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Abstract 
Neutrophil extracellular traps (NETs) occur when chromatin is decondensed and extruded from the cell, generating a web-like structure. NETs 
have been implicated in the pathogenesis of several sterile disease states and thus are a potential therapeutic target. Various pathways have 
been shown to induce NETs, including autophagy, with several key enzymes being activated like peptidyl arginine deiminase 4 (PAD4), an 
enzyme responsible for citrullination of histones, allowing for DNA unwinding and subsequent release from the cell. Pre-clinical studies have 
already demonstrated that chloroquine (CQ) and hydroxychloroquine (HCQ) are able to reduce NETs and slow disease progression. The exact 
mechanism as to how these drugs reduce NETs has yet to be elucidated. CQ and HCQ decrease NET formation from various NET activators, 
independent of their autophagy inhibitory function. CQ and HCQ were found to inhibit PAD4 exclusively, in a dose-dependent manner, confirmed 
with reduced CitH3+ NETs after CQ or HCQ treatment. Circulating CitH3 levels were reduced in pancreatic cancer patients after HCQ treat-
ment. In silico screening of PAD4 protein structure identified a likely binding site interaction at Arg639 for CQ and Trp347, Ser468, and Glu580 
for HCQ. SPR analysis confirmed the binding of HCQ and CQ with PAD4 with KD values of 54.1 µM (CQ) and 88.1 µM (HCQ). This data provide 
evidence of direct PAD4 inhibition as a mechanism for CQ/HCQ inhibition of NETs. We propose that these drugs likely reduce NET formation 
through multiple mechanisms; the previously established TLR9 and autophagy inhibitory mechanism and the novel PAD4 inhibitory mechanism.

Received 24 May 2022; Revised 3 December 2022; Accepted for publication 18 January 2023

mailto:brian.boone@hsc.wvu.edu?subject=


240 Ivey et al.

Graphical Abstract 

Keywords: neutrophil extracellular traps, pancreatic adenocarcinoma, hydroxychloroquine, citrullinated histone H3
Abbreviations: ANOVA: analysis of variance; BlfA: bafilomycin A; CitH3: citrullinated histone H3; CQ: chloroquine; ELISA: enzyme linked immunosorbent 
assay; FBS: fetal bovine serum; HCQ: hydroxychloroquine; IF: immunoflourescence; KD: equilibrium dissociation constant; LPS: lipopolysaccharide; MPO: 
myeloperoxidase; NE: neutrophil elastase; NETs: neutrophil extracellular traps; PAD4: peptidyl arginine deiminase 4; PAF: platelet-activating factor; RPMI: 
Roswell Park Memorial Institute; SPR: surface plasmon resonance; TLR9: toll-like receptor 9

Introduction
Neutrophil extracellular traps (NETs) are a function of neu-
trophils involving the extrusion of decondensed chromatin 
with associated proteins to form a lattice-like structure. 
Originally, NETs were described as a means to capture and 
kill bacteria, preventing dissemination in the setting of infec-
tion and sepsis [1]. During the process of NET formation, 
inflammatory stimuli result in neutrophil activation, leading 
to the release of several key enzymes, including neutrophil 
elastase and myeloperoxidase, which result in cytosolic and 
nuclear membrane degradation. Another key enzyme is pep-
tide arginine deiminase 4 (PAD4), which is responsible for 
converting arginine to citrulline on histones, allowing for 
chromatin to unwind [2]. Once the nuclear membrane is dis-
solved and the chromatin decondensed, the neutrophil bursts, 
forming the lattice structure with chromatin and associated 
proteins. Since their discovery, NETs have been further im-
plicated in several different sterile inflammatory conditions 
including autoimmunity, sepsis, atherosclerosis, and cancer 
[3–6]. Due to their expanding role in the pathogenesis of 
several different diseases, NETs have become promising new 
therapeutic targets.

Chloroquine (CQ) was discovered in the 1950s and was 
originally used as malarial prophylaxis and treatment. 
Hydroxychloroquine (HCQ) was formulated soon after as 
a safer alternative with less adverse side effects for patients 
[7–9]. Since their use as anti-malarial drugs, chloroquine and 
hydroxychloroquine have been discovered to have therapeutic 
potential in numerous diseases, including lupus, rheumatoid 
arthritis, pancreatitis, and cancer [10–12]. These beneficial ef-
fects are thought to be driven largely by the ability of the 

drugs to inhibit autophagy, a metabolic recycling mechanism 
that allows for cell survival during conditions of cellular stress 
[13–16]. Importantly, chloroquine and hydroxychloroquine 
reduce NET markers in several diseases including pancrea-
titis and cancer [11, 17]. The exact mechanism(s) as to how 
chloroquine and hydroxychloroquine mediate their NET 
inhibitory function is unknown. We set out to evaluate the 
effectiveness of these drugs inhibiting NETs in both murine 
models and patients and generate a better mechanistic under-
standing of how CQ and HCQ block NET formation.

