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Background: Cases of excessive neutrophil counts in the blood in severe coronavirus
disease (COVID-19) patients have drawn significant attention. Neutrophil infiltration
was also noted on the pathological findings from autopsies. It is urgent to clarify the
pathogenesis of neutrophils leading to severe pneumonia in COVID-19.

Methods: A retrospective analysis was performed on 55 COVID-19 patients classified as
mild (n = 22), moderate (n = 25), and severe (n = 8) according to the Guidelines released
by the National Health Commission of China. Trends relating leukocyte counts and
lungs examined by chest CT scan were quantified by Bayesian inference. Transcriptional
signatures of host immune cells of four COVID19 patients were analyzed by RNA
sequencing of lung specimens and BALF.

Results: Neutrophilia occurred in 6 of 8 severe patients at 7-19 days after symptom
onset, coinciding with lesion progression. Increasing neutrophil counts paralleled lesion
CT values (slope: 0.8 and 0.3-1.2), reflecting neutrophilia-induced lung injury in severe
patients. Transcriptome analysis revealed that neutrophil activation was correlated with
17 neutrophil extracellular trap (NET)-associated genes in COVID-19 patients, which
was related to innate immunity and interacted with T/NK/B cells, as supported by a
protein—protein interaction network analysis.

Conclusion:  Excessive neutrophils and associated NETs could explain the
pathogenesis of lung injury in COVID-19 pneumonia.

Keywords: coronavirus, COVID-19, neutrophil extracellular trap, pneumonia, neutrophilia, lymphopenia

INTRODUCTION

As of early May 2020, more than 3 million cases of coronavirus disease 2019 (COVID-19) have
been confirmed worldwide, resulting in hundreds of thousands of deaths (1). According to the
Guidelines of the Diagnosis and Treatment of New Coronavirus Pneumonia (version 7) published
by the National Health Commission of China, COVID-19 patients can be classified as mild,
moderate, and severe cases. Severe patients easily develop acute respiratory distress syndrome
(ARDS) or multiple organ failure, with a 4-15% death rate (2, 3)

It is not well-understood what drives the exacerbated host response involving a cytokine
storm in severe COVID-19 (4). Specifically, it is unclear what initiates and propagates the
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(cyan), moderate (blue), and severe (red) COVID-19 patients during hospitalization.

FIGURE 2 | Principal component analysis of laboratory parameters and dynamic monitoring of blood cells in the peripheral blood of COVID-19 patients. (A) Principal
component analysis to identify variables for distinguishing the disease severity of COVID-19 patients. The nine variables that contributed mostly to distinguishing the
disease severity were white blood cell counts (WBC), neutrophil counts, neutrophil-to-lymphocyte ratio (NLR), C-reactive protein (CRP), FIB, ALT, Total Bilirubin (TB),
Direct Bilirubin (DB), and lymphocyte counts. (B) CRP levels and lymphocyte counts in 55 cases with the cut-off values CRP = 26.1 and lymphocyte = 1.0 for eight
severe cases (brown) and the cut-off values CRP = 4.3 and lymphocyte = 1.4 for 22 mild cases (green). (C) The dynamic change of neutrophil, lymphocyte and
monocyte counts over time in COVID-19 patients in mild (cyan), moderate (blue), and severe (red) groups, circled dots: mean value; colored background area: IQR
(interval quartile range). The (D) Time points of maximum neutrophil, minimum lymphocyte, and minimum monocyte counts, and the corresponding counts in mild

Besides, NETs in turn may activate B cells via TNFSFI13B and
inhibit the function of T and NK cells via LGAS9 and CEACAMI,
which are negative regulators for T and NK cells. LGAS9 is a
possible promoter of protein-arginine deiminase type 4 (PAD4).
PAD4, a key NETs associated gene, lies downstream of ROS and
promotes chromatin decondensation (47, 48). Of note, we also
observed ROS related genes including HCK, RAC2, and NCF2
among NETs associated genes (Figure 6).

To annotate the function of NETs associated genes, they
were categorized as metabolic enzymes (RAC2, NCF2), structural
proteins (LCPI), anti-microbial related (TREMI), peroxisomal
(SH3BGRL3), and others (CIQC, LGALS9, SERPINAI, CIQB,

CCL7, CCL8, CEACAM1, HCK, and CXCL16) (Table 3). Thus, we
speculate that NETs may be activated by innate immunity such
as IFN signaling, in COVID-19 patients. NETs may negatively
regulate the immune function of T cells and NK cells via LGAS9
and CEACAMI, respectively, leading to insufficient anti-viral
immunity and injuring the lung tissue directly.

