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Inhibition of NADPH oxidase blocks NETosis and reduces thrombosis in
heparin-induced thrombocytopenia

Halina H. L. Leung,1 Jose Perdomo,1 Zohra Ahmadi,1 Feng Yan,1 Steven E. McKenzie,2 and Beng H. Chong1,3

1Haematology Research Unit, St George and Sutherland Clinical School, Faculty of Medicine, University of New South Wales, Sydney, NSW, Australia; 2Department of Medicine,
Cardeza Foundation for Hematological Research, Thomas Jefferson University, Philadelphia, PA; and 3New South Wales Health Pathology, St George and Sutherland Hospitals,
Sydney, NSW, Australia

Heparin-induced thrombocytopenia (HIT) is associated with severe and potentially lethal

thrombotic complications. NETosis was recently shown to be an important driver of

thrombosis in HIT. We investigated the role of reactive oxygen species (ROS) and

nicotinamide adenine dinucleotide phosphate (NADPH) oxidase 2 (NOX2) and their

contributions to thrombus development in HIT. We showed that neutrophil activation by

HIT immune complexes induced ROS-dependent NETosis. Analysis of thrombi formed in a

microfluidics system showed ROS production in both platelets and neutrophils, and

abundant neutrophil extracellular traps (NETs) and ROS distributed throughout the clot.

Neutrophil-targeted ROS inhibition was sufficient to block HIT-induced NETosis and

thrombosis using human blood. Inhibition of NOX2 with diphenyleneiodonium chloride or

GSK2795039 abrogated HIT-induced thrombi in vivo using FcgRIIa1/hPF41-transgenic mice.

Thrombocytopenia in mice remained unaffected by ROS inhibition. Increased ROS produc-

tion in activated neutrophils was also confirmed using fresh blood from patients with active

HIT. Our findings show that ROS and NOX2 play a crucial role in NETosis and thrombosis

in HIT. This enhances our understanding of the processes driving thrombosis in HIT and

identifies NOX2 as a potential new therapeutic target for antithrombotic treatment of HIT.

Introduction

Heparin-induced thrombocytopenia (HIT) is a serious and potentially life-threatening immune reaction to
heparin, a widely used anticoagulant. The clinical features of HIT include thrombocytopenia and venous
and/or arterial thrombosis.1 Thrombotic complications such as myocardial infarction, thrombotic stroke, pul-
monary embolism and arterial occlusion leading to limb gangrene may result in disastrous consequences
and even death.2 Severe thrombosis and high mortality rates continue to be a medical challenge despite
current therapies with nonheparin anticoagulants such as argatroban and danaparoid.3-5 Advancing our
understanding of the pathogenesis of HIT will enable identification of key targets and development of
new and more effective therapies for thromboses in HIT and their devastating consequences.

HIT is mediated by a pathogenic antibody that recognizes and forms a complex with platelet factor 4 (PF4)
and heparin or polyanions.6 The HIT immune complex interacts with FcgRIIa receptors, leading to cell acti-
vation. HIT was traditionally considered a platelet disorder, in which engagement of the HIT immune complex
with FcgRIIa triggers platelet activation and aggregation. Platelet activation results in release of procoagu-
lant factors and microparticles that promote coagulation and perpetuate the cycle of platelet and
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Key Points

� ROS generation is
essential for thrombus
formation in HIT.

� NOX2 inhibition
prevents thrombus
formation in a murine
model of HIT.
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coagulation activation.7 The pathogenesis of HIT has evolved over
recent years and it has become increasingly clear that thrombosis in
HIT extends beyond platelet activation, involving monocytes,8 endo-
thelial cells,3 and neutrophils.9,10

Substantial evidence supports the concept that neutrophil activation
is a major driver of thrombosis in HIT.9 Direct engagement of the
HIT immune complex with FcgRIIa on neutrophils results in release
of neutrophil extracellular traps (NETs), and NETosis is required for
thrombus formation in HIT.9,10 In a protein arginine deiminase 4
(PAD4) knockout HIT mouse model,9 platelet/fibrin-rich thrombi in
lungs were reduced significantly. Although PAD4, a key enzyme
required for NET formation in mice, was shown to be necessary for
thrombosis, upstream molecular pathways leading to NETosis are
yet to be fully characterized. It has been shown that the signaling path-
ways and NET requirements are agonist-specific.11,12 For example,
nicotinamide adenine dinucleotide phosphate (NADPH) oxidase
(NOX) activity is required for phorbol 12-myristate 13-acetate
(PMA) and some bacteria-induced NETs but is dispensable for NET
formation in ionophore-stimulated neutrophils.11 The contribution of
reactive oxygen species (ROS) to HIT pathogenesis has also not
been previously assessed.

Our study investigated the requirement of ROS and the NOX path-
ways in HIT-induced thrombosis. We clearly show that HIT immune
complexes can directly activate neutrophils to produce ROS and
cause mitochondrial dysfunction. We provide strong evidence that
in HIT, neutrophils undergo NETosis in a NOX-dependent manner,
and inhibition of NOX activity reduces NETs and thrombosis in the
murine HIT model. Enhanced levels of ROS production and NETosis
were confirmed in circulating neutrophils in patients with acute HIT.
Dissecting the mechanisms and pathways involved in thrombosis in
HIT has identified NOX as a potential therapeutic target to reduce
thrombosis and to improve clinical outcome of patients with HIT.

