory and
anti-inflammatory signatures in severe disease. We need
to analyze the possible mechanisms of this imbalance in
order to reach prevention and therapy of the disease
through immunological intervention in the course
towards severity. Understanding the sequence and tempo
of the host response to SARS-CoV-2 infection seems most
important, because cells involved in the inflammatory
and the immune response, and the cytokines produced by
these cells that play a key role in the response change
enormously depending on the phase of the response.”'*"”

Cell interaction which may determine the direction
of the host response in the course of COVID-19 from
asymptomatic to the severe phase has been studied
previously mainly with interaction between different classes
of macrophages and lymphocytes, and various hypotheses
have been proposed in consideration of these cells to explain
the mechanisms that differentiate severe disease from mild
or moderate. However, recent studies using scRNA-seq
suggests that neutrophils are also one of the main players in
the host response to COVID-19,"" although these cells have
been overlooked as an immunological coordinator in the
host response to infections.

From the view point of the immunological manipula-
tion of COVID-19, we believe that neutrophils may be an
important target because of their intensive function as
an effector cell not only in the host defense, but also in
damage to normal tissues. If we are able to manipulate the
function of these cells, we may stop the worsening
pathway toward severe COVID-19. Considering that
these cells are double-edged swords in the host response,
meaning that neutrophils play an important role for host
protection against COVID-19 in the very early phase of
the disease and show a harmful effect in the late phase of
the severe disease, we have to accurately select the timing
of the manipulation. In this context, we will attempt to
delve into the issue by finally focusing especially on
studies of the dynamics of neutrophils in this disease that
may directly lead to saving the lives of patients with
COVID-19.
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THE KEY FACTORS FOR
DISCRIMINATION OF SEVERE FROM
MILD OR MODERATE COVID-19 IN
THE BEGINNING OF SARS-COV-2
INFECTION

The first line of defense against viral infection is mainly
governed by inflammation and innate immunity. The
recognition system of innate immunity has not been clearly
presented scientifically for a long time, but molecular
biological and immunogenetic studies in the past two decades
have revealed mechanisms at the molecular level."” Thus, the
primary host defense to viral infection is nowadays understood
through pattern recognition receptors (PRRs), such as Toll-like
receptors (TLRs) and retinoic acid inducible gene-1 (RIG-1)
like receptor (RLR), that recognize pathogen-associated
molecular patterns (PAMPs). Nucleic acids of viruses such
as double-stranded (ds) RNA, single-stranded (ss) RNA, and
DNA are recognized by PRRs, which is followed by the
production of varying cytokines including IFN and inflamma-
tory cytokines such as IL-1, IL-6, TNF-q, and IL-12."

Under this situation, the primary host response to SARS-
CoV-2 infection which may proceed to severe disease of
COVID-19 is now analyzed from a viewpoint of PPRs and
signaling pathways that are induced through interaction of
PPRs with PAMPs. A typical dysregulation of cytokine
production in SARS-CoV-2 infection is a delayed type-I IFN
(IFN-I) response.”” As IFN-I production is the first host
response to viral infection, its delayed response inhibits the
subsequent host response, which results in an over proliferation
of the virus. Recent studies show that various molecules in
SARS-Cov-2 inhibit IEN production through attenuating PRR
signaling pathways. SARS-CoV-2 nucleocapsid protein pro-
motes hyperactivation of nuclear factor-kappa B (NF-xkB ) by
enhancing the association between TGF-B-activated kinase-1
(TAK-1) and the I kappa B kinase (IKK) complex, which results
in acceleration of the host inflammatory response.'® Similarly,
the main proteases of SARS-Cov-2, nsp 5, and nsp 12, attenuate
IFN-I production through inhibition of nuclear translocation of
IFN regulatory factor (IRF) 3 that promotes IFN o/f
production.'””’ Furthermore, SARS-CoV-2 nsp 1,3,12,13,14,
orf 3, orf 6, and M protein show a similar inhibition of the IFN
response.’” Very recently, it was shown that the transcriptional
footprint of NF-kB is essential for SARS-CoV-2 replication.”’

These in vitro findings suggest that in severe SARS-
CoV-2 infection, the PRR signaling pathways, which lead
to NF-«xB activation that induces inflammatory cytokine
production, are dominant, while the IRF pathways, which
induce IFN production, are inhibited. These results may
correspond with the in vivo features of interaction of
SARS-CoV-2 with the host response to this virus infection
in that inflammation predominates in the innate immune
response in COVID-19, especially in its severe disease. In
this context, to restore the imbalance between inflamma-
tion and anti-inflammation to the proper condition with
appropriate timing may be critical for prevention of the
worsening of COVID-19.
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THE IMPORTANCE OF SEQUENCE
AND TEMPO OF INFLAMMATORY
AND IMMUNE RESPONSE DURING
SARS-COV-2 INFECTION FOR
UNDERSTANDING THE PATHWAY
TO SEVERE COVID-19

In the outbreak of COVID-19, early studies have shown a
correlation between viral load dynamics and disease
severity, with a higher and longer lasting viral load in
severe cases compared with mild ones. However, subse-
quent studies have shown that the severity of the disease
does not necessarily depend only on the level of viral load.””
Although the viral load is an essential factor in the severity
of the disease, another factor that may contribute to the
severity of the disease is the immunological dysregulation of
the host.

