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Brief Summary: Neutrophils in the circulation of critically ill COVID -19 patients with acute
respiratory distress syndrome have functional changes over the course of their disease. These
neutrophils have increased antimicrobial and pro-inflammatory functionality, including neutrophil

extracellular trap formation (NETosis), phagocytosis and oxidative burst.
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Abstract

Background Increased inflammation has been well defined in COVID-19, while definitive pathways
driving severe forms of this disease remain uncertain. Neutrophils are known to contribute to
immunopathology in infections, inflammatory diseases and acute respiratory distress syndrome
(ARDS), a primary cause of morbidity and mortality in COVID-19. Changes in neutrophil function in

COVID-19 may give insight into disease pathogenesis and identify therapeutic targets.

Methods Blood was obtained serially from critically ill COVID-19 patients for eleven days. Neutrophil
extracellular trap formation (NETosis), oxidative burst, phagocytosis and cytokine levels were
assessed. Lung tissue was obtained immediately post-mortem for immunostaining. Pubmed

searches for neutrophils, lung and COVID-19 yielded ten peer-reviewed research articles in English.

Results Elevations in neutrophil-associated cytokines IL-8 and IL-6, and general inflammatory
cytokines IP-10, GM-CSF, IL-1b, IL-10 and TNF, were identified both at first measurement and across
hospitalization (p<0.0001). COVID neutrophils had exaggerated oxidative burst (p<0.0001), NETosis
(p<0.0001) and phagocytosis (p<0.0001) relative to controls. Increased NETosis correlated with
leukocytosis and neutrophilia, and neutrophils and NETs were identified within airways and alveoli in
lung parenchyma of 40% of SARS-CoV-2 infected lungs available for examination (2 out of 5). While
elevations in IL-8 and ANC correlated with disease severity, plasma IL-8 levels alone correlated with

death.

Conclusions Literature to date demonstrates compelling evidence of increased neutrophils in the
circulation and lungs of COVID-19 patients. importantly, neutrophil quantity and activation
correlates with severity of disease. Similarly, our data shows that circulating neutrophils in COVID-19

exhibit an activated phenotype with enhanced NETosis and oxidative burst.
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Background

Since the appearance of SARS-CoV-2 in Wuhan, China in December 2019, to the moment that the
World Health Organization (WHO) declared COVID-19 a pandemic on March 11", 2020 and beyond,
there has been a global imperative to better define disease pathogenesis in order to lay the
groundwork for rapid development of effective treatments and vaccines. Acute respiratory distress
syndrome (ARDS) and systemic inflammation were quickly identified as characteristics of severe
forms of COVID-19. Correlations were also found with SARS, as pulmonary failure in SARS-CoV-2
infection has also been found to be due to both viral and host factors leading to cell damage and

inflammation [1, 2].

Detrimental host immune responses to infections (immunopathology) are widely recognized and
studied in respiratory infections and inflammatory diseases [3-5]. Immunopathology in the context
of respiratory viral infections involves increased activity of innate immune cells, including natural
killer (NK), NK T-cells (NKT), innate lymphoid cells (ILC), inflammatory monocytes, macrophages and
neutrophils [4]. Among these cells, neutrophils are potent early mediators of innate immune
responses during infection. Neutrophils rapidly and effectively clear pathogens but sometimes at a
cost of collateral inflammatory tissue damage [4, 6]. For example, neutrophil recruitment to and
activation in the lungs leads to cytotoxicity, inflammation and overall lung damage [6-8]. Recently,
neutrophils have been proposed to play a role in acute lung injury (ALl) and ARDS related to COVID-
19 [9-11], based on this concept of collateral lung damage leading to hypoxemic respiratory failure
[12]. While several groups have highlighted this potential detrimental effect of neutrophil activation
in COVID-19 pathology [9-11, 13], broad, multi-functional assessments of neutrophils isolated from

COVID-19 patients are still lacking.



Neutrophils target invading pathogens through various intracellular and extracellular mechanisms,
with phagocytosis, production of reactive oxygen species (ROS) and release of neutrophil
extracellular traps (NETosis) representing three mechanisms in their arsenal [14]. Neutrophils
release cytokines and chemokines that contribute to inflammation during active infections, and ROS
and NETosis have been implicated in mediating tissue damage [6, 15, 16]. In COVID-19, two recent
studies associated severe disease with circulating neutrophilia [17, 18], and COVID-19 patient
neutrophils showed higher activation marker expression than those of healthy controls [18].
Elevated levels of NET components including myeloperoxidase (MPO), citrullinated histone H3, and
DNA are seen in COVID-19 patient sera [18, 19]. While treatment of naive neutrophils from healthy
donors with serum from COVID-19 patients stimulated NETosis [19], and NETs are seen in lung tissue
of COVID-19 patients [20], assays have not yet been done on neutrophils isolated from COVID-19

patients to define functional capacity and association with disease severity.

