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Inhibition of PAD2 Improves Survival in a Mouse
Model of Lethal LPS-Induced Endotoxic Shock
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Abstract— Endotoxemia induced by lipopolysaccharide (LPS) is an extremely severe
syndrome identified by global activation of inflammatory responses. Neutrophil extracellular
traps (NETs) play an important role in the development of endotoxemia. Histone hyper-
citrullination catalyzed by peptidylarginine deiminases (PADs) is a key step of NET forma-
tion. We have previously demonstrated that simultaneous inhibition of PAD2 and PAD4 with
pan-PAD inhibitors can decrease NETosis and improve survival in a mouse model of LPS-
induced endotoxic shock. However, the effects of PAD2 specific inhibition during NETosis
and endotoxic shock are poorly understood. Therefore, in the present study, we aimed to
investigate the effect of the specific PAD2 or PAD4 inhibitor on LPS-induced endotoxic
shock in mice. We found that PAD2 inhibition but not PAD4 inhibition improves survival.
Also, the levels of proinflammatory cytokines and NETosis were significantly reduced by
PAD2 inhibitor. To our knowledge, this study demonstrates for the first time that PAD2
inhibition can reduce NETosis, decrease inflammatory cytokine production, and protect
against endotoxin-induced lethality. Our findings provided a novel therapeutic strategy for
the treatment of endotoxic shock.
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INTRODUCTION

Lipopolysaccharide (LPS), also known as endotoxin,
is a part of the exterior cell wall of gram-negative bacteria
[1]. LPS can induce excessive activation of inflammatory
responses and cause endotoxemia or endotoxic shock
marked by fever, dyspnea, hypotension, multiple organ
dysfunctions, and disseminated intravascular coagulation
[2]. Endotoxemia is a life-threatening condition where the
mortality rate can be as high as 30% [3]. Although the
pathophysiological mechanisms underlying LPS-induced
endotoxemia remain elusive, dysregulated neutrophil acti-
vation is considered to be an essential step [4].

Neutrophils are the most abundant immune cells in
humans and exert indispensable antimicrobial functions
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[5]. After stimulation with LPS, neutrophils can extrude
DNA, myeloperoxidase (MPO), neutrophil elastase (NE),
and histones to form web-like structures called neutrophil
extracellular traps (NETs); this process is termed NETosis
[6]. NETosis is an inflammatory form of neutrophil death,
which is an important antimicrobial strategy at the early
stages of infections. However, excessive NETosis can lead
to severe inflammatory responses and tissue damage [7].
As such, dysregulated NETosis has been implicated in the
development of endotoxemia and endotoxemia-related or-
gan dysfunction [8].

Studies have shown that histone citrullination is a
vital process during NETosis [9, 10]. The citrullination of
histones is catalyzed by a group of enzymes called pepti-
dylarginine deiminases (PADs). PADs are calcium-
dependent enzymes that citrullinate proteins via converting
arginine residues into citrullines [11]. The PAD family
consists of 5 members: PAD1, PAD2, PAD3, PAD4, and
PAD6. However, only PAD2 and PAD4 have been found
to be expressed in immune cells and enter the nucleus to
citrullinate histones in adults [12, 13]. These findings indi-
cate that PAD2 and PAD4 probably serve as inflammatory
mediators and play important roles in the development of
sepsis. In fact, our recent studies demonstrated that simul-
taneous inhibition of PAD2 and PAD4 with YW3-56, a
pan-PAD inhibitor, rescued mice from LPS-induced lethal
endotoxemia [14]. However, a study on PAD4 byMartinod
et al. revealed that PAD4 deficiency does not protect mice
from either CLP-induced sepsis or LPS-induced endotoxic
shock [15]. The remained question is whether inhibition of
PAD2 could improve animal survival in endotoxic shock.

In the present study, we first investigated whether
inhibition of PAD2with selective PAD2 inhibitor AFM32a
[16], instead of PAD4 inhibitor (GSK484), could improve
survival. We then determined whether AFM32a could
decrease proinflammatory cytokine production, ameliorate
acute lung injury in a mouse model of endotoxic shock,
and reduce NETosis in vivo and in vitro.

