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Peptidylarginine deiminase 2
contributes to pathogenesis

in trinitrobenzenesulfonic
acid-induced colitis through
macrophage extracellular trap-
independent pathways

HiroyukiYasuda'™, Michiko Saito?, Shusaku Hayashi' & Shinichi Kato*

Peptidylarginine deiminase 2 (PAD2) is an enzyme that converts arginine to citrulline and is involved

in diseases, such as Alzheimer’s diseases, fibrosis and cancer. However, its role in inflammatory

bowel disease remains unclear. In this study, we investigated the pathogenic effects of PAD2 on
inflammatory bowel disease using a trinitrobenzene sulfonic acid (TNBS)-induced murine colitis model.
PAD2-deficient (PAD2KO) mice were generated using CRISPR/Cas9-mediated genomic editing. TNBS
injection resulted in body weight loss, extensive colonic erosion, and ulceration in wild-type (WT) mice.
However, these responses were significantly attenuated in PAD2KO mice. TNBS-induced increases

in myeloperoxidase activity, inflammatory cytokine expression, and macrophage extracellular traps
(METs) induction in the colon were significantly reduced in PAD2KO. Furthermore, METs were triggered
in peritoneal macrophages obtained from WT mice by A23187 and phorbol myristate acetate, and
notably, these responses were not abolished in PAD2KO mice. Moreover, inflammatory cytokine
expression and M1 macrophage polarization in peritoneal macrophages obtained from PAD2KO

mice was lower than that in peritoneal macrophages from WT mice. Overall, PAD2 contributes to the
pathogenesis of TNBS-induced colitis by regulating inflammatory cytokine expression in macrophages
through METs-independent pathways. Therefore, PAD2 is a promising target for treating inflammatory
bowel disease.
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Inflammatory bowel disease (IBD), including Crohn’s disease (CD) and ulcerative colitis (UC), are chronic
inflammatory diseases caused by the dyshomeostasis of the intestinal immune responses and dysfunction of
the intestinal epithelial barrier'~>. However, the factors contributing to IBD remain incompletely known. The
dyshomeostasis of intestinal immune responses or abnormal immune responses are known to be initiated by the
activation of immune cells, such as neutrophils, macrophages, and T-lymphocytes*~°. In particular, the immune
response of CD4*-helper T cell (Th) plays a pivotal role in IBD pathogenesis; cytokines associated with Th1/
Th17-mediated immune responses are important in the pathogenesis of CD; and cytokines associated with
Th2-mediated immune response are important in the pathogenesis of UC’. Interestingly, several studies have
demonstrated that extracellular traps (ETs), a type of innate immune response, contribute to IBD pathogenesis
through various mechanisms, including impairment of the intestinal epithelial barrier and persistent
inflammation induced by macrophage activation®’. Therefore, understanding Th1/2/17-related cytokines and
ETs-centered intestinal immune responses may provide effective therapeutic targets for ameliorating IBD.

ET formation is a phenomenon in which immune cells release chromatin fibers containing granule
content, such as myeloperoxidase (MPO)™. In particular, chromatin decondensation, which is induced by
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histone citrullination, is known to play an important role in DNA release!!. These ETs are induced not only by
neutrophils but also by macrophages'?, and are involved in the pathogenesis of inflammatory diseases, including
autoimmune diseases'*>!, renal disease'®, cancer'® and sepsis'’. Among these, macrophage extracellular traps
(METs) are reported to be induced by microbial infection'® and are associated with tumor invasion!® and renal
injury®®. Furthermore, ETs are involved in cardiovascular disease and atherosclerosis by inducing thrombus
formation!2-22, Thus, ETs derived from neutrophils or macrophages may be involved in the pathogenesis and
exacerbation of inflammatory diseases. Many studies have shown that the induction of neutrophil extracellular
traps (NETs) is mediated by reactive oxygen species (ROS) and/or histone citrullination'"?. In recent years,
it has been known that various factors, including not only bacteria and viruses but also DAMPs, cytokines,
and activated platelets, have been reported to be involved in the NET induction as well as in ROS induction
and histone citrullination'. Although histone citrullination-dependent NETs are induced via activation of
peptidylarginine deaminase 4 (PAD4)4, which is abundant in neutrophils, the detailed mechanism underlying
METs induction remains unclear. METS are reported to be induced through PAD2 and PAD4, which are known
to be expressed in macrophages?’, and are involved in rheumatoid arthritis?®, however, it is still unclear whether
PAD2 is involved in ET induction. Moreover, PAD2 is widely distributed in mammals and contributes to protein
citrullination similarly to PAD4. Despite its association with PAD4, the role of PAD2 in the pathogenesis of IBD
has not been clarified.