Here we sought to review all literature to date related to neutrophil and NET contributions to
pulmonary inflammation in COVID-19 as well as to broadly define the functional state of neutrophils
from critically ill COVID-19 patients, and put these findings in context of systemic inflammation and
disease severity. By obtaining neutrophils and cytokine profiles from multiple days over the course
of illness, a longitudinal cohort design, we increased the power of our study to detect corresponding
changes in neutrophil function and systemic inflammation, as well as correlations between
circulating leukocytes, absolute neutrophil counts, plasma IL-8 levels, neutrophil functions and
disease severity. By putting the data from this case series in context with published studies in the
literature, the critical role neutrophils are playing in immunopathology in COVID-19 becomes ever

clearer.



Methods

Study design and oversight

Critically ill COVID-19 patients hospitalized at the University of California San Diego (UCSD) and Rady
Children’s Hospital underwent informed consent and blood was drawn ondays 1, 3,5, 7,9, 11, most
commonly between 8-10 am, and immediately prior to discharge. On days where 11 ml of blood or
greater was obtained, neutrophils were isolated for functional studies. Healthy controls were
recruited from San Diego county and from UCSD and Veterans Affairs San Diego Healthcare System

(VASDHS) staff members (for details see: Supplementary Materials).

Subjects

Neutrophil data from 16 hospitalized COVID-19 patients and 15 healthy controls obtained on
multiple days were included. Data from an additional 3 hospitalized COVID-19 patients were
included for cytokine studies (these patients did not have neutrophil studies done due to <11 cc
blood draws). APACHE (acute physiology and chronic health evaluation) Il scores were calculated
using clinical data within 24 h of blood draws for neutrophil functional assays derived by chart
review. COVID-19 patients had APACHE Il scores of 7 to 27 on ICU admission. White blood cell count
(WBC), absolute neutrophil count (ANC) and neutrophil:lymphocyte ratios were captured from the
clinical data of SARs-CoV-2 positive patients throughout their hospital and were closely matched to
the timing of blood draws for neutrophil assays. Lung tissue was obtained within 2 h postmortem for

NET staining (for details see: Supplementary Materials).



Ex vivo assays

For details on plasma cytokine quantification, neutrophil isolation from blood, neutrophil functional

assays [21], literature review methods, and statistical analyses, please see Supplementary Materials.

Results

Characteristics of the COVID-19 patients and healthy controls

Mean age was 58 years for COVID-19 patients (n=19) and 42 years for controls (h=15; p=0.01; Table
1). Control and COVID-19 cohorts included similar numbers of females and males (Table 1). All
COVID-19 patients had pre-existing conditions, with hypertension being the most prevalent (50%),
followed by diabetes mellitus (25%), COPD (25%), congestive heart failure (12.5%), ischemic stroke

(6%) and asthma (6%).

Eighteen out of 19 COVID-19 patients were admitted to the ICU (95%) with average APACHE Il score
of 14 (range of 7-27). Patients averaged 7 days from first symptoms of COVID-19 to ICU admission
and remained in the ICU for an average of 13 days (range 4-32). The mortality rate for this cohort
was 16% (n=3). Fifteen patients required vasopressors (79%) and 15 required invasive mechanical
ventilation. Ventilated patients had an average Murray score of 2.6 and an average P/F ratio of 120
prior to intubation and 229 at extubation. The average PEEP requirement at intubation was 10 and
peak PEEP was 14. Only three patients received steroids. A wide variety of antimicrobials and

antivirals were given (Supplementary Table 1).



Increased neutrophil and general inflammatory cytokines in COVID-19

Plasma cytokine profiles and complete blood counts of our COVID-19 patient cohort demonstrated
similarities to published cohorts [22-25], with elevations in IL-8, IL-6, IP-10, and of the
neutrophil:lymphocyte ratio (mean 9.3). Profiling of specific cytokines relevant to neutrophil activity
showed broad elevations across IP-10, IL-6, IL-8, GM-CSF, IL-1B, IL-10 and TNFa in the circulation of
critically ill COVID-19 patients both early in their hospitalization (Fig. 1A) and were persistently
elevated across their hospitalization, assessed at multiple time points (Fig. 1B). Cytokine levels of
individual subjects 9 and 20 were assessed relative to APACHE score over time (Supplementary
Figure 2). SOFA score was also assessed relative to cytokine levels (Supplementary Figure 3). Five
COVID-19 subjects received Tocilizumab, and were found to have increased levels of plasma IL-6

(Supplementary Figure 6).