Materials and methods

Reagents

The following reagents were obtained: Hoechst 33342, 2,4-dinitro-
phenol (DNP), and L-012 (Sigma-Aldrich, St. Louis, MO); diphenyle-
neiodonium chloride (DPI; Abcam, Cambridge, United Kingdom);
GSK2795039 (MedChemExpress, Monmouth Junction, NJ); anti-
CD15 AF647, anti-myeloperoxidase (MPO) phycoerythrin (PE), and
anti-rabbit secondary antibody BV421 (BD Biosciences, San Jose,
CA); and CellROX, MitoSOX, dihydrorhodamine 123 (DIH123),
3,39-dihexyloxacarbocyanine iodide (DiOC6), and Sytox Green
(nucleic acid stain; Invitrogen, Carlsbad, CA).

Human samples

Blood samples were collected with informed consent from healthy
donors and from patients with diagnosis of HIT following the criteria
previously described.1 All HIT patient samples were positive by HIT
antibody enzyme-linked immunosorbent assay and 14C-serotonin
release assays. The study was approved by the University of New
South Wales (NSW) Human Research Ethics Committee
(HC12093) and the South Eastern Sydney Local Health District
Human Research Ethics Committee (Sydney, NSW, Australia; 17/
349 LNR/18/POWH/45) in accordance with the Declaration of
Helsinki.

Antibodies

KKO hybridoma cells were kindly provided by Gowthami Arepally
(Duke University, Durham, NC). Cells were cultured in Dulbecco
modified Eagle medium containing 10% fetal bovine serum in a
humidified incubator at an aeration of 5% CO2 at 37�C. Cells
were cultured for 24 hours in serum-free Dulbecco modified
Eagle medium before collection of antibody-containing superna-
tant. KKO and total immunoglobulin G (IgG) from healthy donor
and patient plasma were purified by protein G agarose affinity
chromatography.

Detection of ROS and NETs in vitro

Neutrophils from healthy donors were isolated from EDTA-
anticoagulated blood using the EasySep direct human neutrophil iso-
lation kit from StemCell Technologies (Vancouver, BC, Canada).
Purity was assessed by flow cytometry. Cells were treated with HIT
or control IgG (3 mg/mL) or KKO or isotype control (0.1 mg/mL), puri-
fied PF4 (10 mg/mL), and heparin (0.5 U/mL). Lumi-aggregometry
(Chronolog 700 aggregometer; Chrono-Log, Havertown PA)was per-
formed as described previously.13 For whole-blood assays, fresh
citrate-anticoagulated blood from healthy donors or HIT patients
was used. Low-density granulocytes (LDGs) were isolated using den-
sity gradient medium Lymphoprep.14 For ROS-inhibition studies, sam-
ples were treated in the absence or presence of ROS inhibitors DNP
(750 mM) or DPI (25 mM) prior to HIT IgG activation. Neutrophils and
NETs were stained using anti-CD15, anti-MPO, and anti-Cit H3/anti-
rabbit IgG.9,15 CellROX, MitoSOX, dihydrorhodamine 123, and
DiOC6 were used for ROS detection.

NET assessment by confocal microscopy

Isolated neutrophils were stainedwith Hoechst 33342 and anti-CD15
antibody and seeded into 8-well Nunc Laboratory-Tek II chambers.
Neutrophils were incubated with DNP or DPI for 30 minutes prior to
the addition of HIT or normal IgG, heparin, and purified PF4. Sytox
Green was added prior to imaging using a confocal laser-scanning
microscope (Leica TCS SP8) running Leica LAS X software.

Microfluidics studies

Microfluidics experiments with Vena8 Fluoro1 biochip microchannels
were conducted as previously described.9 Briefly, microchannels
were coated overnight with fibrinogen or von Willebrand factor
(VWF) at 4�C, washed with phosphate-buffered saline (PBS), and
blocked with PBS/1% bovine serum albumin. Fresh citrate-
anticoagulated whole blood from healthy donors was diluted 1/2 in
PBS, incubated at 37�C for 30minutes with DPI (50 mM), then treated
with purified IgG (HIT or normal IgG 3mg/mL, KKO 0.25 mg/mL) and
heparin (0.5 U/mL). For neutrophil-targeted ROS-inhibition assays,
neutrophils were depleted from whole blood using CD15 microbeads
(Miltenyi Biotec, Bergisch Gladbach, Germany). Separately, autolo-
gous purified neutrophils were treated with or without DPI, washed,
and reconstituted into neutrophil-depleted blood. To measure ROS,
NET release, and neutrophil and platelet accumulation, samples
were labeled with Hoechst 33342, Sytox Green, anti-CD41 or AP2,
anti-CD15, and CellROX. Blood was perfused at a shear stress of
67 dyne/cm2 (1500 s21) for up to 30 minutes and the biochip was
imaged using a Q-Imaging EXi Blue camera (Q-Imaging, Surry, BC,
Canada) connected to a fluorescent microscope (Zeiss Axio Observ-
er.A1) driven by Venaflux software (Cellix Ltd). Quantitative analysis of
DNA, platelet, and neutrophil accumulation was calculated with
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Image-Pro Premier 9.1 software (Media Cybernetics, Rockville, MD).
Imaging by confocal microscopy was conducted on selected
microchannels.

In vivo studies

Double-transgenic FcgRIIa1/hPF41 mice expressing the R131 iso-
form of human FcgRIIa and human PF416 aged between 8 and 12
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weeks were used for animal studies. The HIT condition was recreated
by IV injection of the HIT-like monoclonal antibody KKO (400 mg per
mouse) and intraperitoneal injection of heparin (1 U/g). ROS inhibitors
were administered by intraperitoneal injection as follows: DPI
(3 mg/kg) 30 minutes before and 30 minutes after, or
GSK2795039 (100 mg/kg) 60 minutes before KKO and heparin
injection. Anti-CD42c Dylight-649 antibody (Emfret, Germany) was
used to label mouse platelets in vivo. For select studies, L-012 (25
mg/kg) was administered intraperitoneally 5 minutes prior to euthana-
sia. Extracted lungs were imaged immediately using the IVIS Spec-
trum running Living Image 4.5.5 software (Perkin Elmer, MA).9,17-19

Platelet counts were analyzed by flow cytometry and calculated rela-
tive to time 0, prior to IgG and heparin injection. All animal experiments
were approved by the Animal Care and Ethics Committee of the Uni-
versity of New South Wales, Australia.

