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Abstract

Modulating SYK has been demonstrated to have impacts on pathogenic neutrophil responses in
COVID-19. During sepsis, neutrophils are vital in early bacterial clearance but also contribute

to the dysregulated immune response and organ injury when hyperactivated. Here, we evaluated
the impact of R406, the active metabolite of fostamatinib, on neutrophils stimulated by LPS. We
demonstrate that R406 was able to effectively inhibit NETosis, degranulation, ROS generation,
neutrophil adhesion, and the formation of CD16/°" neutrophils that have been linked to
detrimental outcomes in severe sepsis. Further, the neutrophils remain metabolically active,
capable of releasing cytokines, perform phagocytosis, and migrate in response to IL-8. Taken
together, this data provides evidence of the potential efficacy of utilizing fostamatinib in bacterial

sepsis.
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1. Introduction

Sepsis, defined as life-threatening organ dysfunction caused by a dysregulated host response
to infection, leads to significant morbidity and mortality worldwide [1,2]. The innate
immune response to sepsis involves neutrophils, which are the most abundant leukocyte

in circulation and comprise the first line of defense against invading bacterial pathogens.
Neutrophils protect the host from bacterial infections through a variety of important end-
effector functions including phagocytosis, degranulation, generation of reactive oxygen
species (ROS) and release of neutrophil extracellular traps (NETS) [3,4]. Unfortunately,
neutrophils can be a double-edged sword in sepsis. Though vital for effective bacterial
clearance, when hyperactivated, aberrant end-effector functions can contribute to significant
end-organ dysfunction [5]. Specifically, during systemic infection neutrophils become
sequestered in capillaries, activate endothelium, and migrate into tissues. Once they have
migrated, they release pro-inflammatory cytokines and proteolytic enzymes, ROS, and
NETs, all of which can be detrimental to host tissue. Therefore, there is interest in targeting
hyperactive neutrophil activation as a potential therapeutic strategy in bacterial sepsis [6].

Spleen tyrosine kinase (SYK) is an intracellular non-receptor kinase expressed in a
variety of hematopoietic cells including neutrophils [7]. Fostamatinib is an FDA-approved
SYK inhibitor used for the treatment of chronic immune thrombocytopenia. We recently
demonstrated that R406, the /n vitro active component of fostamatinib, can inhibit the
release of NETs when healthy donor neutrophils are stimulated with plasma from patients
with coronavirus disease 2019 (COVID-19) [8]. Additionally, using samples from a

phase Il randomized clinical trial evaluating the safety of fostamatinib in COVID-19,

we demonstrated that fostamatinib was associated with downregulation of hyperactivated
neutrophils [9,10]. SYK signaling has been demonstrated to contribute to many multiple
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neutrophil end-effector functions following lipopolysaccharide (LPS) stimulation [11-14].
Therefore, we aimed to determine if fostamatinib can modulate neutrophil activation
and end-effector functions following LPS stimulation. We observed that R406 effectively
regulates hyperactive neutrophil functions by inhibiting degranulation, the release of NETS,
ROS production, and endothelial cell adherence in response to LPS stimulation, while
preserving phagocytosis, migration, and cytokine release /n vitro.

2. Methods

2.1. Human neutrophil isolation and stimulation

2.2.

Whole blood was obtained from healthy donors (protocol number 17-CC-0148). Neutrophils
were isolated within thirty minutes of blood draw using the EasySep Direct Human
Neutrophil Isolation Kit (Stemcel, cat# 19666) following manufacturer instructions. Cells
were quantified using TC-20 Cell Counter (Biorad, cat# 1450102) and resuspended in Gibco
Opti-MEM Serum Reduced Media (ThermoFisher, cat# 31985070) containing 50 pg/mL

of streptomycin and 50 mU/mL of penicillin (ThermoFisher, cat# 10378016). Neutrophils
were stimulated with varying concentrations of LPS from Klebsiella pneumoniae (Millipore
Sigma, cat# L4268), Pseudomonas aeruginosa 10 (Millipore Sigma, cat# L9143), or
Escherichia Coli 5 (Invivogen, cat# tlrl-pb5Ips) based on individual experiments. When
inhibitors were added, cells were preincubated for thirty minutes prior to stimulation unless
noted otherwise. R406 (the /n vitro active component of fostamatinib) was used at a
concentration of 1 UM (provided by Rigel Pharmaceuticals).