Recently, we reported that NETs induction through activated PAD4 is involved in experimental colitis?’.
Our results showed that the pathogenesis of trinitrobenzene sulfonic acid (TNBS)-induced colitis is inhibited
in PAD4KO mice and that NETs are induced by PAD4 activity. Similarly, the pharmacological effects of Cl-
amidine, a pan-PAD inhibitor, and DNase I, an ET inhibitor, suppress the pathogenesis of colitis, suggesting
that PAD activity and ET induction may be important in TNBS-induced colitis. Although several studies have
reported that NETs and PAD4, an inducing factor, are involved in the pathogenesis of IBD?, the involvement
of PAD2 remains unclear. Elucidating the role of both PAD4 and PAD2 can help clarify the importance of
citrullinating proteins in the pathogenesis of IBD. In this study, we aimed to elucidate, for the first time, the
involvement of PAD2 activity or METs induction in IBD using PAD2KO mice in TNBS-induced colitis model.

Materials and methods

Animals

Male C57BL/6 mice (8-9 weeks), weighing 21-26 g, were purchased from Japan SLC Inc. (Shizuoka). PAD2-
deficient (PAD2KO) mice were generated by deleting PAD2 genomic DNA, including part of exon 2, from
C57BL/6 mice using the CRISPR/Cas9 system (Fig. 1a); the deletion was confirmed by DNA sequencing
(Eurofins Genomics, Tokyo). In addition, the deletion was a frameshift that inhibited protein synthesis and
it was confirmed that PAD2 protein was not expressed in PAD2KO mice (Fig. 1c). All mice were housed at
22 +1°C under a 12 h light/dark cycle. This study was conducted in strict accordance with ARRIVE guidelines?.
Experimental protocols, including animal euthanasia methods, were approved by the Experimental Animal
Research Committee of Kyoto Pharmaceutical University (permit number: 19-007).

Induction of experimental colitis

Experimental colitis was established as previously described?”***. Colitis was induced by a single rectal injection
with 0.1 ml of 2,4,6-trinitrobenzenesulfonic acid (TNBS; 80 mg kg‘1 in 30% ethanol solution; Sigma-Aldrich,
St. Louis, MO, USA) under anesthetic induced using three mixed agents (medetomidine hydrochloride, 0.75 mg
kg™!; midazolam, 4 mg kg™'; butorphanol tartrate, 5 mg kg™!). Control mice received 0.1 ml of a 30% ethanol
solution. Body weight was measured daily, and other assessments were performed on day three, after colon
removal from mice euthanized by cervical dislocation.

Macroscopic and histological analyses

Colons were ablated three days after TNBS or vehicle administration. The colons were then cut and opened,
and the area of macroscopic damage was determined using Image]J software 1.53e (NIH, Bethesda, MD, USA,
https://imagej.net/). Colon tissues including the area of inflammation were fixed in 10% formalin, embedded
in paraffin, cut into 4-pm sections, and stained with hematoxylin and eosin (H&E). Histological images were
obtained using a fluorescence microscope (BZ-X810; KEYENCE, Osaka).

Detection of myeloperoxidase (MPO) activity

MPO activity was analyzed as described previously®!. Colon tissues were homogenized in 50 mM phosphate
buffer containing 0.5% hexadecyltrimethylammonium bromide (pH 6.0; Wako Pure Chemical Industries Ltd.,
Osaka). Homogenized samples were subjected to three freeze-thaw cycles and centrifuged at 1500 rpm for
10 min at 4 °C. The supernatant (5 pl) was diluted with 10 mM phosphate buffer (pH 6.0, 95 pl) and 1.5 mM
o-dianisidine hydrochloride (50 pl; Sigma Aldrich) containing 0.0015% (w/v) hydrogen peroxide. Sequential
absorbance changes at 450 nm were measured using a Multiskan Go spectrophotometer. MPO activity (U/mg
protein) was calculated based on the amount of MPO present, which was estimated using a standard curve,
and the protein content was determined using a Pierce BCA Protein Assay Kit (Thermo Fisher Scientific Inc.,
Waltham, MA, USA).