Statistics

Data sets were tested for normality using the Shapiro-Wilk normality
test. Differences between 2 groupswere compared using the Student
t test. Multiple comparisons were analyzed by 1-way analysis of vari-
ance (ANOVA) with posttest correction for multiple comparisons as
described in the figure legends. Each mouse was used as a biological
replicate in animal studies and each individual healthy donor for in vitro
experiments was considered a biological replicate. Statistical analyses
were performed using GraphPad Prism 8 (La Jolla, CA). P values
,.05 were considered statistically significant.

Results

HIT IgG stimulates ROS production in neutrophils

Because neutrophil activation is essential for thrombosis in HIT,9,10

we sought to determine whether ROS is involved in HIT IgG-
induced neutrophil activation. To recreate the HIT condition in vitro,
purified neutrophils were stimulated with IgG from HIT patients or
KKO, PF4, and heparin. ROS production was examined using a
luminol-based assay. PMA, a known ROS inducer,20-22 was used
as a positive control. Treatment with KKO showed a significant accu-
mulation of luminescence over time compared with treatment with iso-
type control (Figure 1), indicating enhanced ROS generation by KKO-
treated neutrophils. Similar results were obtained following incubation
of neutrophils with 3 different HIT patient IgGs when compared with
normal IgG (Figure 1). MaximumROS neutrophil production under dif-
ferent conditions was shown in Figure 1. These data show that HIT
immune complexes are strong inducers of ROS.

Mitochondrial dysfunction in HIT

Mitochondria are the major source of intracellular ROS23-25 and mito-
chondrial dysfunction leads to an increase in ROS production.26-29

Mitochondrial dysfunction was examined using the voltage-sensitive
dye DiOC6. Using fresh whole blood from healthy donors, our data
showed a marked reduction of DiOC6 fluorescence in neutrophils in
KKO- or HIT IgG-treated blood compared with the normal controls
(Figure 2A), indicating a loss in mitochondrial membrane potential.
Substantial decreases in DiOC6 fluorescence were detected in blood
treated with heparin and IgG from 3HIT patients (Figure 2B), whereas
no changes were observed for PBS, heparin alone, or heparin plus
normal IgG (Figure 2B). Treatment with DPI, an inhibitor of NOX,
restored mitochondrial membrane potential back to control levels (Fig-
ure 2A-B). The generation of ROS was further examined using
DIH123, a ROS indicator that fluoresces when oxidized by ROS. A
strong heparin-dependent increase in DIH123 fluorescence was
observed in blood treated with KKO and 3 patient HIT IgGs but not
with control IgG (Figure 2C). DPI reversed this effect (Figure 2D).
These data demonstrate that HIT IgGs and KKO induce increased
ROS generation in neutrophils through mitochondrial dysfunction.

HIT IgG-mediated neutrophil activation and NETosis

are dependent on NOX-derived ROS

Aswe described previously,9 LDGs, often described as activated neu-
trophils30 or NETting neutrophils,31 were found in fresh blood of acute
HIT patients. In the present study, we treated healthy donor blood with
KKO or HIT IgG in the presence of heparin.We observed a significant
increase in neutrophils undergoing NETosis in whole blood
(Figure 2E) and in the LDG population (supplemental Figure 1A)
when treated with KKO or HIT IgG and heparin compared with con-
trols. Importantly, the LDG population in fresh acute HIT patient blood
(supplemental Figure 2A) generated large amounts of ROS (supple-
mental Figure 2B) and NETs (supplemental Figure 2C). The increase
in LDG (Figure 2F-G) and NETting neutrophils (Figure 2E,H) induced
by HIT immune complexes was abrogated by DPI, indicating that this
is dependent on NOX activity.

The contribution of mitochondrial respiration and NOX to HIT IgG-
induced ROS generation and their respective requirement for HIT
IgG-induced NETosis was further analyzed in the presence of DPI
and of the mitochondrial uncoupler (ROS inhibitor), DNP. DNP and
DPI have previously been shown to be effective at inhibiting
A23187- and PMA-induced NETosis, respectively.11,32 Isolated neu-
trophils were treated with DNP or DPI prior to stimulation with HIT IgG
and heparin. As expected, direct activation of neutrophils with HIT IgG
and heparin resulted in a significant release of extracellular DNA when
monitored by live cell microscopy (supplemental Figure 3A). Treat-
ment with DNP showed no reduction in extracellular DNA release in
response to HIT IgG treatment, indicating no inhibition of NETosis.
In contrast, blockage of NOX with DPI significantly impaired NET
release as extracellular DNA levels were similar to normal IgG-
treated controls (supplemental Figure 3B).

Figure 2. ROS is required for HIT IgG-induced NETosis. (A) Representative histograms of DiOC6 fluorescence in the neutrophil (CD151) population when stimulated with

normal IgG (orange), KKO (left), or HIT IgG (right) plus heparin (0.5 U/mL) in the absence (red) or presence (blue) of DPI, using flow cytometry. (B) Quantification of mitochondrial

membrane potential in control or HIT immune complex–activated neutrophils from healthy individuals, with and without NOX inhibitor DPI (n5 4). (C) Representative histograms of

DIH123 staining in the neutrophil (CD151) population when stimulated with normal IgG (orange), KKO (left), or HIT IgG (right) in the absence (red) or presence (blue) of DPI. (D)

Quantification of ROS production in control or HIT immune complex–activated neutrophils from healthy individuals, with and without NOX inhibitor DPI (n5 4 except HIT3, n5 3).

