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Abstract— Severe lung inflammation is common in life-threatening coronavirus disease 
2019 (COVID-19). This study tested the hypothesis that polymorphonuclear (PMN, neu-
trophil) phenotype early in the course of disease progression would predict peak lung 
disease severity in patients infected with severe acute respiratory syndrome coronavirus 
2 (SARS-CoV-2). It is increasingly evident that PMN activation contributes to tissue 
injury resulting from extracellular reactive oxygen species generation, granule exocytosis 
with release of proteases, neutrophil extracellular trap (NET) formation, and release of 
cytokines. The current study focuses on PMN activation in response to SARS-CoV-2 infec-
tion, specifically, the association between NETs and lung disease. This is a prospective 
cohort study at an academic medical center with patients enrolled within 4 days of admis-
sion at 3 tertiary hospitals: Clements University Hospital, Parkland Memorial Hospital, and 
Children’s Health in Dallas, TX. Patients were categorized as having minimal or moderate 
to severe lung disease based on peak respiratory support. Healthy donor controls matched 
for age, sex, race, and ethnicity were also enrolled. Neutrophils from COVID-19 patients 
displayed greater IL-8 expression, elastase release, and NET formation as compared with 
neutrophils from healthy donors. Importantly, neutrophils from COVID-19 patients had 
enhanced NET formation in the absence of any additional stimulus, not seen in PMN from 
healthy donors. Moreover, PMA-elicited NET formation by circulating PMN correlated 
with severity of lung disease. We speculate that neutrophil immuno-phenotyping can be 
used to predict lung disease severity in COVID-19 patients.
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INTRODUCTION

The COVID-19 pandemic has placed unparal-
leled strain on healthcare facilities and providers and has 
resulted in millions of deaths worldwide [1]. Patients 
with SARS-CoV-2 sepsis experience symptoms ranging 
from asymptomatic infection to multi-organ dysfunction 
syndrome and death. As reported with SARS-CoV and 
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MERS-CoV, a cytokine storm has been linked with dis-
ease severity, and acute lung injury (ALI) accounts for a 
significant proportion of morbidity and mortality [2–4]. 
A better understanding of the innate immune response 
is crucial to the clinical management of COVID-19 and 
may have relevance in other viral respiratory infections.

In the SARS-CoV outbreak of 2002–2003, poly-
morphonuclear leukocyte (PMN, neutrophil) count was 
an independent predictor of adverse outcome [5], and 
PMN to lymphocyte ratio has been correlated with sever-
ity of disease in COVID-19 patients [6, 7]. It is increas-
ingly evident that PMN play a critical role in the patho-
physiology of many diseases ranging from infection to 
cancer [8], but relatively little is known about the role 
of neutrophils in viral illnesses. Despite an unequivocal 
role in host defense, PMN activation contributes to tis-
sue injury resulting from granule exocytosis with release 
of proteases, neutrophil extracellular trap (NET) forma-
tion, and release of cytokines [9–12]. In addition to direct 
damage to tissues, NETs are a source of autoantigens 
and immunostimulatory proteins that serve as damage-
associated molecular patterns that may amplify the host 
response [13].

Our lab has a longstanding interest in the drivers 
of inflammation and the resolution phase of inflamma-
tion. Our current focus is on the role of neutrophils 
in the systemic inflammatory response syndrome and 
the molecular mechanisms eliciting lung injury. There 
is a gap in knowledge regarding neutrophil responses 
in viral infections and the contribution of neutrophil 
activation to organ injury. Several studies have dem-
onstrated the presence of NET fragments or cell-free 
DNA in the plasma of COVID-19 patients [14–17], and 
post-mortem analysis reveals the presence of NETs in 
lung tissue of COVID-19 patients [17–19]. An elevation 
in cytokines, including IL-8, has also been observed in 
the plasma of COVID-19 patients [20], but the cellular 
source is not clear. Neutrophil elastase has been impli-
cated in the pathogenesis of lung disease, and elastase 
inhibitors have been used in clinical trials with mixed 
results [9, 21–24]. Treatment options for COVID-19 
are limited and primarily consist of supportive therapy 
and suppression of the systemic inflammatory response. 
These approaches, along with some use of anti-viral 
medications, are based on the knowledge and manage-
ment of other severe viral respiratory infections and 
empirical evidence gained over the course of the current 
pandemic. These therapies and aggressive supportive 

