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1 | INTRODUCTION

Antineutrophil cytoplasmic antibody (ANCA)-associated vasculi-
tis (AAV) is a systemic small-vessel vasculitis characterized by the

Abstract

Antineutrophil cytoplasmic antibody (ANCA)-associated vasculitis (AAV) is a systemic au-
toimmune disease characterized by small-vessel inflammation and the presence of ANCAs,
which primarily target myeloperoxidase (MPO) and proteinase 3. Propylthiouracil (PTU),
an antithyroid drug, is known as a causative drug of MPO-AAV. PTU induces the forma-
tion of DNase I-resistant neutrophil extracellular traps (NETs), which act as autoantigen
sources and trigger the production of MPO-ANCAs. Although a rat model of PTU-induced
AAV has been established, previous attempts to develop a corresponding mouse model
have failed to replicate its histopathological features. In this study, we developed a novel
murine model of PTU-induced AAV by enhancing neutrophil recruitment through intra-
peritoneal injection of thioglycolate, followed by intraperitoneal administration of phorbol
12-myristate 13-acetate and PTU to induce DNase I-resistant NETs. Freund's complete
adjuvant was coadministered intradermally to amplify the immune response. This protocol
resulted in abundant NET deposition in peritoneal tissues, elevated MPO-ANCA levels,
and the development of pauci-immune glomerular lesions that closely resembled those
observed in human AAV. Furthermore, a modified enzyme-linked immunosorbent assay
(ELISA) reliably quantified murine MPO-ANCA levels. Thus, we established a novel murine
model of PTU-induced AAV that recapitulates both the serological and histopathological
features of the human disease. This model provides a valuable platform for investigating

disease mechanisms, including NETs- and ANCA-mediated AAV pathogenesis.
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presence of ANCAs targeting neutrophil cytoplasmic antigens,

such as myeloperoxidase (MPQO) and proteinase 3 (PR3). These

autoantibodies contribute to the pathogenesis of AAV by activat-
ing neutrophils, leading to the release of reactive oxygen species
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(ROS) and neutrophil extracellular traps (NETs), which, in turn,
damage vascular endothelial cells and promote inflammation.!

NETs are composed of DNA and bactericidal proteins such as MPO
and neutrophil elastase and play a dual role in both host defense and
autoimmunity.? Although essential for pathogen clearance, excessive or
persistent NETs have been implicated in autoimmune diseases, includ-
ing AAV. Under physiological conditions, NETs are degraded by the en-
dogenous enzyme DNase | to limit NET-mediated damage. However,
DNase I-resistant NETs have been observed in patients with AAV and
are thought to contribute to ANCA production and tissue injury.*

Certain drugs, including antithyroid drugs—particularly propylthioura-
cil (PTU)—can induce AAV.> Approximately 10%-30% of patients treated
with PTU develop ANCA positivity, and a subset of these patients develop
AAV. PTU induces the formation of morphologically abnormal and DNase
I-resistant NETs that act as autoantigen sources, thereby triggering MPO-
ANCA production.® A rat model of PTU-induced AAV has demonstrated
the pathogenic role of these NETs.® However, rat models have intrinsic lim-
itations, most notably the restricted availability of genetic tools compared
to mice, which limits detailed mechanistic studies. Previous attempts to
overcome these limitations by establishing a corresponding mouse model
have failed to reproduce the characteristic histopathological features of
AAV, despite the induction of MPO-ANCA production.”

A major limitation of previous mouse models was the inconsistent
formation of DNase |-resistant NETs, partly attributable to variability in
PTU intake when administered via drinking water, and the drug's short
half-life (1-2h). Additionally, the timing of PTU and phorbol 12-myristate
13-acetate (PMA) administration was not optimized to support NET
formation. To address these issues, we developed a protocol involving
thioglycolate-induced peritonitis to recruit neutrophils, followed by intra-
peritoneal administration of PMA and PTU at a defined time point. Freund's
complete adjuvant (FCA) was also used to enhance the immune response,
and the treatment was repeated weekly to sustain NET formation.

In this study, we aimed to establish a mouse model of PTU-
induced AAV that recapitulates both the serological and histo-
pathological features of the disease, with a particular focus on the
formation of DNase I-resistant NETs.