Methods and materials
Chemical reagents and enzymatic assays
Chloroquine, Hydroxychloroquine, and Bafilomycin A1 were 
obtained from Sigma Aldrich. LPS was obtained from Novus 
Biologicals and reconstituted at 1 mg/ml. Platelet-activating 
factor (PAF) was obtained from Fisher. PAD4, PAD2, and 
myeloperoxidase (MPO) inhibition kits were purchased 
from Cayman Chemical. Neutrophil Elastase (NE) inhibition 
kit was purchased from Sigma Aldrich. All assays were per-
formed according to the manufacturer’s protocol.

Ex vivo NET assay
Murine neutrophils were extracted from healthy C57BL/6J 
mouse bone marrow and isolated using density gradient cen-
trifugation as previously reported [17]. Briefly, bone marrow 
was collected and cells were washed with RPMI-10 with 
10% FBS and 1% Penicillin/Streptomycin. The cells were 
collected after density centrifugation using histiopaque 1077 
and histiopaque 1119 (Sigma #10771, #11191). Cells were 
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washed again and then plated into a 96-well plate at 1.5 × 104 
cells per well and incubated for 30  min at 37°C to allow 
for attachment. NETs were induced either by PAF (50 µM, 
Fisher) or LPS (10 ug/ml) and incubated for 2 h to allow for 
NET formation. NETs were quantified by measuring cell-free 
DNA in the supernatant using the PicoGreen QuanTi kit ac-
cording to the manufacturer’s protocol.

Immunofluorescence (IF) staining
Murine neutrophils were extracted and plated in a 96-well plate 
at 1.5 × 104 cells per well. The neutrophils were incubated at 
37°C for 30 min to allow for attachment to the well. Control 
media, CQ (1 mM), HCQ (1 mM), or BlfA (100 nM) were added 
to their respective wells followed by the NET activators, control 
media, PAF, or LPS. After the neutrophils were incubated for 
2 h at 37°C, the cells were fixed with a 4% paraformaldehyde 
(PFA) solution. Immunoflourescence (IF) staining was con-
ducted for anti-citrullinated histone 3 (Abcam, #5103) with an 
anti-rabbit secondary conjugated to FITC (Abcam, #7086) and 
DNA was stained using Hoechst. Images were collected using a 
Zeiss microscope and quantified using ImageJ.

Modeling of PAD4/CQ/HCQ interaction and surface 
plasmon resonance analysis
Molecular modeling studies to investigate the binding inter-
action of the compounds with PAD4 were initiated using the 
MOE2020.09 (ChemComp) modeling software. The protein 
crystal structure with a bound ligand was downloaded 
from the Protein Data Bank (1WDA.pdb), and prepared for 
docking by adding hydrogens and partial charges at pH 7.4. 
An induced-fit docking method was used for each compound. 
CQ and HCQ structures were obtained from PubChem and 
used in the docking studies [18].

CQ and HCQ were reconstituted in distilled water at 
1 mg/ml concentration. Human recombinant PAD4 enzyme 
was obtained from Cayman Chemical. SPR analysis for CQ, 
HCQ and PAD4 was performed on a Biacore T200 instru-
ment. PAD4 was directly immobilized on the CM5 chip using 
an amine coupling kit (GE Healthcare Life Sciences). Before 
immobilization, the CM5 sensor surface was activated using 
a mixture of 400  mM 1-ethyl-3-(3-dimethylaminopropyl) 
carbodiimide (EDC) and 100  mM N-hydroxysuccinimide 
(NHS). PAD4 diluted into 60 μg/ml using the immobilization 
buffer was then injected into FC4 at a flow rate of 10 μl/min. 
The amount of PAD4 immobilized was about 15 000 RU. The 
chip was deactivated by 1 M Ethanolamine hydrochloride-
NaOH (GE Healthcare Life Sciences) at a flow rate of 10 μl/
min for 420 s. The reference surface FC3 channel underwent 
similar procedures but without injecting PAD4 ligand. HCQ 
and CQ were serially diluted with the running buffer to give a 
concentration of 100, 50, 25, 12.5, 6.25, 3.125, 1.563, 0.781, 
0.391, and 0 nM, respectively. HCQ and CQ were then in-
jected into FC3 and FC4, respectively, at a flow rate of 30 
μl/min, with a contact time of 60 s and a dissociation time 
of 90  s. Data analysis was performed on the Biacore T200 
computer and with the Biacore T200 evaluation software 3.0. 
Reports were generated and the binding affinity and KD was 
determined.