care have resulted in a slight improvement in case 
fatality rates, but significant morbidity and mortal-
ity remain. Monoclonal antibody therapies have been 
authorized in certain circumstances as a prophylactic 
after known exposure and in the early stages of infec-
tion [25]. Remdesivir, the only authorized antiviral 
treatment, was shown to shorten the time to recovery 
in hospitalized adults with evidence of lower respira-
tory infection [26]. However, a recent Cochrane review 
concluded that remdesivir probably had minimal impact 
on mortality, considering all causes, in adults requir-
ing hospitalization with SARS-CoV-2 infection [27]. 
Therapies that target the neutrophil response have been 
proposed [28, 29], and some have progressed to clinical 
trials [30]. A better understanding of the role of neutro-
phils and the underlying molecular mechanisms driving 
inflammatory complications and organ injury is needed 
to more precisely identify potential therapeutic targets 
and inform the design of clinical trials.

Based on the early reports of neutrophilia and 
NET formation in the lungs of severely ill COVID-19 
patients, we sought to investigate the neutrophil phe-
notype in patients hospitalized with SARS-CoV-2. Our 
primary aim was to determine whether neutrophil phe-
notype early in the course of disease could be used to 
predict peak lung disease severity. We hypothesized that 
the NET formation potential of circulating PMN would 
correlate with peak lung disease. The ability to stratify 
risk and predict which patients may require intensive 
care and mechanical ventilation would allow for a 
more personalized approach to clinical care. Moreo-
ver, predictive capacity could have a significant impact 
on resource utilization, particularly intensive care unit 
bed assignment, at a time when this resource is limited. 
A secondary aim was to pinpoint molecular targets for 
future study as potential therapeutic targets. This study 
focuses on PMN activation in response to SARS-CoV-2 
infection, specifically the association between elastase 
release and NET formation potential and severity of 
lung disease. We found that freshly isolated neutrophils 
from COVID-19 patients produced IL-8 and released 
elastase and NETs in the absence of exogenous stimula-
tion. In addition, neutrophils from COVID-19 patients 
had enhanced elastase release upon exogenous stimula-
tion. Importantly, PMNs from COVID-19 patients dis-
played greater NET formation potential than PMN from 
healthy donors, and moreover, NET formation potential 
correlated with the severity of lung disease.
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MATERIALS AND METHODS

Patients and Data Collection
This was a prospective cohort study with 2 

cohorts: (1) hospitalized patients with SARS-CoV-2 
infection and (2) healthy donors matched for age, sex, 
race, and ethnicity. COVID-19 patients at Clements 
University Hospital, Parkland Memorial Hospital, and 
Children’s Health were screened for enrollment by the 
UT Southwestern SARS-CoV-2 Biorepository (COVID-
19 BR), and 32 patients were enrolled for our study 
between May 2020 and January 2021. Approval was 
obtained from the Institutional Review Board at UT 
Southwestern. Samples were collected and processed 
within 2 h by the COVID-19 BR. Eight patients were 
excluded in the final analysis due to the timing of the 
blood draw. Of the 24 patients included in our study, 
neutrophil elastase release and NET formation were 
measured in 20 patients due to staff availability. These 
assays are performed immediately upon neutrophil iso-
lation. Neutrophil IL-8 production was measured in 
21 patients due to sample availability. H3CIT-elastase 
fragments were assessed in all 24 patients.

