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Neutrophil extracellular traps (NETs) contribute to 
immunothrombosis and have been associated with mortality 
in coronavirus disease 2019 (COVID-19). We stimulated 
donor neutrophils with plasma from patients with COVID-19 
and demonstrated that R406 can abrogate the release of NETs. 
These data provide evidence for how fostamatinib may mitigate 
neutrophil-associated mechanisms contributing to COVID-19 
immunopathogenesis.
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Novel therapies for the treatment of coronavirus disease 2019 
(COVID-19) are urgently needed. Severe acute respiratory syn-
drome coronavirus-2 (SARS-CoV-2) infection and resulting 
COVID-19 are characterized by an intense dysregulation of 
the host immune system accompanied by pathological coagu-
lation. To date, only 2 therapies have demonstrated decreased 
morbidity or mortality in large clinical trials for severe COVID-
19: remdesivir, an antiviral targeting the RNA-dependent 
RNA-polymerase, and dexamethasone, a broadly active im-
munosuppressant [1, 2]. While steroid therapy is an approach 
to dampen the immune response and other complications 
of COVID-19 such as acute respiratory distress syndrome 
(ARDS), concern remains about unintended consequences 
from steroid therapy, including prolonged viral shedding and 

risk of secondary infection [3]. Therefore, interest remains in 
identifying host-targeted immunomodulators to improve out-
comes of patients with COVID-19 with limited or no adverse 
effects.

During systemic bacterial or viral infection, neutrophils re-
lease neutrophil extracellular traps (NETs) in a process called 
NETosis. NETs are web-like structures composed of DNA-
decorated citrullinated histones and antimicrobial granules 
that limit dissemination of pathogens in the bloodstream [4]. 
However, elevated levels of serum NETs contribute to endo-
thelial dysfunction and microvascular thrombosis that com-
plicate severe COVID-19 and are associated with multiorgan 
pathology and mortality [5, 6]. Both host and microbial com-
ponents in COVID-19 patient plasma contribute to NETosis 
[6]. One such pathway is the stimulation of FcγRIIA receptors 
on neutrophils by antigen-antibody complexes, which is me-
diated via spleen tyrosine kinase (SYK) phosphorylation and 
downstream signaling. R406, the metabolically active compo-
nent of fostamatinib, a Food and Drug Administration (FDA)-
approved drug, is a potent SYK inhibitor. R406 has been shown 
to limit inflammatory cytokine production of human macro-
phages stimulated by COVID-19 plasma by disrupting FcγRIIA 
receptor-mediated SYK signaling [7]. We sought to determine if 
SYK pathway inhibition limits NETosis in human neutrophils. 
We observed that R406 potently inhibits NETosis of healthy 
donor neutrophils stimulated with COVID-19 patient plasma, 
raising the potential for therapeutic benefit of fostamatinib for 
severe COVID-19.

METHODS

COVID-19 plasma was obtained from 6 patients treated at 
the National Institutes of Health Clinical Center (protocol 
number 10-I-0197) in accordance with National Institutes 
of Health institutional review board (IRB) and 1 patient 
treated under an IRB-approved protocol (HP-00086995) at 
the University of Maryland with extracorporeal membrane 
oxygenation. Healthy control plasma was obtained from 7 
different donors. Healthy donor neutrophils were isolated 
from a single source (protocol number 17-CC-0148) using 
the EasySep Direct Human Neutrophil Isolation kit (Stemcell 
Technologies), following the manufacturer’s instructions. 
Stimulation assays were performed in duplicate by incubating 
healthy neutrophils with 10% plasma from healthy controls 
or plasma from patients with COVID-19 previously known 
to induce high levels of NETs. The formation of NETs was 
measured using the commercially available IncuCyte (Essen 
Bioscience), following manufacturer instructions. Briefly, 
IncuCyte was kept in an incubator at 37°C with 5% CO2. 
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Cells were plated at 20  000 cells/mL in Gibco Opti-MEM 
I Reduced Serum Media (ThermoFisher) containing 250 nm 
of Cytotox Green Reagent (Essen Bioscience) to label extra-
cellular DNA as a surrogate of NET formation. Phase and 
fluorescence images were captured using a 10× Plan Apo 
lens. For fluorescence, exposure time was 150 milliseconds 
and relative fluorescent units (RFU) were used to quantify 
NETs formation over 6 hours with data acquisition begin-
ning approximately15 minutes after stimulation. For inhibi-
tion assays, R406 (Rigel Pharmaceuticals) was preincubated 
with healthy neutrophils at either 1 μM or 4 μM for 30 min-
utes prior to stimulation.

