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A B S T R A C T

Objectives: Critical illness in COVID-19 is attributed to an exaggerated host immune response. Since
neutrophils are the major component of innate immunity, we hypothesize that the quantum of activated
neutrophils in the blood may predict an adverse outcome.
Design: In a retrospective study of 300 adult patients with confirmed COVID-19, we analyzed the impact
of neutrophil activation (NEUT-RI), interleukin-6 (IL-6) and the established clinical risk factors of age,
diabetes, obesity and hypertension on the clinical outcome.
Results: Significant predictors of the need for mechanical ventilation were NEUT-RI (Odds Ratio
(OR) = 1.22, P < 0.001), diabetes (OR = 2.56, P = 0.00846) and obesity (OR = 6.55, P < 0.001). For death, the
significant predictors were NEUT-RI (OR = 1.14, P = 0.00432), diabetes (OR = 4.11, P = 0.00185) and age
(OR = 1.04, P = 0.00896). The optimal cut-off value for NEUT-RI to predict mechanical ventilation and
death was 52 fluorescence intensity units (sensitivity 44%, specificity 88%, area under the curve 0.67 and
44%, 86%, 0.64, respectively).
Conclusion: This finding supports an aberrant neutrophil response in COVID-19, likely due to uncontained
viral replication, tissue hypoxia and exacerbated inflammation, introduces a novel biomarker for rapid
monitoring and opens new avenues for therapeutic strategies.
© 2021 The Authors. Published by Elsevier Ltd on behalf of International Society for Infectious Diseases.
This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-

nd/4.0/).

Introduction

COVID-19 is a novel respiratory disease caused by SARS-CoV-2.
While most patients have asymptomatic or mild self-limiting
disease, approximately 17%–35% of hospitalized patients will
require intensive care, primarily for acute respiratory distress
syndrome (ARDS) and multiorgan failure (Wiersinga et al., 2020).
For some, the turning point towards a more ominous course
appears to be the onset of progressive hypoxia, exacerbated by a
poorly understood host response involving a cytokine storm.
Access of the virus to the pulmonary epithelia, with rapid viral
expansion, alveolar wall inflammation and destruction, and

compromise of the alveolar-endothelial barrier, is likely responsi-
ble for the initial impairment of alveolar gas exchange (Wiersinga
et al., 2020; Huertas et al., 2020). Interstitial mononuclear
inflammatory infiltrates then follow with progression to ARDS
(Xu et al., 2020). With time, inflammation and edema, likely
perpetuated by unchecked viral replication and the trauma of
mechanical ventilation and hypercytokinemia, can lead to
generalized thrombogenesis and multiorgan failure (Marini and
Gattinoni, 2020).

Neutrophils are essential for their function in innate immunity
and play an important role in inflammation and the repair of
hypoxia-induced tissue damage (Wang, 2018; Lin and Simon,
2016). However, upon recruitment to inflamed tissues, experi-
mental evidence indicates that neutrophils can cause collateral
tissue damage, either locally or even at distant sites from reverse
trans-endothelial migration (Colom et al., 2015; Woodfin et al.,
2011). Focus is now being directed to their involvement in
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eplicating virus in the pulmonary epithelium and widespread
linical or subclinical tissue hypoxia are likely to attract a large
umber of neutrophils, and there are pointers towards collateral
amage. Neutrophilia has been shown to be a predictor of poor
utcome in COVID-19 (Wang et al., 2020a). Tissue infiltration by
eutrophils in pulmonary capillaries and their extravasation
nto the alveolar space has been demonstrated in autopsy patients
Yao et al., 2020; Fox et al., 2020). There is also growing interest in
eutrophil extracellular traps (NET) to contain the virus and
hether this could contribute to the development of thrombosis
nd ARDS as typically seen in critically ill COVID-19 patients
Middleton et al., 2020; Veras et al., 2020).

