Peptidylarginine deiminase 4 inhibition ameliorates
bleomycin-induced Neutrophil extracellular traps (NETs)
and fibrosis in the lungs of mice
(PAD4 fHF X~ v Afilio 7L A~ A4 o v NETs &

AL 2 SEE S ¢ %)



O 0 1 O O & W DN

[N S T N G R S S e N e T e e T e T e T
W N = O O 00 O U i W N —= O

Title
Peptidylarginine deiminase 4 inhibition ameliorates bleomycin-induced Neutrophil extracellular traps (NETs)
and fibrosis in the lungs of mice

Author
Masaki Suzuki

Affiliations
Department of Respirology, Graduate School of Medicine, Chiba University, 1-8-1, Inohana, Chuo-ku, Chiba-
city, Chiba 260-8677, Japan

*Corresponding author:

Masaki Suzuki

Department of Respirology, Graduate School of Medicine, Chiba University, Chiba, Japan
1-8-1 Inohana, Chuo-ku, Chiba-shi, Chiba 260-8677, Japan

Phone: +81 43 222 7171

FAX: +8143 2262176

E-mail address: suzuki-m.7447@chiba-u.jp




24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53

Abstract

Idiopathic pulmonary fibrosis is a progressive fibrosing interstitial pneumonia, in which neutrophil
accumulation in the lung is associated with poor prognosis. Excessive release of neutrophil extracellular traps
(NETs) has been implicated in several organ fibrosis. NETs constitute a phenomenon, in which decorated
nuclear chromatin with cytosolic proteins is released into the extracellular space. Peptidylarginine deiminase
(PAD) 4 plays an important role in the formation of NETs. However, so far, the role of NETs in the pathogenesis
of pulmonary fibrosis has been undefined. Here, we identified NETs in the alveolar and interstitial lung space
of mice undergoing bleomycin (BLM) induced lung fibrosis, which was suppressed by a pan-PAD inhibitor,
Cl-amidine. In vitro, BLM directly induced NETs in blood neutrophils, which was also inhibited by Cl-amidine.
Furthermore, Padi4 gene knockout (PAD4-KO) in mice led to the alleviation of BLM-induced NETs and
pulmonary fibrosis, and expression of inflammatory and fibrotic genes. The deficiency of PAD4 prevented the
decrease in the number of alveolar epithelial and pulmonary vascular endothelial cells and the increase of o-
smooth muscle actin positive mesenchymal cells. Grafts of hematopoietic cells from PAD4-KO but not from
wild-type (WT) mice resolved the BLM-induced lung fibrosis in WT mice, suggesting that expression of PAD4
in hematopoietic cells might be involved in the development of lung fibrosis. These data suggested that the
deficiency of PAD4 could ameliorate BLM-induced formation of NETs and Iung fibrosis, thus indicating that
this pathway could serve as a therapeutic target for the treatment of pulmonary fibrosis.
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Introduction

Idiopathic pulmonary fibrosis (IPF) is characterized by a specific form of chronic, progressive, fibrosing
interstitial pneumonia of unknown causes (1). Although the precise mechanism of the development of
pulmonary fibrosis remains unclear, previous studies suggested that it might be caused by repetitive micro
lung injury, chronic abnormal tissue repair and activation of fibroblasts, resulting in irreversible aberrant tissue
remodeling (2). Both innate and adaptive immune mechanisms have been shown to contribute to fibrogenesis
at several cellular and non-cellular levels (3, 4). A recent large cohort genome-wide association study
demonstrated a link between some immune modulating genes and inflammatory processes, and therefore there
has been an increased focus on the contribution of the innate immunity and inflammation to the processes of
pulmonary fibrosis (3-5).

Among innate immune cells, the contribution of neutrophils to the pathogenesis of pulmonary fibrosis has
been long debated. Neutrophils are the most abundant white blood cells in circulation and play a key role in
innate and adaptive immunity (6). They have diverse phenotypes and are known to be associated with various
pathophysiologies, such as auto-immune diseases, chronic inflammatory diseases, cancer, and tissue repair (7).
Moreover, they produce neutrophil elastase (NE), matrix metalloproteases (MMPs) and tissue inhibitors of
MMPs, regulating extracellular matrix components (3, 6). Particularly, NE, a neutrophil specific serine
protease, has been reported to promote fibroblast proliferation and differentiation to myofibroblasts, and
transforming growth factor 1 (TGFP1) activation (8). Bronchoalveolar lavage (BAL) neutrophilia is
recognized in IPF (9), and the latest international IPF guideline addressed the increase of neutrophils in BAL
fluid (BALF) in support of IPF diagnosis (1). In fact, the baseline levels of BAL neutrophils predicted early
mortality in patients with IPF (10). Neutrophils were also observed in the lung alveolar space nearby small
alveolar damage lesions of stable cases of IPF (11). Previous reports showed elevation of key factors of
chemotaxis and growth factors for neutrophils, interleukin-8 (IL-8) and chemokine ligand 18 in the lungs of
patients with IPF (12). Collectively, these evidences support a pivotal role of neutrophils on the development
and progression of pulmonary fibrosis. However, the precise role of neutrophils in the pathogenesis of lung
fibrosis remains undefined.