Peak respiratory support during hospital stay was 
used to categorize patients by severity of lung disease. 
Based on guidelines from the World Health Organiza-
tion, minimal lung disease (n = 14) is defined as room air 
to 6 LPM on the nasal cannula. Moderate to severe lung 
disease (n = 10) is 6 LPM on the high flow nasal cannula 
up to 50 LPM (n = 7), BiPAP (n = 1), or mechanical ven-
tilation (n = 2) [31, 32]. Due to our limited sample size, 
we combined the moderate and severe groups for analysis. 
Clinical data were collected from study entry until dis-
charge and included demographic data, BMI, white blood 
cell (WBC) count, PMN percentage, C-reactive protein, 
and respiratory support; dates of symptom onset, admis-
sion, and blood draw; length of stay; pre-existing condi-
tions; and measures of organ dysfunction. There were no 
significant differences in age, sex, BMI, race, ethnicity, 
length of stay from symptom onset, or time of sample 
acquisition in the COVID-19 cohort based on lung dis-
ease severity. The average BMI was 27.9, slightly above 
the reference range (18.5–24.9). Peak PMN percent-
age (74.0 ± 4% for minimal lung disease vs 84.4 ± 15% 
for mod/severe lung disease) and C-reactive protein 
(47.7 mg/L for minimal lung disease vs 111.9 mg/L for 
mod/severe lung disease) were elevated in COVID-19 
patients and correlated with lung disease severity, consist-
ent with published reports [3, 31]. The reference ranges 

for PMN percentage and C-reactive protein are 40–60% 
and less than 10 mg/L, respectively.

Materials

HBSS and Dulbecco’s PBS (DPBS) were pur-
chased from Mediatech (Manassas, VA, USA), dextran 
from Pharmacosmos (Holbaek, Denmark), Ficoll-Paque 
from GE Healthcare (Piscataway, NJ, USA), and human 
serum albumin from CSL Behring (King of Prussia, 
PA, USA). Abs included IL-8 (clone 8CH) from Invit-
rogen (Waltham, MA, USA), citrullinated histone H3 
(R2 + R8 + R17) (H3CIT) from Cayman Chemical (Ann 
Arbor, MI, USA), and biotinylated elastase from R&D 
Systems (Minneapolis, MN, USA). SYTOX™ Green was 
purchased from Thermo Fisher Scientific, MeOSuc-Ala-
Ala-Pro-Val-7-amino-4-methylcoumarin from MP Bio-
medicals (Solon, OH, USA), and PMA and fMLF from 
Sigma (St. Louis, MO, USA). Additional reagents were 
obtained from Fisher Scientific (Pittsburgh, PA, USA). 
All buffers and reagents were strictly endotoxin free.

Human PMN Purification

PMNs were isolated from acid citrate dextrose anti-
coagulated whole blood according to standard techniques 
as previously described and approved by the Institutional 
Review Board at UT Southwestern and in collaboration 
with the COVID-19 BR. [33, 34].

Elastase Activity

Freshly isolated PMNs were diluted in PICM-G 
buffer (10 mM sodium phosphate buffer with 2.7 mM 
KCl, 138 mM NaCl, 0.6 mM  CaCl2, 1.0 mM  MgCl2, 
and 0.1% glucose) containing MeOSuc-Ala-Ala-Pro-
Val-7-amino-4-methylcoumarin (20 μM) and no agonist, 
1 nM PMA, or 3 nM PMA before addition to a 96-well 
microplate. Duplicate wells (1 ×  105 PMN/well) were read 
in the CLARIOstar from BMG Labtech (Cary, NC, USA) 
at an excitation/emission of 360 ± 20/450 ± 30 nm, with 
readings every 5 min. Based on the kinetics of elastase 
release and before substrate consumption, data are 
expressed as relative fluorescence units (RFUs) at 90 min.