Neutrophils need to be activated into functional effector cells to
ulfill their role in innate immunity and tissue repair (Mayadas
t al., 2014). It is understood that the neutrophil activation process
egins shortly after recruitment as they roll along the endothelial
alls of postcapillary venules and sample inflammatory signals
Ley, 2002). In the setting of severe COVID-19, where the extent of
issue neutrophil activity is thought to be extremely high, it is
ikely that activated neutrophils are constantly circulating in the
eripheral blood. Their detection and quantification could assume
mportance in COVID-19 to determine correlations to disease
utcome, improve our understanding of the disease pathophysiol-
gy and potentially monitor future targeted therapy.
There is a rapid technique to detect activated neutrophils in the

eripheral blood using the SysmexTM XN-9100 automated
ematology analyzer. The SysmexTM XN-series analyzers (Sysmex
orp., Kobe, Japan) utilize fluorescence flow-cytometry for the
eukocyte differential, enabling enhanced subset differentiation
ased on forward and side scatter as well as RNA content. In
ddition to providing an accurate and reliable assessment of the
omplete blood count (CBC), nucleated red blood cells (nRBC) and
mmature granulocytes (IG), this technology also offers a set of
ematological inflammation parameters that quantitatively assess
he activation status of neutrophils and lymphocytes (Ustyantseva
t al., 2019; Henriot et al., 2017; Yip et al., 2020; Linssen et al.,
007). This study analyzes the contribution of these novel
arameters to established clinical risk factors in predicting adverse
utcomes in a retrospective study of 300 patients with COVID-19
dmitted to the Sultan Qaboos University Hospital, Oman (SQUH).

ethods

Between May and August 2020, over 11 weeks, a total of 331
onsecutive adult patients required admission for symptomatic
OVID-19 to SQUH. Testing for SARS CoV-2 was done on standard
espiratory specimens for all patients by real-time polymerase
hain reaction (RT-PCR). Data for all of these patients were
etrospectively collected after approval by the institution’s medical
esearch ethics committee, and a database including relevant
emographic, clinical and laboratory data was created. The study
imed to look for a correlation between the novel neutrophil and
ymphocyte activation markers, IG and nRBC, offered by the
ysmexTM XN-9100, along with the established clinical risk factors
age, obesity, diabetes and hypertension [HTN]) with mechanical
entilation and death.

nclusion and exclusion criteria

All adult patients presenting to the emergency department of

Clinical parameters

Specific clinical parameters included comorbidities, the onset of
symptoms, oxygen saturation by pulse oximeter at admission
(normal >93%), maximum oxygen requirement (room air, nasal
prongs or mask, non-invasive ventilation or mechanical ventila-
tion), time to recovery, and death or discharge. The result of blood
culture, if done at admission, was also recorded.

Hematological parameters

Central to this study is the use of the SysmexTM XN-9100
automated cell analyzer for the detection and quantification of IG,
nRBC, neutrophil reactivity intensity (NEUT-RI), neutrophil granu-
locyte intensity (NEUT-GI), total reactive lymphocytes (RE-Lymph)
and antibody synthesizing lymphocytes (AS-Lymph).

Principle of detection of neutrophil and lymphocyte activation
markers

Activated neutrophils secrete several pro-inflammatory cyto-
kines and surface molecules for antigen presentation and
activation of t-cells. In the SysmexTM XN-DIFF channel, cells are
differentiated according to their fluorescence signal intensity, size
and internal structure. Activated cells have a different membrane
lipid composition and a greater activity in the cytoplasm as they
actively produce cytokines. Thus an increase in activity is
accompanied by an increase in the number of nucleic acids that
are more intensively stained with a fluorescent dye, increasing the
fluorescent signal and magnitude of NEUT-RI. The parameter
NEUT-RI, expressed in fluorescence intensity units (FI), reflects this
neutrophil reactivity, essentially representing its metabolic
activity. The 90� side scattered light of the XN-DIFF channel
provides information about cell density or complexity, represent-
ing granularity. Therefore, if the complexity of neutrophils
increases upon a change in functionality, e.g., by toxic granulation
or vacuolization, the neutrophil cloud in the scattergram is also
affected. The parameter NEUT-GI, expressed in the unit SI (scatter
intensity), will change accordingly (Ustyantseva et al., 2019).
Fluorescence intensity above that of normal lymphocytes with the
highest fluorescence was found to be antibody-synthesizing
lympho-plasmacytoid B and plasma cells. RE-Lymph (reactive
lymphocytes) represents all lymphocytes with a higher fluores-
cence signal than the normal lymphocyte population. This
parameter is given as an absolute (cells/L) and as a percentage.
AS-Lymph (antibody synthesizing lymphocytes) denote the
activated B lymphocytes that synthesize antibodies. They repre-
sent the lymphocyte subpopulation with the highest fluorescence
signals and are part of the RE-Lymph population (Linssen et al.,
2007; Sysmex, 2017).