Representative dot plots of (E) NETosis (MPO1Cit H31) and (F) the LDG population (CD151 events, white dots). Quantification of (G) percentage of LDG (n 5 3) and (H)

NETosis in blood treated with control or HIT IgG complexes, in the absence and presence of DPI (n5 4). Data expressed as mean plus or minus SEM. *P, .05, **P, .01, ***P,

.001, and **** P , .0001 by Student t test . FSC, forward scatter; MPO-PE, myeloperoxidase-phycoerythrin; Ms IgG, mouse IgG (used as control for KKO); Norm, normal; SSC,

side scatter.
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Figure 4. Inhibiting ROS abrogates clot formation and release of NETs under flow conditions. (A) Representative fluorescent images of whole blood treated with

isotype control and heparin, or KKO and heparin plus vehicle control or DPI. Extracellular DNA (Sytox, blue), neutrophils (anti-CD15 AF594, green), and platelets (anti-CD41

V450, red). Quantification of area coverage of extracellular DNA, neutrophils, and platelets from KKO-induced thrombi with and without DPI. Scale bar, 50 mm. (B) Whole blood

treated with normal human IgG (hIgG) and heparin or a representative HIT IgG and heparin plus vehicle control or DPI. Staining and quantification as described in panel A. Scale

bar, 50 mm. Data expressed as mean plus or minus standard deviation (SD) (n 5 3). *P , .05, **P , .01, and ****P , .0001 by 1-way ANOVA with Tukey correction for multiple
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The efficiency of DNP (supplemental Figure 4A) and DPI (supplemental
Figure 4B) in blocking ROS production was confirmed in HIT IgG-
induced LDGs. By using MitoSOX, a superoxide indicator that
concentrates within the mitochondria, LDGs formed following treatment
of neutrophils with KKOor HIT IgGwere shown to generate variable lev-
els of superoxide depending on the antibody (supplemental Figure 4A).

Together, these results indicate that HIT-stimulated neutrophils generate
abundant ROS and undergo NETosis in a NOX-dependent manner.

Thrombus formation in HIT requires neutrophil-

derived ROS

To examine the role of ROS in thrombosis in HIT, thrombi were gen-
erated using fresh blood, KKO, and heparin in themicrofluidics system
in the presence or absence of DPI. Thrombi imaged by confocal
microscopy showed an abundance of platelets, neutrophils, ROS,
and released DNAwithin the clot (Figure 3A). ROS generation in neu-
trophils and platelets was confirmed by the overlap of ROS staining in
neutrophils and platelets (Figure 3B). Enhanced levels of ROS pro-
duction were also observed in circulating platelets and neutrophils
in patients with acute HIT (supplemental Figure 2D-E). Clot compo-
nent and distribution analysis of the thrombus formed in the microflui-
dics assay is shown in Figure 3C.

To determine the effect of ROS inhibition on the degree of DNA and
cell accumulation in HIT-induced thrombi, blood flowing on VWF-

coated microchannels (using a microfluidics system) was stained,
imaged, and quantitatively analyzed. Thrombus component deposition
was quantified as the percentage area coverage vs time. As
anticipated, thrombi induced by KKO (Figure 4A) and HIT IgG
(Figure 4B) showed marked deposition of extracellular DNA, platelets,
and neutrophils. Pretreatment of blood with DPI resulted in a drastic
reduction in all 3 components and consequently a significant
decrease in clot size. NOX inhibition causing NETosis suppression
and thrombus size reduction confirmed the central role of ROS in
HIT-associated thrombosis.

Next, we examined whether neutrophil-targeted ROS disruption was
sufficient to inhibit thrombosis. Neutrophils were separated from
whole blood, treated with DPI or vehicle control, washed, and then
reconstituted into autologous neutrophil-depleted blood. The reconsti-
tuted blood was then treated with normal or HIT IgG and heparin; it
flowed through the microfluidics channels and was imaged using fluo-
rescent microscopy. As expected, large clots abundant in extracellular
DNA, neutrophils, and platelets were observed in HIT IgG-treated
blood reconstituted with vehicle-treated neutrophils (Figure 5) but
not in similarly reconstituted blood treated with normal IgG. Interest-
ingly, blood reconstituted with neutrophils pretreated with DPI
showed a significant reduction in DNA, neutrophil, and platelet depo-
sition following HIT IgG treatment. These data demonstrate a direct
link between neutrophil-derived ROS and its requirement for thrombus
formation in HIT.
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ROS inhibition suppresses thrombus formation in

HIT but not thrombocytopenia or hypothermia

Having shown that thrombus formation in HIT involves ROS activity in
vitro, we explored whether inhibiting ROS in vivo was sufficient to pre-
vent thrombosis in a murine model of HIT. HIT can be recapitulated

using KKO and heparin9,10,16,33 in double transgenic mice expressing
human PF4 and human FcgRIIa.16 L-012 was administered to HIT
mice, and extracted lungs were imaged using the IVIS Spectrum
CT scanner to detect luminescence. KKO-treated mice without DPI
treatment demonstrated strong accumulation of luminescence in the
lungs; however, lungs extracted from mice treated with DPI showed
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a significant reduction in luminescence, indicating ROS inhibition
(supplemental Figure 5A).