The characteristic feature of dysregulation is a predom-
inance of myeloid cell functions and, in contrast, down-
regulation of lymphocyte functions, resulting in systemic
hyperinflammation. Dysfunction of the host response in
severe disease starts in the very early stage of the infection
with a functional change of monocytes, the first layer of
inflammation/innate immunity, leading to neutrophil acti-
vation accompanied by a disturbance of coagulation.”” " In
the sense that cytokines are important effector molecules
responsible for inflammation/immunity, dysregulation of
the host response in COVID-19 has been discussed in terms
of altered cytokine production and/or its release.

Type I/III IFN (IFN-I, III) production as the first
response to infection is reduced and delayed, in contrast,
pro-inflammatory cytokines such as TNF, IL-6, IL-8, and
CCL3 are produced for a prolonged time in severe disease,
compared with mild cases. On the other hand, production
of IL-1P and the response to IL-1 is enhanced in critical
patients, whereas expression of IL-10 and IL-7 is enhanced
in noncritical patients.”® "’ However, the context of
immune dysregulation in SARS-CoV-2 infection seems
fairly complex. For example, production of IFN-I, III in
noncritical patients is inhibited, while the expression level of
these IFNs in certain critical patients is up-regulated.’’
A recent study demonstrated that signal transduction
mechanisms of the detrimental IFN-I production in critical
patients are different from those of beneficial IFN-I in the
early protective phase of the infection.”

A cytokine storm was first described in patients
receiving treatment with chimeric antigen receptor-
transfected T cells (CAR-T) showing a massive production
of a wide range of cytokines.”” Thereafter, the term
“cytokine storm syndrome” (CSS) was utilized to demon-
strate similar syndromes of hyperinflammation triggered by
various conditions such as infections, cancers, and other
secondary hemophagocytic lymphohistiocytosis.”*

When COVID-19 surged and dysregulation of inflam-
mation/immunity was recognized as a possible pathogenesis
of this communicable disease, CSS was proposed to indicate
the dysregulated feature of the host response,”” ** since

cytokine levels are increased in COVID-19, clinical features
are similar to those of other CSS, and symptoms of
hyperinflammation are also observed in the severe phase
of this disease. Although some features in the host response
to this communicable disease differ from other CSS in that
lymphocytopenia is an essential factor in COVID-19, but
not usually in other CSS, and the grade of cytokine
production in this infection is less than that in other CSS,
it seems reasonable to recognize that COVID-19 lies within
the cytokine storm umbrella term.”” However, we may need
to pay attention to a recent study showing that serum levels
of certain cytokines such as IL-8 and IL-1 receptor
antagonist clearly discriminate COVID-19 from other
css.*

If a cytokine storm is a causative element of dysregula-
tion in the host response of CSS including COVID-19 that
leads to disease severity and finally death, modulation of
cytokine production and/or its release may help patients to
recover and to live. Many trials mainly with IL-1 or IL-6
blockade and Janus-kinase inhibition have been performed
to see whether these treatments inhibit the severity of
COVID-19, resulting in positive or negative results with
speculation on these results.”' " On the other hand, recent
studies have indicated that treatment with anakinra, an IL-1
a/B inhibitor, decreased the 28 day mortality only in
patients with a plasma level higher than 6 ng/mL of soluble
urokinase plasminogen activator receptor (suPAR), an early
predictor of severe respiratory failure in COVID-19
patients,”® who received dexamethasone.”” This result
suggests that conditions of cytokine production induced
by the infection is fairly complex in that the cell interactions
involved in cytokine production sequentially change
depending on many determinants such as viral dose,
functional conditions of involved inflammatory/immune
cells, and genetic factors of infected hosts. Under this
situation, the immunological treatment of COVID-19 by
manipulating the cytokine concentration is not an easy task
to accomplish.

The importance of the condition and timing in the
immune modulation treatment of COVID-19 was also
shown in patients who received dexamethasone. Treatment
with this corticosteroid was effective in reducing the 28-day
mortality in patients who received either invasive mechani-
cal ventilation or oxygen alone, but was not effective
without respiratory support. Furthermore, the treatment
was effective when it was performed in patients who had
had symptoms for more than 7 days, but not effective in
patients having symptoms for less than 7 days."’

DYSREGULATED MYELOID
COMPARTMENT IN COVID-19
SEVERITY

In order to understand the immunological mechanisms of
severe COVID-19 and to help in its prevention and
treatment, it will be necessary not only to characterize the
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overproduction of inflammatory cytokines in patients with
severe disease as described above, but also to analyze the
abnormal cellular responses involved in the overproduction
of these cytokines.

In the studies of COVID-19 pathogenesis, an out-
standing finding is that dysregulated hyperinflammation
including infiltration of monocytes or macrophages and
neutrophils to lung tissues is a causative factor for the
change in the severity of this communicable disease.”” In
this sense, a dysregulated myeloid compartment has been
analyzed precisely in the process of SARS-CoV-2 infection.

First, neutrophilia accompanied by lymphopenia had
been demonstrated as a dominant symptom in early clinical
studies of patients, and thereafter it was probed in a
systemic review and meta-analysis of studies of many
patients in whom neutrophilia in conjunction with
lymphopenia was an important and independent indicator
of severe disease and fatality in patients.”’ ** Furthermore,
the neutrophil to lymphocyte ratio (NLR) is indicative of
inflammation, not only in COVID-19, but in many other
diseases such as cancers and cardiovascular diseases.”
Although the possible mechanisms for these phenomena are
complex and still remain to be clarified, it seems to give us
an important and critical tool for prevention in patients. To
date, a very large number of scientific papers have been
published on the dysregulated myeloid compartment in the
pathogenesis of severe COVID-19.