MATERIALS AND METHODS

Animals

Male C57BL/6J mice (8–10 weeks) were purchased
from the Jackson Laboratory (Bar Harbor, ME, USA) and
housed for 3 days before being used. All animal experi-
ments were conducted in compliance with the animal pro-
tocol approved by the University of Michigan Institutional
Animal Care and Use Committee.

Reagents

Lipopolysaccharide (LPS), dimethyl sulfoxide
(DMSO), 4% paraformaldehyde, and 4′,6-diamidino-2-
2phenylindole (DAPI) were purchased from Sigma-
Aldrich (St. Louis, MO); rabbit anti-mouse myeloperoxi-
dase (MPO) polyclonal antibody, HRP-conjugated goat
anti-rabbit IgG antibody, mouse interleukin-1 beta (IL-
1β) enzyme-linked immunosorbent assay (ELISA) kit,
and mouse tumor necrosis factor-alpha (TNFα) ELISA
kit were purchased from Abcam (Cambridge, MA); Alexa
Fluor 488-conjugated goat anti-rabbit IgG antibody, RPMI
1640 medium, and fetal bovine serum (FBS) were pur-
chased from Thermo Fisher Scientific (Waltham, MA);
neutrophil isolation kit for mouse was purchased from
Miltenyi Biotec (Bergisch Gladbach, Germany); Quant-
iT™ PicoGreen™ dsDNA Assay Kit was purchased from
Invitrogen (San Diego, CA); anti-citrullinated histone H3
(CitH3) rabbit polyclonal antibody was purchased from
Abcam (Ab5103, Cambridge, MA); GSK484 was pur-
chased fromCayman Chemical (AnnArbor, MI); AFM32a
was synthesized according to previously established meth-
ods [16].

LPS-Induced Endotoxic Model

Mice were randomly divided into four groups:

1) Control: this group only received intraperitoneal
(i.p.) administration of normal saline (NS) followed by
DMSO (1 h later) injection i.p. as normal controls.

2) LPS +DMSO: mice were injected with i.p. LPS
(35 mg/kg, dissolved in NS), and DMSO was adminis-
tered 1 h later.

3) LPS + AFM32a: mice were administered (i.p.)
with AFM32a (20 mg/kg) which is dissolved in DMSO
(1 μL per kg mouse body weight) 1 h after LPS insult.

4) LPS +GSK484: mice were subjected to GSK484
(40 mg/kg in DMSO) treatment 1 h after LPS
administration.

In non-survival studies, animals were euthanized by
CO2 24 h after LPS administration, and then serum and
organs were harvested and stored at − 80 °C. In survival
observational studies, mice were monitored for 10 consec-
utive days and then euthanized with CO2 at the endpoint of
observation or whenever they were found moribund.

Mouse Neutrophil Isolation

The neutrophils were isolated from mouse bone mar-
row cells (tibiae and femora) by negative magnetic cell
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sorting using the neutrophil isolation kit (Miltenyi Biotec)
according to the manufacturer’s instructions. The purity of
isolated neutrophils was determined by flow cytometry
(CD45+/Ly6G+ expression profile), and consistently >
95% was considered no batch to batch variation.

NETosis Induction In Vitro

Isolated mouse neutrophils were induced to undergo
NETosis as follows. In brief, mouse neutrophils were
resuspended in RPMI 1640 medium with 5% FBS and
then seeded in 4-well chamber slides or 24-well plates at
concentration of 106/mL. After incubation for 30 min at
37 °C, the cells were challenged by LPS (10 μg/ml) with or
without 2 μM AFM32a followed by another 1-h or 3-
h incubation.