NET Formation

Sytox Green: Freshly isolated PMNs were diluted in 
HBSS containing 0.1% glucose and 1% human serum 
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albumin containing 5 µM Sytox Green and no agonist, 
1 µM fMLF or 3 nM PMA before addition to a 96-well 
microplate. Duplicate wells (1 ×  105 PMN/well) were 
read in the CLARIOstar at an excitation/emission of 491 
± 15/535 ± 20nm with readings every 5 min. Endpoint 
readings are expressed as RFUs.

H3CIT‑elastase complexes: Plasma was collected and 
stored at –80 °C by the COVID-19 BR. ELISA was per-
formed, as previously described [35], with H3CIT and 
biotinylated elastase as the capture and detection antibodies, 
respectively. Results are expressed as OD.

IL‑8 Intracellular Flow

PMN pellets were collected and stored at –80 °C by 
the COVID-19 BR. Pellets were thawed and processed 
according to the two-step protocol for intracellular pro-
teins as previously described [36]. Twenty thousand 
events were acquired on a FACSCalibur from BD Bio-
sciences (San Jose, CA, USA) and analyzed using FlowJo 
version 9.9.6 from Tree Star (Ashland, OR, USA). The 
neutrophil population was identified by forward versus 
side scatter.

Statistical Analysis

Data for each individual are presented as well as the 
mean ± standard error of the mean for the cohort. Statisti-
cal analysis was performed using GraphPad Prism 9 for 
Windows from GraphPad Software (La Jolla, CA, USA). 
Comparisons between cohorts were performed using one-
way ANOVA with multiple comparison or Student’s t 
test. Results were considered statistically significant with 
a p value less than 0.05, and relative p values are noted in 
the figure legends and text.

RESULTS

Elevated WBC Count in COVID‑19 Patients 
with Moderate to Severe Lung Disease

Our primary hypothesis centered on the analysis of 
PMN phenotype early in the course of COVID-19 as a 
predictor for the development and severity of lung disease. 
Thus, we divided the COVID-19 cohort into two groups 
based on peak respiratory support during hospital stay: 
no/minimal vs mod/severe lung disease. The baseline 
characteristics of each cohort are displayed in Table 1. 
COVID-19 patients and healthy donors did not differ in 

Table 1  Characteristics of Study Cohorts

Categorical values are presented as n (%) and continuous values are presented as median (interquartile range).
BMI body mass index.
a p values calculated using one-way ANOVA and chi-squared analysis as appropriate.

Characteristics COVID-19 (n = 24) Lung disease severity Healthy (n = 23) p valuea

Minimal (n = 14) Mod/Severe (n = 10)

Age (years) 41.7 (28.0–62.3) 39.7 (27.1–64.5) 44.8 (30.5–59.3) 41 (30.0–48.5) 0.799
Female 10 (42%) 6 (43%) 4 (40%) 12 (52%) 0.382
BMI (kg/m2) 27.9 (24.9–36.4) 27.9 (24.3–35.8) 27.9 (25.4–44.0) 0.989
Ethnicity 0.778
  Hispanic 8 (33%) 5 (36%) 3 (30%) 5 (22%)
  Non-Hispanic 16 (67%) 9 (64%) 7 (70%) 18 (78%)

Race 0.584
  White 16 (67%) 10 (71%) 6 (60%) 16 (70%)
  Black 3 (13%) 1 (7%) 2 (20%) 2 (8%)
  Asian 1 (4%) 1 (7%) 0 (0%) 5 (21%)
  Other 2 (8%) 1 (7%) 1 (10%) 0 (0%)
  Unknown 2 (8%) 1 (7%) 1 (10%) 0 (0%)

Length of stay from symptom 
onset (days)

12 (9–15) 12 (9–13.2) 14 (8–15) 0.967

Day of sample acquisition 3 (2–3) 3 (2–3) 2.5 (1–3) 0.403
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regard to age, sex, race, or ethnicity. Peak WBC count 
was higher in patients who developed moderate to severe 
lung disease (14.36 ± 1.61 ×  109/L) versus patients who 
developed no/minimal lung disease (8.80 ± 0.86 ×  109/L, 
p < 0.01) consistent with a recently published prospective 
study in Wuhan that reported significantly higher WBC 
count in COVID-19 patients with severe-critically severe 
versus mild-moderate disease [37]. The reference range 
for (WBC) count is 4.5–11.0 ×  109/L.