2 | MATERIALS AND METHODS

2.1 | Establishment of a PTU-induced AAV
mouse model

Seventeen-week-old female BALB/c mice were randomly assigned
to four groups (n=3 per group): PMA group, PMA+PTU group,
PMA+FCA group, and PMA+PTU+FCA group. To induce sterile
peritonitis and recruit neutrophils, each mouse received an intra-
peritoneal injection of 3% thioglycolate. Neutrophil infiltration into
the peritoneal cavity peaks approximately 4h after injection,® at
which time PMA (20 nmol/L, Sigma-Aldrich, St. Louis, MO, USA) and
PTU (20 pmol/L, Sigma-Aldrich) were administered intraperitoneally
to promote DNase I-resistant NET formation. FCA was injected in-
tradermally to enhance the immune response. These treatments

were repeated weekly at days O, 7, 14, and 21 (Figure S1).

On day 28, blood samples were collected via tail vein incision for
serological analysis. Plasma was separated from heparinized blood
and stored at -80°C until use. All mice were anesthetized with iso-
flurane and euthanized by cervical dislocation on day 28. Systemic
organs were harvested and fixed in formalin for histopathological
evaluation. In addition, one kidney from each mouse was snap-
frozen for immunofluorescence staining to assess immunoglobulin
G (IgG) deposition.

2.2 | Immunofluorescent staining for NETs

To evaluate NET formation in the peritoneal cavity, peritoneal
tissue adjacent to the pancreas and spleen was harvested, corre-
sponding to the mesothelial cell layers surrounding these organs.
Paraffin-embedded sections were subjected to immunofluores-
cence staining for NET markers. Antigen retrieval was performed
by heating tissue sections at 121°C for 20 min in Tris-EDTA buffer
(pH9.0). After blocking with Protein Block Serum-Free Solution
(Dako, Glostrup, Denmark) for 10min, the sections were incu-
bated overnight at 4°C with goat antihuman MPO antibody (1:100;
R&D Systems, Minneapolis, MN, USA). After washing, a rabbit
anticitrullinated histone H3 (Cit-H3) antibody (1:400; Abcam,
Cambridge, UK) was applied for 60min at room temperature.
Alexa Fluor 488-conjugated donkey antigoat IgG antibody (1:500;
Abcam) and Alexa Fluor 594-conjugated antirabbit 1gG antibody
(1:500; Abcam) were then added for 60min at room tempera-
ture in the dark. Autofluorescence was suppressed using Vector
TrueVIEW (Vector Laboratories, Newark, CA, USA), and sections
were mounted with VECTASHIELD mounting medium containing
4',6-diamidino-2-phenylindole (DAPI; Vector Laboratories) before
observation under a fluorescence microscope. Owing to the dif-
ficulty in tissue collection, quantitative assessment of NET deposi-
tion across the entire peritoneal cavity was not feasible, which is a
limitation of the study. Nevertheless, all available peritoneal tissue
within each histological section was evaluated, and a semiquan-
titative analysis was performed by counting NET-positive sites in

the peritoneal tissue.

2.3 | Measurement of mouse MPO-ANCA

Mouse MPO-ANCA levels were measured using a commercial
enzyme-linked immunosorbent assay (ELISA) kit (MPO-ANCA
ELISA Kit, #CSB-E08676m, Cusabio, Houston, TX, USA). Initially,
measurements were performed according to the manufacturer's
instructions. Briefly, standards or plasma samples were sequen-
tially incubated with biotin-conjugated MPO, horseradish peroxi-
dase (HRP)-conjugated avidin, and 3,3',5,5'-tetramethylbenzidine
substrate, with appropriate washing steps between each incuba-
tion. The enzymatic reaction was terminated using a stop solution,
and absorbance was measured at 450nm using a Varioskan LUX
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Multimode Microplate Reader (Thermo Fisher Scientific, Waltham,
MA, USA).

To improve detection sensitivity, the protocol was modified
by introducing a blocking step using 3% skim milk in phosphate-
buffered saline (PBS) containing 0.05% Tween-20 for 1h at room
temperature. Additionally, the biotin-conjugated MPO and HRP-
conjugated avidin steps were replaced with HRP-conjugated an-
timouse 1gG antibodies (polyclonal; 1:5000 dilution; SeraCare,
Milford, MA, USA) and incubated for 1h at 37°C. Absorbance was
measured at 450nm. Plasma from untreated 14-week-old BALB/c
mice was used as a negative control, and plasma from spontaneous
(SCG/Kj)  mice

(6-14 weeks old), which develop crescentic glomerulonephritis and

crescentic-glomerulonephritis-forming/Kinjoh

systemic vasculitis with ANCA production,”® was used as a posi-

tive control.