Neutrophil extracellular traps (NETs), in addition to chemotaxis, phagocytosis and degradation, is one of the
neutrophil functions first reported by Brinkmann V. (13). Through chromatin decondensation, activated
neutrophils have been shown to release NETs in the form of web-like structures decorated with nuclear
chromatin and cytosolic proteins into the extracellular space (13-16). Citrullination is the posttranslational
deamination of arginine residues to citrullines, mediated by peptidylarginine deiminases (PADs), resulting in
chromatin decondensation (17, 18). Histone citrullination reported to be proceeded by PADs, particularly
PADA4, leads to the production of citrullinated histone H3 (citH3), which is considered a key process in the
formation of NETs. While NETs exhibit antimicrobial activity, the excessive expression of NETs has been
demonstrated to cause organ damage and sepsis in acute respiratory distress syndrome (ARDS) (19) and to
also drive pathophysiological conditions of non-infectious diseases, such as autoimmune diseases (15, 16),
deep vein thrombosis (20), transfusion-related acute lung injury (21), tumorigenesis (22), diabetes (23), and
atherosclerosis (24). Regarding respiratory diseases, NETs were observed in the sputum or lungs of patients
with ARDS (19), chronic obstructive pulmonary disease (25), neutrophilic asthma (25), non-specific interstitial
pneumonia (NSIP) (26), and cystic fibrosis (27). Recent studies have demonstrated the close relationship
between NETs and fibrosis in several organs, including the lungs. The existence of NETs in the lungs of
patients with NSIP (26), and the increase of components of NETs and decrease of deoxyribonuclease I
(DNAse-1), a degrader of NETs, in patients of polymyositis/dermatomyositis (PM/DM) with interstitial lung
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disease (ILD) were also noted (28). In addition, fibroblasts were shown to undergo transdifferentiation to
collagen-depositing myofibroblasts after incubation with NETSs in vitro, and NETs were identified in proximity
to a-smooth muscle actin (SMA)-positive fibroblasts in tissue sections from patients with fibrotic ILD (26).
Another group demonstrated that limiting the activity of PAD4 and released NETSs protected organs from age-
related fibrosis (29).

However, the role of NETs in the pathogenesis of pulmonary fibrosis in vivo has been unclear to this day. In
our study, we sought to examine whether NETs are induced in the lungs of mice during pulmonary fibrosing
process by bleomycin (BLM) instillation. In addition, by using Padi4 gene knockout (PAD4-KO) mice, we
also sought to examine whether BLM-induced NETs and fibrosis in the lungs could be regulated by deficiency
of PADA4.
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Materials and Methods

Mice

Male C57BL/6 mice were purchased from Clea Japan (Tokyo, Japan). PAD4”- mice on a C57BL/6 background
were purchased from Jackson Laboratory (Bar Harbor, ME, USA). All animal experiments were reviewed and
approved by the Review Board for animal experiments of Chiba University.

Bronchoalveolar lavage analysis

After intratracheal administration with BLM (Nippon Kayaku, Tokyo, Japan) dissolved in 100 pL saline
(Otsuka Pharmaceutical Factory, Tokyo, Japan) or vehicle, mice (9-11 wk old) were anesthetized and BALF
was collected by instilling 500 pL PBS 3 times through the tracheal cannula into the lungs on day 2, 7 and 21.
Cells were collected from BALF by centrifugation (4 °C, 400 g, 5 min) and total numbers and cell
differentiation were counted using an automated cell counter (Countess II FL Automated Cell Counter; Thermo
Fisher Scientific, Waltham, MA, USA) and cytospin technique.

Detection of NETs in BAL cells
Collected cells from BAL were incubated with RBC lysis solution (Miltenyi Biotec, Bergisch Gladbach,
Germany) according to manufacturer’s instructions. After counting, 1 x 103 cells per well were seeded onto 4-

well chamber slides (Thermo Fisher Scientific). Cells were fixed in 4 % (wt/vol) paraformaldehyde for 10 min,
blocked with Block Ace (Dainihon Pharmaceutical Co., Tokyo, Japan) for 30 min, and incubated with primary
antibodies at 4 °C overnight. Cells were incubated with secondary antibodies for 60 min, mounted with
Vectashield mounting medium with DAPI (4’-6-diamidino-2-phenylindole dihydrochloride) (Vector
Laboratories, Inc., Burlingame, CA, USA), and visualized using a confocal microscope (Fluoview FV 10i;
Olympus, Tokyo, Japan).

Isolation of mouse neutrophils and induction of NETs in vitro
Resected bilateral femur and tibia were cut at both edges, and flushed with RPMI-1640 medium (Sigma, St.
Louis, MO, USA) supplemented with penicillin-streptomycin-glutamine and fetal bovine serum (Gibco BRL,

Tokyo, Japan). After RBC lysis, cells suspended in PBS were separated using Ficoll paque PLUS (GE
Healthcare, Tokyo, Japan), and neutrophils were collected in the bottom layer. The number and differentiation
of cells were evaluated using the cytospin method.

Collected neutrophils were seeded onto 4-well chamber slides at concentration of 6.25 x 103 cells/mL. After
2.5 h incubation at 37 °C in 5 % CO» with ionomycin (4 pM; Wako, Tokyo, Japan), BLM (50 pg/mL), CI-
amidine (100 puM; Cayman Chemical, Ann Arbor, MI, USA), and DNAse-1 (10 U/mL; Wako), cells were fixed,
blocked, and incubated with primary antibodies at 4 °C overnight and finally with secondary antibodies for 60
min at 25 °C. After mounting with DAPI, NETs were observed under a confocal microscope (Olympus).
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Results

BLM instillations induced NETS in the lungs of mice

To examine the existence of NETs in BLM-induced lung fibrosis, we evaluated the expression of NETs in
BAL cells of wild-type (WT) mice 2, 7, and 21 d after instillations of BLM or vehicle. We confirmed that
BLM induced lung fibrosis with the alterations of the total cell number and differentiation of BAL cells (Figure
S1A, S1B). As shown in Figure 1A, NETs were clearly induced by BLM instillations. The percentage of NETs
in neutrophils peaked at day 2 and gradually declined over time (Figure 1B). Existence of NETs was observed

in the interstitial space only in the BLM group on day 2 (Figure 1C). Thus, these findings suggested that BLM
instillations were responsible for inducing the expression of NETs in the lungs of mice.

BLM-induced NETs depended on activity of PADs both in vivo and in vitro
As activation by PAD proteins plays an important role in the formation of NETs, we assessed whether CI-

amidine, a pan-PAD inactivator, could suppress BLM-induced NETs both in vivo and in vitro. The existence
of BLM-induced NETs in BAL cells was suppressed in vivo by Cl-amidine (Figure 2A). After BLM induction,
the percentage of NETs in BAL neutrophils in the Cl-amidine treated group was significantly lower compared
with that in the vehicle group (p < 0.01; Figure 2B). Meanwhile, the total cell numbers and differentiations of
BAL cells were similar between the groups (Figure 2C). After BLM instillations, NETs expression in the
interstitial space in the Cl-amidine treated group was suppressed compared with that in the vehicle group
(Figure 2D). Consistent with a previous study (26), in vitro administration of BLM as well as ionomycin
calcium, a known inducer of NETs, directly induced NETs in blood neutrophils. On the other hand, BLM-
induced NETs were diminished by DNAse-1, a known degrader of NETs. The percentage of BLM-induced
NETs was significantly decreased by Cl-amidine but not by vehicle (BLM + vehicle vs. BLM + Cl-amidine;
p = 0.03) (Figure 2E, 2F). Thus, BLM induced the expression of NETs both in vivo and in vitro and their
formation depended on the activity of PAD.