Using single cell RNA sequencing and single cell
proteomics, it was revealed that inflammatory HLADRM,
CD11c™ CD14+ monocytes are predominant in mild
COVID-19, whereas dysfunctional HLA-DR™" $100A"
CD14+ monocytes predominate in severe disease.”’ These
sequential changes in monocyte functions with different
markers in the progress of COVID-19 toward severe disease
may be first induced by emergency myelopoiesis associated
with SARS-CoV-2 infection as follows. To protect against
the viral infection, hematopoietic stem cells in the bone
marrow expand to release inflammatory and immune cells
to peripheral tissues. In the process of this proper protection
against infection, inflammatory and immune cells are
produced in a balanced manner, while a dominance of
inflammatory cell production is observable in severe viral
infections through emergency myelopoiesis.”* Under this
situation, HLA-DR'" S100A™ CD14+ monocytes with
immature and  dysfunctional neutrophils (PD-L1",
CD62"") appear in the peripheral tissues, which result in
dysregulation of these cell functions. Although the possible
mechanisms of this imbalance remain to be clarified,
dysregulation of the myeloid compartment may surely
constitute a critical basis toward severe disease. Further-
more, when the myelopoiesis accompanying SARS-Cov-2
infection is too fast, a high expression of the cell cycle
marker Ki-67 is observed in the peripheral monocytes of the
patients, especially in the severe disease’* as demonstrated
previously in infection with HIN1 influenza.” On the
other hand, neutrophils in severe disease are so called low-
density neutrophils (LDNs) expressing alarmins (SI00A8,
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S100A9).”*”> Emergency myelopoiesis also produces
PD-L1+ neutrophils that inhibit T-cell activation resulting
in depressed acquired immunity in severe COVID-19.
Because it has already been shown that HLA-DR“Y
monocytes® and dysfunctional neutrophils’ appear with
sepsis, the above dysregulation of immune cells in the severe
infection is not unique to this disease, but should be
regarded as a phenotype of severe inflammatory response
syndromes such as sepsis, trauma, and possibly COVID-19.

It should be noted that the features of a dysregulated
myeloid compartment change depending on the time after
the SARS-CoV-2 infection. For example, a reduction of
inflammatory signatures such as demonstrated with lowered
functions of inflammatory macrophages in severe COVID-19
was observed before day 17 of symptom onset, but the
inflammatory response was elevated in severe disease during
the later phase, days 17-23.”° Dysregulation of the myeloid
compartment is also reflected in the recovery stage of
COVID-19. In the early recovery stage (ERS), an increase of
CD14++ monocytes with high inflammatory gene expression
is observed, while in the late recovery stage, the number of
these cells decreases, which suggests that patients in the early
days after hospital discharge are still likely to be sensitive to a
severe change of the disease.”

In conclusion, hyperinflammation induced mainly by
dysregulated myeloid cells is a prerequisite for severity of
COVID-19, and therefore, its resolution may be a target for
preventing disease severity.

POSSIBLE SEQUENTIAL
INFLAMMATORY/IMMUNE
RESPONSES IN RESPIRATORY
TRACTS LEADING TO THE
DEVELOPMENT OF SEVERE
COVID-19

All the information on inflammatory/immune dysregula-
tion in severe COVID-19 has been obtained mainly from
peripheral blood, and represents the response of the whole
body systemic immune system. However, pulmonary
lesions in COVID-19 leading to acute respiratory distress
syndrome (ARDS) start with a local inflammatory/immune
response in the respiratory tract that originates from
SARS-CoV-2 infection into this tissue. Therefore, it is quite
important to understand what is happening in the local
inflammatory and immune responses, without which we
cannot get a complete picture of the disease.

It has been shown that 75% of severe COVID-19
induces respiratory failure with edema in both lungs. In
order to understand the pathogenesis of the local lesions
causing such clinical manifestations, it is necessary to refer
to the findings of previous studies on early lesions with
pulmonary edema leading to respiratory failure. Previous
pathological studies have demonstrated that diffuse alveolar
damage (DAD) associated with both alveolar epithelial and
endothelial injury leading to accumulation of protein-rich
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edematous fluid in the alveolar spaces is first observed in
acute lung injury. The sequence of this process is as follows:
first, increased permeability of liquid across the endothe-
lium of perialveolar capillaries followed by interstitial edema
formation is observed and, thereafter, translocation of fluid
to the alveolar space associated with injury of alveolar
epithelium occurs.”’ However, it should be noted that DAD
is not necessarily observed in all early steps of ARDS,"'
which suggests that there are various entrance points in
ARDS that usually associate with pulmonary lesions in
COVID-19. As a hallmark of alveolar edema formation,
neutrophils are usually observed in the alveoli, and the role
of these cells is clearly shown, especially in the induction of
direct ARDS.**"’

Considering these previous studies on the early phase of
ARDS, lung edema in severe COVID-19 may start with
increased permeability of fluid from perialveolar capillaries as
follows. First, infection of SARS-CoV-2 to alveolar epithelial
cells induces pathogen-associated molecular patterns
(PAMPs) and/or damage-associated molecular patterns
(DAMPs) which will be recognized by activated alveolar
macrophages. These cells then produce large amounts of
inflammatory cytokines and chemokines. Thereafter, the
neutrophils stimulated by these chemokines first infiltrate
into the lung interstitial tissues, accompanied by protein-rich
fluid extravasation. Neutrophil infiltration seems to be a
prerequisite for edema formation, since our previous finding
and those of others show that in vivo neutrophil depletion
completely inhibits the late phase subcutaneous edema
formation induced by various inflammation inducing agents
including TNF-a.®*

As for the histopathology of the disease, it is extremely
difficult to examine a biopsy specimen from live patients. In
the early days of SARS-CoV-2 infection at Wuhan in China,
two cases of histopathological findings of patients were
accidentally obtained from lungs resected with lung cancer.
Two persons showed no clinical signs of COVID-19 at the
time of lung resection, which suggests that the histo-
pathology of their lungs was in the early phase of the
disease. The identical histopathological findings of these two
patients were pulmonary edema with prominent protein
rich exudates and DAD, showing the onset of acute lung
injury.”’