Live cell imaging of neutrophil extracellular traps

NETSs were quantified using live cell imaging with an Incucyte S3 (Essen Bioscience).
Neutrophils in media were mixed with 250 nM Cytotox Green Dye (Sartorius, cat# 4633)
and Incucyte Nuclight Rapid Red Dye (Sartorius, cat# 4717) at a final concentration of
1:1000 in a 96-well plate. Cells were preincubated with 1 pM R406 and then stimulated
with LPS from Klebsiella pneumoniae, Pseudomonas aeruginosa, or Escherichia Colifor
8 h. Neutrophils were imaged every 15 min with the phase, green laser (set for 150 ns
absorbance) and the red laser (300 ns absorbance), acquiring 3 images per cell. Data

was analyzed on the Incucyte S3 2022vC software. Briefly, red object segmentation was
used to determine the number of cells per well. This analysis was performed using the
surface fit program, with a threshold of object detection set at 0.6 Red Calibrated Units
(RCUs), a pixel size of -2 (units), and edge sensitivity set to —25 (units) to differentiate
between cells. A minimum area of 20 pMs and a maximum area of 300 pMs was set to
avoid background detection. Neutrophils undergoing NETosis were identified similar to the
surface fit program, setting a threshold of 1 green calibrated unit (GCU), a pixel size of
-1, edge sensitivity turned off, and area filters between 100 uMs and 1250 puMs. Total
neutrophil count per well was determined by the maximum red objects over 8 h. Data
represents the percentage of neutrophils undergoing NETosis at any time point relative to
the neutrophil count in each well. Data was collated from 5 independent experiments and
neutrophil donors. A similar assay and settings have been previously utilized to quantify
NETosis previously [15].
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2.3. Detection of neutrophil extracellular trap formation by flow cytometry

For immunofluorescence studies, neutrophils suspended in RPMI11640 medium
supplemented with 10 % FBS were dispensed into 1.5 ml microcentrifuge tubes per
condition and stimulated with 5 pg/ml LPS isolated from Klebsiella pneumoniae (Millipore
Sigma, cat# L4268) for 1 h at 37 °C and 5 % CO». At the end of incubation, neutrophils
were stained with 200 nM SYTOX Green (Invitrogen™, cat# S7020) for 10 min at 37 °C.
Cells were washed with FACS buffer (Rockland, cat# MB-086-0500) and fixed with 4 %
formalin (final concentration of 1 %). Following centrifugation at 800xg for 8 min, pelleted
cells were treated with Fc receptor blocking solution (BioLegend, Human TruStain FcX™,
cat#422301) for 30 min. Cells were incubated with primary antibodies, APC anti-human
myeloperoxidase (MPO) (130-129-211; Miltenyi Biotech, cat#130-129-211) and Rabbit
anti-Histone H3 (citrulline R2 + R8 + R17) (abcam, cat# ab5103) in FACS buffer containing
Fc block for 1 h at 4 °C. Cells were washed with FACS buffer and resuspended in secondary
antibody AlexaFluor 594 Donkey F(ab’)2 anti-Rabbit IgG (abcam, cat #ab150072;) for

45 min. After washing in FACS buffer, cells were acquired in an LSRFortessa™ (BD
Biosciences) flow cytometer. Data were analyzed from 6 individual neutrophil donors by
FlowJo 10.10.0 software.

2.4, Indirect measurement of reactive oxygen species and metabolism

Neutrophils were resuspended in XF RPMI Medium, pH 7.4 (Agilent, cat# 103576-100)
supplemented with 2 mM L-glutamine (Agilent, cat# 103579-100), 1 mM sodium pyruvate
(Agilent, cat# 103578-100), and 10 mM glucose (Agilent, cat# 103577-100). Neutrophils
were adhered to a Cell-Tak (Corning, cat# 354240) coated cell culture microplate (Agilent,
cat# 102601-100) for 30 min at room temperature without CO,. Diphenyleneiodonium
chloride (DPI) (Fisher, Cat# AC328660250), LPS (Klebsiella pneumoniae or Pseudomonas
aeruginosa) and R406 injections were prepared in non-supplemented XF RPMI media

and loaded into the ports of the sensor cartridge (Agilent, cat# 102601-100). During
instrument calibration (Agilent, Seahorse XFe96 Extracellular Analyzer, Linthicum, MD),
neutrophils were counted on a Biotek Cytation 1 Imaging Reader (Agilent, Linthicum,
MD). Following the initiation of measurements, the oxygen consumption rate (OCR) and
extracellular acidification rate (ECAR) were measured every 5.5 min for approximately
230 min. Data were normalized according to cell counts and exported from the Wave
Desktop software (Agilent, Wave Desktop 2.6, Version 2.6.1) for downstream analyses. To
minimize batch-to-batch variation, normalization of the data was performed by calculating
the average maximum peak height for the LPS condition across all technical replicates. The
data presented represents the area under the curve (AUC) over the course of the experiment
or the peak rate across 4 independent experiments and neutrophil donors.

2.5. Direct measurement of reactive oxygen species

Neutrophils were plated in 100 uL of media as previously described. Cells were
preincubated with R406 for 30 min prior to stimulation with LPS from Kl/ebsiella
pneumoniae, Pseudomonas aeruginosa, or Escherichia Coli. Luminol (Millipore-Sigma, cat#
A8511) or isoluminol (Millipore-Sigma, cat# A8264) was added simultaneously to LPS to
the wells, at a final concentration of 60 uM or 10 UM respectively. Luminol detects total
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ROS (intracellular and extracellular), while isoluminol detects only extracellular ROS due
to its inability to cross the cellular membrane. Cells were incubated at 37 °C for two hours
in a Victor Nivo Multimode Plate Reader (PerkinElmer). Chemiluminescence was measured
every 5 min, reading each well for 500 ms. Emission was normalized to zero at experiment
start for each well, and for kinetic graphs raw data was fit with a zeroeth order smoothing
polynomial utilizing an average of 2 neighbors. All data represents the AUC of emission
over the course of the experiment or peak emission across 5 independent experiments and
donors.