Deficiency of PAD4 suppressed BLM-induced NETs and expression of inflammatory genes

As PADs are composed of 5 types of enzymes, PADI1, 2, 3, 4 and 6, of which PAD4 is considered to contribute
to the induction of NETs (17, 18), we attempted to verify the role of PAD4 deficiency in BLM-induced NETs
using PAD4-KO mice. WT and PAD4-KO mice were intratracheally administered BLM or vehicle and
examined on day 2. The numbers and cell differentiations of BAL cells were not different between the WT
and PAD4-KO groups (Figure 3A). However, the expression of NETs in the BAL cells of PAD4-KO mice was
suppressed compared with that of WT mice (Figure 3B). After BLM instillations, the percentage of NETs in
BAL neutrophils of PAD4-KO mice was significantly lower compared with that of WT mice (p < 0.01; Figure
3C). Furthermore, the expression of NETs was suppressed in the lung parenchyma of PAD4-KO mice

compared with WT mice (Figure 3D). Regarding quantitative real-time polymerase chain reaction (QRT-PCR)
analyses, in the BLM groups, the mRNA expression levels of interleukin-6 (//-6) and interferon y (Ifn-y) of
PAD4-KO mice were significantly lower compared with those of WT mice (//-6: p = 0.02, Ifn-y: p = 0.03);
moreover, the mRNA level of tumor necrosis factor o (7nf-a) of PAD4-KO mice showed a decreased
expression trend compared to that of WT mice (Figure 3E). Thus, these results indicated that deletion of PAD4
alleviated BLM-induced formation of NETs in the lungs and expression of inflammatory genes.

Deficiency of PAD4 suppressed BLM-induced pulmonary fibrosis and expression of fibrosis-related genes

Next, we sought to examine whether deficiency of PAD4 could alleviate BLM-induced lung fibrosis. We
intratracheally administered BLM or vehicle to WT and PAD4-KO mice and examined their lungs on day 21.
Figure 4A shows the time course of the weight changes in mice until day 21. On day 2 and 4, the weight loss
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in the BLM groups of PAD4-KO mice was significantly smaller than that of WT mice (day 2: p <0.01, day 4:
p <0.01). PAD4-KO may not affect the survival rates since those in BLM-administered WT and PAD4-KO
mice were similar (WT +BLM vs. PAD4-KO + BLM; 65 % vs. 65 %, p=0.91; Figure 4B). Masson’s trichrome
staining of lung tissue sections revealed that the extent of pulmonary fibrosis and the fibrosis scores of the
lungs of PAD4-KO mice seemed to be milder compared with those of WT mice after BLM instillations (p =
0.01; Figure 4C, 4D). Likewise, the collagen loads of the lungs of PAD4-KO mice were also significantly
slight compared with those of WT mice lungs (p < 0.01; Figure 4E). The mRNA expression levels of fibrosis-
related genes, including collagen type I alpha 1 chain (Collal), elastin (Eln), fibronectin 1 (Fnl), connective
tissue growth factor (Ctgf), and fibroblast growth factor 2 (Fgf2) of PAD4-KO mice group were significantly
lower compared to WT mice group after BLM instillations (Collal: p < 0.01, Eln: p < 0.01, Fnl: p = 0.02,
Ctgf: p=0.02, Fgf2: p<0.01). Additionally, the mRNA expression levels of smooth muscle alpha actin (4Acta?)
and transforming growth factor 1 (7gfp1) of PAD4-KO mice tended to be lower than those of WT mice after
BLM induction (Figure 4F). These findings suggested that inhibition of PAD4 suppressed BLM-induced
pulmonary fibrosis and the expression of fibrosis-related genes.

Deficiency of PAD4 alleviated the alteration of the structural cell profiles of lungs induced by BLM instillations
Based on previous studies showing that NETs were able to induce lung epithelial and endothelial cell death

and promote transition of lung fibroblasts to myofibroblasts (26, 30), we used flow cytometry analysis to assess
the alterations of the structural cell profiles of lungs in WT and PAD4-KO mice during the pulmonary fibrosing
period (Figure 5A-5E). We defined type-1 (AEC-I), and type-II (AEC-II) alveolar epithelial cells, pulmonary
vascular endothelial cells (PVECs), and a-SMA positive mesenchymal cells as AQP5*/CD31/CD45 cells,
SP-C*/CD31-/CD45- cells, CD317/CD45" cells, and a-SMA*/CD31-/CD45- cells, respectively. Compared with
the vehicle group, the numbers of total lung cells and a-SMA positive mesenchymal cells of the BLM group
in WT mice were significantly greater (total lung cells: p = 0.04, a-SMA positive mesenchymal cells: p = 0.04;
Figure 5A, 5E), whereas the numbers of AEC-I, AEC-II, and PVECs were significantly smaller (AEC-I: p =
0.04, AEC-II: p = 0.04, PVECs: p = 0.04; Figure 5B-5D). However, the numbers of total lung cells, AEC-I,
AEC-II, PVECs, and a-SMA positive mesenchymal cells between the vehicle and BLM group in PAD4-KO
mice did not show significant differences (Figure SA-5E). Thus, the inhibition of PAD4 was able to alleviate
the decrease of alveolar epithelial cells and PVECs and increase of a-SMA positive mesenchymal cells during
fibrosis.