2.4 | Histopathological analysis of the kidneys

Paraffin-embedded kidney tissues were sectioned at 2 or 4pm
thickness for histopathological analysis. Sections were stained
with hematoxylin and eosin (HE), periodic acid-Schiff (PAS), and
periodic acid-methenamine silver (PAM). All glomeruli present in
each section were evaluated. Glomeruli were classified as affected
if they showed necrosis, crescent formation, or extracapillary pro-
liferative or exudative lesions. Crescent formation was defined as
the presence of more than three layers of cells along the Bowman
capsule. Extracapillary proliferative lesions were identified as ab-
normal cellular proliferation located outside the glomerular capil-
lary tuft but within the Bowman capsule. Glomerular necrosis was
characterized by the absence of viable nuclei and disruption of the
glomerular architecture. The glomerular lesion rate was calculated
as the percentage of affected glomeruli relative to the total num-

ber examined.

2.5 | Immunofluorescence staining for IgG

Frozen kidney tissues were sectioned at 6 um thickness and fixed
in cold acetone for 5min. After blocking with Protein Block Serum-
Free solution for 10min, the sections were incubated in the dark at
room temperature for 60 min with Alexa Fluor 488-conjugated goat
antimouse 1gG antibody (1:500 dilution; Abcam). Slides were then
mounted with VECTASHIELD mounting medium containing DAPI

and examined using a fluorescence microscope.

2.6 | Statistical analysis

Statistical analyses were performed using BellCurve for Excel (Social
Survey Research Information Co., Ltd., Tokyo, Japan). One-way
analysis of variance (ANOVA) was used for parametric compari-
sons among multiple groups, followed by Dunnett's post-hoc test to
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compare each group with the control. Student's t-test was applied

for parametric comparisons between two groups. A p-value <0.05

was considered statistically significant.

3 | RESULTS

3.1 | DNase I-resistant NET deposition in
peritoneal tissues

DNase I-resistant NETs, which play a central role in ANCA produc-
tion, were induced in the peritoneal cavity by administering 3% thio-
glycolate, followed by treatment with PMA and PTU. NET deposition
in peritoneal tissues was then evaluated. Abundant NETs were ob-
served in mice treated with PMA+PTU+FCA, as demonstrated by
the colocalization of the NET markers Cit-H3, MPO, and DNA, with a
significantly greater number of NET-positive sites than in any of the
three control groups (Figure 1A,B).

3.2 | Elevated MPO-ANCA levels in a newly
established mouse model of PTU-induced AAV

To establish a reliable method for detecting murine MPO-ANCA,
we first evaluated a commercially available ELISA kit using plasma
from SCG/Kj mice as a positive control. Although the standard pro-
tocol yielded a valid calibration curve, MPO-ANCA levels in SCG/K]
mouse plasma remained below the detection threshold (Figure S2A).
We therefore modified the protocol as described in the Materials
and Methods section. The revised protocol produced high absorb-
ance values in SCG/Kj mouse plasma, with age-dependent increases,
whereas BALB/c mouse plasma (negative control) showed minimal
reactivity (Figure S2B,C). A schematic overview of the modified
ELISA is shown in Figure S2D. Using this optimized protocol, we de-
tected elevated MPO-ANCA levels in the PMA+PTU+FCA-treated
mice (Figure 1C).