Isolation of intraperitoneal macrophages and neutrophils

Intraperitoneal macrophages and neutrophils were obtained from wild-type and PAD2KO mice injected
intraperitoneally with 2 ml of 3% (w/v) thioglycolate (Nissui Pharmaceutical Co., Ltd., Tokyo). Three days
or four hours after injection, macrophages or neutrophils infiltrating the peritoneal cavity were collected by
intraperitoneal injection of PBS. The cells were then washed with PBS and used for each experiment.
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Fig. 1. Generation of PAD2KO mice using the CRISPR-Cas9 systems and pathogenesis of TNBS-induced
colitis in wild-type and PAD2KO mice. (a) The sequences produced for the generation of PAD2KO mice
using the CRISPR-Cas9 systems, deficient in 61-bp on exon2 of the genomic PAD2 DNA. (b) PAD2 mRNA
level was determined in intraperitoneal macrophages by qRT-PCR normalized to TBP. Data were presented
as the means+S.E.M. (n=8). ***P <0.0001 vs. wild-type (WT) mice. (c) PAD2 expression was determined
in intraperitoneal macrophages by western blotting normalized to B-actin expression. Data are presented

as the means+S.E.M. (n=3). ***P <0.001 vs. WT mice. (d) Body weight was measured daily in untreated-,
vehicle (30% ethanol)-, or TNBS-injected WT and PAD2KO mice. On day 3, colon length was measured (e),
representative images were obtained (f), and macroscopic analyses of the injured area were carried out using
Image J (g). Scale bars are 10 mm. Histological changes were observed following H&E staining (h). (i) MPO
activity was determined in those mice. Data are presented as the means+ S.E.M. (n=8-9). ***P <0.0001 vs.
vehicle-injected mice (WT EtOH), and ****P <0.0001, ***P <0.001, *P <0.05 vs. TNBS-injected mice (WT
TNBS).
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Quantitative reverse transcription polymerase chain reaction (QRT-PCR)

qRT-PCR was performed as previously described®**2. Total RNA was extracted from homogenized colonic
tissues or intraperitoneal macrophages washed with PBS using Sepasol RNA I Super G (Nacalai Tesque,
Kyoto), and reverse transcribed using PrimeScript RT Master Mix (Perfect Real Time) (Takara, Shiga). qRT-
PCR was performed on a Thermal Cycler Dice Real-Time System (Takara) using TB Green Premix Ex Taq II
(Tli RNaseH Plus) (Takara). The primer sets for TBP (MA050367), TNFa (MA097070), IL-1f (MA025939),
IL-12 (MA025924), IL-23 (MA095159), IFNy (MA025911), CXCL2 (MA152904), CD86 (MA197955), and
CD206 (MA137874) were obtained from the Perfect Real-Time Supporting System (Takara), and PAD2 primer
(Forward; 5'-GCACTCGGAAGGTGTGAAGG-3', Reverse; 5'-AGTTGACAGTGACCTTGTCGC-3’), iNOS
primer (Forward; 5'-GTCATGAGCAAAGGCGCAGA-3', Reverse; 5'-GGAATGGAGACTGTCCCAGCA-3'),
and arginase-1 (Arg-1) primer (Forward; 5'-GAAGAGTCAGTCTGGTGCTGG-3', Reverse; 5'-CAGTGTGA
GCATCCACCCAA-3’) was designed. The expression of each gene was calculated using the comparative AACt
method.

Western blotting

Western blotting was performed as previously described?”. Intraperitoneal macrophages were suspended in
RIPA buffer (50 mM Tris-HCI, pH 7.6, containing 1 mM EDTA, 150 mM NaCl, 0.5% sodium deoxycholate, 0.1%
sodium dodecyl sulfate (SDS), 1% Nonidet P-40, and a protease inhibitor cocktail), and a whole cell solution was
collected after centrifugation at 13,200xg for 10 min. The protein concentration was determined by performing a
BCA protein assay. The extracts were mixed with SDS sample buffer (62.5 mM Tris-HCI, pH 6.8, containing 2%
SDS, 5% glycerol, 5% 2-mercaptoethanol, and 0.002% bromophenol blue), boiled for 5 min, and then separated
using SDS-PAGE on 12% (w/v) polyacrylamide gels. The separated proteins were then electrophoretically
transferred onto PVDF membranes, and nonspecific binding was blocked with 5% skim milk in PBS containing
0.1% Tween 20 (PBST). The membranes were then incubated with PAD2 antibody (1:500) (Proteintech, 12110-
1-AP) and B-actin antibody (1:2000) (CST, #4970). After washing with PBST, the membranes were incubated
with anti-rabbit IgG HRP-linked antibody (1:2,000; CST, #7074). The protein bands were detected using Western
Lightning® Plus-ECL (PerkinElmer, Waltham, MA, USA) and imaged with a FUSION Solo 6S (Vilber, Lourmat,
Marne-la-Vallée, France).