Circulating neutrophils from COVID-19 patients have higher rates of NETosis than healthy

individuals

Circulating neutrophils receive inflammatory signals prior to entering tissues that impact their
potential detrimental activity once in the tissue. There is mounting evidence of the role of NETs in
systemic and pulmonary inflammation in COVID-19 [20, 26]. We investigated NET production by
circulating -neutrophils ex vivo by relative fluorescence of released dsDNA that may parallel
exacerbated inflammation in the lungs. Neutrophils isolated from COVID-19 patients produced more
NETs in steady state (without stimulation) than neutrophils from healthy individuals, and such
differences were consistent even upon stimulation with different concentrations of PMA (Fig. 2A).
We observed the same trend when using fluorescence microscopy staining for myeloperoxidase, a

major protein component of NETs (Fig. 2B). These data show that circulating neutrophils from



COVID-19 patients are more prone to produce NETs than neutrophils from healthy individuals, and

thus may be primed to cause significant NET-mediated tissue injury once they enter into lung tissue.

Neutrophils and NETs present in terminal bronchioles and alveoli of COVID-19 lung tissue.

Beside their antimicrobial function, release of NETs has been associated with collateral host tissue
damage, including the lungs [10, 15]. Deterioration of lung function due to cellular damage and
inflammation with subsequent hypoxemia is a hallmark feature of severe COVID-19, although the
underlying mechanisms remain unknown [27]. To investigate the presence of neutrophils and NETs
in COVID-19 lung tissue, we performed rapid autopsies on five deceased patients, which
demonstrated a multitude of neutrophils across airways and alveoli by H&E staining of lung tissue in
two of the five patients (Fig. 3A). Specifically, alveolar lung parenchyma showed extensive organizing
pneumonia with areas of interstitial fibrosis, consistent with prior diffuse alveolar damage, with the
majority of neutrophils within the terminal/respiratory bronchioles with focal areas with neutrophils
within the alveolar lung parenchyma (Fig. 3A). Bronchiolar metaplasia was also seen. Positive
staining for citrullinated Histone H3, CD66b, and DAPI confirmed the presence of neutrophils and
NETs within bronchioles, alveoli and lung parenchyma (Fig. 3B); NETs were furthermore positive for
MPO (Supplemental Figure 1). In the two SARS-CoV-2 infected lungs found to have NETs, the
majority of NETs were found within terminal respiratory bronchioles, with focal areas within the

alveolar lung parenchyma.

Circulating neutrophils from COVID-19 patients have increased production of reactive oxygen

species and increased phagocytosis

ROS production is an antimicrobial mechanism mechanistically linked to NETosis and known to cause
tissue damage [28]. Mirroring the NETosis phenotype, ROS production was increased in COVID-19

patients as compared to healthy controls at steady state over time (no stimulation; Fig. 4A), and



functional capacity increased upon stimulation with PMA at 2.5 nM (Fig. 4B), 25 nM (Fig. 4C) and 250
nM (Fig. 4D). Circulating neutrophils from COVID-19 patients also demonstrated increased
phagocytosis of S. aureus bioparticles (Fig. 4E), suggesting that multiple key innate antimicrobial and
inflammatory functions of circulating neutrophils patients are significantly increased in COVID-19
patients. No significant difference in neutrophil phagocytosis was noted in subjects that developed

superimposed bacterial infections (Supplementary Figure 5).

Increased NETosis is associated with leukocytosis and neutrophilia, and leukocytosis, neutrophilia

and plasma IL-8 correlate with COVID-19 disease severity

To assess absolute neutrophil count (ANC) and leukocytosis as potential biomarkers for disease
severity in COVID-19, we assessed the relationship between WBC and ANC with our ex vivo data for
NETosis at steady state (without stimulation) while controlling for neutrophil numbers in our
experiments. We found a positive correlation of WBC to NETosis (Fig. 5A). Patients with leukocytosis
(WBC >11x10° cells/mm?) produced more NETs per neutrophil than patients without leukocytosis
(r’=0.48, p<0.0001; Fig. 5B). Similarly, we found a positive correlation of ANC to NETosis (r’=0.53, p
<0.0001; Fig. 5C) and patients with neutrophilia (ANC >8x10°® cells/mm?) produced more NETs per
neutrophil than patients without neutrophilia (Fig. 5D). Elevated NETosis also correlated with
circulating immature neutrophil numbers (Supplemental Figure 4). Higher levels of neutrophils
correlated with disease severity, as measured by APACHE Il (r’=0.24, p=0.005; Fig. 5E), while
lymphocyte counts fell as disease severity increased (r’=0.19, p<0.001; Fig S5F). These data
demonstrate that COVID-19 patients with leukocytosis, neutrophilia and lymphopenia are highly

likely to have increased inflammatory and antimicrobial functions, including NETosis.
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We also explored a potential direct relationship between NETosis and disease severity, using the
APACHE Il score as an indicator for illness severity, but found no such correlation (r2:0.10, p=0.07;
Fig. 5G). To be thorough, we also assessed the relationship of NETosis with SOFA and COVID-GRAM
and found no associations. However, plasma levels of IL-8 significantly correlated with higher
APACHE Il scores, both across hospitalization (Fig. 5H) and on the first check (Fig. 51). All other
elevated cytokines were also assessed for a disease severity correlation, but none was found. The
neutrophil-associated cytokine was highest in the plasma of the most critically .ill patients as
compared to healthy controls and those less severely ill (Fig. 5J), and IL-8 was significantly higher in
those who succumbed to the disease (Fig. 5K). Plasma IL-8 also correlated with SOFA score and N:L

ratio, which are additional indexes of clinical severity (Supplementary Figure 7).