PAD4 in hematopoietic cells contributed to the development of BLM-induced pulmonary fibrosis in WT mice

To verify the contribution of the function of PAD4 enzyme in hematopoietic cells versus lung structural cells
in the development of BLM-induced pulmonary fibrosis, we generated radiation-induced bone marrow (BM)
chimeric mice. First, we examined whether the BM of PAD4-KO mice could be engrafted in WT mice. Namely,
irradiated green fluorescent protein (GFP) mice were infused with BM cells from PAD4-KO mice. The
percentage of GFP negative cells in the population of peripheral white blood cells of GFP mice was analyzed
overtime by flow cytometry (Figure 6A). The mean observed percentage was over 90 % after the 5th wk
(means = SEM, 4 wk: 88.7 £ 2.1, 5 wk: 90.9 + 1.3, 6 wk: 92.3 + 1.4, 7 wk: 93.1 £ 1.6, 8 wk: 94.1 + 1.3,
respectively), indicating that the graft of BM cells from PAD4-KO mice was well established.

Finally, we evaluated the extent of BLM-induced pulmonary fibrosis in the chimeric mice. The flow scheme
of the experiment is shown in Figure 6B. Masson’s trichrome staining of lung tissue sections revealed that the
extent of BLM-induced pulmonary fibrosis and fibrosis scores in WT mice transplanted with BM cells from
PAD4-KO mice were significantly milder compared with those in WT mice infused with BM cells from WT
mice (p = 0.01; Figure 6C, 6D). Thus, this result suggested that the function of PAD4 in hematopoietic cells
contributed to the development of BLM-induced pulmonary fibrosis.
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Discussion

In this study, we first identified that NETs are present in the lungs of mice undergoing experimental lung
fibrosis. Following induction with BLM, NETs were mainly expressed during the inflammatory period and
were observed in the alveolar and interstitial space. Second, we demonstrated that BLM-induced NETs
depended on the activation of PAD proteins both in vivo and in vitro. Third, deficiency of PAD4 led to reduced
formation of NETs and pulmonary fibrosis, as well as prevented the decrease of alveolar epithelial and
endothelial cell numbers and increase of a-SMA positive mesenchymal cell numbers. Finally, we found that
adoptive transfer of hematopoietic cells from PAD4-KO but not from WT resolved lung fibrosis in WT mice,
suggesting that the expression of PAD4 in hematopoietic cells was involved in the development of BLM-
induced lung fibrosis. Collectively, these data suggested the important role of PAD4 in the BLM-induced
formation of NETs and development of lung fibrosis.

This is the first study demonstrating that expression of NETs was observed in BAL cells and the lung
parenchymal space, particularly during the inflammatory period in an experimental lung fibrosis model. We
defined NETs as rounded-up cells or web-like structures accompanied with nuclear, citH3 and neutrophilic
markers (Ly6G or NE) according to previous reports (13, 14). The formation of NETs, which functions as
part of the innate immune defense, is a process of mixing cellular nuclear, cytosolic proteins and chromatin,
which are then released into the extracellular space (13, 14), contributing in trapping and killing bacteria.
Meanwhile, excessive expression of NETs has been reported to cause multiple organ damages under
infectious conditions, and to also contribute to the etiologies of non-infectious diseases by inducing direct
cell damage, inflammation, and vascular occlusion (15, 16, 20-24). The current study adds BLM-induced
lung fibrosis to the list of disease models involving the function of NETs. Coincident with the timing of
elevation of the number of neutrophils in BALF, expression of NETs was mostly observed in the lung,
suggesting that inflammation induced by BLM promoted the migration of neutrophils and formation of
NETs in the lung.

Although a former study showed that NETs were induced by BLM in vitro (26), the mechanisms by which
BLM was able to promote formation of NETs both in vivo and in vitro have been unclear. NETs were shown
to be induced by various stimulants, such as PMA, ionomycin calcium, LPS, various types of bacteria,
production of reactive oxygen species (ROS) by NADPH oxidase, and cytokines (e.g., IL-8 and tumor necrosis
factor-o (TNF-a)) (14, 16, 17). Citrullination is the posttranslational deamination of arginine residues to
citrullines, catalyzed by PADs (17, 18). Histone citrullination has been reported to promote the formation of
NETs by inducing chromatin decondensation. Meanwhile, activation of NE/myeloperoxidase (MPO) or
autophagy were proposed to regulate the formation of NETs, as well as histone citrullination by PADs (31, 32).
Among the above reported stimuli, ROS is known to be significantly produced in the lungs following BLM
instillation (33). The formation of NETs induced by the production of ROS has been shown to be mediated by
the activation of PADs (17). Here, we clearly showed that the BLM-induced NETs were reduced following
administration of a PAD inhibitor in vivo. In addition, we demonstrated that BLM directly induced neutrophils
to form NETs in vitro in a PAD dependent manner.

PADs consist of 5 types of enzymes, namely PAD1, 2, 3, 4 and 6 (17, 18). Noted, PAD2 and PAD4 are present
in neutrophils and their roles in the formation of different type of NETs has been questioned (34). Although
PAD?2 is known to be present in NETs and contribute to histone citrullination, a recent study demonstrated that
PAD2 was required for citrullination but was not essential for formation of NETs in a TNFa-induced arthritis
model (35). Similarly, PAD4-independent formation of NETs regulated by the NE/MPO or autophagy pathway



289
290
291
292
293
294
295
296
297
298
299
300
301
302
303
304
305
306
307
308
309
310
311
312
313
314
315
316
317
318
319
320
321
322
323
324
325
326
327
328
329
330
331
332
333
334

has also been reported (31, 32). On the contrary, activation of PAD4 was shown to be required for the
production of NETs induced by various other stimuli (34, 35). Thus, as the function of PAD4 appeared to be
considered rather important in the formation of BLM-induced NETSs, we decided in this study to analyze a role
of PAD4 using PAD4-KO mice.

We demonstrated that the BLM-induced NETs in BAL cells and lung parenchyma were PAD4 dependent.
Interestingly, the numbers and cell differentiations of BAL cells were not different between the WT and PAD4-
KO groups. Meanwhile, the increased gene expression of inflammatory mediators induced by BLM was
suppressed by deficiency of PAD4. These results suggested that depletion of PAD4 might not affect the
accumulation of inflammatory cells itself, but suppress the formation of NETs and the expression of
inflammatory mediator genes in the lungs during the acute phase of lung injury induced by BLM. During the
acute phase (day 2 and 4), the weight losses in the BLM group of PAD4-KO mice were suppressed compared
with those of WT mice. However, there were no significant differences observed in the weight of mice between
both groups in later periods, suggesting that deficiency of PAD4 might contribute to the reduction of systemic
inflammation in early phase.