Immunofluorescence staining

Immunofluorescence staining was performed as previously described'®?. Colonic tissues were fixed in 4%
paraformaldehyde for 2 h and cryoprotected in 20% sucrose solution overnight prior to embedding in an
optimal cutting temperature compound (Sakura Finetek, Tokyo). Tissues were then sectioned at 20 um thickness
using a cryostat (Leica Instruments, Nussloch, Germany) and thaw-mounted onto Superfrost Plus slides
(Matsunami, Osaka). Non-specific binding was blocked using 10% normal donkey serum (Millipore, Temecula,
CA, USA) in PBS containing 0.1% sodium azide for 1 h at room temperature. Further, the cells to be evaluated
for ETs including METs were resuspended in Dulbeccos modified Eagle’s medium (DMEM; Nacalai Tesque,
Kyoto) containing 10% fetal bovine serum (FBS), 100 U/ml penicillin and 100 pg/ml streptomycin and were
immobilized on 8-well chamber slides (ibidi, Gréfelfing, Germany) coated with poly-lysine. After incubation on a
slide with 10 uM A23187 and 1 mM CaCl, or 10 uM phorbol myristate acetate (PMA) for 4 h, the intraperitoneal
macrophages or neutrophils were fixed in 4% paraformaldehyde for 20 min, washed with PBS, and blocked with
1% BSA (Nacalai) in PBS for 1 h at room temperature. These samples were then incubated overnight at room
temperature with rabbit anti-citrullinated histone H3 (citH3; 1:500, Abcam, ab5103), goat anti-MPO (2 pg ml™,
R&D, AF3667), or rat anti-F4/80 (1:1000, Bio-Rad, MCA497GA), respectively. The samples were then incubated
with donkey anti-rabbit IgG (Alexa Fluor 594, 1:800; Thermo Fisher Scientific), donkey anti-goat IgG (Alexa
Fluor 488, 1:800; Thermo Fisher Scientific), or donkey anti-rat IgG (Alexa Fluor 488, 1:1600; Thermo Fisher
Scientific) secondary antibodies for 3 h at room temperature. After washing with PBS, Hoechst33258 was used
to counterstain the nuclei, and images were obtained using a fluorescence microscope (BZ-X810; KEYENCE).
The quantity of ETs or METs in the tissues was determined as the percentage of triple-positive citH3-MPO-
Hoechst33258 or F4/80-citH3-Hoechst33258 signals in the area of the visible part of the tissue, and the quantity
of NETs or METs in the neutrophils or macrophages was determined as the percentage of triple-positive citH3-
MPO-Hoechst33258 signals among the total number of Hoechst33258-stained total cells in the visible region
using Image] software 1.53e (NIH).

Flow cytometry

Intraperitoneal macrophages were obtained as described previously. The samples containing 2 x 10° cells were
stained with dead cells by Zombie Aqua™ Fixable viability kit (BioLegend, San Diego, CA, USA) and blocked by
Fc receptor CD16/CD32 in mice (BD Biosciences, Franklin Lakes, NJ, USA) for 15 min at room temperature. For
detecting macrophage surface markers, the cells were incubated with APC anti-mouse/human CD11b, PerCP/
Cyanine5.5 anti-mouse F4/80, PE/Cyanine7 anti-mouse CD80 and Brilliant Violet 421 anti-mouse CD163
antibody for 30 min at 4 “C. Following incubation, all cells were washed with stain buffer (BD Biosciences)
and the surface marker fluorescence was used to gate cells that were not stained as dead cells; M1 (CD80") or
M2 macrophages (CD163") were then distinguished from the CD11b* and F4/80*-positive population (whole
macrophages). Flow cytometric measurements were performed using a BD LSRFortessa™ X-20 flow cytometer
(BD Biosciences).

Statistical analyses
The data are presented as mean+SEM. Statistical analyses were performed using the GraphPad Prism 9.4.0
(GraphPad Software, La Jolla, CA, USA, https://www.graphpad.com/). Multiple groups were compared using
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two-way ANOVA, followed by a post-hoc Holm-Sidak test. Parametric data were tested using the Student’s
t-test. Statistical significance was set at P values <0.05.