PMN From COVID‑19 Patients Produce IL‑8

COVID-19 patients are reported to have increased 
serum IL-8 levels that correlate with disease severity, but 
the cellular source(s) have not been definitively identified 
[20, 38, 39]. Neutrophils are a source of IL-8 production, 
and neutrophil IL-8 production and release may result in 

amplification of systemic inflammation. We measured intra-
cellular IL-8 levels in freshly isolated PMN from COVID-
19 patients and compared this with levels in healthy donors. 
PMN from COVID-19 patients had significantly more 
intracellular IL-8 than PMN from healthy donors (Fig. 1). 
Interestingly, PMN from COVID-19 patients who went on 
to develop mod/severe lung disease tended to produce less 
IL-8 than COVID-19 patients with minimal lung disease. 
This may represent the timing of sampling, early in the 
course of disease, but suggests that PMN IL-8 would not 
serve to predict future disease severity.

PMN From COVID‑19 Patients Release Elastase 
at Baseline and Upon Stimulation with PMA

Neutrophil azurophilic granules contain proteases, 
including elastase, and release of these granule contents is 

Fig. 1  COVID-19 patients have increased neutrophil IL-8 production. Flow cytometry was used to determine neutrophil IL-8 protein levels in 
healthy donors (n = 17) and COVID-19 patients (n = 21). Data are presented as the geometric mean intensity (GMI) demonstrating increased intra-
cellular IL-8 production in freshly isolated neutrophils from COVID-19 patients compared to healthy donors. There is no difference in IL-8 expres-
sion in patients who developed moderate to severe lung disease versus those with minimal lung disease. **p < 0.01.
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tightly regulated. Neutrophil elastase has been implicated 
in the pathogenesis of lung disease in numerous disease set-
tings [9]. Given the purported role of elastase in lung injury, 
and the correlation between high PMN number and disease 
severity in COVID-19 patients, we sought to assess elastase 
release by PMN from COVID-19 patients with and with-
out exogenous stimulation. Importantly, in previous studies 
[35, 40], we have noted that PMNs from healthy donors 
have minimal elastase release in the absence of stimula-
tion with agonists. Freshly isolated PMN from COVID-19 
patients released significantly increased amounts of elastase 
as compared to healthy donors without exogenous stimula-
tion (Fig. 2A). A trend toward greater elastase release was 
noted in patients with mod/severe lung disease. Further 
study with a larger patient population is merited to deter-
mine if elastase release correlates with lung disease severity. 
Exogenous stimulation with PMA does not elicit elastase 
release by PMN from healthy donors [35]. Interestingly, 
PMA elicits elastase release from COVID-19 patient neu-
trophils in a concentration-dependent manner suggesting 
a primed phenotype (Fig. 2B, C). Our findings support 
further investigation of neutrophil elastase as a potential 
therapeutic target.

Circulating H3CIT‑Elastase Complexes 
in COVID‑19 Patients

Circulating cell-free DNA and myeloperoxidase-
DNA complexes have been used as surrogates for NET for-
mation and found to be elevated in plasma from COVID-
19 patients [14, 15]. Interestingly, we found no change 
in circulating H3CIT-elastase complexes in COVID-19 
patients vs healthy donors (Supplemental Fig. 1). Our 
H3CIT-elastase ELISA is specific for NET fragments that 
are produced following the citrullination of H3. NET for-
mation that does not require the citrullination of H3 has 
been reported [41] and could explain the lack of detection 
in our ELISA. It is also possible that NET fragments are 
sequestered in damaged organs of patients, and that NET 
fragments present in the circulation do not correlate with 
the level of lung disease. In addition, we sampled plasma 
at a single time point which may not have been optimal 
for detection of circulating NETs. Our samples were col-
lected within 4 days of admission and processed within 
2 h. Many studies of circulating NET components rely on 
clinical waste samples that have been collected through-
out the hospital stay and stored for hours or days [14–16].