2.6. Measurement of degranulation and cytokine release

2.7.

Neutrophils were plated in 100 pL of media and preincubated with 1 uM R406 and
subsequently exposed to LPS from Klebsiella pneumoniae. Following one hour of
stimulation, cells were spun at 336 xg, cell adherence to the plate was verified by
microscopy, and supernatants were extracted and frozen at —80 °C. Quantification of
cytokine, chemokines and degranulation markers from cell supernatants was performed
using the ProcartaPlex 15 plex Luminex assay (ThermoFisher). The analytes of interest were
MCP-1 (CCL2), MIP-1 alpha (CCL3), MIP-2 alpha (CXCL2), MMP-9, Myeloperoxidase
(MPO), NGAL, S100A8/A9, TNF-a, GRO alpha (KC/CXCL1), IL-1p, IL-6, IL-10, IP-10
(CXCL10), Arginase-1, and Lactoferrin. Informative biomarkers were included in the
analysis. Technical issues prevented measurement of MIP-1 alpha (CCL3), MIP-2 alpha
(CXCL2), CXCL-1, Arginase-1, and SI00A8/A9 across all samples and thus they were
removed from all analyses. Standard curves were computed for each analyte using Bio-Rad
Bioplex software. Analyte values were averaged across technical replicates, log-transformed,
and the average concentration of each analyte was compared across 5 independent
experiments and donors.

Measurement of surface makers of neutrophil activation

Neutrophils were plated in 100 pL of media, preincubated with 1 uM R406 and stimulated
with LPS from Klebsiella pneumoniae for 1 h. Cells were spun at 336 xg for 5 min and

the supernatant was removed. Cells were resuspended in FACS buffer (PBS+2% FBS)

with 10 pL of human Fc Blocking Reagent (Miltenyi Biotec, cat# 130-059-901) in a total
volume of 100 pL. Cells were incubated on ice for 10 min. Following blocking, cells

were spun as described previously. Subsequently, cells were resuspended in 100ul of FACS
buffer containing antibodies to CD11b (ICRF44, Biolegend), CD64 (10.1, Biolegend), CD16
(3G8, BD), CD62L (DREG-56, BD) and incubated on ice for 30 min. Following staining,
cells were spun and washed with 200 pL of FACS buffer and fixed in 4 % PFA (FD
Neurotechnologies Incorporated, cat# PF101) for 15 min on ice. Following fixation, cells
were washed and spun at 336 xg for 5 min, resuspended in 100 pL of FACS buffer, and
acquired in a BD FACSymphony A5 flow cytometer, Data were analyzed using Flowjo
version 10.9. Gates were drawn based on Fluorescence Minus One (FMO) control’s run

on each experiment. Average Mean Fluorescent Intensities (MFI’s) or percentages of cell
types were computed across technical replicates, and data was collated across 5 independent
experiments and donors.
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2.8. Imaging cytometry of cell circularity

Neutrophils were incubated in a 1.5 mL Eppendorf tube with 1 mL of media. Cells

were preincubated with 1 uM R406 for 30 min and stimulated with LPS from K/ebsiella
pneumoniae for 1 h. Following incubation, cells were spun down at 336 xg for 5 min

and supernatant was removed. 250 pL of Cytofix/Cytoperm (BD, cat# 554714) was

added to each tube, and cells were incubated on ice for 15 min. Following fixation and
permeabilization, cells were spun at 336 xg and washed with 1 mL of Permwash buffer (BD,
cat# 554723). Cells were spun and resuspended in a total volume of 100 pL of Permwash
and Fc Blocker (Miltenyi Biotec, cat# 130-059-901). Cells were incubated on ice for 20
min. Following blocking, cells were spun and resuspended in 100 uL 1X permwash. Cells
were incubated on ice for 30 min. Following incubation, cells were washed with 1 mL of 1X
permwash, spun, and subsequently fixed in 1 % PFA (FD Neurotechnologies Incorporated,
cat# PF101) for 20 min on ice. Cells were washed and spun at 336xg and resuspended in

40 pL of PBS. Data was acquired on an Amnis Imagestream Markll and analyzed using
IDEAs software. Circular cells were defined as having a circularity score > 10 based on
manufacturer’s recommendations and averaged across technical replicates. Data represents
collated results from n = 3 donors.