Although the survival rate was similar between WT and PAD4-KO mice, the degree of BLM-induced
pulmonary fibrosis in PAD4-KO mice was significantly suppressed compared with WT mice. Similarly, the
gene expression of fibrosis-related mediators (Collal, Eln, Fnl, Ctgf, and Fgf2) was significantly
suppressed in PAD4-KO mice after BLM induction. Several former studies have demonstrated that NETs
were associated with organ fibrosis. Martinod et al. reported that age-related pulmonary and cardiac fibrosis
was suppressed in PAD4-KO mice, as a lack of NETs attenuated the accumulation of platelets and
production of TGFp, a potent fibrosis driver, leading to the resolution of the fibrosis (29). Similarly, Sorvillo
N. et al. reported that interaction of NETs with the von Willebrand factor and platelets might contribute to
tissue fibrosis during ischemic/reperfusion injury (36). Likewise, vascular damage and endothelial to
mesenchymal transition (EndMT) by NETs were proposed to contribute to kidney fibrosis (37). Additionally,
NE, a protease released along with NETs maintaining its activity, was shown to be directly associated with
BLM:-induced mice pulmonary fibrosis (8). Other components of NETSs, such as LL-37 (Cathelicidin),
S100A8, S100A9 and defensin, were also reported to be associated with the process of tissue fibrosis (38-
40). Additionally, the gene expression of Ctgf, Figf2, and TGFf1 have been known to constitute key factors
of pulmonary fibrogenesis in IPF and BLM-induced pulmonary fibrosis (2-4, 41). Our current observation
has been in agreement with these previous studies. Thus, we speculated that during a lung injury reduction of
NETs formation by deficiency of PAD4 might prevent BLM-induced lung fibrosis in the current study.

Reduction in the population of alveolar epithelial and endothelial cells with parallel increase in that of a-SMA
positive mesenchymal cells, which are significantly involved in pulmonary fibrogenesis, have been commonly
observed in both human and mice (2, 42, 43). Thus, we examined the changes in the populations of lung tissue
cells in vivo. Based on the finding from a previous research that alveolar epithelial and endothelial cells
decreased and a-SMA positive mesenchymal cells increased on day 14 after BLM instillation (44), we
conducted a flow cytometric assay on day 14. Consistent with the previous study, the numbers of epithelial
and endothelial cells decreased, whereas those of a-SMA positive mesenchymal cells increased in WT mice.
Interestingly, deficiency of PAD4 prevented both the decrease in the number of alveolar and endothelial cells
and the increase in the number of a-SMA mesenchymal cells. Although the precise mechanisms above are
unclear, several studies have demonstrated that NETs have detrimental effects on tissue cell components
related to the fibrotic process. For example, NETs are known to cause pulmonary vascular endothelial cell and
alveolar epithelial cell death in an ARDS model (30). In addition, NETs were reported to induce EndMT
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associated with kidney fibrosis (37). Furthermore, NETs promoted differentiation of lung fibroblasts to a
myofibroblast phenotype in culture, increasing the expression of Ctgf, production of collagen and
proliferation/migration of fibroblasts (26). Thus, we speculated that loss of NETs according to deficiency of
PAD4 might have a protective effect against alterations of tissue cell components during fibrosis.

Although the PAD4 enzyme mainly exists in neutrophils, expression of PAD4 mRNA has been weakly detected
in systemic organs, such as brain, lung, heart, liver, spleen, kidney and skin (17, 18, 29). Thus, to verify whether
the anti-fibrotic effect associated with the deficiency of PAD4 is due to hematopoietic cells or organ structural
cells, we performed experiments using irradiated, BM chimeric mice reconstituted with PAD4-KO or WT
hematopoietic cells. First, we confirmed that hematopoietic cells from PAD4-KO mice were successfully
engrafted in WT mice. Next, we demonstrated that BLM-induced lung fibrosis was prevented in mice
expressing PAD4 on radioresistant structural cells, but not on hematopoietic cells. In contrast, mice expressing
PAD4 on both radioresistant structural cells and hematopoietic cells, exhibited fibrotic changes in their lungs.
These data suggested the importance of PAD4 expressed on hematopoietic cells in the development of BLM-
induced pulmonary fibrosis.

The present study has several implications as there have been reports demonstrating the relationship between
NETs and human pulmonary fibrosis. The existence of NETs was observed in pulmonary fibrosis, in which
expression of fibrotic mediators was identified neighboring NETs (26). Additionally, the increase of serum cell
free DNA (cfDNA) has been demonstrated in IPF, with increased serum cfDNA levels being useful in
distinguishing patients with IPF from other patients (45). Aging and cellular senescence have been considered
as key factors in the pathogenesis of IPF (46) and PAD4-deficient mice were shown to exhibit a reduction of
age-related lung fibrosis (29). In addition, patients with PM/DM who had elevated numbers of components of
NETs and dysfunction of the degrading enzyme of NETs tended to exhibit complicated ILD (28). In both
patients with IPF and rheumatoid arthritis with ILD, the mRNA levels of PAD4 in BAL cells were significantly
increased compared with healthy controls (47). The results of this study suggested a role for PAD4 in the
induction of NETs and the pathogenesis of lung fibrosis.

