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We aimed to elucidate the mechanism of how peptidylarginine deiminase 4 (PAD4) attenuates 

arthritis as shown in a collagen-induced arthritis (CIA) model using a DBA/1 strain previously. 

However, we needed to establish a better arthritis model using the C57BL/6 strain because our 

laboratory’s PAD4 knockout mice were on the C57BL/6 background. As reported from 

substantial laboratories, the incidence of arthritis in the CIA model on the C57BL/6 background 

is relatively poor and unstable. We tried and failed to induce arthritis using C57BL/6 mice. In 

addition, some of them had severe tail lesions that led to the necessity of euthanasia.  

To establish an appropriate arthritis model 

to evaluate NETosis 

We used 3 types of arthritis models in the 

C57BL/6 strain, fundamentally based on the 

CIA model (Figure 1). We could not induce 

arthritis using Model A at all (0%) in the 

C57BL/6 mouse strain. Meanwhile, we had a 

50% incidence rate of arthritis using Model B 

in the C57BL/6 mouse strain (Figure 2). 

Complications with this model, including tail 

lesions, are within tolerance. However, nearly 

50% of the mice died of lipopolysaccharide 

(LPS) injection (Model C). Therefore, we 
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Figure 1. Arthritis models in C57BL/6 mouse strain. CII: type II 

collagen, CFA: complete Freund’s adjuvant, IFA: incomplete 

Freund’s adjuvant, G-CSF: granulocyte colony-stimulating 

factor, LPS: lipopolysaccharide. 
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Figure 6. Plasma double-stranded DNA (dsDNA) levels in Padi4-/- and 

Padi4+/+ 12 hours and 48 hours after the injection of type 2 collagen 

(CII) and complete Freund’s adjuvant (CFA). NS: no significance. 

Figure 5. Left panel: NETs in peripheral blood of arthritis model 

mouse (arrow). Right panel: Peripheral blood of untreated mouse. 

Citrullinated histone 4: green, Ly-6G: red, DNA: blue. 

 

Figure 3. Incidence of arthritis in Padi4-/- and Padi4+/+.  

Figure 4. Left panel: NETs in proliferated synovial tissue on joint 

surface (S and arrows). Arrows indicate proliferated synovial tissue 

with NETs (citrullinated histone 4: green, Ly-6G: red, DNA: blue). 

B: bone. Right panel: Normal joint space without arthritis. 

decided to use Model B in the following experiments.  

We hypothesized that because PAD4 plays a critical role in 

neutrophil extracellular traps (NETs) and the associated cell 

death (NETosis), reduced NETs and NETosis cause the 

attenuated arthritis in PAD4 knockout mice. To verify our 

hypothesis, we used Model B in Padi4+/+ and Padi4-/- mice in 

C57BL/6 background.  

 

Arthritis incidence in Padi4-/- and wild type (Padi4+/+) 

Padi4+/+ mice had a 50% incidence of arthritis. Meanwhile 

Padi4-/- mice had no arthritis incidence (Figure 3), which was 

statistically significant (p= 0.0331). Based on this result, we 

assumed that PAD4 plays a critical role in arthritis, especially 

in the association with neutrophil function, including NETosis, 

or citrullination of proteins.  

 

NETs are released in an arthritic joint and peripheral blood 

We stained joint tissue with proliferated 

synovial tissue of Model B in the C57BL/6 

mouse strain at day 56 by citrullinated histone 

4 (H4cit, the marker of NETs) and Ly-6G (the 

marker of neutrophils) and found lesions 

positive for both H4cit and Ly-6G on the joint 

surface (Figure 4). In addition, we found 

released DNA with H4cit from peripheral 

blood (Figure 5). These findings suggested the 

existence of NETs in joint space and 

peripheral blood. Thus, we thought Model B is 

a preferable arthritis model in the C57BL/6 

strain to see the contribution of NETs to the 

pathophysiology of arthritis.  

 

No differences of NETosis marker levels in 

plasma between Padi4-/- and Padi4+/+ 

To confirm the existence of NETosis in this 

model, we attempted to detect NETosis 

markers in serum and plasma. 

Double-stranded DNA (dsDNA) is known as 

a marker of NETosis because NETs contain dsDNA 

released from neutrophils. We measured dsDNA in plasma 

12 hours and 48 hours after the injection of type 2 

collagen (CII) and complete Fruend’s adjuvant (CFA). 

Levels of dsDNA increased by up to 20% 12 hours after 

the injection of CII and CFA in both groups. However, 

there were no significant differences in the two groups 

(Figure 6). We also compared levels of dsDNA in plasma 

at days 7, 20, 25, 42, and 56, and there were no differences 

between the two groups (data are not shown).  
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Figure 2. Arthritis incidence of Model B (n=12). 



Figure 7. Plasma citrullinated histone 4 (H4cit) in Padi4-/- 

and Padi4+/+ 12 hours after the injection of type 2 collagen 

(CII) and complete Freund’s adjuvant (CFA). Pos.(positive 

control): recombinant H4cit; Neg.(negative control): plasma 

from an untreated mouse. 