To verify that neutrophil activation was blocked in FcgRIIa1/hPF41

mice following ROS inhibition, NETosis markers such as the presence
of activated neutrophils (LDGs) and cell-free DNA were examined.
A proportion of LDGs in KKO-treated mice (supplemental
Figure 5B) was found to also be ROS1 (supplemental Figure 5C).
There was a significant reduction in circulating LDG and ROS1 cells
in the DPI-treated HIT mice to levels seen in control mice. Similarly, the
abundance of cell-free DNA in circulation in KKO-treated mice was
reduced with DPI treatment compared with mice without (supplemen-
tal Figure 5D). These in vivo findings are consistent with our microflui-
dics observations in which ROS inhibition blocked neutrophil
activation.

Pulmonary thromboembolism was detected using an IVIS Spectrum
CT scanner by measuring fluorescently labeled mouse platelets in
lungs extracted fromKKO- or normal IgG-treatedmice in the presence
or absence of DPI. There was strong fluorescence within the lungs
from mice treated with KKO and heparin, indicating dense platelet
accumulation and thrombosis (Figure 6A). In support of the microflui-
dics findings, inhibition of ROS using DPI showed a significant
decrease in fluorescence in the lungs, suggesting that DPI was effec-
tive in suppressing HIT-induced thrombosis in vivo.

Other clinical features of HIT include thrombocytopenia and systemic
reactions such as hypothermia. Despite protection of KKO-treated
FcgRIIa1/hPF41 mice from thrombosis with administration of DPI,
pretreatment with DPI did not prevent the development of

thrombocytopenia (Figure 6B) or hypothermia (Figure 6C). This indi-
cates that thrombocytopenia/hypothermia and thrombosis are medi-
ated by distinct mechanisms and inhibiting ROS production does
not affect platelet destruction or development of hypothermia. Similar
results were observed with the NOX2-specific inhibitor
GSK2795039: treatment with GSK2795039 protected mice from
thrombosis (Figure 6D) but not thrombocytopenia (Figure 6E) or hypo-
thermia (Figure 6F).

Examination of lung sections from mice treated with KKO and heparin
confirmed the presence of platelet- and fibrin-rich clots (Figure 6G-I).
Conversely, lungs of GSK2795039-treatedmice showed a significant
reduction in clots to levels similar to control mice (Figure 6G-H), con-
firming that NOX2 plays a critical role in HIT-induced thrombosis.
Together, these data indicate that ROS inhibitors are potent suppres-
sors of thrombosis in HIT and potential therapeutic agents for HIT.

Collectively, our data demonstrate that HIT IgG activates neutrophils
to undergo NETosis via NOX- and ROS-dependent pathways and
that NOX2 and ROS are essential for NETosis and thrombus forma-
tion in HIT.

Discussion

Severe thrombosis is a significant contributor to morbidity and mortal-
ity in patients with HIT and its control continues to be a clinical chal-
lenge even with nonheparin anticoagulant therapies. Recent
research has provided convincing evidence that thrombosis in HIT
is driven by neutrophil activation and NETosis.9,10 This study further
validates that the pathogenesis of thrombosis induced by blood

KKO

I Platelets Fibrin DAPI Overlay

KKO KKO + GSK ControlH

Figure 6. (continued) (H) Hematoxylin-and-eosin (H&E) staining of lung from mice treated with heparin and KKO, KKO and GSK2795039, or control IgG. Arrowheads indicate

thrombi. Scale bar, 100 mm. (I) Confocal image of section of KKO-treated mouse lung imaged by confocal microscopy. Platelets (red), fibrin (green), DAPI-stained nuclei (blue).

Scale bar, 40 mm. Data are expressed as mean plus or minus SEM. *P , .05, **P , .01, ***P , .001, or **** P , .0001 by 1-way ANOVA with Bonferroni correction for multiple

comparisons.
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immune complexes is distinct from the mechanism of thrombocytope-
nia.34-36 In this study, we sought to explore the cellular processes/
pathways involved in HIT-induced thrombosis in order to identify
new potential therapeutic targets.

Several studies have investigated the signaling intermediates of ROS
generated by well-characterized NETosis stimuli.22,37-40 NETosis
induced by some stimuli such as PMA, calcium ionophore, and immo-
bilized immune complexes41 is ROS-dependent, whereas others,
including soluble immune complexes involved in autoimmunity and
inflammation are ROS-independent.42-45 The discrepancies in the
requirement of ROS in previous studies involving immune complexes
may have been due to the use of artificial immune complexes.41,45 In
this study, the significance of ROS in HIT IgG-induced NET formation
was determined using clinically relevant immune complexes (IgG puri-
fied from HIT patients’ plasma plus heparin and human PF4).

The main sources of ROS include the NADPH oxidases46 and the
mitochondrial electron transport chain.47 These processes can also
result in feed forward processes, called ROS-induced ROS produc-
tion, further augmenting ROS production.48 Mitochondrial ROS is
essential in NETosis stimulated by calcium ionophores32 and
ribonucleoprotein-containing immune complexes.49 Conversely,
PMA, fungi, bacteria, and systemic lupus erythematosus antibodies
are NOX2-dependent NETosis stimuli.20-22 Other studies have shown
that PMA-induced NETosis is also independent of PAD411 and mito-
chondrial ROS.32 These findings emphasize the diverse requirements
and pathways engaged in NETosis depending on the stimuli and dis-
ease condition. HIT-induced NETosis is a recent finding and the key
mediators and pathways that govern this process had not yet been
fully investigated. Our current data demonstrate that HIT IgG can
directly activate neutrophils to generate ROS, explaining the elevated
levels of ROS observed ex vivo in circulating neutrophils of HIT
patients. We found that HIT IgG induced both cytoplasmic and mito-
chondrial ROS production in neutrophils, as determined by CellROX
and MitoSOX staining, respectively, and it was associated with a
decrease in mitochondrial membrane potential. Despite the aberrant
mitochondrial function in activated neutrophils, the disruption of mito-
chondrial respiration was dispensable as its inhibition with DNP did
not prevent NETosis. However, blockage of NOX2 was sufficient to
inhibit NET release by neutrophils induced by HIT IgG and heparin.
NOX2 therefore appears to be required in HIT-induced NETosis.