This study has some limitations. First, there might exist unknown mechanisms regarding formation of NETs
except for the one induced by activation of PAD4. In the current study, BLM-induced NETs were not
completely inhibited in PAD4-KO mice. As mentioned above, previous studies proposed that besides
activation of PAD4, activation of NE/MPO and autophagy might contribute to the formation of NETs (31, 32).
Although our results demonstrated that BLM-induced NETs were dominantly regulated by PAD4, further
studies are required to elucidate the precise mechanisms of the formation of NETs in pulmonary fibrosis.
Second, the role of NETs in BLM-induced fibrosis has not been fully elucidated. Apart from its role in the
formation of NETs, PAD4 is known to be involved in gene expression by regulating histone methylation (48).
Thus, we could not exclude the possibility that there could been contributing changes in the expression of
genes in the organ tissue itself caused by the deficiency of PAD4 (29). We also demonstrated that pulmonary
fibrosis was significantly reduced following deletion of PAD4 in hematopoietic cells. However, we did not
perform experiments using BM chimeric mice reconstituted with PAD4-KO or WT hematopoietic cells in
PAD4-KO mice. Thus, the effect of the deficiency of PAD4 in structural cells in lung fibrosis has not been
elucidated. However, PAD4 is only weakly expressed in lung tissues (29). As another group proposed a role
for NETs in organ fibrosis and concluded that PAD4 could regulate age-related organ fibrosis and dysfunction,
we speculated that NETs were regulated by PAD4 and augmented BLM-induced fibrosis. Third, BLM does
not mimic human IPF (41, 49), as BLM-induced pulmonary fibrosis is deeply associated with inflammation.
Compared to human IPF, although the early molecular events of BLM-induced pulmonary fibrosis resemble
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IPF, reversible fibrosis and inflammation preceding fibrosis are different from IPF (41). However, BLM-
induced pulmonary fibrosis is considered "the best-characterized animal model available for preclinical
testing" according to the American international society (49).

In summary, we demonstrated that NETs were induced by BLM instillation. The deficiency of PAD4 was able
to ameliorate BLM-induced NETs and fibrosis in the lung, which are associated with reduced levels of
inflammation and expression of fibrosis associated genes, including /I-6, Tnf-a, Ctgf, Fgf2, and Collal. In
addition, we elucidated the role of the deficiency of PAD4 in the proportions of lung structural cells during
lung fibrosis. Finally, we demonstrated that PAD4 in hematopoietic cells plays an important role in the
development of pulmonary fibrosis. Our results suggested that reduction of NETs by inhibition of PAD4 might
be a promising strategy for the treatment of pulmonary fibrosis.
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Figure legends

Figure 1. Bleomycin (BLM) instillations induce neutrophil extracellular traps (NETs) in the lungs of mice.
Wild-type (WT) mice received BLM or vehicle by intratracheal instillations. (A) Representative
immunofluorescent staining of bronchoalveolar lavage (BAL) cells for DAPI (blue), Ly6G (green), and
citrullinated histone H3 (citH3; red) on day 2 after BLM or vehicle instillations. (B) The percentage of NETs
in BAL neutrophils on day 2, 7 and 21 after BLM (closed bar) or vehicle (open bar) instillations. Results for
each group are expressed as means = SEM (n = 4). *p < 0.05 compared with the values of vehicle groups. (C)
Representative immunofluorescent staining of lungs for DAPI (blue), neutrophil elastase (NE; green), and
citH3 (red) with phase contrast are shown (day 2).

Figure 2. BLM-induced NETs depended on the activity of peptidylarginine deiminases (PADs) both in vivo
and in vitro.

(A-D) WT mice received BLM (closed bar) or vehicle (open bar) intratracheally, following intraperitoneal
administration of Cl-amidine or vehicle once a day from the preceding the instillations of BLM or vehicle.
NETs were analyzed in the BAL fluid (BALF) and lung specimens on day 2. (A) Representative
immunofluorescent staining of BAL cells for DAPI (blue), NE (green), and citH3 (red). (B) The percentage of
NETs in BAL neutrophils of mice (n = 4). (C) The number of total cells and the percentage of macrophages,
neutrophils and lymphocytes in BAL cells (n = 4). (D) Representative immunofluorescent staining of lungs
for DAPI (blue), NE (green), and citH3 (red) with phase contrast. (E, F) Blood neutrophils were stimulated in
vitro by ionomycin (inducer of NETs), and BLM in the absence or presence of Cl-amidine, vehicle, DNAse-1
for 2.5 h. (E) Representative immunofluorescent staining for DAPI (blue), NE (green), and citH3 (red). (F)
The percentage of NETs in neutrophils (n = 4). Results for each group are expressed as means = SEM. *p <
0.05, **p < 0.01 compared with the values of each group.

Figure 3. Deficiency of peptidylarginine deiminase 4 (PAD4) suppresses BLM-induced NETs and
inflammation associated gene expression.

WT and Padi4 gene knockout (PAD4-KO) mice received BLM (closed bar) or vehicle (open bar)
intratracheally. BALF and lung specimens were analyzed on day 2. (A) The numbers of total cells and the
percentage of macrophages, neutrophils and lymphocytes in BAL cells of WT and PAD4-KO mice (n = 3-5).
(B) Representative immunofluorescent staining of BAL cells for DAPI (blue), NE (green), and citH3 (red).
(C) The percentage of NETs in BAL neutrophils (n = 3-5). (D) Representative immunofluorescent staining of
lungs for DAPI (blue), NE (green), and citH3 (red) with phase contrast. (E) The mRNA expression levels of
interleukin-6, tumor necrosis factor alpha, and interferon gamma were analyzed by quantitative real-time
polymerase chain reaction (QRT-PCR) (n = 5). Results for each group are expressed as means £ SEM. *p <
0.05, **p < 0.01 compared with the values of each group.

Figure 4. Deficiency of PAD4 suppresses BLM-induced pulmonary fibrosis and expression of fibrosis-related
genes.

WT and PAD4-KO mice received BLM or vehicle intratracheally. (A) Time course of changes in the body
weight of mice until day 21 (n = 8-17). (B) Survival rates of WT and PAD4-KO mice after BLM or vehicle
instillations (n = 8-17). (C) Masson’s trichrome staining of lung tissue sections on day 21. (D) Fibrosis scores
and (E) collagen loads of WT and PAD4-KO mice received BLM (closed bar) or vehicle (open bar) on day 21
(n=15). (F) The mRNA expression levels of collagen type I alpha 1 chain, elastin, fibronectin 1, smooth muscle
alpha actin, connective tissue growth factor, fibroblast growth factor 2 and transforming growth factor beta 1
were analyzed by qRT-PCR (n = 5). Results for each group are expressed as means £ SEM. *p < 0.05, **p <
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0.01 compared with the values of each group.

Figure 5. Deficiency of PAD4 contributes to the changes in the number of alveolar epithelial cells, pulmonary
vascular endothelial cells (PVECs), and a-smooth muscle actin (SMA) positive mesenchymal cells.