Results

Pathogenesis of TNBS-induced colitis model was ameliorated in PAD2KO mice

We previously reported the involvement of NETs induction through PAD4 activity in TNBS-induced colitis,
and that treatment with Cl-amidine and DNase I attenuates the pathogenesis of TNBS-induced colitis?’.
Similarly, we investigated whether PAD2KO mice exhibited TNBS-induced pathogenesis compared to that
in wild-type (WT) mice. We used the CRISPR/Cas9 system to delete bases encoding a part of exon 2 of the
PAD2 gene, as shown in Fig. 1a. To evaluate whether PAD2-deficient (PAD2KO) mice were generated by partial
gene deletion, PAD2 mRNA and protein expression in macrophages were determined. Although PAD2 was
expressed in intraperitoneal macrophages, PAD2 expression was not detected in PAD2KO mice (Fig. 1b and ¢).
These results suggest that PAD2KO mice can be generated using the CRISPR-Cas9 system. As shown in Fig. 1d,
body weight continued to decrease significantly for up to three days after TNBS administration (80 mg kg™! in
30% ethanol). Body weight loss due to TNBS administration was recovered in PAD2KO mice (Fig. 1d). After
TNBS administration for three days, colon length was measured (Fig. 1e), the development of ulceration was
determined by macroscopic observation (Fig. 1f and g) and histological analysis (Fig. 1h), and MPO activity
was measured (Fig. 1i). Although TNBS administration tended to reduce colon length (Fig. le), significantly
induce ulcer development, and enhanced MPO activity in WT mice, these effects were significantly attenuated
in PAD2KO mice (Fig. 1f-i). Colon length shortening tended to be suppressed in PAD2KO mice (Fig. le). These
results suggest that PAD2 may be involved in the pathogenesis of TNBS-induced colitis.

PAD2KO mice showed attenuated inflammatory cytokine expression in TNBS-induced colitis
We investigated the mRNA expression of inflammatory cytokines, chemokines, and Th1/Th17-related cytokines
in WT or PAD2KO mice with TNBS-induced colitis. After TNBS administration for three days, colon tissue
showed significantly increased TNFa, IL-1p, IL-12, and CXCL2 mRNA expression in contrast with that in
vehicle (30% ethanol)-administrated mice (Fig. 2a—c and f), while IL-23 and IFNy expression tended to be
increased in TNBS-induced colitis tissue (Fig. 2d and e). The upregulation of TNFa, IL-1p and CXCL2 in TNBS-
induced colitis was significantly attenuated in PAD2KO mice, while IL-12, IL-23 and IFNy expression tended
to be attenuated in PAD2KO mice (Fig. 2c—e). PAD2 expression was not significantly altered in TNBS-treated
mice and was not observed in PAD2KO mice (Fig. 2g). Overall, PAD2 deficiency may alleviate the pathology of
TNBS-induced colitis by suppressing inflammatory cytokine expression.

PAD2KO mice showed reduced extracellular traps in TNBS-induced colitis

Extracellular traps (ETs) in neutrophils and macrophages were evaluated by co-immunostaining for MPO,
citrullinated histone H3, and DNA in the colon tissues. METs were evaluated by co-immunostaining for F4/80,
citrullinated histone H3, and DNA. As shown in Fig. 3a and b, ETs were significantly increased in the ulcerated
portions of colon tissues in TNBS-administrated WT mice compared to those in vehicle-administrated mice.
The ET induction by TNBS was attenuated in PAD2KO mice (Fig. 3a and b). Moreover, MET induction was
similarly increased by TNBS administration and reduced in PAD2KO mice (Fig. 3c and d). These results indicate
that ETs, including METSs, are upregulated in TNBS-induced colitis, but suppressed in PAD2KO mice.