Human serum analysis of CitH3
Patients with pancreatic adenocarcinoma treated in a ran-
domized phase II clinical trial at the Hillman Cancer Center 

at the University of Pittsburgh Medical Center (Pittsburgh, 
PA) registered with clinicaltrials.gov (NCT01978184) were 
assessed for circulating markers of NET formation. Patients 
were randomly assigned to either chemotherapy or chemo-
therapy plus HCQ treatment groups. Gemcitabine with nab-
paclitaxel was given to all patients with or without HCQ, 
600 mg twice daily, followed by surgical resection. Human 
serum was collected through centrifugation of human blood 
obtained pre and post treatment. The serum was aliquoted 
and frozen at −80°C until needed for analysis. Serum was 
thawed overnight at 4°C, and CitH3 concentration was 
analysed using Cayman Chemical Citrullinated Histone 
3 ELISA (Clone 11D3) kit. Serum was diluted 1:2 and the 
ELISA was performed according to the manufacture protocol. 
Absorbance was read on a Molecular Devices plate reader 
and CitH3 concentration was calculated.

Statistical analysis
Data are expressed mean ± SD of at least two independent 
experiments performed in duplicate. The box and whisker 
plot for the median change in CitH3 reports the minimum 
and maximum range for the whiskers. Statistical analysis was 
performed using student t-test, or one-way ANOVA with a 
Tukey post-hoc test; P values <0.05 were considered statistic-
ally significant.

Results
Chloroquine and hydroxychloroquine inhibit ex 
vivo NET formation from different activators
We tested the ability of CQ and HCQ to inhibit NETs stimu-
lated by activators that function through different NET in-
duction pathways [19, 20]. CQ and HCQ reduced NET 
formation by both PAF and LPS measured as reduced cell-
free DNA in the supernatant compared to PAF or LPS alone 
(Fig. 1a–c). This led us to hypothesize that these drugs are 
inhibiting NETs by working through a central pathway in-
volved with NET formation.

CQ and HCQ may inhibit NETs independent of their 
autophagy inhibitory mechanism
Activation of autophagy is just one of the many processes 
that have been associated with NET formation [6, 21]. Since 
CQ and HCQ are known autophagy inhibitors, we set out to 
determine if the NET inhibitory effect was dependent on this 
function. To do so, we pre-treated isolated murine neutro-
phils with BlfA, an autophagy inhibitor, followed by CQ or 
HCQ. When autophagy is inhibited with BlfA treatment, we 
see a reduction in NET formation measured through cfDNA 
release. When autophagy inhibition (BlfA treatment) is com-
bined with CQ and HCQ treatment, we see even a greater 
reduction in NET formation for PAF-induced NETs, but not 
in LPS-induced NETs (Supplemental Fig. 1a–c). This led us to 
hypothesize that CQ and HCQ are working through PAD4 
inhibition, not just autophagy, to inhibit NET formation in 
PAF-induced NETs and perhaps working through autophagy 
alone in LPS-induced NETs.

CQ and HCQ inhibit PAD4 in a dose-dependent 
manner
We hypothesized that CQ and HCQ are working on a 
pathway central to NET formation independent of autophagy. 

http://academic.oup.com/cei/article-lookup/doi/10.1093/cei/uxad005#supplementary-data
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We tested several different key enzymes involved in NET for-
mation including MPO, NE, and PAD4. PAD4 was the only 
enzyme that showed a dose-dependent response with CQ and 
HCQ treatment (Fig. 2a). Unlike other nonspecific PAD in-
hibitors that are currently commercially available [22, 23], 
PAD2 was not inhibited by these drugs, suggesting CQ/HCQ 
function through a PAD4-specific mechanism (Fig. 2b). We 
sought to validate this finding of specific PAD4 inhibition by 
CQ/HCQ through IF staining of the NETs for citrullinated 
histone 3 (citH3), a product of PAD4 activity that results 
from PAD4 mediated exchange of arginine for citrulline on 
histones during NET formation. CQ or HCQ treatment led 
to a reduction of citH3 NETs compared to untreated controls 
(Fig. 2c and d), validating PAD4-specific inhibition by CQ/
HCQ treatment.