Conclusions

There has been much interest and focus on the role of neutrophils in COVID-19 immunopathology.
In aggregate, our study has placed functional assessments of circulating neutrophils isolated from
critically ill COVID-19 patients in context of plasma cytokine levels, disease severity, and neutrophil
counts. Cytokine storm has been characteristic of severe forms of COVID-19 [29] and we found that
all cytokines tested were elevated in COVID-19 subjects across their hospitalizations, longitudinally.
Each cytokine was also significantly elevated at the first check. Related to this, plasma IL-6, TNF-a
and IL-8 levels at the time of hospitalization have shown to be strong and independent predictors of
patient survival [30]. In particular, IL-8 seems to be significantly enhanced during the course of
COVID-19 [30, 31], which was true in our cohort as well and fits with the pattern of elevated

neutrophil counts also seen [18, 20, 26].
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We found that IL-8 positively correlated with increased severity of disease, assessed by APACHE Il
scores. Other scores were also considered, including APACHE IIl and IV which are more complex
scores with additional variables, but yielded no additional sensitivity to detecting changes in disease
severity in this patient population. APACHE Il is known to have consistent calibration compared to Il
and 1V, and more research studies globally use the APACHE II. Published studies to date have
associated the presence and activity of neutrophils with the severity of COVID-19 using different
parameters such as comparing patients on room air versus patients requiring oxygen and mechanical
ventilation [19], hospitalized non-ICU versus ICU patients [18], intubated versus non-intubated
patients [31] and a classification of mild, moderate and severe based on different conditions
(epidemiological history, fever, respiratory symptoms, frequency of CT image abnormalities of viral
pneumonia, and positive RT-PCR for SARS-CoV-2 RNA)[17]. However, in terms of actual scores for
mortality prediction, while a few studies have used SOFA scores [30, 31], which range from 0-4, our
study, to the best of our knowledge, is the first to use the APACHE Il score to estimate severity of
COVID-19 in context of a variety of biomarkers, including neutrophils and IL-8. Unlike SOFA scores,
APACHE Il scores have a broad range from 0-71, which allows delineation of finer differences in

severity of disease.

IL-8 is a powerful neutrophil chemoattractant and activating chemokine. Elevations in systemic IL-8
during COVID-19 [30, 31], in context of an association with IL-8 and COVID-19 severity and mortality
found in our study, supports the hypothesis that neutrophils are a driver of disease pathogenesis in
this disease. We found that COVID-19 patients have leukocytosis and neutrophilia, and both are
associated with the severity of disease, which again supports the detrimental role of neutrophils in
COVID-19. Across studies published to date, neutrophils have been found to be elevated in the

circulation [18, 20, 26] and in the lungs [17, 20, 26, 32] of critically ill COVID-19 patients. Additionally,
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the data presented here demonstrates that absolute neutrophils counts are associated with severity

of disease.

By studying multiple cellular functions in parallel, we were able to confirm that the function of
circulating neutrophils in patients suffering from COVID-19 are broadly affected, with increased
production of NETs, increased reactive oxygen species production (oxidative burst), and enhanced
phagocytosis. While the combination of these three assays, and the phagocytosis in particular, is
new information, many studies have defined the changes in NETosis and oxidative burst in this
disease state to date. Notably, Veras et al found an increase in NET production from neutrophils
obtained from COVID-19 subjects as compared to neutrophils from healthy subjects [26] and Zuo et
al showed that serum from COVID-19 can trigger control neutrophils to release NETs [19]. In
alignment with those findings, several studies have found an increase in NET components in serum
and plasma of COVID-19 patients as compared to healthy subjects, including cell-free DNA [18, 19],
myeloperoxidase-DNA complexes (MPO-DNA) [18, 19, 26, 31], citrullinated histone H3 (citH3) [18,
19] and neutrophil elastase-DNA complexes [18]. However, when comparing severity of disease with
any of these NET components, only two found significant associations. Leppkes et al showed that
critically ill COVID-19 patients had significantly higher cell-free DNA versus non-ICU patients [18];
Middleton et al found that MPO-DNA was increased in severe COVID-19 and was associated with
increased mortality [31]. Interestingly, our study found a lack of NETs in the lungs of some COVID-19
patients. Although surviving and non-surviving COVID-19 patients had elevated NETosis by
circulating neutrophils, the major factor that correlated with mortality was serum IL-8. This suggests

that NETosis within the lungs may not be driving pathogenesis.