3.3 | Development of glomerular lesions in the
mouse model of PTU-induced AAV

Histological analysis of kidney tissues was performed to assess
glomerular injury. Representative glomerular histopathology
showed focal abnormalities, predominantly extracapillary prolif-
eration, together with exudative changes, necrosis, and crescent
formation in the PMA+PTU+FCA-treated group, whereas con-
trol groups appeared normal (Figure 1D,E). PAS-positive staining
was observed in necrotic lesions of the glomeruli. To distinguish
these lesions from immune complex-mediated glomerular injury,
IgG deposition was evaluated (Figure 1F). For this purpose, SCG/
Kj mice, which possess the Ipr mutation and display a lupus pheno-
type, were used as a positive control. These mice exhibited strong
glomerular IgG deposition. In contrast, PMA+PTU+FCA-treated
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FIGURE 1 Pathological and immunological features of the propylthiouracil (PTU)-induced antineutrophil cytoplasmic antibody (ANCA)-
associated vasculitis (AAV) mouse model. (A) Immunofluorescence detection of DNase I-resistant neutrophil extracellular traps (NETs) in
peritoneal tissues. Red: Citrullinated histone H3 (Cit-H3, a marker of NET formation); green: Myeloperoxidase (MPO, a neutrophil enzyme);
blue: DNA (DAPI staining). Scale bar: 50pum. Inset: Higher magnification of the boxed area showing Cit-H3 staining. (B) The number of NET-
positive sites in peritoneal tissue. *p <0.05. (C) Plasma MPO-ANCA levels on day 28. *p <0.05. In the PMA+FCA-treated and PMA+PTU+FCA-
treated groups, one mouse in each group died during anesthesia at the final sampling. Therefore, blood sufficient for the ANCA assessment
could not be obtained. (D) Representative glomerular histopathology in each group based on hematoxylin and eosin (HE) staining. Scale bar:
50pum. (E) Glomerular lesions in the PMA+PTU+FCA group. From left to right: Crescent formation (periodic acid-methenamine silver [PAM]
staining); Necrosis (periodic acid-Schiff [PAS] staining); Extracapillary proliferation (PAS staining); Exudative changes (PAS staining). Scale bar:
50 pm. (F) Immunoglobulin (IgG) deposition in the glomeruli of SCG/Kj mouse (14 weeks olds; positive control) and the PMA+PTU+FCA-treated
group. Scale bar: 50 um. (G) Proportion of affected glomeruli. *p<0.05, **p<0.01.
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mice showed only weak IgG signals, consistent with the pauci-
immune pattern characteristic of human AAV. The frequency of
glomerular lesions was significantly higher in the PMA+PTU+FCA
group compared to controls (Figure 1G). However, when immuno-
fluorescence staining for NETs was performed on kidney sections,
Cit-H3 positivity was not detected in any group (data not shown),
suggesting that renal NETs may be transient and difficult to detect

histologically in this model.

3.4 | Pathological finding of the lungs and
other organs

Pulmonary lesions, including alveolar hemorrhage and granuloma
formation, were observed in the FCA-treated groups, including the
PMA+FCA-treated and PMA+PTU+FCA-treated groups (Figure S3).
These groups also exhibited increased background cellularity in
the lung. In contrast, the FCA-nontreated groups, including PMA-
treated and PMA+PTU-treated groups, showed normal lung histol-
ogy. Apart from splenomegaly observed in the FCA-treated groups,
no remarkable pathological findings were noted in other organs

(data not shown).

4 | DISCUSSION AND CONCLUSION

In this study, we established a novel mouse model of PTU-induced
AAV that reproduces both serological and histopathological
features of the disease. By enhancing neutrophil recruitment
with thioglycolate and promoting DNase |-resistant NET forma-
tion through PMA and PTU administration, combined with FCA
inoculation, we achieved sustained NET formation and robust
autoimmune activation. This protocol led to the production of
MPO-ANCA and the development of pauci-immune glomerular le-
sions, closely resembling the renal pathology observed in human
AAV.

Importantly, this model exhibits organ involvement and recapit-
ulates the process by which MPO-ANCA production leads to the
onset of vasculitis, similar to human AAV. Thus, it may serve as a
valuable platform for investigating disease mechanisms and evalu-
ating therapeutic intervention. Although chronological assessment
of ANCA titers was not performed in this study, future work will
address this limitation to better characterize the disease progression
mechanisms of AAV.

In PTU-induced AAV, multiple autoantibodies, including PR3-
ANCA, are not rarely produced in addition to MPO-ANCA.'*12 |n
the present study, however, we measured solely MPO-ANCA and
did not evaluate other relevant autoantibodies. Assessment of a
broader autoantibody profile will further enhance a more compre-
hensive understanding of drug-induced AAV.

The abundant NETs observed in peritoneal tissues suggest that
persistent DNase |-resistant NETs may play a central role in break-
ing immune tolerance and initiating MPO-ANCA production. This
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finding aligns with the proposed self-amplifying cascade of AAYV, in
which MPO-ANCA-mediated neutrophil activation leads to further

NET release and endothelial damage.

Interestingly, NETs were not detected in kidney tissues, suggest-
ing that their presence in the kidney may be transient and difficult
to capture histologically in this model. This contrasts with human
AAV, where NETs have been reported in renal biopsies.!® In addi-
tion, glomerular lesions such as extracapillary proliferative changes,
exudative changes, crescent formation, and necrosis were observed,
with extracapillary proliferation being the predominant finding in
this model. In contrast, crescentic lesions are typically more promi-
nent in human AAV. Kidney injury and renal NET deposition in other
AAV models are generally milder than those in human AAV,'*!°
which may reflect differences in immune cell composition and im-
mune responses between species. Future studies incorporating
chronological analyses and more sensitive NET detection methods
will be necessary to clarify the dynamics of renal NET formation and
its contribution to disease progression.