The role of ROS was investigated in terms of its requirement for the
development of HIT-associated thrombosis, thrombocytopenia, and
systemic reaction (such as hypothermia). We recently showed that
inhibiting neutrophil activation and NETosis by targeting PAD4 suc-
cessfully abolished thrombosis in a HIT mouse model9 but had no
effect on the development of thrombocytopenia and hypothermia.
Only blocking of HIT immune complexes to FcgRIIa receptors by agly-
cosylated IV.39 prevented thrombosis, thrombocytopenia, and hypo-
thermia. The current findings are consistent with these observations.
ROS and NOX inhibition were effective in suppression of thrombosis
but insufficient in protecting mice from thrombocytopenia and hypo-
thermia, thus confirming that thrombocytopenia and thrombosis are
distinct manifestations of HIT. Importantly, the data presented here
provide strong evidence that ROS inhibitors, DPI and
GSK2795039, a novel small molecule that selectively inhibits
NOX2,50 prevent the formation of LDGs, impedeNETosis, and conse-
quently suppress thrombosis in vitro and in vivo. DPI was able to sig-
nificantly inhibit HIT-induced platelet activation (supplemental Figure

1B), suggesting that ROS also plays a role in platelet activation; how-
ever, DPI was insufficient in protecting platelets from destruction in
vivo. DPI continues to be the most potent and reliable NOX inhibitor
available to date,51 despite its reported potential off-target effects.
To strengthen our findings on NOX inhibition, we additionally used
another potent and specific NOX2 inhibitor, GSK2795039, to con-
firm that NOX2 was critical for HIT-induced thrombosis, particularly
in vivo. Platelet activation and the resulting ROS production likely con-
tribute to thrombosis, although microfluidics data confirmed that
neutrophil-targeted ROS inhibition was sufficient in blocking thrombo-
sis, emphasizing the central role neutrophil activation plays in thrombo-
sis. Neutrophil-specific knockout of NOX will be of future interest.

In summary, we demonstrate a novel mechanistic connection between
ROS signaling and FcgRIIa activation in HIT by immune complexes.
Our data show that NOX2-derived ROS in neutrophils is required
for NETosis and contributes significantly to the prothrombotic state
in HIT. HIT-induced neutrophil activation, mitochondrial dysfunction,
NETosis, and thrombosis under flow conditions were dependent on
NOX2-derived ROS. This was supported by our study using a murine
HIT model, showing attenuation of thrombi when NOX2was inhibited.
Dissecting the mechanism of HIT-induced NETosis and thrombosis
has identified NOX2 as a signaling intermediate, which could be a
potential novel therapeutic target in HIT. Our work provides a new-
found understanding of the requirements of NOX and ROS in the
pathogenesis of HIT-induced thrombosis. This has important implica-
tion in the development of potential new antithrombotic treatments for
HIT.

Acknowledgments

The authors thank Gowthami Arepally (Duke University) for provid-
ing KKO hybridoma cells. The authors acknowledge Kathryn Evans
for technical assistance with animal experiments, and Rose Wong
and Shiying Zheng for assistance with patient samples. The
authors also acknowledge the National Imaging Facility, a National
Collaborative Research Infrastructure Strategy (NCRIS) capability,
at the Mark Wainwright Imaging Analytical Centre, University of
New South Wales.
This work was supported by grants from the Australian Health

and Medical Research Council (project grant 1109745 and pro-
gram grant 1052616 [B.H.C.]).

Authorship

Contribution: H.H.L.L. conceived the study, designed and performed
experiments, analyzed and interpreted data, and wrote themanuscript;
J.P. provided research guidance, designed and performed confocal
microscopy experiments, analyzed and interpreted data, and contrib-
uted to the manuscript; Z.A. designed and performed microfluidics
experiments and analyzed and interpreted data; S.E.M. provided
FcgRIIa1/hPF41-transgenic mice and contributed to the manuscript;
H.H.L.L., J.P., and F.Y. designed and performed animal experiments;
and B.H.C. conceived and supervised the study, provided input to
data interpretation, and critically reviewed and edited the manuscript.

Conflict-of-interest disclosure: The authors declare no competing
financial interests.

ORCID profiles: H.H.L.L., 0000-0003-4959-3209; J.P., 0000-
0002-1554-708X; B.H.C., 0000-0002-7561-490X.

14 DECEMBER 2021 • VOLUME 5, NUMBER 23 BLOCKING NADPH OXIDASE PREVENTS THROMBOSIS IN HIT 5449

D
ow

nloaded from
 http://ashpublications.org/bloodadvances/article-pdf/5/23/5439/1851218/advancesadv2020003093.pdf by guest on 11 January 2022

https://orcid.org/0000-0003-4959-3209
https://orcid.org/0000-0002-1554-708X
https://orcid.org/0000-0002-1554-708X
https://orcid.org/0000-0002-7561-490X


Correspondence: Beng H. Chong, Haematology Research Unit,
St George & Sutherland Clinical School, Research & Education

Centre, Level 3, 4-10 South St, Kogarah, NSW 2217, Australia;
e-mail: beng.chong@unsw.edu.au.

References

1. Chong BH, Isaacs A. Heparin-induced thrombocytopenia: what clinicians need to know. Thromb Haemost. 2009;101(2):279-283.