Intraperitoneal macrophages in PAD2KO mice did not suppress MET induction

To clarify whether the suppression of TNBS-induced ET and MET induction in PAD2KO mice was due to the
direct involvement of PAD2, we isolated neutrophils or macrophages from PAD2KO mice and demonstrated
the induction of NETs and METs. NETs and METs are known to be induced by calcium ionophores such as
A23187 or phorbol myristate acetate (PMA)!23. Our previous results showed that NETs were induced by
PAD4 activity?”. We therefore investigated whether ETs were induced by A23187 and PMA in intraperitoneal
macrophages and neutrophils, and whether PAD2KO mice-derived macrophages and neutrophils suppressed
MET and NET induction, respectively. Intraperitoneal macrophages and neutrophils were isolated from wild-
type and PAD2KO mice injected intraperitoneally with 3% thioglycolate (TGC) for three days or four hours,
respectively. As shown in Fig. 4a, the release of DNA in MET induction upon treatment with 10 uM A23187
and 10 pM PMA was confirmed using SYTOX green. Furthermore, MET and NET induction was confirmed
by co-immunostaining for MPO, citrullinated histone H3, and DNA; however, MET or NET induction was not
suppressed in macrophages or neutrophils derived from PAD2KO mice (Fig. 4b-e). These results suggest that
PAD2 may not be involved in ET induction and that the suppression of TNBS-induced colitis pathogenesis in
PAD2KO mice may involve other mechanisms.

PAD2 deficiency in macrophage altered macrophage differentiation and suppressed
inflammatory cytokine expression

Since it was suggested that PAD2 is not involved in MET induction, we investigated other PAD2-related factors
that might contribute to pathogenesis of IBD. It is known that macrophage polarization and induction of Th1/17-
related cytokines are involved in IBD3*, and that inflammatory cytokines and chemokines induce ETs*>%.
Macrophages that infiltrated into the peritoneal cavity by treatment with 3% TGC were slightly activated, as
shown in Fig. 5; most macrophages were M1 macrophages and untreated macrophages showed high expression
of inflammatory cytokines, Th1/Th17-related cytokines, and chemokines. Interestingly, M1 macrophages were
significantly decreased while M2 macrophages tended to be increased among intraperitoneal macrophages
derived from PAD2KO mice (Fig. 5a and b). Moreover, the expression of M1 macrophage-related genes, such
as CD86 and iNOS, was significantly decreased while the expression of M2 macrophage-related genes, such as
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Fig. 2. Expression of inflammatory cytokines, chemokines, and PAD2 in PAD2KO mice. (a) TNFa, (b) IL-1p,
(c) IL-12, (d) IL-23, (e) IFNYy, (f) CXCL2, and (g) PAD2 mRNA expression were determined using qRT-PCR
in colon tissues of vehicle (30% ethanol)-, or TNBS-injected WT and PAD2KO mice on day 3, and mRNA
levels were normalized to TBP. Data are presented as the means+S.E.M. (n=8-10). ***P <0.0001, ***P <0.001,

#P <0.01 vs. vehicle-injected mice (WT EtOH), and ****P <0.0001, *P <0.05 vs. TNBS-injected mice (WT
TNBS).

CD206, was significantly increased, although arginase-1 expression was unchanged (Fig. 5c-f). Furthermore,
the upregulation of TNFa, IL-1p, IL-12, IL-23 and CXCL2 mRNA expression was decreased in PAD2KO mouse-
derived macrophages (Fig. 5g-k). Taken together, PAD2 deficiency in macrophages may decrease the number of
M1 macrophages, which in turn reduces the expression of inflammatory cytokines and chemokines.

Discussion

ETs are involved in several inflammatory diseases, and citrullination of histones is an important factor in
the induction of ETs. In this study, we investigated the role of PAD2, a key enzyme in citrullination, and its
involvement in ET formation in IBD, using a TNBS-induced murine colitis model. To clarify the importance of
PAD?2 in the immune responses in this colitis model, we generated PAD2KO mice. Our results demonstrated
alleviated pathogenesis of TNBS-induced colitis in PAD2KO mice through suppression of immune responses,
particularly macrophage activity.