13



Besides the presence of enhanced neutrophil and NET components in circulation, studies have found
increased neutrophils and NETs in airways and lung tissue [18, 20, 26, 31, 32]. Veras et al found
increased MPO-DNA in tracheal aspirates of COVID-19 as compared to healthy subjects [26] and
Middleton et al found higher NET levels in tracheal aspirates relative to plasma in COVID-19 patients
[31], which indicates relevance to airway inflammation in this disease. In lung parenchyma,
concurring with our findings, significantly higher numbers of neutrophils have been found in the
lungs of COVID-19 patients by conventional H&E staining [18, 20, 32]. Using immunohistochemistry
(CD66b staining of neutrophils, and MPO, citH3 and neutrophil elastase staining of NETs), ours and
other studies found increased NETs within lung tissue [18, 20, 26, 31, 32]. Presence of multiple,
widely distributed NET-infiltrating areas have been identified in lungs of COVID-19 patients [20]. Our
study shows neutrophils and NETs in bronchioles and alveoli, although the absence of NETs within
lung parenchyma in three deceased COVID-19 patients suggests heterogeneity in the patterns of
immunopathology in this disease. This matches the current concept of different subtypes of ARDS
[33], and confirms that not all COVID-19 ARDS is the same [34]. Moreover, others have found that
neutrophils and NETs associated with intermediate-sized pulmonary vessels were frequently clogged
pulmonary blood vessels [18]. Furthermore, transcriptomic analyses have shown significant
enrichment for annotated genes involved in neutrophil activation pathways, including NET formation
[17, 32]. Interestingly, it has been also shown that SARS-CoV-2 itself can induce the release of NETs

in healthy neutrophils [26].

neutrophils from COVID-19 patients also had increased oxidative burst and phagocytic activity. It has
been proposed that tissue damage in COVID-19 may be mediated by neutrophil-induced oxidative
stress [28], although no formal studies have addressed ROS production in lung tissue (Table 2)[28]. It
was reassuring that phagocytosis was retained and even enhanced by these cells of host defense, as

critically ill patients frequently develop secondary bacterial infections and the bactericidal
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mechanism of phagocytosis clears bacterial pathogens without causing increased inflammation and
tissue damage. Nevertheless, no correlation of our neutrophil functional assays (NETosis, oxidative
burst and phagocytosis) with severity of disease was found. It is important to mention that this lack
of correlation does not mean that these neutrophil-mediated activities are not playing a key

detrimental role within the lung tissue, where different inflammatory signals are received.

One limitation of our longitudinal cohort study is that our control subjects were younger than our
COVID-19 patients (42 vs 58, respectively; p=0.01; Table 1). This was primarily due to limitations in
conducting human subjects research during the COVID-19 pandemic, such that we were limited to
recruiting from the pool of employees allowed into the hospital. It is as yet unknown whether
hypertension, cardiac disease, and ancestry impact neutrophil function. Diabetes and increasing age
are associated with diminished neutrophil function [35-37]; thus, we do not believe that the
increased neutrophil function in the COVID cohort is due to higher levels of these comorbidities. A
second limitation is the size of our cohort. By utilizing a longitudinal design with neutrophils, and
plasma and clinical data obtained at multiple points over time, we were able to increase the power
of our study. A third limitation is the lack of African American/Black subjects, preventing us from
defining neutrophil functional changes in this population. The fourth limitation was that we could

not analyze samples from non-COVID critically ill ARDS controls due to the pandemic.

In aggregate, work to date provides strong and compelling evidence of the contribution of
neutrophils in immunopathology in COVID-19 (summarized in Table 2). Published studies and the
data presented here highlight the hyperactivated phenotype of neutrophils during COVID-19 and
demonstrate that increased neutrophils and IL-8 in the circulation function as predictors for severe
COVID-19. These data support the ongoing efforts to therapeutically target neutrophil-related
mechanisms and propose neutrophil-centric biomarkers to utilize in the continuing battle against

this devastating disease.

15



Notes

Author Contributions

Study design by LCA, AM, JAMS, AM, NC, ML and JD. Experiments performed by JAMS, AM, JO, JD,
LCA, VP and LX. Data analysis by JMS, AM, LCA, SP, LM, JP, AP, JAMS, ALF, JO, TA, XS, ALF and GL. The

manuscript was written by LCA, JAMS, SC, TA, AM and AP.

Acknowledgements

This work would not have been possible without numerous staff members at the University of
California San Diego, Rady Childrens Hospital (RCH), the VA San Diego Healthcare System, and the
Salk Institute. A special thank you to the IRB members at all institutions, to Victor Nizet, MD, for his
valuable insight, and to Jennifer Foley, RN, the RCH PICU Research nurse who helped with consents

and documentations.