RESULTS

We stimulated healthy neutrophils with plasma from hospital-
ized patients with COVID-19 (n = 7) obtained between day 11 

and 27 after symptoms onset, healthy controls (n = 6), or 1 μM 
phorbol myristate ester (PMA) as a positive control. The ki-
netics of NETs formation showed a gradual increase in NETs 
release over 6 hours when stimulated by plasma from patients 
with COVID-19 or PMA (Figure  1A). We analyzed the RFU 
values at 6 hours and demonstrated significant differences in 
total NETs release triggered by plasma from COVID-19–posi-
tive patients, when compared to healthy control plasma (7.7e6 
vs 8.1e5; P = .01) (Figure 1B).

Preincubation of neutrophils with R406 dramatically reduced 
NETs release triggered by COVID-19 plasma across all time 
points but did not alter NETosis induced by PMA (Figure 1A). 
The inhibitory effect of R406 was dose-dependent with a de-
crease of 72% (2.2e6 RFU, P = .04) at 1  μM and 81% (1.4e6 
RFU, P = .02) at 4 μM compared to neutrophils stimulated with 
plasma from COVID-19 patients (Figure 1B).
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Figure 1.  R406 inhibits NETosis induced by plasma from COVID-19 patients. A, Representative images (10 ×) displaying the kinetics of NETs release visualized using the 
IncuCyte NETosis assay at 1, 3, and 6 hours comparing stimulation by healthy controls, plasma from a patient with COVID-19, PMA as a positive control, and R406 inhibition 
(4 μM) of plasma from a patient with COVID-19 and PMA. B, RFU at 6 hours after stimulation were used to compared groups using a Student t test. Horizontal dashed lines 
represent mean value of each group. Abbreviations: COVID-19, coronavirus disease 2019; NET, neutrophil extracellular trap; PMA, phorbol myristate ester; RFU, relative 
fluorescent unit.
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DISCUSSION

This is the first report to identify that R406, a potent SYK in-
hibitor and the metabolically active component of fostamatinib, 
inhibits NETosis among healthy donor neutrophils stimulated 
with COVID-19 patient plasma. This finding was consistent 
across 7 different COVID-19 patients and R406 inhibition 
occurred in a concentration-dependent manner that is in the 
range of steady state concentration (800 nM to 1.6 μM) from an 
oral dose of 150 mg twice daily. Fostamatinib is currently FDA 
approved for adults with immune thrombocytopenia who have 
had insufficient response to previous treatment [8]. SYK is a 
cytoplasmic tyrosine kinase involved in intracellular signaling 
through Fc receptors or c-type lectin receptors on neutrophils, 
monocytes, macrophages, and platelets [9]. SYK signaling is 
therefore involved in a variety of cells types and pathways that 
have been implicated in the aberrant immune response and 
immunothrombosis that lead to worse outcomes in patients 
with severe COVID-19.

A major contributing factor to the development of 
immunothrombosis, a feature observed in COVID-19–in-
duced ARDS that may associate with clinical outcomes and an 
area of much investigation, is the release of NETs [6]. A  well-
characterized mechanism for NETs production is stimulation of 
the FcγRIIA receptor and downstream SYK signaling, which con-
tributes to heparin-induced thrombocytopenia [10]. Signaling 
through the FcγRIIA receptor is primarily driven by antigen-
antibody complexes. In COVID-19 robust antibody responses 
have been associated with poor clinical outcomes, raising the 
possibility that antigen-antibody complexes contribute to path-
ogenic NETosis [11, 12]. Our results support the hypothesis that 
antigen-antibody complexes circulating in COVID-19 patient 
plasma might contribute to NETosis, which is inhibited by R406. 
By contrast R406 did not inhibit NETosis from neutrophils sim-
ulated with PMA in our experiments. This finding is likely attrib-
utable to the fact that PMA induces NETosis through redundant 
pathways, including pathways independent of SYK phosphoryla-
tion [13] (Supplementary Figure 1).

While immune complex-mediated NETosis may play a role 
in COVID-19 immunopathogenesis, a variety of microorgan-
isms and endogenous stimuli, including cytokines and damage-
associated molecular patterns, also have the ability to stimulate the 
release of NETs and definition of their role in COVID-19 disease 
remains to be elucidated [4]. We show that SYK inhibition using 
R406 prevents NETosis induced by COVID-19 patient plasma 
and this supports a potential therapeutic role for fostamatinib in 
the treatment of COVID-19, for which clinical trials are underway 
(clinical trials registration: NCT04579393) [7, 14].

Supplementary Data

Supplementary materials are available at The Journal of Infectious 
Diseases online. Consisting of data provided by the authors to 

benefit the reader, the posted materials are not copyedited and 
are the sole responsibility of the authors, so questions or com-
ments should be addressed to the corresponding author.
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