Detection of immature granulocytes and nucleated red blood cells

The SysmexTM XN-series auto analyzers provide accurate
quantification of IG and nRBC by fluorescence technology. Absolute
values (�109/L) were used in this study. The IG fraction in the CBC
measured by this method comprises promyelocytes, myelocytes
and metamyelocytes. Blasts and band forms are not included
(Weiland et al., 2002).
QUH with symptoms consistent with COVID-19 and confirmed for
ARS CoV-2 by RT-PCR from May to August 2020 were included in
he study. Patients who had hemoglobinopathies, hematologic or
olid malignancy on chemotherapy were excluded. Patients were
lso excluded if a CBC was not done at the time of admission.
15
IL-6 analysis

IL-6 concentration was measured on serum samples using the
automated ELECSYS IL-6 immunoassay (electrochemilumines-
cence immunoassay) by the Cobas e-601 immunoassay analyzer
6
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(Rosche diagnostics, Switzerland) following the manufacturer’s
protocol. The cut-off of IL-6 used was 7 pg/mL.

Statistical analysis

Continuous variables were described using medians with the
interquartile ranges (IQR), while categorical variables were
described using proportions. Pearson’s correlation was used for
the correlation matrix of the laboratory variables. The impact of
laboratory variables on mechanical ventilation and death was
assessed using univariable logistic regression. Statistically signifi-
cant factors were then entered into multivariable logistic regres-
sion. The known clinical prognostic factors for the 2 outcomes
were entered into the multivariable logistic regression model to
assess if the factors can independently predict these outcomes.
These factors included age, diabetes, obesity and HTN. Obesity was
defined as a body mass index of �30. An alpha threshold of 0.05
was used for assessing the statistical significance. Patients with
missing weight and height values were labelled obese if treating
physicians labelled them as obese before the outcome. The best
cut-off value was assessed by maximizing the sensitivity and
specificity. The discrimination of the cut-off values was assessed
using the area under the curve (AUC). The software R program
(R version 3.5.1, R Core Team, 2018) was used for all descriptive and
analytical statistics.

Results

Baseline characteristics and the correlations between indices

A total of 300 consecutive patients (Table 1) who attended the
emergency department for COVID-19 were included in this study
with a median age of 53 years (IQR: 41–65). The median values for
nRBC, WBC, IG and NEUT-RI were 0.00 � 109/L (IQR: 0.00�0.00),
6.5 � 109/L (IQR: 4.8–9.1), 0.02 � 109/L (IQR: 0.00�0.10) and 48.8 FI
(IQR: 46.3–50.9), respectively. Thirty-nine percent of the included
patients had diabetes, and 10% were obese. The median IL-6 value
at presentation was 37 pg/mL (IQR: 14–91). Only 7% of patients had
bacteremia at presentation or during their admission. The
correlation matrix between different laboratory parameters is

represented in Figure 1. Overall, the correlation between the
parameters was generally in the very weak or weak category
except the following: nRBC with IG (moderate, r = 0.40), IG with
WBC (strong, r = 0.64), IG with AS-Lymph (moderate, r = 0.44),
NEUT-GI with AS-Lymph (negative moderate, r = �0.41), and
AS-Lymph with RE-Lymph (strong, r = 0.71).