On the other hand, several severe cases with no DAD
were reported and were characterized by lung septal
capillary injury associated with luminal fibrin deposition
and infiltration of neutrophils into alveolar spaces. In this
type of COVID-19, deposition of the terminal complements
complex C5b-9 and mannose binding lectin-associated
serine protease 2 in microvasculatures accompanied by
microthrombosis was observed. These histopathological
findings support a proposed synergistic function of
complement and neutrophils for coagulopathy in the
initiation of severe COVID-19.°” Recent findings suggest
that this complement-induced coagulopathy accompanied
by widespread endothelial damage may be critical for the
pathogenesis of COVID-19 severity’” in some patients.

Pulmonary edema accompanied by DAD and/or micro-
thrombosis in severe cases is usually observed in the early
stages of the disease. In the last days of the late stages,
however, pathological figures become more complex
including type II alveolar epithelial cell hyperplasia,
squamous metaplasia, and bronchopneumonia.”’ Further-
more, not only the pulmonary tract but other tissues are
involved and multiple organ failure occurs in the late stage
of the disease which is categorized as indirect ARDS.”
Although many reports on immunological dysregulation of
severe COVID-19 are based on information from patients
in the late stages of the disease, such as suffering from
multiple organ failure, if the goal is to prevent disease
aggravation, research should first be focused on the
pathophysiology of the onset of the disease.

THE IMPORTANCE OF
UNDERSTANDING NEUTROPHIL
DYNAMICS FOR PLANNING
COVID-19 PREVENTION AND/OR
TREATMENT STRATEGIES

Role of neutrophils for the pathogenesis
of severe COVID-19

Recent advance in omics including genomics, transcrip-
tomics, and proteomics leads us to understand the
pathogenesis of COVID-19 from the omics point of view
through mainly transcriptome analysis of blood and
respiratory tissues, and many studies have demonstrated
that neutrophils are the key player in the pathogenesis of
this communicable disease as follows.

First, utilizing scRNA-seq, tremendously large numbers
of neutrophils compared with other inflammatory/immune
cells were observed in the lungs of COVID-19 patients,
especially in the severe disease, indicating that neutrophils
infiltrate to inflamed lung tissues. Moreover, these neu-
trophils are in the activated state, expressing up-regulated
IL1B, C-X-C chemokine (CXC) ligand 8 (CXCLS8), and
S100A12."* These results suggest that neutrophils play a
pivotal role in inducing pathological lung lesions of
COVID-19 and its worsening. This notion may be
strengthened by results that neutrophil extracellular trap
(NET) formation that has been recognized as an indicator of
severity of the disease,”" was higher in the severe stage than
in mild one.”*"*

Furthermore, we should clarify features of blood
neutrophils in the patients in order to determine the possible
systemic function of these cells in the pathogenesis of the
disease. To this end, whole blood cells were employed for
some experiments, because utilization of blood mononuclear
cells alone misses information on a neutrophil containing
granulocyte population. Through these studies, it was
revealed that CD177, selectively expressed in human
neutrophils,”” was mostly up-regulated in the blood of
patients with severe COVID-19.° Other molecules of
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granulocytes, such as neutrophil elastase, olfactomedin 4,
myeloperoxidase (MPO), metalloprotease (MMP-8, MMP-9),
and arginase were also more highly expressed in severe
disease than in mild disease, suggesting that neutrophils work
actively in the severe disease course. On the other hand, the
genes of many lymphocyte-associated molecules were down-
regulated in severe disease.”” These results again suggest
that severity is correlated with inflammation/immunity
imbalance.

Recent studies on neutrophils utilizing omics technology
have demonstrated the heterogeneity of neutrophils in
hemostasis and infection. Neutrophil populations with
distinct molecular signatures that consist of progenitors
termed as pro-neutrophils (pro-Neu), neutrophil lineage
committed pre-neutrophils (pre-Neu), immature neutro-
phils, and mature neutrophils were identified.”*”” Based on
these studies, using scRNA-seq and single cell proteomics,
low density neutrophils, usually observed in pathological
conditions such as cancer and sepsis, were detected in the
peripheral blood mononuclear cells of severe disease. These
LDNs consist of mixtures of pro-Neu, pre-Neu, and mature
neutrophils, demonstrating the existence of emergency
granulopoiesis and dysfunctional peripheral neutrophils in
patients with severe disease.”” Further studies using whole
blood leukocytes have demonstrated the existence of
activation markers such as CD64 on the neutrophils of
patients with severe disease.”” All these results demonstrate
that peripheral neutrophils in severe disease contain
immature and dysfunctional fractions, different from those
of flu-like illness which mainly show markers of mature and
highly active neutrophils.”