Figure 8. Serum anti-collagen antibody of Padi4-/- 

and Padi4+/+ at day 56. O.D.: optical density. 

Figure 9. Anti-H4cit antibody and anti-native H4 antibody in 

Padi4+/+ (upper panel) and in Padi4-/- (lower panel) at day 

56. H4cit: citrullinated histone 4, αH4cit: anti-H4cit antibody 

(Millipore, 1:500 dilution), Untr: Serum of an untreated 

mouse as negative control (serum at day 0), #: identification 

number of mouse for each genotype.  

Citrullinated histone 4 (H4cit) is also known as a marker of 

NETosis because the citrullination of histone 4 cause 

chromatin decondensation and enable neutrophils to release 

DNA-containing NETs into the extracellular space. We tried to 

detect H4cit in plasma 12 hours after the injection of CII and 

CFA by Western blot (Figure 7). However, we could not detect 

H4cit in either Padi4-/- or Padi4+/+. We also examined H4cit in 

plasma 48 hours after the injection of CII and CFA, at days 7, 

20, 25, 42, and 56, and we could not detect H4cit 

(data are not shown).  

 

The different levels of serum anti-collagen 

antibody between Padi4-/- and Padi4+/+ 

Anti-collagen antibody is pathogenic in CIA models. 

We measured serum levels of anti-collagen antibody at day 56. We found a significant 

difference between Padi4-/- and Padi4+/+ (Figure 8). We assumed 

that the difference in the incidence of arthritis is partially explained 

by the different levels of anti-collagen antibody.  

 

The different levels of serum anti-H4cit antibody between 

Padi4-/- and Padi4+/+ 

Anti-citrullinated protein antibodies (ACPAs), which are produced 

in response to citrullinated proteins, are detectable in the serum of 

two-thirds of RA patients. ACPAs are clinically important to 

predict subsequent clinical courses and progression of disease. 

Although the mechanism of ACPAs production is unknown, 

NETs are reported to be a source of citrullinated 

autoantigens. Therefore, we measured 

anti-H4cit antibody, one of the ACPAs, and 

anti-native H4 antibody in sera. We detected 

both anti-H4cit antibody and anti-native H4 

antibody in the sera of Padi4+/+. However, we 

did not detect anti-H4cit antibody in Padi4-/- 

(Figure 9). Therefore, we concluded that 

Padi4-/- had less anti-H4cit antibody in serum. 

Although anti-native H4 antibody can bind to 

H4cit, this concern was addressed properly by 

comparing the anti-H4cit antibody levels with 

anti-native H4 antibody.   

 

Based on these results, we assumed that 

NETosis could become the source of H4cit, and 

released H4cit could induce anti-H4cit antibody, 

one of the ACPAs, although we could not detect 

markers of NETosis. We could not confirm that 

the absence of NETosis in Padi4-/- induced 

attenuated arthritis directly. Therefore, we tried 

to examine the functions of Padi4 except for inducing NETosis. Previous reports have shown 

that Padi4-/- have lower levels of serum inflammatory cytokines, including tumor necrosis 
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Figure 10. IL-6 production of BMDM from Padi4+/+ 

and Padi4-/- in vitro. DMSO: dimethyl sulfoxide 

(solvent control), ns: no significance.  

 

factor and interleukin 6 (IL-6) in arthritis models. Because macrophage-lineage cells are the 

main producer of inflammatory cytokines, we hypothesized that macrophage-lineage cells of 

Padi4-/- have a reduced potential to invoke inflammation. This time, we focused on the ability 

of bone marrow–derived macrophages (BMDM) to produce IL-6.  

 

The different levels of IL-6 in supernatant of BMDM between Padi4-/- and Padi4+/+ 

We cultured BMDM of Padi4+/+ and Padi4-/- in vitro 

with macrophage colony-stimulating factor (MCSF, 

25ng/mL). We stimulated them with lipopolysaccharide 

(1ug/mL) for 4 hours and detected IL-6 in supernatant 

by an enzyme-linked immunosorbent assay (ELISA). In 

addition, we used chloramidine (Cl-amidine), a 

pan-PAD inhibitor, simultaneously. Padi4+/+ had higher 

levels of IL-6 in supernatant than those of Padi4-/-. 

Furthermore, Cl-amidine reduced IL-6 production not 

only in Padi4+/+ but also in Padi4-/- (Figure 10). These 

results suggested an additional function of Padi4 other 

than the induction of NETosis. In addition, it is 

suggested that Cl-amidine had additional effects to 

reduce IL-6 production in Padi4-/- and these effects 

assumed to be induced by other kinds of PAD, 

especially by PAD2. We sought to elucidate the 

mechanism of how PAD4 induced IL-6 and investigated 

the contributions of PAD4 to NF-κB and Jak2; both are 

known as the signal pathways to induce IL-6. However, 

we could not have any evidence of the citrullination of 

these proteins and could not elucidate the mechanism of 

how PAD4 and other PAD regulate the IL-6 production 

within the term of the fellowship. 

 

These results were presented at The Program in Cellular and Molecular Medicine (PCMM) 

Scientific Retreat in 2018 and 2019.   
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