2.9. Phagocytosis of E. coli and S. aureus bioparticles

Neutrophils were plated in 100 uL of media. Incucyte Nuclight Rapid Red Dye (Sartorius,
cat# 4717) was added at a final concentration of 1:1000. Cells were preincubated with

1 uM R406 or 10 ug/mL of Cytochalasin D (ThermoFisher, cat# PHZ1063) for 30 min.
After preincubation, 1 pg of pHrodo® Green E. coli Bioparticles® for Incucyte® (Sartorius,
cat# 4616) or 1 ug of pHrodo® Green Staphylococcus aureus Bioparticles® for Incucyte®
(Sartorius, cat# 4619) were added to all wells. Cells are then incubated for 8 h in the
Incucyte S3, imaged every 15 min with the green laser (set for 150 ns absorbance) and the
red laser (300 ns), acquiring 3 images per cell at each time point. Subsequent analysis was
then performed using the Incucyte S3 2022vC software. Number of neutrophils per well
was determined through identical analysis as performed for NETosis experiments. Number
of phagocytic neutrophils were determined through green surface fit segmentation on the
Incucyte S3 2022vC basic analysis, with Edge split turned on and set at zero. Pixel size
was set at 0, and area filters between 10 and 1000 uM used to avoid background. Number
of phagocytic neutrophils at time-zero was set to zero, and the increase in phagocytic
neutrophils was measured over 8 h. Number of phagocytosing neutrophils were normalized
to total cell count per well. Data was averaged across technical replicates and represents
collated results from 5 independent experiments and donors.

2.10. Cellular migration

Neutrophils were plated in 100 uL of media in Corning Transwell cell culture insert
(Millipore-Sigma, cat# CLS3415). Cells were preincubated with 1 uM R406 for 30 min.
After preincubation, 10 ng/mL of E. coli LPS (EB Ultrapure Invivogen, cat# tlrl-pb5Ips) was
added to selected wells. In the exterior compartment, 1 mL of Gibco Opti-MEM with 10 nM
of human recombinant IL-8 (Bio-techne R&D, cat# P10145.1) was added and neutrophils
were allowed to incubate for 1 h. Following a one-hour migration, the internal compartments
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of Transwell cell plates were removed and plates were placed in Incucyte S3 with nine phase
images taken per well. Following imaging, the cell-by-cell function on the Incucyte 2022vC
was used to compute the number neutrophils present in each well with the Cell Boundary
Segmentation Adjustment set at 0.1 and Seed settings set at a cell contrast of 2 and a cell
morphology of 2. Finally, the cell-by-cell settings included a minimum cellular area of 75
HM2, and a maximum area of 1500 uM2. The total number of neutrophils was summed
across the nine images per well, and the results were averaged across technical replicates.
Data represents collated results of 5 independent experiments and donors.

2.11. Cellular adhesion

Human Umbilical Vein Endothelial Cells (HUVECs; Lonza#C2519A), were cultured in
EGM™-2 Endothelial Cell Growth Medium-2 (Lonza# CC-3162). Forty-eight hours prior
to each experiment, 96-well tissue culture plates (Corning#3603) were coated with gelatin
(0.2 %; Sigma#G1393-100ML ), washed and air dried for 2 h. HUVECs at passage five

to six were then seeded onto the gelatin precoated 96-well plates and allowed to grow in
EGM™=-2 for 48 h. On the day of experiment, the medium was replaced with Opti-MEM™
I Reduced Serum Medium (ThermoFishe#31985070) and HUVECs were incubated 3-4

h until neutrophils were added. Neutrophils at a concentration of 1 million cells per mL
were labeled with 2.5 uM CellTracker Green CMFDA (5-chloromethylfluorescein diacetate;
Thermo Fisher Scientific#C7025) fluorescent dye in Hanks’ Balanced Salt Solution (HBSS;
Thermo Fisher Scientific # 14175-095) for 15 min at room temperature. Thereafter,
CMFDA dye was washed off and resuspended at 1million per 4 mL in Opti-MEM.
Neutrophils were subsequently stimulated with LPS from Klebsiella pneumoniae for one
hour either with or without R406 pretreatment in a 37 °C incubator with 5 % CO,. Media
was removed and 200 pL of neutrophils exposed to different treatment conditions were
added to HUVECs at a concentration of 50,000 cells per well and incubated for 30-minute
in a 37 °C incubator with 5 % CQO,. After incubation, neutrophils were gently aspirated out
and wells were washed once with 150 uL of HBSS. HBSS was subsequently removed, and
cells were fixed for at least 1 h by adding 100 pl per well 4 % paraformaldehyde (PFA;
Thermo Fisher Scientific #J61899.AP). Neutrophil adhesion to HUVECs were captured
using Cytation 5 Cell Imaging Multi-Mode Reader (BioTek) configured with a GFP imaging
filter cube and a 10X objective controlled by Gen5 microplate reader and imager software.
The number of adherent neutrophils per well in the captured images were determined

using Gen5 microplate reader and imager software” Cellular Analysis Cell Count tool. For
counting, threshold for fluorescence was set at 30,000 RU, and object size was set between
10 and 30 pum. Data represents collated results of 5 independent experiments and donors.