Funding

This work was supported by the Department of Veterans Affairs VA Merit Award [1101BX004767 to
L.C.A.] and the National Institutes of Health National Heart, Lung, and Blood Institute [RO1HL147326

to LCA].

Conflicts of Interests

The authors do not have an association that might pose a conflict of interest.

16



References

1. Pirofski L-a, Casadevall A. Pathogenesis of COVID-19 from the Perspective of the
Damage-Response Framework. mBio 2020; 11(4): e01175-20.

2. Gu J, Korteweg C. Pathology and pathogenesis of severe acute respiratory syndrome.
Am J Pathol 2007; 170(4): 1136-47.

3. Newton AH, Cardani A, Braciale TJ. The host immune response in respiratory virus
infection: balancing virus clearance and immunopathology. Seminars in
Immunopathology 2016; 38(4): 471-82.

4. Crane MJ, Lee KM, FitzGerald ES, Jamieson AM. Surviving Deadly Lung Infections:
Innate Host Tolerance Mechanisms in the Pulmonary System. Frontiers in
Immunology 2018; 9(1421).

5. Gow NAR, Netea MG. Medical mycology and fungal immunology: new research
perspectives addressing a major world health challenge. Philosophical Transactions of
the Royal Society B: Biological Sciences 2016; 371(1709): 20150462.

6. Williams AE, Chambers RC. Neutrophils and tissue damage: is hypoxia the key to
excessive degranulation? Thorax 2016; 71(11): 977.

7. Narasaraju T, Yang E, Samy RP, et al. Excessive neutrophils and neutrophil
extracellular traps contribute to acute lung injury of influenza pneumonitis. Am J
Pathol 2011; 179(1): 199-210.

8. Grommes J, Soehnlein O. Contribution of neutrophils to acute lung injury. Mol Med
2011; 17(3-4): 293-307.

9. Yaginuddin A, Kvietys P, Kashir J. COVID-19: Role of neutrophil extracellular traps

in acute lung injury. Respir Investig 2020; 58(5): 419-20.

17



10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

Barnes BJ, Adrover JM, Baxter-Stoltzfus A, et al. Targeting potential drivers of
COVID-19: Neutrophil extracellular traps. Journal of Experimental Medicine 2020;
217(6).

Narasaraju T, Tang BM, Herrmann M, Muller S, Chow VTK, Radic M. Neutrophilia
and NETopathy as Key Pathologic Drivers of Progressive Lung Impairment in
Patients With COVID-19. Front Pharmacol 2020; 11: 870-.

Bhatraju PK, Ghassemieh BJ, Nichols M, et al. Covid-19 in Critically 1l Patients in
the Seattle Region — Case Series. New England Journal of Medicine 2020; 382(21):
2012-22.

Tomar B, Anders H-J, Desai J, Mulay SR. Neutrophils.and Neutrophil Extracellular
Traps Drive Necroinflammation in COVID-19. Cells 2020; 9(6): 1383.

Mayadas TN, Cullere X, Lowell CA. The multifaceted functions of neutrophils. Annu
Rev Pathol 2014; 9: 181-218.

Kovtun A, Messerer DAC, Scharffetter-Kochanek K, Huber-Lang M, Ignatius A.
Neutrophils in Tissue Trauma of the Skin, Bone, and Lung: Two Sides of the Same
Coin. Journal of Immunology Research 2018; 2018: 8173983.

Schonrich G, Raftery MJ, Samstag Y. Devilishly radical NETwork in COVID-19:
Oxidative stress, neutrophil extracellular traps (NETS), and T cell suppression. Adv
Biol Regul 2020; 77: 100741-.

Wang J, Li Q, Yin Y, et al. Excessive Neutrophils and Neutrophil Extracellular Traps
in COVID-19. Frontiers in Immunology 2020; 11(2063).

Leppkes M, Knopf J, Naschberger E, et al. Vascular occlusion by neutrophil
extracellular traps in COVID-19. EBioMedicine 2020; 58: 102925-.

Zuo Y, Yalavarthi S, Shi H, et al. Neutrophil extracellular traps in COVID-19. JCI

Insight 2020; 5(11).

18



20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

Radermecker C, Detrembleur N, Guiot J, et al. Neutrophil extracellular traps infiltrate
the lung airway, interstitial, and vascular compartments in severe COVID-19. J Exp
Med 2020; 217(12).

Corriden R, Moshensky A, Bojanowski CM, et al. E-cigarette use increases
susceptibility to bacterial infection by impairment of human neutrophil chemotaxis,
phagocytosis, and NET formation. Am J Physiol Cell Physiol 2020; 318(1): C205-
C1i4.

Li S, Jiang L, Li X, et al. Clinical and pathological investigation of patients with
severe COVID-19. JCI Insight 2020; 5(12).