Immunofluorescent (IF) Staining of NETs In Vitro

IF staining of NETs was performed as previously
described [17]. In short, after a 3-h incubation in 4-
well chamber slides, medium containing LPS and
AFM32a was added. The remaining cells were then
washed with PBS and fixed with 4% paraformaldehyde
for 20 min, followed by 1-h reaction at room temper-
ature with rabbit anti-mouse MPO polyclonal antibody
at 5 μg/mL. Thereafter, unbound antibody was re-
moved, and Alexa Fluor 488-conjugated goat anti-
rabbit IgG antibody was used as secondary antibody
(1:2000) for 1 h at room temperature. For staining of
neutrophil DNA, the slides were mounted with solution
of DAPI after being washed with PBS. NET formation
was observed under an Olympus DP70 microscope
with Olympus BH2-RFL-T3 burner (Olympus, Tokyo,
Japan) at the magnification of × 400. DAPI filter set
and FITC filter set were applied to visualize DNA and
MPO, respectively.

Quantification of NETs

NETs in supernatants of LPS-treated mouse neu-
trophils or blood were quantified using a Quant-iT™
PicoGreen™ dsDNA Assay Kit following manufac-
turer’s instructions. Briefly, the supernatants of neutro-
phil cell culture or mouse sera were prepared and
mixed with Tris-EDTATE buffer at the ratio of 1:3.
The mixtures were then added into different cuvettes
(1.0 mL per cuvette). Working solution of the Pico-
Green reagent was then added into the cuvettes
(1.0 mL each), followed by 5-min incubation at room

temperature. Fluorescence were then read at 490 nm
and interpolated using standard curve.

Determination of IL-1β and TNF-α In Vivo

To determine the levels of IL-1β and TNF-α in serum
and lung, a mouse IL-1β enzyme-linked immunosorbent
assay (ELISA) kit and a mouse TNF- α ELISA kit were
used following the manufacturer’s instructions.

Acute Lung Injury Assessment

Mouse lung sections were stained with hematoxylin
and eosin (H&E) to observe the histological alterations.
Acute lung injury (ALI) scores [18] were graded by a
licensed pathologist who was blinded to the experiments.

Western Blot

Serum proteins were loaded and separated by SDS-
PAGE. The samples were then transferred to nitrocellulose
membranes. After blocking at room temperature for
20 min, the membranes were incubated with anti-CitH3
rabbit polyclonal antibody overnight at 4 °C. Then the
membranes were washed and incubated with HRP-
conjugated goat anti-rabbit IgG antibody for 1 h at room
temperature. The blots were imaged using chemilumines-
cent substrate.

Sample Size Calculation and Statistical Analysis

Power analysis is used to determine the mini-
mum numbers of mice to be used. To achieve two-
sided α = 0.05, a power of 0.8, and expected differ-
ence between experimental and control groups of
0.50, a minimum of 4 mice/group was required.
Analysis was performed using GraphPad Prism 7
(GraphPad Software Inc., La Jolla, CA, USA).
Kaplan-Meier curves and log-rank tests were per-
formed to analyze the survival curve. To make com-
parisons between three or more groups, one-way
analysis of variance (ANOVA) with Bonferroni’s
multiple comparison test was performed. All data
are presented as mean ± SEM in figures. All the
experiments were conducted three independent times
with 4 replicates each time. P value less than 0.05
was considered statistically significant.
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RESULTS

PAD2 Inhibition Improved Survival in Lethal
Endotoxic Shock

Mice were treated with DMSO or AFM32a 1 h after
LPS insult. Mice in the sham group received DMSO as a
vehicle control. Survival was monitored for 240 h. No
mortality was observed in sham group. Six out of eight
animals survived in the LPS + AFM32a group, while
LPS + DMSO mice and LPS +GSK484 mice had 100%
mortality rate (Fig. 1). The results indicate that a PAD2-
selective inhibitor improved survival. Since treatment with
specific PAD4 inhibitor GSK484 had no survival benefits,
we did not study it furthermore.