Need for mechanical ventilation

During the hospital stay of the 300 patients, 66 (22%) required
mechanical ventilation. In the univariable regression, IG as
estimated by the analyzer (OR = 16.41, P = 0.00623), WBC
(OR = 1.1, P = 0.00406) and NEUT-RI (OR = 1.17, P < 0.001) were
statistically significant predictors of the need for mechanical
ventilation. nRBC (P = 0.25), NEUT-GI (P = 0.52), AS-Lymph
(P = 0.32), and RE Lymph (P = 0.73) did not predict the need for
mechanical ventilation. In the multivariable analyses with the
inclusion of age, obesity, diabetes and HTN, the statistically
significant predictors of the need for mechanical ventilation were
NEUT-RI (OR = 1.22, P < 0.001), diabetes (OR = 2.56, P = 0.00846)
and obesity (OR 6.55, P < 0.001). Age (OR = 0.99, P = 0.799), HTN
(OR = 1.40, P = 0.401), WBC (OR = 1.07, P = 0.182) and IG (OR = 7.82,
P = 0.131) did not reach statistical significance. The optimal cut-off
value for the NEUT-RI to predict the need for mechanical
ventilation was 52 FI with a sensitivity of 44% and a specificity
of 88% (AUC = 0.67).

Death

Twenty-six patients were transferred to other hospitals leading
to only 274 evaluable patients for the outcome of death. Out of the
274 patients, 34 (12.4%) died during their hospital stay. In the
univariable regression, NEUT-RI (OR = 1.11, P = 0.01573) was the
only significant predictor of death. nRBC (P = 0.434), IG (P = 0.214),
WBC (P = 0.179), NEUT GI (P = 0.28), AS-Lymph (P = 0.49) and RE-
Lymph (P = 0.219) did not predict death in these patients. In the

Table 1
Baseline characteristics (n = 300).

Variable Description

Age, median (IQR), years 53 (41–65)
Gender

Female 107
Male 193

nRBC, median (IQR), �109/L 0.00 (0.00�0.00)
IG, median (IQR), �109/L 0.02 (0.00�0.10)
WBC, median (IQR), (�109/L 6.5 (4.8–9.1)
NEUT-GI, median (IQR), SI (scatter intensity) 154 (150–157)
NEUT-RI, median (IQR), FI (fluorescence intensity) 48.8 (46.3–50.9)
AS-Lymph, median (IQR), cells/L 0.03 (0.00�0.05)
RE-Lymph, median (IQR), cells/L 0.07 (0.04�0.11)
IL-6, median (IQR), pg/mL 37 (14–91)
Comorbidities

CAD 30
HTN 118
DM 116
Obesity 31
Smoking 3

Other 103

Positive blood Culture, n (%) 9 (7%)

IG: immature granulocytes, WBC: white blood cells, nRBC: nucleated red blood
cells, AS-Lymph: antibody-synthesizing lymphocytes, RE-Lymph: reactive lym-
phocytes, NEUT-GI: neutrophil granularity intensity, NEUT-RI: neutrophil reactivity
intensity, IL-6: interleukin-6, CAD: coronary artery disease, HTN: hypertension, DM:
diabetes mellitus.

Figure 1. Correlation Matrix.
The above figure represents the correlation matrix of the laboratory parameters for
the included patients. The circle’s size represents the strength of the correlation,
while the color represents the strength and direction of the correlation. IG:
immature granulocytes, WBC: white blood cells, nRBC: nucleated red blood cells,
AS-Lymph: antibody-synthesizing lymphocytes, RE-Lymph: reactive lymphocytes,
NEUT-GI: neutrophil granularity intensity, NEUT-RI: neutrophil reactivity intensity,
IL-6: interleukin-6.
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ultivariable analyses with the inclusion of age, obesity, diabetes
nd HTN, the statistically significant predictors for death were
EUT-RI (OR = 1.14, P = 0.00432), diabetes (OR = 4.11, P = 0.00185)
nd age (OR = 1.04, P = 0.00896). Obesity (OR = 2.02, P = 0.271), HTN
OR = 0.63, P = 0.347) and WBC (OR = 1.06, P = 0.214) did not reach
tatistical significance. The optimal cut-off value for the NEUT-RI to
redict death was 52 FI with a sensitivity of 44% and a specificity of
6% (AUC = 0.64).