Fig. 2  Increased neutrophil elastase release in COVID-19 patients. A Freshly isolated neutrophils from COVID-19 patients release more elastase at 
baseline (no exogenous stimulation) than neutrophils from healthy donors. B Neutrophils from COVID-19 patients release more elastase than neu-
trophils from healthy donors when stimulated with 1 nM PMA or 3 nM PMA (C). n = 14 healthy donors, n = 10 COVID-19 patients with minimal 
lung disease, n = 10 COVID-19 patients who developed mod/severe lung disease. One patient in each group did not receive stimulation with 1 nM 
PMA. *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001.
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NET Formation Potential Correlates With Lung 
Disease Severity

NETs have been implicated in the pathogenesis of 
numerous disease processes including ALI [8, 10–12, 42]. 
Based on our expertise in neutrophil biology and inter-
est in understanding the role of neutrophils in ALI, we 
sought to determine whether the NET formation potential 
of circulating PMN could predict future severity of lung 
disease in patients infected with SARS-CoV-2. Unex-
pectedly, we found that PMNs from COVID-19 patients 
generate NETs without exogenous stimulus (Fig. 3A) that 
is not significantly increased by stimulation with fMLF 
(Fig. 3A, B). Interestingly, there was a much greater 
degree of interindividual variability in basal NET genera-
tion among PMNs from COVID-19 patients, suggesting 
that a subset of patients display a primed phenotype. This 
phenotype, however, was not enhanced by the addition of 
fMLF. Based on the increased IL-8 production, elastase 
release, and NET formation in unstimulated PMN from 
COVID-19 patients, we sought to assess NET formation 
potential by measuring NET formation in response to 
PMA, a well-characterized agonist for NET formation. 
Interestingly, when stimulated with PMA, PMN from 
COVID-19 patients began generating NETs much more 
quickly than healthy donors (Fig. 3C). Whereas PMN 
from healthy donors began generating NETs on average 
127.7 ± 4.9 min following stimulation with 3 nM PMA, 
PMN from COVID-19 patients began generating NETs 
on average 101.5 ± 3.5 min following stimulation again 
suggestive of a primed neutrophil phenotype in COVID-
19 patients. In addition to a significant difference in 
the kinetics of NET formation, PMN from COVID-19 
patients who would later develop mod/severe lung disease 
generated an overall increased abundance of NETs than 
either healthy donors or COVID-19 patients with minimal 
lung disease (Fig. 3D).

Discussion

The essential antibacterial role of neutrophils is 
unequivocal. Much less is known about the role of neu-
trophils in viral infections. Neutrophils exhibit antiviral 
properties including the capture of viral particles by 
NETs [43] that may be beneficial for the host immune 
response, but neutrophils are also implicated in amplifica-
tion of inflammation and tissue destruction in influenza 
and respiratory syncytial virus infections, among other 
pulmonary diseases [10–12, 42]. Several therapeutic 

strategies targeting neutrophilic inflammation have been 
proposed. It is important to determine the pathophysi-
ologic role of neutrophils in viral lung disease to better 
define therapeutic targets. Due to their critical role in host 
defense, previous attempts at therapeutically targeting 
neutrophils have had mixed results, suggesting that more 
mechanistic understanding will be required to identify 
narrow targets. Moreover the kinetics of neutrophil acti-
vation in COVID-19 infection and other processes may 
have critical relevance to time therapeutic interventions. 
In this study, we examined whether neutrophil phenotype 
can predict lung disease severity in hospitalized patients 
with COVID-19 and sought to identify potential thera-
peutic targets for further study.