2.12. Statistical analysis

To compare between non stimulated, LPS stimulated, and LPS stimulated cells + R4086,

a repeated measure one-way ANOVA with Geiser-Greenhouse correction was utilized to
measure overall significant differences between the groups. Further multiple comparisons
were utilized to measure differences between all groups, utilizing Tukey correction to correct
for multiple comparisons. All statistics performed in GraphPad Prism (Prism 10 for macOS,
Version 10.1.0) Stars represent results of multiple comparisons. p < 0.05*, p < 0.01**, p <
0.001***, p < 0.0001****,
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3. Results

3.1. R406 inhibits gram-negative bacterial LPS Induced NETosis

Based on our COVID-19 findings, we initially sought to determine if R406 can prevent
LPS-induced NETosis. Neutrophil stimulation with K. pneumoniae LPS led to a nearly
three-fold increase in NETosis eight hours post-stimulation compared with non-stimulated
cells, a finding prevented by R406 preincubation (Fig. 1A). R406-mediated NET inhibition
began 2 h post-LPS stimulation and increased over time (Fig. 1B). This effect was not
limited to K. pneumoniae, as R406 had a similar effect on neutrophils stimulated with LPS
isolated from P. aeruginosa and E. coli (Fig. SLA-F.) Further, we confirmed our finding

that K. pneumoniae LPS-induced NETosis is inhibited by R406 with a flow cytometry assay
that directly detects NETs co-expression of extracellular DNA, MPO, and tricitrullinated
histones (Figure S2 and S3).

3.2. R406 inhibits gram-negative bacterial LPS-induced neutrophil ROS generation

Because LPS induced NETosis has been shown to be ROS-dependent [16], we characterized
neutrophil ROS generation following LPS stimulation with and without R406 treatment.
First, we quantified neutrophil oxygen consumption rate (OCR) as a surrogate marker for
ROS production. OCR peaked 15 to 20 min post K. prneumoniae LPS stimulation (Fig. 1C).
Pre-treatment with R406 significantly decreased the total and peak OCR over one hour as
well as the maximum OCR following LPS stimulation (Fig. 1D and Fig. S4A). R406 had

a similar impact on £, aeruginosa stimulated neutrophils (Fig. S4B, S4C). Subsequently,

we aimed to directly assess whether R406 could diminish both total ROS (intracellular and
extracellular) and ROS secreted by neutrophils (extracellular alone). We directly quantified
total (i.e., intra- and extracellular) ROS by luminol-based chemiluminescent assay and
extracellular ROS alone by an isoluminol-based assay. Total ROS and extracellular ROS
alone significantly increased post K. pneumoniae LPS stimulation, which was prevented by
preincubation with R406 (Fig. 1E-G and Fig S5A-C). R406 preincubation also prevented
the generation of both total ROS and extracellular ROS following £ aeruginosa or E. coli
LPS stimulation (Figure S6A-D and Figure S7TA-D). In experiments designed to determine
if delayed R406 administration might be beneficial, we observed R406 significantly
decreased neutrophil total and peak OCR when added 10 min following K. pneumoniae
or P. aeruginosa stimulation (Fig. 1H and I, Figure S8A-C).

3.3. R406 significantly reduces degranulation, while having minimal impact on cytokine

release

Following K. pneumoniae LPS stimulation for one hour we observed a significant increase
in soluble levels of MPO and trends towards increased lactoferrin and MMP-9 (Fig. 2A

and Table S1). In neutrophils preincubated with R406 we observed a significant reduction

in cell culture supernatant levels of MPO post K. pneumoniae LPS stimulation. Evaluating
cytokines we found significant increases in neutrophil supernatant levels of TNF-a,, I1L-6,
and IL-1pB at one hour post K. pneumoniae LPS stimulation, which were not significantly
reduced by R406 preincubation (Fig. 2B and Table S1). Interestingly, statistically significant
increases in CXCL10 were inhibited by R406.
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3.4. R406 has minimal impact on LPS-induced upregulation of neutrophil surface markers
of activation

Next, we sought to analyze neutrophil surface markers commonly observed in bacterial
sepsis following LPS stimulation. LPS stimulation led to significant reduction in CD62L and
increases in CD11b and CD64 expression (Fig. 3A—-C, Table S3). We observed that R406
did not inhibit LPS-induced reduction in CD62L surface expression (Fig. 3A). Similarly,
R406 did not inhibit CD11b or CD64 upregulation (Fig. 3B—C). Following LPS stimulation,
we saw a population of CD16!°W neutrophils emerge that was not present in non-stimulated
cells (Fig. 3D-E). Interestingly, pre-incubation with R406 reversed this trend, significantly
reducing the percentage of CD16!°V neutrophils (Fig. 3D-3E).

3.5. R406 increases cell migration but inhibits endothelial cell adhesion

To assess migration, we used a Transwell assay to quantify the ability of neutrophils to
migrate in response to 1L-8. When exposed to E. co/i LPS, we observed no change in the
number of neutrophils migrating in response to IL-8, however, when exposed to R406, we
observed a 10-fold increase in the number of migrating neutrophils in response to IL-8 in the
presence or absence of £. coli LPS (Fig. 4A and Figure S9A).