Activated neutrophils and macrophages are known to infiltrate the intestinal mucosa in IBD, including
ulcerative colitis and Crohn’s disease, and neutrophils are known to induce NETs*”. NETs exert antibacterial
effects and are induced in various chronic inflammatory diseases; they are thus believed to be involved in
inflammatory signaling pathways including immune responses. NET induction contributes to IBD pathogenesis
by impairing the intestinal epithelial barrier®, and induce thrombus formation with IBD?!. Accordingly, NETs
may also play a role in the pathogenesis and secondary effects of IBD. We previously reported that NETs mediated
by PAD4 activity were involved in the pathogenesis of experimental colitis*’. In the present study, we observed
that NETSs as well as METs were induced in TNBS-induced colitis, suggesting that macrophages also induce ETs
in the excessive immune response in the intestinal environment, such as IBD. Additionally, as METs are similar
to the DNA released by NET induction®®, treatment with DNase I, known to be a NETs inhibitor and suppressed
in experimental colitis®>?’, may also ameliorate colitis by inhibiting METs in this colitis model.
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Fig. 3. ETs and METs induction in TNBS-induced colitis in PAD2KO mice. (a) Extracellular traps (ETs) were
evaluated by immunobhistological co-staining with anti-myeloperoxidase (MPO; green), anti-citrullinated
histone H3 (Citrullinated H3; red), and Hoechst33258 (DNA; blue) in colon tissues of vehicle (30% ethanol)-,
or TNBS-injected WT and PAD2KO mice. (¢) Macrophage extracellular traps (METs) were evaluated by
immunohistological co-staining with anti-F4/80 (F4/80; green), anti-citrullinated histone H3 (Citrullinated
H3; red), and Hoechst33258 (DNA; blue) in colon tissues of vehicle (30% ethanol)-, or TNBS-injected WT
and PAD2KO mice. The quantity of ETs (b) and METs (d) were determined as the area of MPO-positive,
Citrullinated H3-positive, and DNA-positive sites (ETs) or F4/80-positive, Citrullinated H3-positive,

and DNA-positive sites (METs) per colon tissue area in the image, respectively. Data are presented as the
means+S.E.M. (n=6). P <0.0001, **P <0.001 vs. vehicle-injected mice (WT EtOH), and ***P <0.0001,

***P <0.001 vs. TNBS-injected mice (WT TNBS).
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Fig. 4. Evaluation of NETs and METs in intraperitoneal macrophages from WT and PAD2KO mice. NETs and
METs are induced by treatment with 10 uM A23187 (Ca ionophore) and 10 pM PMA (phorbol 12-myristate
13-acetate) for 4 h in intraperitoneal neutrophils and macrophages derived from WT mice. (a) Extracellular
DNA was stained using SYTOX Green. (b—d) NETs and METs induced in neutrophils and macrophages
derived from WT mice or PAD2KO mice were evaluated by immunofluorescence co-staining with anti-
myeloperoxidase (MPO; green), anti-citrullinated histone H3 (Citrullinated H3; red), and Hoechst33258
(DNA; blue). Scale bar is 200 pm. Data are presented as the means+S.E.M. (n=4).

PAD?2 is widely distributed in mammals and is expressed in hematopoietic cells such as macrophages and T
cells?>3, as well as in the central nervous system***!, spleen*?, and liver®’. Some studies have demonstrated that
PAD2-mediated citrullination contributes to the differentiation of oligodendrocytes and T cells*»*>, fibrosis®’,
and secretion of IgM and IgA by citrullinated MZB1 in B cells*®. Moreover, MET induction requires PAD2 and
is suppressed by PAD2 inhibitors'*?. However, in this study, ET induction was not decreased in PAD2KO-
derived macrophages and neutrophils. TNBS may induce ROSY, and the treatment with PMA is known to
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Fig. 5. Macrophage polarization and inflammatory mediator expression in intraperitoneal macrophages
derived from PAD2KO mice. (a,b) Macrophage polarization was determined using flow cytometry.
CD11b-positive and F4/80-positive cells were sorted from the live cells in the population of intraperitoneal
macrophages, and M1 and M2 macrophages were then determined by CD80-positive cells (M1) or CD163-
positive cells (M2) from the sorted population. (c) CD86, (d) iNOS, (e) CD206, (f) arginiase-1 (Arg-1), (g)
TNEFaq, (h) IL-1p, (i) IL-12, (j) IL-23, and (k) CXCL2 mRNA expression were determined using qRT-PCR in
unstimulated intraperitoneal macrophages from WT and PAD2KO mice, and mRNA levels were normalized to
TBP. Data are presented as the means+S.E.M. (n=7-8). ***P <0.0001, **P <0.01 vs. WT macrophages.