We present 3 novel findings from our prospective 
study of freshly isolated neutrophils from COVID-19 
patients early in the course of disease progression: (1) 
NET formation potential correlates with the severity of 
lung disease, (2) neutrophils from patients infected with 
SARS-CoV-2 release elastase and generate NETs with or 
without exogenous stimulation, and (3) IL-8 production 
is higher in PMN isolated from COVID-19 patients as 
compared with healthy donors. Our findings add to the 
current body of literature regarding the role of neutro-
phils in the pathophysiology of COVID-19 with a focus 
on ex vivo elastase release and NET formation in freshly 
isolated neutrophils from COVID-19 patients early in 
disease progression.

Notwithstanding a small sample size, we observed 
significant differences in neutrophil phenotype in patients 
infected with SARS-CoV-2 compared with healthy 
donors. Our finding that intracellular neutrophil IL-8 
levels do not correlate with lung disease severity sug-
gests that another cell type or types may be the source of 
high levels of circulating IL-8 measured in the plasma 
of COVID-19 patients. It is likely that neutrophil IL-8 
levels change over the course of disease progression and 
that the early time point selected for our study is prior 
to the peak expression. A longitudinal study of plasma, 
neutrophil, and monocyte IL-8 levels is warranted and 
beyond the scope of this pilot study. Circulating IL-10 
levels are significantly increased in COVID-19 patients 
[44], and IL-10 can inhibit LPS-induced IL-8 produc-
tion in human neutrophils [45]. The trend toward lower 
neutrophil IL-8 in COVID-19 patients with moderate to 
severe lung disease could be the result of inhibition by 
IL-10 and represents an important avenue of future study.

There is mounting evidence suggesting a role for 
neutrophil elastase and NETs in the pathogenesis of lung 

Kinnare, Hook, Patel, Monson and Moreland806



injury [9–12, 42]. Moreover, both elastase and other NET 
components are currently under investigation as therapeu-
tic targets [17, 21–24, 30]. However, we are just beginning 

to recognize the breadth of unique agonists that elicit NET 
formation and the disparate molecular mechanisms driv-
ing both regulated elastase release and NET formation 

Fig. 3  Rapid onset of NET formation in PMN from COVID-19 patients and correlation with lung disease severity. A Increased basal NET forma-
tion in freshly isolated neutrophils from COVID-19 patients without exogenous stimulus. Increased NET generation in neutrophils from COVID-19 
patients upon stimulation with 1 μM fMLF compared to healthy donors.  B Using paired samples from the same patient/donor, no significant fold 
change in NET formation upon stimulation with 1 µM fMLF. C NET formation occurs more rapidly in neutrophils from COVID-19 patients stimu-
lated with 3 nM PMA compared to healthy controls. D Neutrophils from COVID-19 patients who developed mod/severe lung disease exhibit greater 
NET production in response to 3 nM PMA compared to COVID-19 patients with minimal lung disease or healthy controls. n = 14 healthy donors, 
n = 10 COVID-19 patients with minimal lung disease, n = 10 COVID-19 patients who developed mod/severe lung disease. *p < .05; **p < 0.01; 
***p < 0.0001.
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[35, 41, 46]. A recent proteomic analysis of NETs found 
stimulus-dependent differences in protein composition and 
post-translational modifications that may impact biologic 
activity [46]. The partnering of ex vivo analysis of patient 
neutrophils with basic mechanistic studies allows for more 
precise identification of potential therapeutic targets with 
greater chance of success. In this study, we sought to 
determine whether basal elastase release and NET for-
mation in freshly isolated neutrophils from COVID-19 
patients correlated with lung injury. Moreover, we wanted 
to test the ability of these cells to respond to an exog-
enous stimulus to determine if neutrophils from COVID-
19 patients demonstrated a primed phenotype with 
greater potential for elastase release and NET formation 
than neutrophils from healthy donors. We chose to study 
both fMLF and PMA as the exogenous stimuli for this 
pilot study based on the relatively small interindividual 
variability in response among healthy donor neutrophils 
[35]. Although we observed a significant increase in neu-
trophil elastase release in COVID-19 patients compared 
to healthy donors, it did not correlate with lung disease 
severity. A larger cohort is needed to further investigate 
this finding. Elastase inhibitors are currently used to treat 
cystic fibrosis and are in clinical trials for the treatment 
of numerous other inflammatory conditions including 
COVID-19 associated ALI [23, 24, 47].