We next evaluated the impact of R406 on the ability of neutrophils to adhere to HUVECs.
First, we found that stimulation with K. pneumoniae LPS significantly increased the number
of cells adhering to HUVEC cells (Figure S9B). Interestingly, R406 preincubation was able
to significantly reduce in the number of adherent neutrophils following 30 min of co-culture
(Fig. 4B, Figure S9C-D).

Seeing changes in endothelial adhesion, we wanted to further investigate the effects of
R406 on neutrophil shape and morphology using high throughput imaging flow cytometry.
K. pneumoniae stimulated neutrophils demonstrated a variety of non-circular phenotypes
not seen in non-stimulated circular neutrophils (Figure S10A-B). Stimulation with K.
pneumoniae LPS significantly increased the proportion of non-circular neutrophils, while
preincubation with R406 significantly abrogated this LPS-induced phenotype (Fig. 4C,
Figure S10C-E).

3.6. R406 does not impact phagocytosis but does decrease overall cellular metabolism

We next determined whether R406 impacts phagocytosis, a vital host defense mechanism.
Neutrophils were incubated with E. cofiand S. aureus bioparticles and phagocytosis

was quantified by live cell imaging. Preincubation with R406 had no significant effect

on phagocytosis for either bioparticle, while Cytochalasin D, an inhibitor of actin
polymerization and thus phagocytosis, did significantly reduce bioparticle phagocytosis (Fig.
4D-E, Figure S11A-C).

After observing decreases in NETosis and ROS generation, but minimal changes in
phagocytosis and cytokine release, we aimed to gain a wider view of overall cellular
metabolic activity by measuring extracellular acidification rate (ECAR) an indicator of
glycolysis. We found that ECAR increased following LPS stimulation and peaked within
10 min, which was significantly reduced with R406 (Fig. 4F-G). It is important to note
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that while the R406-treated neutrophils had lower ECAR than LPS alone, they still had
significantly higher rates of ECAR than non-stimulated cells alone (Fig. 4G). Furthermore,
R406 treatment 10 min post-stimulation reduced the metabolic increases following K.
pneumoniae LPS stimulation (Fig. 4H-I). These trends were consistent across multiple LPS
species, as we same similar trends in £ aeruginosa stimulated neutrophils (Figure S12A-B).

4. Discussion

While neutrophils are protective against invading bacterial pathogens, many clinical
outcomes and ultimately mortality in sepsis have been associated with a pathogenic
overactivation of neutrophils [17]. Through a series of functional and cellular assays we
demonstrate that treatment with R406 impacts many end-effector functions of neutrophils
thought to contribute to pathogenesis in sepsis, demonstrating its potential efficacy as

a regulator of neutrophil activation in the setting of LPS stimulation. Specifically, we
demonstrate that R406 mitigates neutrophil NETS release, ROS generation, degranulation,
and binding to endothelium. Despite inhibition of these end-effector functions other key
functions remain intact including migration, phagocytosis, and inflammatory cytokine
release. Most findings were consistent across LPS from K. pneumoniae, P. aeruginosa, and
E. coliwhen tested. These findings suggest potential utility of targeting SYK to modulate
pathogenic neutrophil responses during bacterial sepsis.

High levels of NETS correlate with disease severity in sepsis and have been demonstrated to
be predictive of worse outcomes [18]. During infection, NETSs are thought to be protective
by inhibiting the dissemination of invading pathogens. However, NETs contribute to sepsis
pathogenesis because they are pro-coagulant and activate endothelium [5]. Our data show
that R406 can abrogate LPS-induced NETosis /n vitro, highlighting the potential for R406 to
decrease NET-mediated coagulopathy, endothelial cell activation, and organ damage 7 vivo.

Circulating markers of neutrophil degranulation and ROS generation are associated with
increased sepsis severity and mortality [19-21]. We show that R406 inhibits LPS-induced
neutrophil myeloperoxidase release /n vitro and demonstrate by direct and indirect assays
that R406 effectively decreases intra and extracellular ROS generation when administered
prophylactically or therapeutically (i.e., before or after LPS-stimulation, respectively). These
findings provide biologic plausibility that R406 mediated inhibition of NETosis, which

is dependent on intracellular ROS generation, and extracellular release of ROS, which

is associated with oxidized lipids and proteins that induce cellular injury and end-organ
dysfunction, might provide therapeutic benefit in bacterial sepsis [16,22,23].

During sepsis activated neutrophils adhere to endothelium contributing to microvascular
dysfunction or transmigrate into tissues contributing to pathogen clearance and tissue injury
[24-26]. We demonstrate that R406 decreases neutrophil adhesion to endothelial cells and
increases migration towards 1L-8 /n vitro. This data is similar to prior reports that have
demonstrated that adhesion of neutrophils is inhibited in murine SYK-knockout neutrophils,
but cellular migration is not impacted [12]. Finally, these findings are further supported by
our imaging flow cytometry analysis, as decreases in cellular circularity have been found

to correlate with mobility and activation in complement-stimulated neutrophils, a phenotype
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we were able to ameliorate with R406 pretreatment [27]. Our findings provide a therapeutic
approach in which R406 decreases neutrophil adhesion to endothelial cells, potentially
mitigating neutrophil-mediated endothelial cell activation and microvascular dysfunction,
while maintaining the ability to migrate.