HCQ reduces circulating NET markers in patients 
with pancreatic adenocarcinoma
We set out to determine the effectiveness of HCQ in redu-
cing circulating NET markers in patients with pancreatic 
cancer, specifically the marker of PAD4-dependent NETs, 
citH3. Patients with pancreatic adenocarcinoma in a ran-
domized phase II clinical trial were assigned to either chemo-
therapy only or chemotherapy with HCQ [24]. Patients 
were given two months of gemcitabine plus nab-paclitaxel 
with or without HCQ (600  mg twice daily) followed by 

surgical resection. Serum collected pre and post treatment 
was analysed for CitH3 levels. Patients in the chemotherapy 
alone group saw no difference in CitH3 after treatment. 
Chemotherapy combined with HCQ treatment resulted in a 
significant reduction in circulating CitH3 levels (Fig. 3a and 
b). Although a majority of patients had a decrease in CitH3 
with HCQ treatment, eight patients (30%) treated with HCQ 
had an increase in CitH3. These patients had significantly 
lower pre-treatment CitH3 levels when compared to those 
that had a decrease with HCQ treatment (1207 vs. 3198 pg/
ml, P < 0.05). There were no statistically significant differ-
ences in clinical outcomes related to the level of CitH3 re-
duction in HCQ-treated patients, although the study was not 
powered to detect these differences. These correlative findings 
validate the NET inhibitory function of HCQ on NET forma-
tion and provide evidence for inhibition of PAD4, as evident 
by the reduction in CitH3 levels in patients with pancreatic 
cancer treated with HCQ.

CQ and HCQ bind to PAD4
To determine how CQ and HCQ inhibited PAD4, we per-
formed computational modeling of their interactions and 
found that both drugs had potential binding sites with PAD4. 
iTASSER interaction analysis identified a hydrogen bond 
interaction between CQ and Arg639, while HCQ predicted to 
interact with Trp347, Ser468, and Glu580 residues of PAD4 
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Figure 1. CQ and HCQ inhibit NETs induced with various NET activators. (a) Murine neutrophils were isolated from bone marrow using density 
gradient centrifugation, pre-treated with vehicle, CQ (1 mM), or HCQ (1 mM) then stimulated to form NETs with either PAF (50 µM) or LPS (10 µg/ml) 
for 2 h. DNA was stained with Hoechst (red) to visualize extracellular DNA and images were obtained to visualize NET structures at 20× using a Zeiss 
microscope. Both CQ and HCQ led to a subjective decrease in visualized extracellular DNA, consistent with reduced NET formation. (b and c) NET 
formation was quantified by measuring cf-DNA released into the supernatant with QuantiT Pico Green kit per the manufacturer’s protocol. CQ and HCQ 
led to a significant reduction in cf-DNA in both PAF and LPS-induced NET assays.*P value < 0.05.
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Figure 2. CQ and HCQ inhibits PAD4 in a dose-dependent manner. (a) PAD4 inhibition was measured through Cayman Chemical PAD4 Inhibitor 
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reduction in CitH3 in the chemotherapy +_HCQ group (P value = 0.01). Whisker bars represent the range of minimum and maximum within each group.
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via a hydrogen bond (Fig. 4a and b). SPR analysis confirmed 
that chloroquine and hydroxychloroquine binding to PAD4 
with a KD of 54.1 µM (CQ) and 88.1 µM (HCQ) (Fig. 4c 
and e). These data support CQ and HCQ inhibiting the NET 
formation process in part by binding to PAD4 and inhibiting 
the enzyme activity. When considering our data in light of 
existing literature, we propose a multi-mechanism model to 
explain how CQ and HCQ reduce NET formation, through 
TLR9, autophagy, and our newly discovered PAD4 inhibition 
pathway.

Discussion
We have shown that CQ and HCQ directly inhibit PAD4 to 
block NET formation. When combined with known literature 
regarding the function of CQ and HCQ in NET pathways, 
particularly autophagy and TLR9 inhibition, these data sug-
gest a multi-mechanistic explanation for NET inhibition by 
CQ and HCQ. CQ and HCQ inhibited ex vivo NET forma-
tion induced by differing stimuli and for the first time, we 
have shown that HCQ blocks NET formation in patient sam-
ples, as demonstrated through reduction of circulating CitH3 
levels. Direct binding of CQ and HCQ to PAD4 was predicted 
through iTASSAR modeling and confirmed by SPR analysis. 
This evidence warrants consideration for the inclusion of 
CQ/HCQ to therapeutic regimens of diseases where NETs 
are pathologic, such as in cancer and auto-immune disease. 
Importantly, these drugs are orally available with an estab-
lished safety profile given years of clinical use, and therefore 
they have a distinct advantage over current PAD4 inhibitors 
currently commercially available. However, the multiple bio-
logical mechanisms that CQ/HCQ can functionally affect, in 
addition to NET/PAD4 inhibition, is a clear limitation of their 

translation to clinical settings where isolated NET inhibition 
is desired.