Kuri-Cervantes L, Pampena MB, Meng W, et al. Comprehensive mapping of immune
perturbations associated with severe COVID-19. Sci Immunol 2020; 5(49).

Laing AG, Lorenc A, Del Molino Del Barrio |, et al. A dynamic COVID-19 immune
signature includes associations with poor prognosis. Nat Med 2020.

Wang D, Hu B, Hu C, et al. Clinical Characteristics of 138 Hospitalized Patients With
2019 Novel Coronavirus-Infected Pneumonia in Wuhan, China. JAMA 2020;
323(11): 1061-9.

Veras FP, Pontelli MC, Silva CM, et al. SARS-CoV-2-triggered neutrophil
extracellular traps mediate COVID-19 pathology. J Exp Med 2020; 217(12).

Sinha P, Matthay MA, Calfee CS. Is a “Cytokine Storm” Relevant to COVID-19?
JAMA Internal Medicine 2020; 180(9): 1152-4.

Laforge M, Elbim C, Frere C, et al. Tissue damage from neutrophil-induced oxidative
stress in COVID-19. Nature Reviews Immunology 2020; 20(9): 515-6.

Tay MZ, Poh CM, Rénia L, MacAry PA, Ng LFP. The trinity of COVID-19:
immunity, inflammation and intervention. Nature Reviews Immunology 2020; 20(6):

363-74.

19



30.

31.

32.

33.

34.

35.

36.

Del Valle DM, Kim-Schulze S, Huang H-H, et al. An inflammatory cytokine
signature predicts COVID-19 severity and survival. Nature Medicine 2020.
Middleton EA, He XY, Denorme F, et al. Neutrophil extracellular traps contribute to
immunothrombosis in COVID-19 acute respiratory distress syndrome. Blood 2020;
136(10): 1169-79.

Wu M, Chen Y, Xia H, et al. Transcriptional and proteomic insights into the host
response in fatal COVID-19 cases. Proc Natl Acad Sci U S A 2020; 117(45): 28336-
43.

Calfee CS, Janz DR, Bernard GR, et al. Distinct molecular phenotypes of direct vs
indirect ARDS in single-center and multicenter studies. Chest 2015; 147(6): 1539-48.
Sinha P, Calfee CS, Cherian S, et al. Prevalence of phenotypes of acute respiratory
distress syndrome in critically ill patients with COVID-19: a prospective
observational study. Lancet Respir Med 2020.

Busch MH, Timmermans S, Nagy M, et al. Neutrophils and Contact Activation of
Coagulation as Potential Drivers of COVID-19. Circulation 2020; 142(18): 1787-90.
Zuo'Y, Zuo M, Yalavarthi S, et al. Neutrophil extracellular traps and thrombosis in

COVID-19. J Thromb Thrombolysis 2021; 51(2): 446-53.

20



Tables

Table 1. Demographics by Group Category

Control COVID-19 Patients Overall value
n=15(%) n=19(%) n=34(%) p
Gender
Female 5 7 12
Male 10 12 22 0.8317
Total 15 19 34
Race
African American/Black 0 1 1
Caucasian 11 17 28
Asian 4 1 5 CLper
Total 15 19 34
Ethnicity
Hispanic 4 12 16
Non-Hispanic 7 5 12 0.0739
Total of Caucasian 11 17 28

Age

Mean (range)

41.93 (25-70)

57.68 (17-88)

50.74 (17-88) 0.0097

Demographic data was taken from healthy controls as well as SARS-CoV-2 positive patients (COVID-19). Chi-
squared test was used to analyze the variety of subset groups present in Gender, Race and Ethnicity. There was
no significant difference between our control group and our COVID-19 patients’ group. An unpaired T-Test was
used to compare Controls with COVID-19 patients regarding age, with a statistically significant difference existing
between the two groups with a p-value of 0.0097.
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Table 2. Summary of published data of circulating and lung neutrophils in COVID-19

Increased
Neutrophil Increased Increased A -
i ivati iation
: IL-8 Neutrophil Activation ssoclatio
Number o
NETosis Oxidative burst Activation COVID.-19
Reference Blood | Lung | Blood | Lung Phagocytosis markers severity
Blood Lung Blood Lung Blood Lung
Zuo et al

Jun, 2020 [19]

X

X

Wang et al
Aug, 2020 [17]

X

X

Leppkes et al
Aug, 2020 [18]

X

Del Valle et al
Oct, 2020 [30]

Radermecker et
al Sep, 2020
[20]

Middleton et al
Sep, 2020 [31]

Busch et al
Nov, 2020 [35]

XX

Wu et al
Nov, 2020 [32]

XXX

Veras et al
Dec, 2020 [26]

X | X

XX

Zuo et al
Feb, 2021 [36]

This Work

X | X |X
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Figure Legends

Figure 1. Pro-inflammatory cytokines are increased in the plasma of critically ill COVID-19 patients.
Consistent with prior reports, cytokines in the circulation of COVID-19 patients were elevated at the
first timepoint assessed (A) and remained elevated persistently across their hospital courses (B). At
the time of enrollment in the study, most typically at the time of ICU admission, all cytokines were
significantly elevated relative to controls at this first timepoint (A). IP-10, IL-6, IL-8, GM-CSF, IL-1B, IL-
10 and TNFa were elevated in the plasma of COVID-19 patients (n = 18) when averaged across all
timepoints tested, relative to healthy controls (n = 12; B). Error bars represent standard error of the

mean. **p < 0.01, ***p < 0.001, ****p < 0.0001.