PAD2 Inhibition Reduced Systemic Proinflammatory
Cytokines

To determine the effect of PAD2 inhibition on sys-
temic inflammatory responses, the levels of IL-1β and
TNF-α in serum were measured after treatment. The con-
centration of serum IL-1β in the LPS + DMSO group
(2715 ± 521.9 pg/mL) was approximately 5 times higher
than that in LPS +AFM32a group (487.5 ± 210.5 pg/mL,
P < 0.0001) (Fig. 2a). AFM32a also decreased serum lev-
els of TNF-α dramatically compared with LPS +DMSO
group (173.5 ± 4.7 vs 353 ± 18.7 pg/mL, P< 0.001, re-
spectively) (Fig. 2b). These findings indicate that selective
inhibition of PAD2 suppresses systemic inflammatory
responses.

PAD2 Inhibition Alleviates Endotoxic Shock-Induced
Acute Lung Injury

Due to the unique blood supply, the lung is one of the
most vulnerable organs during endotoxemia [19]. There-
fore, we further investigated therapeutic effects of
AFM32a on LPS-induced pulmonary injury. The levels
of IL-1β and TNF-α in lung tissues were determined.
Similar to the results in serum, AFM32a significantly
reduced IL-1β (333 ± 125.1 vs 559.6 ± 32.2 pg/mg, P =
0.0104, respectively) and TNF-α (25.1 ± 1.2 vs 40.9 ±
6.6 pg/mg, P = 0.0020, respectively) compared with LPS +
DMSO group (Fig. 3a, b). Additionally, AFM32a notably
alleviated acute lung injury according to morphological
analyses. In the LPS +DMSO group, increased inflamma-
tory cell infiltration, thickening of alveolar wall, and eryth-
rocyte leakage were observed which were significantly
reversed by AFM32a treatment (Fig. 3c). These findings
indicate that PAD2 inhibition alleviates endotoxic shock-
induced lung inflammation and restores pulmonary
function.

PAD2 Inhibition Decreases NET Formation In Vitro

Next, we investigated the effect of PAD2 inhi-
bition on NET formation, which may mechanistically
explain how PAD2 inhibition suppresses inflamma-
tion. Neutrophils isolated from mice were challenged
with LPS (100 ng/mL) and then treated with
AFM32a or DMSO (2 μM). Supernatants were col-
lected to measure extracellular DNA levels, an indi-
cator of NETosis [20]. We found that LPS stimula-
tion for 3 h significantly increases NETosis compared
with the sham group [(4695 ± 1979) vs (2081 ± 132.1)
arbitrary units (au), P = 0.0007, respectively] and that
AFM32a treatment leads to a remarkable decrease in
extracellular DNA levels compared with the LPS +
DMSO group [(2831 ± 275.5) vs (4695 ± 1979) au,
P = 0.0115, respectively] (Fig. 4a). We also observed
increased extracellular DNA in the control group.
This increase could be attributed to the neutrophils
undergoing other forms of death such as apoptosis
and necrosis. To directly demonstrate that NETosis
was decreased by PAD2 inhibition, we co-localized
DNA and MPO (a component of NETs) to visualize
NETs using immunofluorescence. As shown in
Fig. 4b, LPS-induced NET formation was obviously
diminished by AFM32a treatment, whereas there was
limited NETosis in sham group. These results suggest
that PAD2 inhibition prevents LPS-stimulated neutro-
phils from releasing NETs.

Fig. 1. PAD2 inhibition improved survival in lethal endotoxic shock.
C57BL/6J mice were randomly divided into 4 groups: (1) DMSO (control,
n = 8), (2) LPS (35 mg/kg) + DMSO (n = 8), (3) LPS (35 mg/kg) +
AFM32a (20 mg/kg) (n = 8), and (4) LPS (35 mg/kg) + GSK484
(40 mg/kg). Survival was monitored for 10 consecutive days. AFM32a
remarkably improved survival compared with LPS +DMSO (P = 0.0052)
and LPS + GSK484 (P = 0.0466). DMSO, dimethyl sulfoxide; LPS,
lipopolysaccharide.
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Fig. 2. PAD2 inhibition decreased proinflammatory cytokines in serum. Mouse were randomly divided into 3 groups (n = 3): group DMSO, group LPS +
DMSO, and group LPS +AFM32a. a ELISA results show that AFM32a greatly reduced IL-1β in serum 24 h after LPS insult. b ELISA results show that
TNF-α in serum 24 h after LPS insult was reduced by AFM32a. Data were shown as a representative of three independent experiments. All data in figures
were presented as mean ± SEM. IL, interleukin; TNF, tumor necrosis factor; DMSO, dimethyl sulfoxide; LPS, lipopolysaccharide; ns, no significance;
**P < 0.01; ***P < 0.001; ****P < 0.0001.