WT and PAD4-KO mice received BLM (closed bar) or vehicle (open bar) intratracheally. On day 14, the
number of (A) total lung cells, (B) type-I (AQP5*/CD31/CD45%), and (C) type-IT (SP-C*/CD31/CD45")
alveolar epithelial cells, (D) PVECs (CD31%/CD45"), as well as (E) a-SMA positive mesenchymal cells (a-
SMA*/CD31/CD45%) of WT and PAD4-KO mice on day 14 after BLM or vehicle instillations were analyzed
by flow cytometry (n = 3-5). Results for each group are expressed as means = SEM. *p < 0.05 compared with
the values of each group.

Figure 6. Bone marrow (BM) derived cells from PAD4-KO mice ameliorate BLM-induced pulmonary fibrosis
in WT mice.

(A) Assessment of the reconstitution of chimeric animals. GFP mice were irradiated and grafted with BM cells
from PAD4-KO mice. The percentage of GFP negative cells in the population of peripheral blood cells of GFP
mice at each time point are shown (n = 3). (B-D) WT mice were irradiated and grafted with BM cells from
WT (open bar) or PAD4-KO (closed bar) mice. Chimeric mice received BLM 6 wk after BM transplantation.
(B) The flow scheme of the experiment. (C) 21 days after BLM instillations, lung sections of WT chimeric
mice were stained with Masson’s trichrome staining. (D) Fibrosis scores of both groups on day 21 after BLM
instillations were calculated (n = 5). Results for each group are expressed as means + SEM. *p < 0.05 compared
with the values of each group.
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Supplementary Materials and Methods

Murine model of pulmonary fibrosis

Mice were anesthetized using a cocktail of medetomidine, midazolam and butorphanol and intratracheally
administered with 3 U/kg of bleomycin (BLM; Nippon Kayaku, Tokyo, Japan) dissolved in 100 pL saline
(Otsuka Pharmaceutical Factory, Tokyo, Japan) or vehicle. Cl-amidine (Cayman Chemical, Ann Arbor, MI,
USA) was reconstituted in ethanol to make a stock solution of 20 mg/mL. Stocked Cl-amidine was diluted
with PBS to a concentration of 2.0 mg/mL and was intraperitoneally injected on the same, previous and
following day of administration of BLM or vehicle.

Histological examination

Lungs were inflated by 4 % (wt/vol) paraformaldehyde (PFA) with a pressure of 20 cm H,O. Keeping lung
inflated, lungs were resected and fixed in 4% PFA for 24 h. Then, they were embedded in paraffin. Lung
sections (2 pm) were deparaffinized in xylene, hydrated using methanol, and stained with Masson’s trichrome.
Histological images were scanned and captured using a Nikon Eclipse 551; microscope (Nikon Corporation,
Tokyo, Japan). The extent of lung fibrosis was assessed using the Ashcroft scale in a blinded test.

Detection of neutrophil extracellular traps (NETS) in lungs

Deparaffinized and dehydrated lung sections (2 pm) were incubated in citrate buffer (pH 6.0) (Abcam,
Cambridge, UK) for 10 min at 50 °C. After cooling below 30 °C, lungs sections were permeabilized with 0.5 %
Triton-X (Sigma, St. Louis, MO, USA) for 5 min, blocked with 0.05 % Tween 20 (Chem Cruz Biochemicals,
Santa Cruz, CA, USA) and 2 % normal goat serum blocking solution (Vector Laboratories, Inc., Burlingame,
CA, USA) for 30 min, and incubated with primary antibodies at 4 °C overnight. After incubation with
secondary antibodies, Iung sections were mounted with DAPI (4’-6-diamidino-2-phenylindole
dihydrochloride) (Vector Laboratories, Inc.), and observed under a confocal microscope (Fluoview FV 10i;
Olympus, Tokyo, Japan).

Quantitative polymerase chain reaction (qPCR) analysis

Total RNA was isolated from resected right upper lung using RNeasy Fibrous Tissue Mini Kit (Qiagen, Hilden,
Germany). RNA was subjected to reverse-transcription PCR with the RT? First Strand Kit (Qiagen). cDNA
samples were subjected to qPCR using the Fast SYBR Green Master Mix (Thermo Fisher Scientific, Waltham,
MA, USA) in an ABI 7300 Real-Time PCR System (Applied Biosystems, Foster City, CA, USA). Specific
primers were designed using the web software of Universal Probe Library Assay Design Center
(https://lifescience.roche.com/global _en.html). The expression level of each target gene was normalized
against threshold cycle (Ct) values of Rn18s and calculated using the 244 Ct method.

The following primers were used: IL-6 forward, 5-GCT ACC AAA CTG GAT ATA ATC AGG A-3' and IL-6
reverse, 5'-CCA GGT AGC TAT GGT ACT CCA GAA-3'. Tnfa forward, 5'-GGT CTG GGC CAT AGA ACT
GA-3" and Tnfo reverse, 5'-TCT TCT CAT TCC TGC TTG TGG-3'. Ifny forward, 5'-ATC TGG AGG AAC
TGG CAA AA-3' and Ifny reverse, 5'-TTC AAG ACT TCAAAG AGT CTG AGG TA-3'. Collal forward, 5'-
CCG CTG GTC AAG ATG GTC-3' and Collal reverse, 5'-CTC CAG CCT TTC CAG GTT CT-3". Eln
forward, 5'-TGG AGC AGG ACT TGG AGG T-3' and Eln reverse, 5'-CCT CCA GCA CCA TAC TTA GCA-
3'. Fnl forward, 5'-CGA TAT TGG TGA ATC GCA GA-3'" and Fnl reverse, 5'-CGG AGA GAG TGC CCC
TAC TA-3'. Acta2 forward, 5'-CTC TCT TCC AGC CAT CTT TCA T-3' and Acta2 reverse, 5'-TAT AGG TGG
TTT CGT GGA TGC-3'". Ctgf forward, 5'-TGA CCT GGA GGA AAA CAT TAA GA-3' and Ctgf reverse, 5'-
AGC CCT GTATGT CTT CAC ACT G-3'. Fgf2 forward, 5'-CGG CTC TAC TGC AAG AAC G-3' and Fgf2
reverse, 5'-TGC TTG GAG TTG TAG TTT GAC G-3'. Tgfp1 forward, 5'-CAG CAG CCG GTT ACC AAG-



3" and TgfPB1 reverse, 5'-TGG AGC AAC ATG TGG AAC TC-3". Rn18s forward, 5'-GCAATT ATT CCC CAT
GAA CG-3' and Rnl8s reverse, 5'-GGG ACT TAA TCA ACG CAA GC-3'. Rnl8s was used as the
housekeeping gene for data normalization.