Our data strongly suggest a primed neutrophil 
phenotype in COVID-19 patients with significant clini-
cal implications as primed circulating neutrophils enter 
organs with the potential for over exuberant elastase 
release and NET formation. Neutrophil priming, a state 
of preactivation, is a well-characterized phenotype [48, 
49]. In our study, neutrophils from COVID-19 patients 
stimulated with PMA demonstrated concentration-
dependent elastase release and greater potential for NET 
formation. Interestingly, NET formation in response to 
fMLF was only modestly increased in neutrophils from 
COVID-19 patients. Neutrophil formyl-peptide receptor 
1 (FPR1) recognizes a large number of ligands includ-
ing fMLF and endogenous N-formylated peptides from 
damaged cells [50]. Upon engagement, FPR1 becomes 
resistant to subsequent stimulation [51]. Differential 
cell surface expression has also been demonstrated as 
a regulatory mechanism of FPR1 [52], providing one 
possible explanation for our findings.

In contrast to previous studies, we did not observe 
an increase in circulating NET fragments in COVID-19 
patients. Our assay is specific for H3CIT-elastase frag-
ments and is less sensitive than measures of cell-free DNA. 

Further investigation is needed to determine the source(s) 
and clinical implications of circulating DNA fragments in 
COVID-19 patients to better target them therapeutically. 
Broad targeting of DNA fragments with DNase has demon-
strated promising results [53, 54] in pilot studies, but there 
is some evidence that the timing and route of treatment may 
be critical for positive outcomes [55].

Although our study is limited by the size of the 
cohorts resulting in the inability to distinguish between 
moderate and severe lung disease, it adds to the growing 
body of literature regarding the role of neutrophils in the 
pathogenesis of COVID-19 lung disease. The neutrophil 
isolation protocol used for our study resulted in the loss 
of low-density neutrophils (LDNs) which may result in 
an underestimate of NET formation in our samples, as 
LDNs are more likely to generate NETs and have been 
associated with COVID-19 severity [18, 19, 56]. Several 
studies have demonstrated NET formation in COVID-19 
patients, but the underlying mechanisms driving neutro-
phil activation and NET formation are unknown. Among 
the many possible candidates, histidine-rich glycoprotein 
(HRG) merits further investigation as both a biomarker 
and potential therapeutic target. HRG serves numerous 
functions in the maintenance of immune homeostasis 
[57]. In a murine sepsis model, HRG is significantly 
reduced, and HRG supplementation improves survival 
[58]. A recent serum proteomics study of patients with 
COVID-19 found that among the proteins tested, HRG 
was the best single predictor of mortality. HRG levels in 
blood samples collected within the first 4 days of hospi-
talization were significantly lower in non-survivors than 
survivors [59]. The role of HRG and other plasma factors 
in the regulation of neutrophil activity during sepsis rep-
resents an intriguing area of future investigation.

In conclusion, infection with SARS-CoV-2 initi-
ates a wide range of symptom severity and COVID-19 
progresses over the course of days to weeks. Regardless 
of known comorbidities and risk factors, it is difficult 
to predict which patients will experience severe inflam-
matory complications including organ dysfunction and 
death. Assessment of neutrophil phenotype and function 
early in the course of disease progression may provide 
a tool for risk stratification and the opportunity to alter 
therapeutic strategies.
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