Although the neutrophil dysregulation in COVID-19,
especially in severe disease, has been demonstrated through
discussing various neutrophil markers, actual dysfunction of
neutrophils was also observed. Reactive oxygen species
(ROSs) production was profoundly impaired in severe
disease,”” and the formation of NETs which is observed in
inflammation-associated damage was immunohistopatholo-
gically detected in the lungs of persons who died from
COVID-19."" Furthermore, the formation of NETs induces
the aggregation of neutrophils with platelets which leads to
immunothrombosis, a critical factor for induction of cell
death of the lung in severe disease.”” Taken together, many
studies from varying fields indicate that neutrophils play an
important role in the pathophysiology of severe disease of
COVID-19."

Detection of primed neutrophils as a narrow
but potential way for prevention and/or
treatment of severe COVID-19

As shown previously in this manuscript, the immunological
treatment of COVID-19 with modulation of cytokines is not
an easy task. Under this situation, functional modulation of
neutrophils, an important effector cell in severe conditions,
may be another possible way for the prevention or
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treatment of severe cases of this communicable disease. If
we want to prevent the progress from mild to severe
COVID-19 disease by modulation of neutrophil activity, it
seems necessary to know the total neutrophil activation
pathway, since we believe that it is almost impossible to stop
the stream of flushed cascade reactions of fully activated
neutrophils producing strong tissue damage factors such as
ROSs, MPO, and NETs. Thus, we need to start possible
modulation of neutrophils before these cascade reactions.

The activation status of neutrophils has been demonstrated
to move from resting through primed to a fully activated
one.””*" Priming is an augmentation of responsiveness to
various neutrophil activators by priming agents such as
microbial products, chemoattractants, and pro-inflammatory
cytokines (e.g., IL-1, IL-6, IL-8, TNF-a, and granulocyte
macrophage colony-stimulating factor [GM-CSF]). Priming is
observed in various neutrophil responses such as respiratory
burst, granule release, adhesion, chemotaxis, and phagocytosis.
Furthermore, some priming agents inhibit neutrophil
apoptosis, which results in the prolongation of neutrophil
survival. Priming in conjunction with subsequent neutro-
phil activation in vivo seems to be a prerequisite for full
activation of neutrophils. For example, neutrophil activa-
tors (e.g., N-formyl-L-methionyl-L-leucyl-phenylalanine
[fMLP]) alone do not induce a sufficient respiratory burst
in vitro, but priming with TNF-a accelerates the full
response of the neutrophils to fMLP in this reaction.®’
Considering these results, neutrophil priming may inevi-
tably be involved in the sequential in vivo response toward
microbial killing or normal tissue damage in various
infections, trauma, and sepsis. If we are able to dissect
primed neutrophils from fully activated ones, various
pathological lesions induced by neutrophil dysregulation
may be inhibited through stopping the pathway from
priming to activation of this cell.

The urokinase-type plasminogen activator (uPA)/
urokinase-type plasminogen activator receptor (uPAR)
system is a valuable biomarker to detect the activation state
of neutrophils and the severity of illness as follows. First, it
was revealed that resting neutrophils can be primed with
TNF-a and other pro-inflammatory cytokines to release
suPAR by subsequent activation with fMLP or IL-8,%
indicating that the uPA/uPAR system can be utilized to
examine the condition of neutrophils from resting, priming,
and to final activation. Second, surface uPAR expression of
neutrophils is down-regulated, and, in contrast, suPAR
release is up-regulated in various critical diseases,”’
suggesting that this system may be a predictor of disease
severity.

Considering that pro-inflammatory cytokines such as
IL-1f3, TNF-a, IL-6, and IL-8 are produced in the very early
stage of severe COVID-19, neutrophils should already be
primed in vivo by these cytokines in the process towards
severe disease. Indeed, phenomena have been reported that
can be explained by the in vivo priming of neutrophils.
When neutrophils from patients with obstructive jaundice
were stimulated in vitro with fMLP alone, a high grade
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respiratory burst was observed in the absence of any
priming event, but further pretreatment with TNF-a or IL-8
did not show any further priming effect on subsequent
fMLP treatment in inducing respiratory burst production.”
Furthermore, neutrophils from patients with ARDS showed
a similar response in inducing oxidative burst by fMLP
alone.” These results suggest that neutrophils can already
be preprimed in vivo in various conditions.

Based on these previous findings, we may be able to
discriminate primed neutrophils from resting ones in
patients by examining the responsiveness in vitro to
treatment with fMLP alone in suPAR production, since a
certain level of suPAR may be released in vitro by treatment
with fMLP alone, if neutrophils have already been primed in
vivo by various cytokines in the early stage of the infection.
Furthermore, since fully activated neutrophils in advanced
ARDS spontaneously release suPAR even in the absence of a
neutrophil activator, fMLP,” neutrophils from far advanced
severe COVID-19 may spontaneously release suPAR, which
may identify fully activated neutrophils in certain patients
with severe disease.

In an early study of neutrophil priming, mAbs,
designated A17 and A27 was reported to recognize the
epitope of human neutrophils primed with GM-CSF and
TNF-a.”" Interestingly, peripheral blood neutrophils from
patients with exacerbated COPD showed an increased
expression of Al7 and A27 epitope, and this expression
decreased after COPD treatment.”” We may be able to
utilize these mAbs to detect the neutrophil priming stage in
COVID-19 patients in order to find target patients for the
prevention of severe disease through modulation of
neutrophil functions.