Figure 2. Increased NETosis by circulating neutrophils from COVID-19 patients. Functional NETosis
assays on neutrophils isolated from the blood of critically ill COVID-19 patients on multiple days
across their hospitalization (n = 11 subjects; total timepoints represented = 33) and healthy controls
over time (n = 14; total timepoints represented = 42) demonstrate that neutrophils from COVID-19
patients have higher NETosis at steady state and also upon stimulation with PMA (both 25 nM and
250 nM), assessed by A) quantification of dsDNA by fluorescence, and B) fluorescence microscopy of
neutrophils stained for Myeloperoxidase (green) and DNA (blue). Error bars represent standard error

of the mean. **p < 0.01, ***p < 0.001, ****p < 0.0001.

23



Figure 3. Neutrophils and NETs throughout airways and parenchyma of COVID-19 lung tissue. A)
H&E staining demonstrates diffuse inflammation and fibrosis with the presence of neutrophils
throughout alveoli and bronchioles. The majority of neutrophils were found within terminal
bronchioles, with focal areas of neutrophils within the alveolar lung parenchyma. 1. Terminal
bronchiole and alveoli with neutrophils throughout. 2. Neutrophils within fibrotic lung parenchyma
with bronchiolar metaplasia. 3. Neutrophils present throughout areas of organizing pneumonia. B)
Immunofluorescence staining of nuclei with DAPI (blue), CD66b (magenta) and H3-cit (green)
demonstrate the presence of neutrophils and NETs within the lung parenchyma. Bronchioles, alveoli
and pulmonary arteries are indicated with colored arrows and squares. Three areas of NETs are

highlighted and shown at 20x magnification, with H&E images for reference.

Figure 4. Circulating neutrophils from COVID-19 patients produce more reactive oxygen species
and have increased phagocytosis than those from healthy subjects. Reactive oxygen species (ROS)
production and phagocytosis by neutrophils isolated from the blood of COVID-19 patients and
healthy controls were assessed by relative fluorescence. ROS production was significantly higher at
A) steady state, B) 2.5 nM PMA, C) 25 nM PMA and D) 250 nM PMA. E) Phagocytosis was
significantly higher in COVID-19 neutrophils relative to neutrophils from healthy controls. Data was
analyzed with mixed-effects models with Geisser-Greenhouse correction, giving p < 0.0001 for all

analyses. Error bars represent 95% CI. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.

Figure 5. Increased NETosis is positively correlated with leukocytosis and neutrophilia, and
neutrophilia and IL-8 are positively correlated with COVID-19 severity. Levels of NETosis were
correlated to white blood cell counts (WBC) and absolute neutrophil counts (ANC) from COVID-19

patients. A) Scatter plot demonstrated positive correlation of WBC and NETosis (r* = 0.48, p
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<0.0001). B) Patients with leukocytosis produced significantly more NETs than patients with WBC
levels under 11x10°/mm?>. C) Scatter plot showed positive correlation of ANC and NETosis (r* = 0.53,
p <0.0001). D) Patients with neutrophilia produced significantly more NETs than patients with ANC
levels under 8x10®/mm?. E) Scatter plot showing that severity of COVID-19 positively correlated with
neutrophilia (r* = 0.24, p = 0.005). F) Decreasing lymphocyte counts were found as COVID-19 severity
rose. G) NETosis was not found to correlate with severity of disease (r* = 0.11, p = 0.069). NETosis
was also not significantly different in COVID-19 subjects that were diagnosed with a DVT (deep vein
thrombosis) or PE (pulmonary embolism) during their admission for treatment for COVID-19.
(Supplementary Figure 8). H) Severity of COVID-19 correlated with IL-8 levels quantified on multiple
days across hospitalization across patients, from timepoint 0 to Day 11 (r* = 0.403, p = 0.006). 1) IL-8
levels at the first time point, on entry to the study, also correlated with disease severity (r* = 0.449, p
= 0.034). J) Plasma IL-8 levels were highest in COVID-19 patients with the greatest disease severity
(APACHE Il >15). K) Patients who succumbed to their disease had greater IL-8 plasma levels than

those who survived. Error bars represent 95% Cl. ****p < 0.0001.
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