Pulmonary lesions, including alveolar hemorrhage and granu-
lomatous changes, were observed in the PMA+PTU+FCA-treated
group, and similar findings were also present in the PMA+FCA-
treated group. Because these findings were absent in the PMA-
treated or PMA+PTU-treated group, granuloma formation with
bleeding may be attributable to the strong innate immune activation
induced by FCA.

A recent report has shown that in murine AAV models, gran-
ulomas are developed in the lungs when intratracheal lipopoly-
saccharide (LPS) priming is combined with repeated MPO-ANCA
administration,’® whereas other AAV models, including passive
and active models, typically exhibited only diffuse alveolar hemor-
rhage and necrotizing glomerulonephritis without granulomas.*” In
our model, repeated exposure to antigenic stimulation (PMA/PTU)
together with FCA may similarly amplify immune activation, poten-
tially contributing to the development of granulomatous lesions.
These findings collectively support the notion that granuloma for-
mation in murine AAV models requires not only strong innate and
antigen-driven immune activation but also repeated exposure to
such stimuli.

In addition to granulomatous lesions, the FCA-treated groups
exhibited increased background cellularity in the lungs, which is
consistent with previous reports showing that FCA alone can induce
pulmonary inflammation accompanied by inflammatory cell infiltra-
tion.Y” However, because an FCA-alone group was not included in
this study, we cannot exclude the possibility that PMA influenced
on the FCA-associated pathology. Future studies using an alterna-
tive adjuvant that does not induce granuloma formation should be
considered to better evaluate disease-specific pulmonary pathology.

Compared to previous PTU-induced models and the PMA+PTU-
treated group, the PMA+PTU+FCA-treated group induced not only
MPO-ANCA production and NET formation but also glomerular le-
sions. Although FCA, LPS, and pertussis toxin were tested in this
study as additional stimuli to enhance AAV phenotype, MPO-ANCA
production and glomerular lesions occurred only in the FCA-treated
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group (data not shown). These findings highlight the critical role of
FCA in amplifying the autoimmune response.

To facilitate serological evaluation, we modified a commer-
cially available ELISA kit to enable reliable quantification of murine
MPO-ANCA. By replacing the original detection reagent with HRP-
conjugated antimouse IgG polyclonal antibodies, we improved assay
sensitivity and successfully detected age-dependent elevations of
MPO-ANCA in SCG/Kj mouse plasma and in our newly developed
model. Although the modified protocol was incompatible with the
kit's standard substances—likely owing to species mismatch—this
approach offers a practical solution for standardizing MPO-ANCA
measurements in murine models.

Several limitations should be acknowledged, highlighting areas
for future improvement. The primary limitation of this study is the
small sample size, which constrains statistical power and general-
izability of our conclusions, as this was a preliminary study. Large
cohorts will be required to confirm these findings and strengthen
statistical validity. Second, this model primarily reflects renal in-
volvement and does not fully replicate systemic manifestations.
Because FCA induces strong local and systemic inflammatory re-
sponses—including pulmonary inflammation and granulomatous
reactions—the pulmonary lesions observed in our study (alveo-
lar hemorrhage and granuloma formation) cannot be clearly dis-
tinguished from FCA-associated pathology. These FCA-induced
effects may therefore mask disease-specific pulmonary manifes-
tations. In addition, the use of FCA may not accurately reflect
natural disease triggers in humans. Alternative adjuvants should
be considered to better evaluate pulmonary pathology. Third, al-
though crescent formation is a hallmark of glomerular injury in
human AAV, the predominant lesion observed in this model was
extracapillary proliferative change. Finally, although the modified
ELISA improves MPO-ANCA detection in mice, further validation
is required to ensure reproducibility and compatibility with stan-
dardized reagents. Collectively, these limitations underscore the
need for future studies to refine the model and enhance its trans-
lational relevance.

In conclusion, our PTU-induced AAV mouse model provides a
valuable platform for investigating the immunopathogenesis of
AAYV, particularly the role of NETs in ANCA production and vas-
culitis development. Future improvements should aim to expand
organ involvement, explore alternative immunostimulants, and im-
prove assay standardization to enhance the model's translational

relevance.
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