On the other hand, in the context that neutrophils first
infiltrate inflamed tissues in a defensive response to
microbial infection, we should avoid inhibiting neutrophil
activity in the very early days of SARS-CoV-2 infection,
which may result in abrogation of the defensive response to
the infection. We have to find the time point of the onset of
the deterioration of COVID-19 in which neutrophils work
as critical effector cells. Considering these findings and the
clinical data that lung edema in severe cases starts
approximately 1 week after the onset of the disease, we
should start to examine the status of neutrophil condition in
the early days of disease onset (3-4 days), by which time the
direction of inflammatory/immune responses to SARS-
CoV-2 infection should already be determined as to
whether they proceed to defensive immunological reactions
or to deleterious inflammatory ones.

Potential utility of GPI-80, as a marker of early
neutrophil activation in the course toward
severe disease

Although, as has been pointed out, suPAR production may
be a good marker of neutrophil priming, the uPA/uPAR
system is not selectively expressed in neutrophils, but it is

expressed in many cell types. Thus, if possible, it may be
better to find other indicator(s) to characterize the
activating feature of neutrophils, since we are trying to
prevent severe COVID-19 through manipulation of the
neutrophils themselves.

Since we are seeking to manipulate primed neutrophils,
we need to identify the characteristics of primed neutro-
phils. Furthermore, a previous result showing that priming
is a prerequisite for infiltration of neutrophils to the lung
tissue, so playing a critical role for the pathogenesis of
ARDS,” suggests the importance of the detection of primed
neutrophils for the prevention of the severity of COVID-19.

GPI-80 was found by our group to be a modulator of
neutrophil adherence and migration. Treatment of neutro-
phils with a mAb (3H9) to GPI-80 sequentially augments
and suppresses CD18 dependent adherence” and induces
locomotion of these cells.”* The crosslinking of GPI-80 by
3H9 mAb up-regulates CD11b/CD18 expression and
induces shedding of CD62L,” which suggests that activa-
tion of GPI-80 changes the status of neutrophils from a
resting to a primed one. These functions of GPI-80 seem to
be downstream of integrin activation, since preactivation of
CDI18 is required for an increase in [Ca®']™ by 3H9
treatment.”* With immune- and scanning electron micros-
copy, clusters of GPI-80 were detected on the forward
surfaces of transmigrating neutrophils, giving a morpholog-
ical background of the possible role of GPI-80 for
neutrophil migration.”® Furthermore, in vitro treatment of
these cells with neutrophil priming agents, TNF-a’’ or
fMLP,”® induces the release of a soluble form of GPI-80
(sGPI-80). It should be noted that since mobilization of
secretory vesicles is the first sign of neutrophil priming of
neutrophils” and GPI-80 release is mainly mediated by this
mobilization,"”” released sGPI-80 may be a marker of the
early priming of neutrophils. The biological characteristics
of GPI-80 as described above are very similar to those of
uPAR, a regulator of integrin mediated neutrophil functions
and two other glycosylphosphatidylinositol (GPI)-anchored
proteins on human leukocytes, CD16b, and CD14 also have
the same functions. These results seem to indicate that
GPI-80 is a fourth member of this group of molecules.

Furthermore, the release of sGPI-80 into sera was
observed in patients with Wegener's granulomatosis
depending on the disease activity,'”' and it was also
detected in the synovial fluids of patients with rheumatoid
arthritis.”” These facts strongly suggest a potential clinical
application of GPI-80 to study the possible pathogenesis of
severe COVID-19, since sGPI-80 may be detectable in
plasma and other body fluids at an early stage of the
neutrophil activation process toward severe disease in
patients. The process of neutrophil activation and our
hypothesis concerning GPI-80 in COVID-19 are summa-
rized in Figure 1.

On the other hand, as discussed previously, activation of
the complement factor 5a (C5a)-C5a receptor 1 (C5aR1)
axis in conjunction with subsequently occurring activation
of neutrophils is involved in the early phase of aggravation
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neutrophils. Resting neutrophils stimulated with various substances such as complement, IL-1, TNF-q, granulocyte-colony stimulating factor (G-CSF),
granulocyte macrophage colony-stimulating factor (GM-CSF), IL-8, and N-formyl-L-methionyl-L-leucyl-phenylalanine (fMLP) are primed to react with
fMLP, phorbol 12-myristate 13-acetate (PMA), and LPS to be activated neutrophils which produce reactive oxygen species (ROSs), or neutrophil
extracellular trap (NET) and release myeloperoxidase (MPO). We propose GPI-80 as a marker of primed neutrophils as described in the text

of COVID-19 leading to microthrombosis which is a critical
lethal lesion in pathogenesis in some patients. Furthermore,
complement activation is a neutrophil priming factor.”” In
this context, an increase in the plasma C5a level should be
another marker of neutrophil priming and an early marker
of disease progression. Therefore, we further propose to
examine the Cb5a level in patients' plasma simultaneously
with sGPI-80. The important point is to examine sGPI-80
and Cba serially in the course of COVID-19 and to detect
the earliest point at which there is sGPI-80 positivity or an
increase in Cbha.