Ex vivo studies of SYK-knockout murine neutrophils stimulated with serum opsonized
Staphylococcus aureus and E. coli have observed decreased granule release, NETosis,
reactive oxygen species, while other functions remain intact such as the release of
inflammatory cytokines, including IL-6 and IL-1p, and £. coli phagocytosis. These findings
are consistent with our work. However, there are differences in findings from the SYK-
knockout neutrophils and our study with SYK inhibition of human neutrophils with

R406, such as the impact on CD11b activation and loss of CD62L and phagocytosis

on Staphylococcus aureus. These disparate findings can likely be explained by continued
expression of SYK while altering SYK phosphorylation in R406 treated neutrophils instead
of knockout kinetics in the mouse neutrophils, differences in neutrophil end effector function
in mouse versus primary human neutrophils, and different responses based on stimuli used.
Further, R406 has been shown to effectively inhibit SYK phosphorylation as well as inhibit
a variety of other kinases and thus could be having effects on additional non-SYK mediated
pathways [28].

R406 has been shown to mitigate end-organ dysfunction and myeloid activation in LPS
mouse models of acute kidney injury and acute lung injury and a cecal ligation and puncture
model of sepsis [29-31]. However, /in vivo models of SYK-knockout neutrophils result

in a reduction in bacterial clearance in the absence of antibiotics [32]. Future studies to
evaluate the impact of SYK inhibition, and specifically R406 treatment, in combination with
antibiotics will be important.

Classically, LPS activates TLR4 in innate immune cells, which subsequently signals
through either a MyD88 dependent cellular surface pathway or a TRIM/TRAF intracellular
pathway. The exact role of SYK in this pathway is unclear and debated in the literature.
SYK conventionally binds to immune-receptor tyrosine-based activation motif (ITAMs) on
receptors such as Fcy receptors, c-type lectin receptors, and integrins [33]. TLR4 contains

a hem-1TAM, and multiple studies have shown co-immunoprecipitation of TLR4 and SYK
in a variety of innate immune cells, suggesting that SYK may be directly phosphorylated

by TLR4 [14]. Evidence from neutrophils suggests that LPS stimulation leads to SYK
phosphorylation and the formation of a TLR4, p-SYK, p-CEACAM1 complex, which results
in ROS production and IL-1p release [11]. Other studies have demonstrated SYK as being
vital to endosomal uptake of TLR4 through a number of potential linker molecules such as
CD14, DAP12, SCIMP, and TREM1. Thus, SYK inhibition could modulate the downstream
signaling pathways impacted by TLR4 endocytosis in the context of LPS stimulation [34—
36]. Our experiment does not offer a definitive explanation of the underlying mechanism by
which R406 is able to inhibit various neutrophil functions in the context of LPS stimulation,
therefore further studies are needed to elucidate these mechanistic pathways.

Limitations of our study are that these are /in vitro studies and in vivo studies are needed
to confirm these findings. However, many of our findings have been recapitulated using /n
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vitro mouse models and /7 vivo small animal models. Further, the effects of purified LPS
represent an incomplete picture of how whole live bacteria or other pathogen associated
molecular patterns (PAMPs) derived from gram-negative bacteria interact with neutrophils
during sepsis and how these interactions may be impacted by R406. Additionally, we did not
test the efficacy of R406 on modulating neutrophil responses in the context of gram-positive
bacteria. Lastly, neutrophil responses to LPS are broadly impacted by other cell types, with
studies suggesting platelets are vital to efficient NETosis in the context of low levels of

LPS for example [37,38]. Thus, it is important to test the effects of R406 following LPS
stimulation of other cell types /n-vitro, co-culture assays, and using gram positive bacteria.

Our findings highlight R406 as a promising novel therapeutic mechanism in bacterial sepsis,
offering a strategy to temper the excessive neutrophil responses without compromising their
critical roles in host defense. Taken together our /n vitro data and the results of small animal
models provide a strong rationale for evaluating the efficacy of fostamatinib in large animal
models of bacterial sepsis and evaluating the trajectory of SYK expression during human
bacterial sepsis.
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Fig. 1. R406 effectively inhibits L PS mediated NETosis and ROS generation.
(A) Bar chart comparing the percentage of non-stimulated cells (NS), K. pneumoniae

LPS (5 ug/mL) stimulated cells (KP), or K. pneumoniae LPS (5 pg/mL) stimulated cells
preincubated with 1 uM R406 (KP+R406) at the conclusion of eight-hour stimulation.