2. Warkentin TE. Heparin-induced thrombocytopenia: a clinicopathologic syndrome. Thromb Haemost. 1999;82(2):439-447.

3. Arepally GM. Heparin-induced thrombocytopenia. Blood. 2017;129(21):2864-2872.

4. Lewis BE, Wallis DE, Berkowitz SD, et al; ARG-911 Study Investigators. Argatroban anticoagulant therapy in patients with heparin-induced throm-
bocytopenia. Circulation. 2001;103(14):1838-1843.

5. Lubenow N, Eichler P, Lietz T, Greinacher A; Hit Investigators Group. Lepirudin in patients with heparin-induced thrombocytopenia - results of the third
prospective study (HAT-3) and a combined analysis of HAT-1, HAT-2, and HAT-3. J Thromb Haemost. 2005;3(11):2428-2436.

6. Jaax ME, Krauel K, Marschall T, et al. Complex formation with nucleic acids and aptamers alters the antigenic properties of platelet factor 4. Blood.
2013;122(2):272-281.

7. Chong BH, Chong JJ. Heparin-induced thrombocytopenia. Expert Rev Cardiovasc Ther. 2004;2(4):547-559.

8. Tutwiler V, Madeeva D, Ahn HS, et al. Platelet transactivation by monocytes promotes thrombosis in heparin-induced thrombocytopenia. Blood. 2016;
127(4):464-472.

9. Perdomo J, Leung HHL, Ahmadi Z, et al. Neutrophil activation and NETosis are the major drivers of thrombosis in heparin-induced thrombocytopenia.
Nat Commun. 2019;10(1):1322.

10. Gollomp K, Kim M, Johnston I, et al. Neutrophil accumulation and NET release contribute to thrombosis in HIT. JCI Insight. 2018;3(18):e99445.

11. Kenny EF, Herzig A, Kr€uger R, et al. Diverse stimuli engage different neutrophil extracellular trap pathways. eLife. 2017;6:e24437.

12. Yipp BG, Kubes P. NETosis: how vital is it? Blood. 2013;122(16):2784-2794.

13. Thusu K, Abdel-Rahman E, Dandona P. Measurement of reactive oxygen species in whole blood and mononuclear cells using chemiluminescence.
Methods Mol Biol. 1998;108:57-62.

14. Perdomo J, Yan F, Leung HHL, Chong BH. Megakaryocyte differentiation and platelet formation from human cord blood-derived CD341 cells. J Vis Exp.
2017;130(130):e56420.

15. Lee KH, Cavanaugh L, Leung H, et al. Quantification of NETs-associated markers by flow cytometry and serum assays in patients with thrombosis and
sepsis. Int J Lab Hematol. 2018;40(4):392-399.

16. Reilly MP, Taylor SM, Hartman NK, et al. Heparin-induced thrombocytopenia/thrombosis in a transgenic mouse model requires human platelet factor 4
and platelet activation through FcgammaRIIA. Blood. 2001;98(8):2442-2447.

17. Kielland A, Blom T, Nandakumar KS, Holmdahl R, Blomhoff R, Carlsen H. In vivo imaging of reactive oxygen and nitrogen species in inflammation using
the luminescent probe L-012. Free Radic Biol Med. 2009;47(6):760-766.

18. Rabbani PS, Abdou SA, Sultan DL, Kwong J, Duckworth A, Ceradini DJ. In vivo imaging of reactive oxygen species in a murine wound model. J Vis Exp.
2018;141(141):e58450.

19. Zheng SS, Perdomo JS, Leung HHL, Yan F, Chong BH. Acquired Glanzmann thrombasthenia associated with platelet desialylation. J Thromb Haemost.
2020;18(3):714-721.

20. Papayannopoulos V. Neutrophil extracellular traps in immunity and disease. Nat Rev Immunol. 2018;18(2):134-147.

21. Van Avondt K, Fritsch-Stork R, Derksen RH, Meyaard L. Ligation of signal inhibitory receptor on leukocytes-1 suppresses the release of neutrophil
extracellular traps in systemic lupus erythematosus. PLoS One. 2013;8(10):e78459.

22. Fuchs TA, Abed U, Goosmann C, et al. Novel cell death program leads to neutrophil extracellular traps. J Cell Biol. 2007;176(2):231-241.

23. Bae YS, Oh H, Rhee SG, Yoo YD. Regulation of reactive oxygen species generation in cell signaling. Mol Cells. 2011;32(6):491-509.

24. Ballinger SW. Mitochondrial dysfunction in cardiovascular disease. Free Radic Biol Med. 2005;38(10):1278-1295.

25. Liu Y, Zhao H, Li H, Kalyanaraman B, Nicolosi AC, Gutterman DD. Mitochondrial sources of H2O2 generation play a key role in flow-mediated dilation in
human coronary resistance arteries. Circ Res. 2003;93(6):573-580.

26. Murphy MP. Mitochondrial dysfunction indirectly elevates ROS production by the endoplasmic reticulum. Cell Metab. 2013;18(2):145-146.

27. Dikalov S. Cross talk between mitochondria and NADPH oxidases. Free Radic Biol Med. 2011;51(7):1289-1301.

28. Daiber A, Di Lisa F, Oelze M, et al. Crosstalk of mitochondria with NADPH oxidase via reactive oxygen and nitrogen species signalling and its role for
vascular function. Br J Pharmacol. 2017;174(12):1670-1689.

29. LuW, Hu Y, Chen G, et al. Novel role of NOX in supporting aerobic glycolysis in cancer cells with mitochondrial dysfunction and as a potential target for
cancer therapy [published correction appears in PLoS Biol. 2017;15(12):e1002616]. PLoS Biol. 2012;10(5):e1001326.