Trials to prevent initiation of the cascade
response leading to severe COVID-19 with
inhibition of neutrophil migration in
combination with down-regulation of
C5a-C5aR1 axis

In order to propose a way of neutrophil manipulation for
the prevention and/or treatment of severe COVID-19, we
need to refer to previous trials utilizing neutrophils as
therapeutic targets. Many trials in experiments and in
human preclinical studies in enhancing or inhibiting
various neutrophil functions have been performed with
both effective and noneffective results.'’” Of particular note
for successful modulation of neutrophil functions is the
timing of the artificial neutrophil manipulation. As already
discussed, since neutrophils first infiltrate inflamed tissues
as a defensive response to microbial infections, we should
avoid inhibiting neutrophil activity in the very early days of
infection, which may result in abrogation of the defensive
response to infection. In contrast, since the functions of

neutrophils are depressed in the severe stage of certain
infections such as severe sepsis,’” inhibition of neutrophil
activity may be harmful for disease control in such a stage of
the disease. How to determine the appropriate timing of
neutrophil manipulation is critical for the effective preven-
tion of diseases, but it seems not easy to determine. Among
the many clinical trials for the inhibition of neutrophil
function, blocking neutrophil extravasation through target-
ing CXC receptor (CXCR)1/CXCR2, the most important
chemokine receptor for CXC chemokines such as CXCL8
(IL-8), gave certain positive effects. A CXCR2 antagonist,
SB-656933, reduced sputum neutrophils and elastase in
patients with cystic fibrosis, while no change of pulmonary
function or respiratory symptoms was detected in this
clinical trial.'"”* Another CXCR2 antagonist, MK-7123,
induced a significant improvement of the forced expiratory
volume 1.0 (FEV1) in COPD patients.'”” Neutrophil
elastase (NE) is an important effector molecule in tissue
damage by activated neutrophils. A NE inhibitor, AZD9668,
improved FEV1 and reduced sputum IL-6 and RANTES as
well as plasma IL-8 in a clinical trial of patients with
bronchiectasis,'’° while many preclinical studies with this
and other NE inhibitors did not show beneficial effects in
improving the pulmonary functions of patients.'’” Blockers
of signaling pathways in neutrophils were also targeted
as therapeutic tools. Janus tyrosine kinase (JAK) inhibitors
such as the JAK1/JAK3 inhibitor, tofacitinib, were approved
for the treatment of rheumatoid arthritis, psoriatic arthritis,
and ulcerative colitis.'”*'"”

On the other hand, not only in clinical trials on disease
therapy targeting neutrophils,'’* but in many other clinical
trials, the evaluation of various therapies is now performed
by statistical analyses with a large number of cohorts that
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contain groups of many different conditions. These analyses
seem to be important for authorizing each trial among
many preclinical studies. However, we wonder whether the
method of data analysis mentioned above is the most
suitable for analyzing the results of therapeutic trials based
on immunological host response, since the inflammatory/
immune response at a certain time point is determined
through the collaboration of many factors such as those
mainly involved immune cells, released cytokines, and
involved inflamed tissues, and thus, it develops distinct
features depending on the timing examined. Considering
this situation, the first and most important point of
discussion in immunoprevention is to observe how the
host response shifts depending on the collaboration of each
determinant but not to summarize data from various
different conditions.

As for the immunotherapy of COVID-19, polyclonal
convalescent plasma, mAbs to spike proteins, cortico-
steroids, kinase inhibitors, anti-cytokine treatment (anti-
IL1, anti-IL6), anti-complement treatment, IFNs, and
kallikrein-kinin inhibitors have been tried, and some
beneficial results have been obtained.''’ Considering the
inhibition of severe COVID-19 through neutrophil manip-
ulation, anti-cytokine, complement treatment, and JAK
inhibitors may be utilized as candidates for the trial
Furthermore, CXCR1/CXCR2 antagonists may be another
hopeful one. Actually, the rationale for CXCR2 antagonists
for the treatment was described recently.''' As we
repeatedly emphasize in this manuscript, the most impor-
tant point for immunoprevention or therapy of COVID-19
is in the timing of artificial control of the host response. We
may exacerbate the disease with inappropriate intervention.
In other words, previous preclinical trials might have
resulted in better results if more appropriate timing of
intervention was selected. In, fact, as already discussed, IL1
antagonist and corticosteroid therapy were effective only in
certain conditions.””**

As a plausible trial for the prevention of worsening of
COVID-19 toward severe disease, we would like to choose
inhibition of neutrophil extravasation in combination with
activation of the C5a-C5aR1 axis to target, since these seem
to be initial entrance points of the cascade response to
ARDS, the main cause of lung edema. As for the rationale
for targeting neutrophil extravasation, recent literature
proposed treatment with CXCR2 antagonists for blocking
inflammation.''" AZD5069 and other CXCR2 antagonists
are under clinical investigation for the therapy of lung
diseases. Inhibition of neutrophil infiltration to alveoli at a
proper time point by CXCR2 antagonists may facilitate the
prevention of severity of the disease. Activation of the
C5a-C5aR1 axis leading to neutrophil extravasation is
currently regarded as a critical driver of initiation of
coagulopathy associated with severity.”” Inhibition of this
axis may be another potential tool for the manipulation of
dysregulated inflammatory/immune response in the early
phase of the disease from the viewpoint of how to modulate
the response, since complement activation is positioned in

the very early point of inflammatory/immune response.
Treatment of the patients with monoclonal antibodies to
C5a or Cb5aRl antagonists are undergoing clinical
research.”’