Flow cytometric assay

After intratracheal instillations of BLM or vehicle, mouse lungs were resected on day 14, minced to less than
I-mm fragments, and digested with Collagenase (Wako, Tokyo, Japan), Dispase II (Sigma) and DNAse-1
(Wako) for 1 h at 37 °C. After washing, the number of cells was counted, and cells were seeded onto 96-well
round-bottom plates. Cells were stained with FITC-CD45, Alexa Fluor 700-CD45, PE/Cy7-CD31, anti-
Aquaporin 5, SP-C, and o-actin smooth muscle antibodies. After staining with secondary antibodies,
multicolor analysis was conducted on FACS Canto II (Becton Dickinson, Franklin Lakes, NJ, USA).

Sircol collagen assay

Whole mouse lungs were resected and immediately frozen at -80 °C. Thawed lungs were dried at 30 °C for 24
h. Lungs were homogenized and incubated in 0.5 M acetic acid with 0.1 mg/mL pepsin solution for 24 h.
Extracted lysate was measured using the Sircol Collagen Assay Kit (Biocolor Ltd., Carrickfergus, UK)
according to manufacturer’s instruction.

Bone marrow (BM) reconstitution and BLM inducing pulmonary fibrosis

Recipient wild-type (WT) mice (C57BL/6, 8 wk old) were irradiated with 5 and 4.5 Gy, 5 h apart. Donor mice
BM cells were obtained by flushing bilateral femur and tibia of WT and Padi4 gene knockout (PAD4-KO)
mice. After second radiation, donor BM cells (3 x 107 cells) were immediately injected via the tail vein. After

6 wk, BLM was administered intratracheally. After 3 wk , mice were sacrificed.

C57BL/6 mice expressing enhanced green fluorescent protein (GFP) under the control of a CAG promoter
(GFP-Tg mice, Japan SLC, Shizuoka, Japan) were used as recipient, whereas PAD4-KO mice were used as
donor. The percentages of GFP negative cells in the population of peripheral blood cells was evaluated by flow
cytometry.

Reagent
For immunofluorescent staining with bronchoalveolar lavage cells, rat Alexa Fluor 488-conjugated anti-mouse

Ly6G monoclonal antibody (1:100; BioLegend, San Diego, CA, USA, 127626), sheep anti-human neutrophil
elastase polyclonal antibody (1:200; LSBio, Seattle, WA, USA, LS-B4244), and rabbit anti-histone H3
(citrulline R2 + R8 + R17) polyclonal antibody (1:250; Abcam, 5103) were used as primary antibodies. Alexa
Fluor 488 donkey anti-sheep IgG polyclonal antibody (1:250; Invitrogen, Carlsbad, CA, USA, A-11015) and
Alexa Fluor 594 donkey anti-rabbit IgG polyclonal antibody (1:500; Invitrogen, A-21207) were used as
secondary antibodies.

For immunohistochemistry with paraffinized sections, sheep anti-human neutrophil elastase polyclonal
antibody (1:200; LSBio) and rabbit anti-histone H3 (citrulline R2 + R8 + R17) polyclonal antibody (1:100;
Abcam, 5103) were used as primary antibodies. Alexa Fluor 488 donkey anti-sheep IgG polyclonal antibody
(1:1000; Invitrogen, A-11015) and Alexa Fluor 594 donkey anti-rabbit IgG polyclonal antibody (1:1000;
Invitrogen, A-21207) were used as secondary antibodies. All primary and secondary antibodies were diluted
in PBS.

For flow cytometric analysis, PE/Cy7 rat anti-mouse CD31 monoclonal antibody (BioLegend, 102418), FITC
rat anti-mouse CD45 monoclonal antibody (BioLegend, 103108), Alexa Fluor700 rat anti-mouse CD45
monoclonal antibody (BioLegend, 103127), rabbit anti-Aquaporin 5 polyclonal antibody (Abcam, ab78486),
goat anti-SP-C (M-20) polyclonal antibody (Santa Cruz Biotechnology, Santa Cruz, CA, USA, sc-7706), and



rabbit anti-actin smooth muscle polyclonal antibody (Thermo Fisher Scientific, RB-9010-P1) were used as
primary antibodies. Donkey anti-rabbit IgG polyclonal antibody (Invitrogen, A-21206), donkey anti-goat IgG
polyclonal antibody (Invitrogen, A-21084), and donkey anti-rabbit IgG polyclonal antibody (Invitrogen, 12-
4739-81) were used as secondary antibodies.

Statistical analysis

All quantitative data are presented as means + SD. Comparison among groups was performed by Mann-
Whitney U test. Kaplan-Meier method was used for survival rate, and differences were analyzed by log-rank
test. All p-values less than 0.05 was considered statistically significant. GraphPad Prism software (version
5.03; GraphPad Software, San Diego, CA, USA) was used for statistical analysis.



Supplementary Figure legend

Figure S1. Profiles of bronchoalveolar lavage (BAL) cells and fibrosis scores in wild-type (WT) mouse
induced bleomycin (BLM) or vehicle.

WT mice received BLM (closed bar) or vehicle (open bar) intratracheally. BAL fluid and lung specimens were
analyzed on day 2, 7 and 21. (A) The numbers of total cells and the percentage of macrophages, neutrophils
and lymphocytes in BAL cells. (B) Fibrosis scores of WT mice received BLM (closed bar) or vehicle (open
bar) on day 21. Results for each group are expressed as means = SEM (n =5). *p < 0.05, **p < 0.01, ***p <
0.001 compared with the values of each group.
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Figure S1B
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