induce NADPH oxidase (NOX)-dependent ETs, which involves ROS!*?3, Therefore, PAD2 may not be involved
in the induction of NOX-dependent METs and NETs similar to TNBS treatment. Additionally, PMA-induced
ETs were less induced in neutrophils than in macrophages in mice. It has been previously reported that PMA-
induced NETs are difficult to induce in neutrophils in mice*. In contrast, PMA-induced METs were induced
early, suggesting that the NOX-dependent pathway is important in METs. ET induction is a stepwise process,
and the key events may be chromatin decondensation!!, nuclear envelope rupture?’, and subsequent plasma
membrane breakdown®. In particular, the importance in chromatin decondensation of PAD4 as a key factor
in NET formation is understood because the inhibition of PAD4 activity results in an inability to induce NETs,
and the nuclear localization of PAD4 clearly explains its involvement in histone citrullination. Although PAD2
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has also been reported to be involved in the induction of ETs?, it is unlikely that PAD2 citrullinates histones
because it does not directly translocate into the nuclear. Further, PAD4 is expressed in macrophages and METs
are induced by PAD4 activity?®°l. PAD4 activity may have been involved in MET induction in this study, but the
details remain unclear. Overall, citrullination of PAD?2 is not essential for MET induction, and other factors such
as PAD4 or NOX activity may be involved in the induction of METs.

TNBS-induced colitis is an established CD-like colitis model with activation of Thl/Thl7-immune
responses™. In our previous study, the expression of inflammatory cytokines, Th1/Th17-related cytokines, and
chemokines, such as TNFa, IL-1B, IFNy, IL-12, IL-23 and CXCL2 were found to be increased in TNBS-induced
colitis tissue?”*’. In this study, we showed that the upregulation of these cytokines in TNBS-induced colitis was
prevented in PAD2KO mice. Furthermore, PAD?2 is reported to control the differentiation of naive Th cells into
Th17 by citrullinating the transcription factor RoryT*, suggesting that PAD2 can mediated the pathogenesis
of TNBS-induced colitis by regulating inflammatory cytokines and chemokines, as well as Th1/Th17-immune
responses.

Macrophage polarization plays important roles in IBD through maintaining homeostasis of intestinal
immunity®. M1 macrophages release various inflammatory cytokines, such as TNFa, IL-1pB, IL-12, and IL-
23, whereas M2 macrophages release anti-inflammatory cytokines, such as IL-10. The inflammatory cytokines
released by M1 macrophages exacerbate IBD, whereas M2 macrophages can suppress upregulated inflammation
and repair intestinal epithelial tissue injury associated with IBD pathogenesis****. Our results demonstrated
that most peritoneal macrophages were M1 macrophages and that inflammatory cytokines were increased;
however, PAD2KO mice-derived peritoneal macrophages showed significantly decreased M1 macrophages and
reduced inflammatory cytokines expression. As TNFa, IL-1p, IL-12, and IL-23 released from M1 macrophages
are involved in Th1/Thl7-immune responses and inflammatory cytokines and CXCL2 is involved in ET
induction®®333, the increased expression of various cytokines and ET induction observed in TNBS-induced
colitis may be attributed to the role of PAD2 in macrophages. Moreover, M2 macrophages tended to be enhanced
by PAD2 deficiency in this study. Stachowicz et al. also showed that PAD2 modulated the M2 phenotype in THP-
1 macrophage®®. Nuclear translocation of NF-kB is an important factor in inflammatory responses including
TLR4 signaling; interestingly, the nuclear translocation of NF-kB p65 is suppressed by inhibiting citrullination™.
Therefore, PAD2 is involved in the regulation of macrophage polarization, and PAD2 deficiency may suppress
M1 differentiation and reduce the expression of inflammatory cytokines in immune responses, contributing
to the amelioration of pathogenesis in TNBS-induced colitis. However, the proteins citrullinated by PAD2 and
their involvement in macrophage polarization remain unclear. Further studies are thus required to elucidate the
mechanisms underlying M1 and M2 macrophage differentiation induced by citrullination with PAD2 activity.

In conclusion, we demonstrated that the pathogenesis of TNBS-induced colitis in mice was ameliorated by
PAD2 inhibition. In this case, MET induction was suppressed along with the amelioration of pathogenesis. PAD2
inhibition did not directly suppress MET induction, but rather reduced the expression of inflammatory cytokines,
including Th1/Th17-related cytokines, by controlling the M1/M2 differentiation of macrophages. Overall, this
study clarifies part of the pathogenic mechanisms of IBD and demonstrates the importance of macrophage
function via citrullination by PAD2 activity through a mechanism other than ET induction. Furthermore, we
believe that the citrullination of proteins mediated by PAD4, which is involved in the ET-dependent pathway,
and PAD2, which is involved in the ET-independent pathway, will lead to new IBD therapeutic strategies in the
future.

Data availability
All data supporting the findings during this study are included in this published article. The authors will provide
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