Neutrophils can be activated to induce NET formation by 
a variety of substances. The exact signalling cascade resulting 
in NETs is still not fully known but appears to be activator 
specific [25]. For example, PAF has been shown to activate 
PKC and PHOX resulting in a signaling cascade to induce 
NET formation [20]. LPS, on the other hand, activates TLR4 
leading to the activation of the JNK sensing mechanism pro-
moting NET formation [19]. All stimuli that induce NET 
formation result in the activation of several key enzymes 
including NE, MPO, PAD4, autophagy mediators, reactive 
oxygen species (ROS), and several others [6, 26]. These en-
zymes and mediators are required for membrane degradation, 
decondensation of chromatin, and finally, formation of the 
NET structure after the cytosolic membrane bursts [25, 27]. 
We confirmed that both PAF and LPS lead to the activation 
autophagy, as inhibiting autophagy with BlfA resulted in a 
significant reduction in NETs produced by both stimuli. The 
current data suggest that PAF may also induce PAD4 expres-
sion to a greater degree than LPS based on the disparate re-
sponse to CQ/HCQ after BlfA treatment, but this requires 
more focused studies measuring PAD4 activation and CitH3 
production from both of these NET inducers.

CQ and HCQ are drugs that have been used for over 50 
years with a multitude of potential therapeutic uses. Originally, 
CQ, and then HCQ due to its reduced toxicity, were used as 
a malarial treatment and prophylaxis as they were shown to 
prevent proper food vacuole processing for the parasite [7]. 
Over the years since its discovery, several other mechanisms 
have been elucidated and HCQ has been used extensively in 
the treatment of other diseases. One of the most commonly 
known mechanisms of these drugs is their ability to inhibit 
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autophagy through prevention of autophagic vessel processing 
[28]. Because of their ability to affect many different cellular 
processes, CQ and HCQ have been popular choices for off 
label prescribing for the treatment of various diseases. HCQ 
is currently being used to treat systemic erythematous lupus 
and rheumatoid arthritis with promising results in reducing 
disease severity [8]. Preclinical models have shown promising 
results in CQ/HCQ treatment for sepsis, ischemia injury pre-
vention, pancreatitis, and cancer [10, 11, 29]. Several clinical 
trials are currently testing CQ or HCQ with chemotherapy to 
treat various cancer types, including breast cancer and glio-
blastoma [30–34]. These studies were designed mainly to test 
HCQ as an autophagy inhibitor when combined with chemo-
therapy (including the referenced pancreatic cancer trials in 
the current manuscript). The impact of HCQ appears to be 
context dependent, with trials demonstrating mixed results 
across different cancer types. Further study to better under-
stand these disparate results is required. Zhang et al. showed 
that HCQ treatment reduced NETs in a hepatic ischemia 
model by demonstrating that HCQ bound to TLR9, blocking 
its signaling cascade and preventing the activation of several 
key mediators during the NET process. Here, we have further 
contributed to this understanding further by providing evi-
dence that HCQ/CQ prevents NETs through a novel mech-
anism of PAD4 inhibition with preliminary data to suggest 
that this occurs independent of autophagy. Separating out 
these different mechanisms experimentally is challenging. 
Further studies should be done to fully understand the mul-
tiple mechanisms that are potentially involved in HCQ NET 
inhibition. Additional testing evaluating autophagy inhibition, 
PAD4 inhibition, and TLR9 signaling would be interesting to 
validate PAD4 inhibition as an independent mechanism. We 
are also the first to demonstrate this PAD4 inhibitory effect of 
HCQ in patients by showing a reduction in circulating CitH3, 
a product of PAD4, after HCQ treatment in pancreatic cancer 
patients. Although a majority of patients had a reduction in 
CitH3, 30% of patients had an increase in CitH3 with HCQ 
treatment. Interestingly, this cohort of patients had signifi-
cantly lower baseline levels of CitH3, suggesting that HCQ 
mediates its greatest NET inhibitory effect in patients who 
have larger induction of NETs at baseline. The clinical trials 
of HCQ in pancreatic cancer referenced in the current study 
were both positive trials. The initial phase I/II trial demon-
strated the safety and efficacy of HCQ with gemcitabine given 
in the pre-operative setting [35]. Their median PFS was 11 
months and OS was 31 months, with a 5-year OS of 31%, 
which is encouraging compared with historical controls [36]. 
A follow-up randomized trial of gemcitabine/nab-paclitaxel 
with or without HCQ demonstrated significant improve-
ment in histopathologic tumour response and reduction in 
the pancreatic cancer biomarker Ca 19-9 [24]. In the current 
analysis, we are unable correlate CitH3 levels with clinical 
outcomes including survival, however, these studies were not 
powered to detect these correlations. In fact, at the time these 
trials were conducted, the effects of HCQ on NETs and PAD4 
were not yet recognized. While these trials were ongoing, we 
recognized a critical role for NETs in the pathogenesis of pan-
creatic cancer and pancreatitis and identified that CQ/HCQ 
inhibits NETs in these preclinical models [10, 11, 17, 37]. This 
promoted our interest in returning to the clinical trial samples 
for the current analysis. These promising data support future 
studies designed specifically to analyse the impact of NET 