Considering intervention timing for the host response
mediated prevention or treatment of severe COVID-19, the
first point to be achieved seems to be to analyze the actual
situation of the inflammatory/immune response at the
time of intervention in targeted patients. We propose to
examine the serum concentration of suPAR and sGPI-80 in
the process of the infection, since the early expression of
these markers seems to indicate priming of neutrophils as
discussed previously. Furthermore, examination of the in
vitro release of these GPI-anchored proteins by patients'
leukocytes in response to stimulation with neutrophil
stimulating agents such as TNF-a and fMLP may also be
important to determine the activation status of neutrophils,
resting, primed, or fully activated. As mentioned in the
previous part of this manuscript, immunological prevention
of severe disease in patients with fully activated neutrophils
through manipulation of neutrophil functions may be
almost impossible to perform, and thus, to dissect primed
from fully activated neutrophils may be critical to
successfully accomplish these trials. We know well that this
discrimination is not so easy to perform, but an increase in
serum NE, histone-DNA, MPO-DNA, free dsDNA may be
predictors of fully activated neutrophils."'*'"”

After we select the patients with primed neutrophils as
candidates for recipients of this disease immunoprevention,
if possible, it is better to differentiate them into two groups
that consist of patients who will recover from the infection
and those who will worsen toward severe disease. As for this
point, a definitely beneficial result has been obtained
recently in that predictive plasma biomarkers were detected
that distinguish critically ill and noncritically ill patients.'"*
Using scRNA-seq, many plasma biomarkers related with
immunological response were examined in COVID-19
patients. To determine the relationships between biomar-
kers and disease severity, the patients were divided into
three groups, asymptomatic nonhospitalized (control),
patients treated in a medical intensive care unit (ICU),
and those treated on standard medical floors (non-ICU).
The plasma from patients on day 1 after hospitalization was
used for examination. To see the specific plasma proteins
that may affect the disease severity, a certain prediction
model was employed. The top five biomarkers predicting
severity were proteins related to neutrophil activation.
Resistin (RETN), lipocalin-2 (LCN-2), and hepatocyte
growth factor (HGF) were the top three of the five proteins
released from secondary granules upon neutrophil activa-
tion. The next two predictors were granulocyte-colony
stimulating factor (G-CSF) and IL-8, a granulopoiesis
stimulator and a neutrophil chemoattractant, respectively.
The relative protein levels of RETN, LCN2, and HGF
differed significantly among each of the three groups
(ICU > non-ICU > control), which suggests that these bio-
markers can be utilized as a predictor of severity.
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Importantly, through examining the elevation of neutrophil
activation biomarkers on day 1 of hospitalization, we can
detect noncritically ill patients who are at risk of becoming
critically ill. Thus, we can select target patients for
immunoprevention and/or therapy through examination
of the levels of plasma proteins of neutrophil activation
before they become critically ill.

We propose here a trial to inhibit severe COVID-19
through restoring dysregulated neutrophil functions (abbre-
viated as neutrophil therapy) as follows: (1) to select patients
with primed neutrophils by consecutive measurement of the
plasma concentration of suPAR and sGPI-180, both being
markers of neutrophil priming, (2) to identify target
patients in the selected group for neutrophil therapy by
picking out persons for whom the plasma concentration of
either RETN, LCN-2, and HGF is high as predictable
markers of patients of severe disease in the future, (3) to
start treatment with CXCR2 antagonists in conjunction with
C5a antagonists to inhibit an initial entrance point of
hyperinflammation proceeding toward severity (Figure 2).
This proposal just shows a rationale for alteration of
neutrophil functions as a target for immunomodulatory
inhibition of severe COVID-19. Further studies are required
to establish concrete conditions for the selection of patients
whose neutrophils are primed and schedules for CXCR2
and complement antagonist administration.

A recent study raising a model of neutrophil development
and activation driving pathogenesis of severe COVID-19""*
gives us a story in which neutrophils may be a driving force

Microbiology and Inmunology

to induce severe disease as follows. First, G-CSF releases
developing neutrophils from the bone marrow, and then IL-8
with the help of other cytokines induce infiltration of
neutrophils into inflamed tissues. Extravasated and then
activated neutrophils play a pivotal role in evoking a serial
inflammatory/immune response toward severe COVID-19.
This model may be applicable to other diseases inducing
pulmonary tissue damage. Under this situation, neutrophil
therapy may be a possible tool for the prevention of these
diseases.

CONCLUDING REMARKS

We propose the prevention of severe COVID-19 through
the modulation of the early host response of SARS-CoV-2
infection leading to ARDS placing pinpoint focus on
inhibiting neutrophil and/or complement activation at the
sites of local inflammatory/immune response. It may not be
easy for these trials to be introduced, because determining
the timing of the intervention differs from patient to patient
and the thresholds of titers of sGPI-80 or an increase of C5a
to determine whether patients are further treated with some
manipulation is unknown before the start of the trial.
However, retrospective studies on patients may give us an
answer. Finally, we emphasize again that for the successful
prevention of severe disease by immunological manipula-
tion, we need to understand the sequence and tempo of the
inflammatory/immune response and to target accurately the
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Diagram of prevention of severe disease by regulation of neutrophil function in CoV disease 2019 (COVID-19). Full neutrophil activation is

detected by examining serum neutrophil elastase, histone DNA, myeloperoxidase (MPO)-DNA, and free dsDNA. Neutrophil priming is detected as follows:
release of soluble form of urokinase type plasminogen activator receptor (suPAR) or soluble form of GPI-80 (sGPI-80) from neutrophils of COVID-19
patients in the presence of N-formyl-L-methionyl-L-leucyl-phenylalanine (fMLP) is compared with that of healthy controls. When these release levels are
significantly higher in patients than controls, neutrophils are recognized as already primed in vivo. Patients are considered to be critically ill when proteins
involved in neutrophil activation (resistin [RETN, lipocalin-2 [LCN-2], hepatocyte growth factor [HGF]) are significantly higher in serum
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onset of disease aggravation, because this response is a
double-edged sword that could protect or aggravate
COVID-19.
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