30. Denny MF, Yalavarthi S, Zhao W, et al. A distinct subset of proinflammatory neutrophils isolated from patients with systemic lupus erythematosus
induces vascular damage and synthesizes type I IFNs. J Immunol. 2010;184(6):3284-3297.

5450 LEUNG et al 14 DECEMBER 2021 • VOLUME 5, NUMBER 23

D
ow

nloaded from
 http://ashpublications.org/bloodadvances/article-pdf/5/23/5439/1851218/advancesadv2020003093.pdf by guest on 11 January 2022

mailto:beng.chong@unsw.edu.au


31. Kessenbrock K, Krumbholz M, Sch€onermarck U, et al. Netting neutrophils in autoimmune small-vessel vasculitis. Nat Med. 2009;15(6):623-625.

32. Douda DN, Khan MA, Grasemann H, Palaniyar N. SK3 channel and mitochondrial ROS mediate NADPH oxidase-independent NETosis induced by
calcium influx. Proc Natl Acad Sci USA. 2015;112(9):2817-2822.

33. Reilly MP, Sinha U, Andr�e P, et al. PRT-060318, a novel Syk inhibitor, prevents heparin-induced thrombocytopenia and thrombosis in a transgenic
mouse model. Blood. 2011;117(7):2241-2246.

34. Beutier H, Hechler B, Godon O, et al; NASA study group. Platelets expressing IgG receptor FcgRIIA/CD32A determine the severity of experimental
anaphylaxis. Sci Immunol. 2018;3(22):eaan5997.

35. Cloutier N, Allaeys I, Marcoux G, et al. Platelets release pathogenic serotonin and return to circulation after immune complex-mediated sequestration.
Proc Natl Acad Sci USA. 2018;115(7):E1550-E1559.

36. Taylor FB Jr, Stearns-Kurosawa DJ, Kurosawa S, et al. The endothelial cell protein C receptor aids in host defense against Escherichia coli sepsis.
Blood. 2000;95(5):1680-1686.

37. Kirchner T, M€oller S, Klinger M, Solbach W, Laskay T, Behnen M. The impact of various reactive oxygen species on the formation of neutrophil
extracellular traps. Mediators Inflamm. 2012;2012:849136.

38. Arnhold J, Flemmig J. Human myeloperoxidase in innate and acquired immunity. Arch Biochem Biophys. 2010;500(1):92-106.

39. Parker H, Dragunow M, Hampton MB, Kettle AJ, Winterbourn CC. Requirements for NADPH oxidase and myeloperoxidase in neutrophil extracellular
trap formation differ depending on the stimulus. J Leukoc Biol. 2012;92(4):841-849.

40. Parker H, Winterbourn CC. Reactive oxidants and myeloperoxidase and their involvement in neutrophil extracellular traps. Front Immunol. 2013;3:424.

41. Behnen M, Leschczyk C, M€oller S, et al. Immobilized immune complexes induce neutrophil extracellular trap release by human neutrophil granulocytes
via FcgRIIIB and Mac-1. J Immunol. 2014;193(4):1954-1965.

42. Gabriel C, McMaster WR, Girard D, Descoteaux A. Leishmania donovani promastigotes evade the antimicrobial activity of neutrophil extracellular traps.
J Immunol. 2010;185(7):4319-4327.

43. Farley K, Stolley JM, Zhao P, Cooley J, Remold-O’Donnell E. A serpinB1 regulatory mechanism is essential for restricting neutrophil extracellular trap
generation. J Immunol. 2012;189(9):4574-4581.

44. Pilsczek FH, Salina D, Poon KK, et al. A novel mechanism of rapid nuclear neutrophil extracellular trap formation in response to Staphylococcus aureus. J
Immunol. 2010;185(12):7413-7425.

45. Chen K, Nishi H, Travers R, et al. Endocytosis of soluble immune complexes leads to their clearance by FcgRIIIB but induces neutrophil extracellular
traps via FcgRIIA in vivo. Blood. 2012;120(22):4421-4431.

46. Griendling KK, Sorescu D, Ushio-Fukai M. NAD(P)H oxidase: role in cardiovascular biology and disease. Circ Res. 2000;86(5):494-501.

47. Fridovich I. Mitochondria: are they the seat of senescence? Aging Cell. 2004;3(1):13-16.

48. Dikalova AE, Bikineyeva AT, Budzyn K, et al. Therapeutic targeting of mitochondrial superoxide in hypertension. Circ Res. 2010;107(1):106-116.

49. Lood C, Blanco LP, Purmalek MM, et al. Neutrophil extracellular traps enriched in oxidized mitochondrial DNA are interferogenic and contribute to lupus-
like disease. Nat Med. 2016;22(2):146-153.

50. Hirano K, ChenWS, Chueng AL, et al. Discovery of GSK2795039, a novel small molecule NADPH oxidase 2 inhibitor. Antioxid Redox Signal. 2015;23(
5):358-374.

51. Augsburger F, Filippova A, Rasti D, et al. Pharmacological characterization of the seven human NOX isoforms and their inhibitors. Redox Biol. 2019;26:
101272.

14 DECEMBER 2021 • VOLUME 5, NUMBER 23 BLOCKING NADPH OXIDASE PREVENTS THROMBOSIS IN HIT 5451

D
ow

nloaded from
 http://ashpublications.org/bloodadvances/article-pdf/5/23/5439/1851218/advancesadv2020003093.pdf by guest on 11 January 2022


	Inhibition of NADPH oxidase blocks NETosis and reduces thrombosis in heparin-induced thrombocytopenia
	Let us know how access to this document benefits you
	Recommended Citation
	Authors

	advancesADV2020003093.pdf