iscussion

In our retrospective single-center study involving 300 patients
dmitted with COVID-19, 22% required mechanical ventilation, and
he overall mortality rate was 12.4%. Multivariable analyses
howed NEUT-RI (OR = 1.22, P < 0.001), diabetes (OR = 2.56,

 = 0.00846) and obesity (OR = 6.55, P < 0.001) to be significant
redictors of the need for mechanical ventilation while NEUT-RI
OR = 1.14, P = 0.00432), diabetes (OR = 4.11, P = 0.00185) and age
OR = 1.04, P = 0.00896) were predictors for death. Although
iabetes, obesity and older age have previously been described as
dverse risk factors, this is the first time that activated neutrophils,
s detected by the SysmexTM XN-9100 auto analyzer, have been
hown by multivariable analysis to be an independent predictor for
echanical ventilation and death in COVID-19. This observation is
ignificant since it implicates activated neutrophils as an impor-
ant component in the pathophysiology of this disease. There are
wo aspects of these findings which could be relevant in COVID-19.
ne involves a potential overdrive of innate immunity against the
irus, possibly via neutrophil traps (NETs) while the other pertains
o the consequences of vast neutrophil accumulation, which could
ccur at sites of tissue hypoxia and inflammation.
Neutrophils home-in very early to sites of infection to clear

athogens by phagocytosis and the oxidative burst. Another less
ell-known mechanism is the formation of neutrophil nets
Schonrich and Raftery, 2016), which has provoked considerable
nterest recently for its possible role in COVID-19 (Tomar et al.,
020; Barnes et al., 2020). In a recent study, transcriptase analysis
f tissue neutrophils in COVID-19 patients showed a correlation
etween neutrophil activation and several NET-associated
enes, supporting the role of NETS in innate immunity against
ARS-CoV-2. NETS include extracellular webs of DNA, histones,
icrobicidal proteins, and oxidative enzymes released by neu-

rophils to contain pathogens. In doing so, they then die in a
rocess distinct from apoptosis or necrosis. Since excessive NETs
an potentially trigger autoimmune responses and inflammation,
hey are normally degraded and removed from the circulation by
ndogenous DNase and phagocytosis (Laukova et al., 2020; Farrera
nd Fadeel, 2013). It is postulated that dysregulation of the normal
omeostatic mechanisms to keep NETs in check could play a role in
ncontrolled hyperinflammation. To support this, plasma levels
f DNase I have been found to be markedly reduced in severe
OVID-19, possibly due to exhaustion from overwhelming NET
roduction. Impaired NET clearance could also be one reason why
iabetes is such a significant risk factor for COVID-19 since high
lucose exposure is known to interfere with phagocytosis (Pavlou
t al., 2018). Recent evidence suggests that collateral damage from
ustained NET formation could be involved in the thrombosis and
espiratory distress often encountered in severe COVID-19 (Wang
t al., 2020b).
SARS-CoV-2 involvement of the pulmonary epithelium, with

intimately linked (Eltzschig and Carmeliet, 2011; Eltzschig, 2011;
Xiao et al., 2019), and neutrophils and macrophages play a vital
regulatory role in the resolution of inflammation and restoration of
tissue integrity (Egners et al., 2016). However, there may also be
untoward consequences from the large influx of neutrophils into a
hypoxic environment. Hypoxia has been shown to inhibit
spontaneous neutrophil apoptosis (Talla et al., 2019) and is also
thought to induce degradation of azurophilic granules with the
potential for exacerbation of tissue injury from spillage of granule
proteins at hypoxic injury sites. While extended neutrophil
survival could be beneficial for pathogen clearance, it is unclear
what effects their continuing accumulation could have on an
already damaged tissue environment. Additionally, it is conceiv-
able that dysregulation of this innate immune system due to viral
or host genetic factors, or both, can also contribute to the unique
pathogenesis of COVID-19.