inhibition on clinical outcomes including histopathologic re-
sponse and survival.

The limitation of this work includes the challenges asso-
ciated with isolating a single pathway involved in the NET 
formation and focusing on its role independently, particu-
larly given the significant overlap in signaling cascades. 
Furthermore, the field currently has an incomplete under-
standing of NET induction pathways, which limits the pos-
sible conclusions from the current experiments. For example, 
there are some stimuli that are not dependent on ROS gen-
eration, once thought to be a very important mediator of 
NET formation [38]. Although we demonstrate novel PAD4 
inhibition with HCQ, we recognize that the current data sup-
ports but does not definitively prove that PAD4 inhibition is 
completely independent of other HCQ mechanisms. Proving 
this experimentally is challenging and beyond the scope of the 
current manuscript. While we do suggest preliminarily that 
the PAD4 inhibition may occur independent of autophagy, 
our main conclusion to be gained from these studies is that 
CQ/HCQ inhibits PAD4 as one mechanism to block NET for-
mation as demonstrated through SPR analysis and in vitro 
enzymatic assays. This work has stemmed further study into 
the structure of CQ/HCQ, which can serve as a starting point 
to generate novel compounds with stronger affinity to PAD4 
to develop new treatments for diseases where NET formation 
has been implicated in the pathogenesis.

Through this and previous works, we hypothesize a multi-
mechanistic model for how CQ and HCQ block NET for-
mation and, despite the limitations outlined above, this 
work provides a better understanding of how CQ and HCQ 
function to inhibit NETs. NETs are involved in the patho-
physiology of several different inflammatory processes and 
therefore represent an excellent new therapeutic target for 
numerous diseases. There are several different NET inhibi-
tors being used in pre-clinical models that still need to be 
fully investigated before they are ready for use in patients. 
CQ and HCQ are excellent candidates to explore NET in-
hibition strategies as they are already FDA approved and are 
orally available. Because CQ/HCQ inhibition NETs at sev-
eral different points in the NET formation pathway, they 
are ideal for diseases in which the principle pathway for the 
upregulation of NETs is unknown.

Conclusion
CQ and HCQ inhibit PAD4 through direct binding and in-
hibited NET formation both ex vivo and in patient samples. 
This study not only provides a better understanding of how 
these drugs function to inhibit NETs but also gives insight as 
to what pathways are driving the upregulation of NETs in 
different diseases.

Supplementary data
Supplementary data is available at Clinical and Experimental 
Immunology online.

Supplemental Figure 1. CQ and HCQ inhibit NETs in-
dependent of their autophagy inhibitory mechanism. (a) 
Murine neutrophils isolated from bone marrow, pre-treated 
with BlfA (100 nM) and either CQ (1 mM) or HCQ (1 mM) 
then stimulated with either PAF (50 µM) or LPS (10 µg/
ml) for 2 h. Images (20×) of neutrophils after stimulation, 
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4% PFA fixed, DNA stained with Hoechst and imaged with 
a Zeiss microscope. DNA is visualized in red. (b and c) 
Quantification of NET formation measured through cell-free 
DNA released in the supernatant with QuantiT Pico Green 
kit. *P value < 0.05.
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