Fig. 3. PAD2 inhibition alleviated endotoxic shock-induced lung inflammation. Lung tissues were harvested 24 h after LPS insult. a and b ELISA results
showed that proinflammatory cytokines (IL-1β and TNF-α) in the lung 24 h after LPS insult were significantly reduced by AFM32a. All data in figures were
presented as mean ± SEM. c H&E staining of lung sections and ALI scores showed that AFM32a alleviated lung injury caused by LPS-induced endotoxic
shock. Data were shown as a representative of three independent experiments. Scale bar, 20 μm. DMSO, dimethyl sulfoxide; LPS, lipopolysaccharide; ALI,
acute lung injury; IL, interleukin; TNF, tumor necrosis factor; ns, no significance; *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001.
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PAD2 Inhibition Decreases NET Formation In Vivo

Next, we evaluated the inhibitory effect of AFM32a
on NETosis in vivo. Circulating double strand DNA
(dsDNA) is a widely used marker of NETosis [21]. The
results show that serum levels of circulating dsDNA in
LPS + DMSO group are notably increased (6.483 ±
0.522 μg/mL) compared with DMSO group (0.589 ±
0.131 μg/mL) (P < 0.0001). A modest but significant de-
crease in circulating dsDNA was observed in the LPS +
AFM32a group (4.817 ± 0.679 μg/mL), relative to the
LPS + DMSO group (P < 0.05) (Fig. 5a). We further
detected the levels of serum CitH3, a marker of NETosis
in vivo. Consistent with the levels of dsDNA, LPS-induced
CitH3 production was significantly reduced by AFM32a
(Fig. 5b). These results suggest that PAD2 inhibition also
reduces NET formation in vivo.

DISCUSSION

Host responses to LPS-induced endotoxic shock are
marked by systemic inflammation [22]. These responses
are predominantly mediated by the activation of neutro-
phils. Neutrophils represent the foremost line of the innate
immune system, and dysregulated neutrophil activation
plays an important role in the development of endotoxic
shock [23, 24]. During endotoxic shock, neutrophils can

overproduce proinflammatory cytokines and cast exces-
sive NETs, which subsequently cause multiple organ dys-
function and death [25, 26]. In the present study, we sought
to investigate the effects of selective PAD2 inhibition in a
mouse model of LPS-induced endotoxic shock. Consistent
with the previous findings, LPS-induced endotoxic shock
notably increased the level of circulating NETs and proin-
flammatory cytokines and resulted in severe acute lung
injury and high mortality [15, 27]. Notably, selective
PAD2 inhibition instead of PAD4 inhibition improved
survival. Moreover, we showed that AFM32a also allevi-
ates systemic inflammation and acute lung injury and
decreases NET levels in vivo and in vitro. These data imply
that PAD2 plays a key role in the onset of endotoxic shock
and secondary acute lung injury.

NETs are regarded as “a double-edged sword” [6, 28].
On the one hand, NETs entrap pathogens (e.g., bacteria and
fungi) to immobilize and eliminate them, which serves as a
vital mechanism of pathogen clearance [7]. On the other
hand, DNA and citrullinated histones in NETs are impli-
cated in causing damage to the host [20, 29–31]. Dysregu-
lated NETosis was observed during endotoxemia, which is
responsible for the progression of systemic inflammation
to organ injury [32, 33]. As such, previous studies have
found that decreasing the NET levels can improve survival
and attenuate organ injury [30, 34, 35]. NET formation is
generally associated with chromatin decondensation and
histone hypercitrullination, which is catalyzed by PADs