Rapid mobilization of neutrophils can occur either by demargi-
nation as in localized acute inflammation, or from the bone
marrow by shortening the maturation time of post-mitotic
precursors (metamyelocytes, band forms and immature neutro-
phils) (Orr et al., 2007). However, to compensate for this
tremendous depletion and demand for mature activated neutro-
phils, a broader stimulation of the bone marrow compartment
must occur. Hematopoietic stem cell recruitment will then
increase the quantum of committed myeloid progenitors, creating
a larger mitotic pool, with the potential for spill-over of IG
(promyelocytes, myelocytes) into the peripheral blood. Reports
from others (Mitra et al., 2020), and our observations of nRBC, IGs
and even occasional blasts in the peripheral blood of patients with
COVID-19, prompted us to look more closely at this phenomenon in
our 300 patient cohort. We found that IGs correlated with hypoxia
at admission but not with IL-6, lending support to massive NETosis
and likely tissue hypoxia (rather than the cytokine storm) as causal
for intense bone marrow activity to meet continued demand for
mature neutrophils.

Activation of neutrophils into functional effector cells begins
during adhesion and transmigration and is maximized upon
interaction with specific signals within the injured or infected site
(Mantovani et al., 2011). If large numbers of neutrophils are being
trafficked in critically ill COVID-19 patients, the presence of
activated neutrophils in the peripheral blood might reflect
significant events occurring at the tissue level. Indirect evidence
for this supposition has emerged in a recent article currently
undergoing peer review (Meizlish et al., 2020). Using proteomic
profiling, the authors report a prominent signature of neutrophil
activation in the plasma of COVID-19 patients at admission that
predicted increased mortality. We have shown the presence of
activated neutrophils in the peripheral blood of patients with
COVID-19 by directly analyzing the neutrophil population using
the SysmexTM XN-9100 automated cell analyzer. This novel
technology enabled us to rapidly quantify the degree of neutrophil
activation and assign a cut-off value of fluorescence intensity with
predictive value for risk of mechanical ventilation and death. In a
recent multi-center study done primarily to design and validate a
prognostic scoring system using only hemocytometric data by the
SysmexTM technology, activated neutrophils were significantly
associated with critically ill COVID-19 patients (Linssen et al.,
2020). In our study, we found activated neutrophils to be an
important predictor of mechanical ventilation and death. Although
more studies of neutrophil activation in COVID-19 with this
nflux of neutrophils and inflammation, causes impaired alveolar
as exchange and hypoxia. Although it is well-known for patients
ith COVID-19 to be hypoxic at presentation, it is likely that some
ould have subclinical hypoxemia much earlier and that the degree
nd extent of hypoxic tissue damage and inflammation might
e significantly underestimated. Hypoxia and inflammation are
15
technology are needed to verify these results, the SysmexTM

XN-9100 cell analyzer appears to be a reliable, robust and rapid
method to quantify neutrophil activation in the peripheral blood.
Importantly, since the detection of activated neutrophils by this
method can predict outcome, this simple and rapid automated
technology could also be a valuable tool in conjunction with other
8
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NETosis markers like cell-free DNA, myeloperoxidase, elastase and
citrullinated histone H3 (Perdomo et al., 2019) to monitor novel
neutrophil targeted strategies. Such strategies under investigation
include rapid clearance of NETs with exogenously administered
DNase-1 (Park et al., 2020) and the use of the phytonutrient
Resveratrol for its wide range of biological activities, especially the
anti-inflammatory, antioxidant and antithrombotic properties
(Giordo et al., 2021).

In summary, our study shows the presence of activated
neutrophils (NEUT-RI) (as measured by the SysmexTM XN-9100
auto-analyzer) in the peripheral blood of patients with COVID-19
at admission to be an independent predictor for mechanical
ventilation and death. From a biological standpoint, these findings
imply a central role for neutrophils in the disease’s pathophysiol-
ogy and could potentially lead to newer therapeutic strategies for
COVID-19. Importantly this non-invasive novel technology, incor-
porated in a multi-parameter hematology autoanalyzer to detect
circulating activated neutrophils, enables rapid turn-around time
for clinical and therapeutic decision making.
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