DISCUSSION

In this study, a set of laboratory test parameters and the
corresponding chest CT images of 55 COVID-19 patients
were collected during hospitalization. Among these variables,
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FIGURE 3 | Kinetics of laboratory parameters and serial chest CT images of severe COVID-19 patient with the development of neutrophilia. (A) Normal chest CT with
axial planes at indicated time point. (B) The dynamics of neutrophil counts (blue line), lymphocyte counts (red line) with log, scaling, and CRP (gray line) and D-dimer
(cyan line) levels at indicated time point. (C) CT value of lesions and its correlation with log, scaled neutrophil and lymphocyte counts at indicated time point. (D)
Least-square fits of linear models to summarize the z-values of CT values as a function of log-transformed neutrophil counts for 23 patients. Points are pairs of CTz
values (z-values of individual CT measurements) and log-neutrophil counts, colored according to severity of COVID-19. Colored lines are the corresponding
least-square fits to the data form each severity group. Gray areas are 95% confidence intervals.
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FIGURE 4 | Transcriptome analysis of the lung and BALF in COVID-19 patient. (A) Marker genes from Microenvironment Cell Populations-counter (MCP-counter)
were used to identify of Neutrophils, T cells, Monocytes, and B cells in both Lung and BALF samples of COVID-19 patients and healthy controls, respectively. The
RNA-seq data TPM are shown in a scaled heatmap. (B) Circle plots for functional enrichment analysis of 29 marker genes of Neutrophils. (C) The absolute abundance
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excessive neutrophils were associated with disease severity, as
shown by principal component analysis. Bayesian inference
across patients quantified that the increased trend of pneumonia
lung injury, as represented by CT values, was in accord with
the increased trend in neutrophil counts. Transcriptome analysis

of lung specimens and BALF from COVID-19 patients also
indicated the most up-regulated marker genes were neutrophil
related. Importantly, many neutrophil activation genes were
categorized as NET-associated genes. These genes were further
assessed to interact with T and NK cells via negative regulatory
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FIGURE 5 | Gene enrichment analysis of neutrophil activation related genes. (A) The 15 annotated genes of neutrophils activation were calculated the average
expression of every single samples as neutrophils activation score, and the correlation of the score with overlapped 1,363 differently expressed genes both in
COVID-19 and Healthy control were analyzed. The selected 84 genes were ranked based on AR (R1-R2, R1 from COVID-19 patients, R2 from healthy control). (B)
Functional enrichment analysis of these 84 genes, of which 16 genes were NETs associated genes. (C) Nets associated genes set (Enrichment Score, 0.80) and the
GO term of regulation of inflammatory (Enrichment Score, 0.72) by GSEA with DEGs from pre-ranked by AR.
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molecules in COVID-19 patients leading to insufficient anti-viral
response and lung injury (Figure 6).

Our previous study also found an increased neutrophil-to-
lymphocyte ratio in the most severe disease cases (9). Recently,
neutrophil infiltration was also noted in the lung tissue of
autopsied COVID-19 patients (5-7). Since neutrophilia predicts
poor outcomes in patients with COVID-19 (8), we propose that
the change in neutrophil counts in peripheral blood or tissues
may be closely associated with pathological injury in COVID-19
patients. We demonstrated here that the dynamics of neutrophil
counts in COVID-19 patients during hospitalization exhibited
the same trend as the corresponding lung injury.

TABLE 3 | Annotation of Nets associated genes.

Function Gene name References

Metabolic enzymes RAC2; NCF2 (38, 34)

Structural proteins LCP1 (35)

An-microbial related proteins TREM1; S100A8; (85-37)
C1QB; C1QC

Peroxisomal enzyme SH3BGRL3 (38)

Not classified LGALS9; SERPINAT; (39-46)
CEACAM1; HCK;

CXCL16; CLECA4E;
CTSC; SIGLEC14

NETs, as confirmed contributors to pathological inflammation
of pneumonia, can damage tissues by killing epithelial and
endothelial cells (16, 17) of pulmonary tissue in infection and
sterile disease. Recently, two elevated NETs markers have been
observed in serum from COVID-19 patients, which suggests
that neutrophilia and excessive NETs may contribute to cytokine
release and respiratory failure in COVIDI19 patients (10).
However, evidence is still lacking regarding NETosis in lungs.
We analyzed the differentially expressed genes in lung tissue
and BALF samples from COVID-19 patient in comparison to
healthy controls. Among all up-regulated genes in neutrophil
modules in COVID-19 patients, we found 17 genes derived from
the neutrophil activation pathway were NETs associated genes.
Thus, NETs may be activated in the lung of COVID-19 patients.
It is also poorly understood how NETosis induces the cytokine
storm or modulates the host immune response. Our STRING
analysis suggests that NETs associated genes could interact with
T, NK, and B cells through regulation of LGALS9, CEACAMI,
and TNFSF13B expressions, respectively. We suspect that the
progression of lesions in COVID-19 patients may be induced by
NETs as well as NETs-T/NK/B cell interactions.

In conclusion, the clear trend of lung injury in accord with
the trend of increasing neutrophils was quantified by Bayesian
inference analysis in COVID-19 patients. The transcriptome
signature of immune cells also indicated elevated neutrophil
markers in the lung and BALF samples of COVID-19 patients.
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Importantly, among the excessive neutrophil activated genes,
17 were NETs associated genes and these genes interacted with
T cells and NK cells through negative regulation. Therefore,
we posit that NETosis in lung tissue leads to an insufficient
anti-viral response in COVID-19 patients. We hope that future
studies will investigate the predictive power of circulating NETs
in well-phenotyped longitudinal cohorts.
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