Fig. 4. PAD2 inhibition decreased NET formation in vitro. a The graph showed the levels of extracellular DNA in supernatant of cultured mouse neutrophils
1 h and 3 h after LPS treatment (100 ng/ml) with or without AFM32a (2μM). Extracellular DNAwas significantly reduced by AFM32a comparedwith group
LPS +DMSO. bResults of immunofluorescence staining showed that AFM32a significantly prevented NET formation. DNAwas stained with DAPI (blue),
andMPOwas stained with rabbit anti-mouseMPO antibody and Alexa Fluor 488-conjugated goat anti-rabbit IgG antibody (green). NETs were recognized as
scattered DNA co-localized with MPO (red arrows). Scale bar, 50 μm. DMSO, dimethyl sulfoxide; LPS, lipopolysaccharide; MPO, myeloperoxidase; au,
arbitrary units; ns, no significance; *P < 0.05; ***P < 0.001.
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[12, 36]. Within recent years, it has been displayed that
both PAD2 and PAD4 can translocate into nucleus and
citrullinate histones [12, 13]. The effect of PAD4 inhibition
on NETosis has been studied frequently [37–39], whereas
the effect of PAD2 inhibition on NETosis has barely been
explored. Here, we used AFM32a, a PAD2-selective in-
hibitor developed by the Thompson lab [16], and showed
that this compound reduces NET formation in LPS-treated
neutrophils. Previous studies showed that PAD4 plays an
important role in NET formation and the knockout of pad4
gene can largely reduce the production of NETs [38, 39].
However, pad4 deficiency cannot improve survival during
endotoxic shock in the absence of NETs [15], which is
consistent with our findings. Besides, notable levels of
extracellular DNA and histones were still detected in
LPS-insulted pad4−/− animals, which were likely from
necrotic cells [15]. In our study, we observed a significant
decrease of circulating dsDNA after PAD2 inhibition in
mice with endotoxic shock, suggesting that PAD2 inhibi-
tion not only suppresses NETosis but also is likely to
enhance the clearance of dsDNA in circulation, which is
possibly why PAD2 inhibition has a survival benefit.

PAD2 is the most widely expressed member among
the PAD family and can citrullinate hundreds of proteins
beyond histones [40, 41]. These citrullinated proteins often

serve as inflammatory mediators that trigger inflammatory
responses in vivo. PAD2 hyper-activation can result in
dysregulation of immune responses in the host and is
associated with multiple diseases including rheumatoid
arthritis (RA), systemic lupus erythematosus (SLE), and
even cancer [42–44]. Endotoxic shock is also caused by
dysregulated inflammatory responses to LPS. Thus, inhi-
bition of PAD2 can possibly decrease the citrullination of
certain proteins and result in attenuated systemic inflam-
mation [45]. This is another possible reason why inhibition
of PAD2 can decrease levels of IL-1β and TNF-α in serum
of AFM32a-treated endotoxic mice than those non-treated
endotoxic shock mice.

IL-1β and TNF-α, as proinflammatory cytokines, can
mediate the innate immune response and cause systemic
inflammation that contribute to the pathogenesis of many
diseases [46] as well as pulmonary damage (e.g., ALI). In
this study, we demonstrated that PAD2 inhibition signifi-
cantly reduced the levels of IL-1β and TNF-α in the lung
and blood, which may explain why AFM32a can attenuate
LPS-induced ALI.

In conclusion, our results show that selective PAD2
inhibition with AFM32a can improve survival and allevi-
ate lung injury during LPS-induced endotoxic shock via
attenuating systemic inflammation and decreasing levels of

Fig. 5. PAD2 inhibition decreased serum levels of NET and CitH3 in vivo. Treatment with AFM32a significantly decreased serum levels of NETs (a) and
CitH3 (b) 24 h post LPS insult. DMSO, dimethyl sulfoxide; LPS, lipopolysaccharide; ds-DNA, double strand DNA. *P < 0.05; **P < 0.01.
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circulating NETs. Our findings provide the evidence that
inhibition of PAD2 could be a novel therapeutic strategy
for treatment of endotoxic shock.
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