All P values calculated utilizing the one-way ANOVA described previously unless stated
otherwise. (B) Stacked bar chart comparing the percentage of KP vs KP+R406 neutrophils
undergoing NETosis over the course of 8 h. P-values computed using multiple paired
parametric t-tests of the percentage of NETing cells every hour over the course of eight
hours. (C) Representative graph demonstrating an increase in oxygen consumption rate
(OCR) in cells stimulated with 5 pg/mL of K. pneumoniae LPS (red line) relative to cells
stimulated with the same concentration of LPS plus 1 uM R406 (green line) and control
non-stimulated cells (blue line). (D) Bar chart comparing the AUC of the total oxygen
consumption of cells stimulated as described in (C). (E) Kinetic graph showing increases
in chemiluminescence (Total ROS generation) in neutrophils stimulated with 1 ug/mL of K.
pneumoniae LPS (red line) relative to neutrophils stimulated with the same concentration
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of LPS+R406 (green line), and non-stimulated cells (blue line) from one representative
experiment. (F) Bar chart comparing the total AUC of cells stimulated as described in (E).
(G) Bar chart showing the total AUC of the same conditions as described as (E), with
chemiluminescence representing only external ROS generation. (H) Representative graph
demonstrating an increase in oxygen consumption rate (OCR) with the same conditions
described in (E), with the yellow line showing cells stimulated with the same concentration
of LPS plus 1 pM R406 administered 10 min after LPS stimulation. (1) Bar chart comparing
total AUC across the three conditions shown in (H).
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Fig. 2. R406 decreases neutrophil degranulation while having no effect on cytokinerelease.
(A) Volcano plots showcasing the levels of neutrophil degranulation markers, MPO,

lactoferrin, and MMP9 were measured in the cell supernatant one hour post stimulation

in non-stimulated cells, cell stimulated with 1 pg/mL of K. pneumoniae LPS, and cells
stimulated with 1 ug/mL of K. pneumoniae LPS plus 1 uM R406. Dotted lines represent the
median as well as 25th and 75th quartile for each analyte. P values were computed using
one-way ANOVA for all comparison. (B) Volcano plots showcasing the concentration of
soluble TNF-a, IL6, and IL-1p in the supernatant 1 h post stimulation in the same groups as
(A).
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Fig. 3. R406 shows little effect on classic neutrophilic sepsis markers, but blocks CD16 shedding
(A\) Paired dot plots comparing the percentage of CD62L* neutrophils, determined by FMO

controls, one hour after stimulation in non-stimulated cells as well as cells stimulated

with 1 ug/mL of K. pneumoniae LPS with or without 1 pM R406. All P values were
determined by one way ANOVA as described previously. (B) Paired dot plots comparing the
increase in CD11b Mean Fluorescent Intensity (MFI) across the same groups as described
in (A). (C) Paired dot plots comparing the percentage of CD64* neutrophils, determined

by FMO controls, in the same groups as described in (A). (D) Representative histogram
showcasing the distinct CD16'°% population arising after one hour of K. pneumoniae
stimulated neutrophils (blue) that is absent in cells preincubated with 1 uM R406 (red).

(E) Paired dot plots comparing the percentage of CD16/°% neutrophils in the same groups as
described in (A).
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Fig. 4. R406 has diver se effects on neutrophil migration, adhesion, shape, phagocytosis, and
metabolism.

(A) Bar graph showing the number of neutrophils migrating over one-hour in response to
IL-8. Neutrophils were either not stimulated (NS) or exposed to 10 ng/mL E. coli (EC)

LPS, with or without preincubation with 1 uM R406. All P values were computed by
one-way ANOVA as previously described. (B) Bar graph comparing the percentage increase
of neutrophils adhered to HUVEC cells relative to non-stimulated cells in cells stimulated
with 100 ng/mL of K. pneumoniae LPS with or without preincubation with 1 uM R406.

(C) Bar graph showcasing the percentage of non-circular cells, in non-stim cells (NS),

and cells stimulated with 1 pg/mL K. pneumoniae LPS with or without R406. (D) Box

and whisker graph showcasing the percentage of total cells undergoing phagocytosis Cells
were either incubated with 1 pg of pHrodo® Green Staphylococcus aureus (SA) bioparticles
either with (SA+R406) or without (SA) preincubation with 1 uM R406 or 10 pg/mL of
Cytochalasin D (SA+Cyto), Boxes show mean value as well as 25th and 75th percentile of
data. Whiskers represent minimum and maximum of each data set. (E) Box and whisker plot
showing percentage of cells undergoing phagocytosis as shown in (D), but neutrophils were
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plated with 1 pg of pHrodo® Green E. coli bioparticles. (F) Representative kinetic graph
showecasing the increase in the extracellular acidification rate of the media surrounding
neutrophils as measured by the Agilent Seahorse in cells stimulated with 5 pg/mL of

K. pneumoniae LPS (red line) relative to cells stimulated with the same concentration

of LPS plus 1 uM R406 (green line) and a control non-stimulated cells (blue line). (G)
AUC of extracellular acidification rate of the conditions outlined in (F). (H) Representative
kinetic graph showcasing the increase in the extracellular acidification rate of the media

as described in (F), with the yellow line representing cells stimulated with 5 pg/mL of K.
pneumoniae LPS followed by 1 uM R406 exposure 10 min post stimulation. (I) AUC of
extracellular acidification rate of the conditions outlined in (H).
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