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ABSTRACT

Background

Antineutrophil cytoplasmic antibody (ANCA) and neaghil interactions play important roles in

ANCA-associated glomerulonephritis (AAGN) pathogeeeHowever, mechanisms underlying the

pathogenesis of crescent formation in ANCA-assediatasculitis (AAV) have not been completely

elucidated. To ascertain the involvement of thesgeractions in necrotizing crescentic

glomerulonephritis (NCGN), we used an AAGN rat modad investigated the effects of the

anti-myeloperoxidase (MPO) antibody (Ab) titer, mmmecrosis factow (TNF-a), granulocyte

colony-stimulating factor (G-CSF), and subnephmtoig anti-GBM Abs, as pro-inflammatory

stimuli.

Methods

NCGN was induced in Wistar Kyoto rats by human MP®™PO) immunization. Renal function,

pathology, and glomerular cytokine and chemokingression were evaluated in hMPO-immunized

rats with/without several co-treatments (TMFG-CSF, or subnephritogenic anti-GBM Abs). Rat

neutrophils activation by IgG purified from rat ser in each group was examined in vitro.

Results

The hMPO-immunized rats had significantly higheseleof anti-hMPO Ab production. The induced

anti-hMPO Abs cross-reacted with TNF-or G-CSF-primed rat neutrophils secreting Tiknd

interleukin-3 in vitro. The reactivity of anti-MPO Abs againgit tMPO, crescent formation with
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neutrophil extracellular traps, and glomerular\aattd neutrophil infiltration in the rat model were

significantly enhanced by subnephritogenic anti-GBAb but not by TNFe or G-CSF

administration. The model rats injected with thersephritogenic anti-GBM Abs showed increased

urinary albumin excretion and serum TNFEXCL1, and CXCL2 levels. TNk; CXCL1, CXCL2,

and CXCLS8 increased in the glomeruli with signiht@amounts of crescent formation. In addition, in

vitro, activated neutrophils decreased CXCR1 an®€BX expressions.

Conclusions

The co-existence of subnephritogenic anti-GBM anttibs leads to the inflammatory environment in

glomeruli that is amplified by the interaction oNEA and neutrophils. Development of NCGN in

MPO-AAV may be necessary for not only the accunmaihadf neutrophils in glomeruli but also the

aberrant neutrophil activation on glomerulonepéuriti
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Short summary

Recent studies have indicated that the interactietsween ANCA and neutrophils are pathogenesis

of ANCA-associated vasculitis. We examined the lmement of these interactions in necrotizing

crescentic glomerulonephritis (NCGN) using a ratdelo We found thatthe presence of

subnephritogenic anti-GBM antibodies leads to tifeaimmatory environment in glomeruli that is

amplified by the interaction of ANCA and neutroghilThe aberrantly activated neutrophils on

glomerulonephritis were needed to develop NCGN.

Alphabetical list of abbreviations

Antineutrophil  cytoplasmic  antibody = (ANCA); ANCA-ssciated vasculitis  (AAV);

ANCA-associated glomerulonephritis (AAGN); anti-glerular basement membrane antibody

(anti-GBM ADb); blood urea nitrogen (BUN); creatirir{Cr); chemokine (C-X-C) ligand (CXCL);

CXC chemokine receptor (CXCR); ',4 6-diamidino-2-phenylindole (DAPI); fluorescein

isothiocyanate (FITC); granulocyte colony-stimulgti factor (G-CSF); human MPO (hMPO);

horseradish peroxidase (HRP); interleukih-1IL-1B); myeloperoxidase (MPO); necrotizing

crescentic glomerulonephritis (NCGN); neutrophitragellular traps (NETS); optical density (OD);
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INTRODUCTION

Antineutrophil cytoplasmic antibodies (ANCA) aret@antibodies found in the serum of

necrotizing vasculitis patients with few immune dsits; it predominantly affects small vessels. Its

major clinicopathological variants are granulometosith polyangiitis, microscopic polyangiitis,

and eosinophilic granulomatosis with polyangiitly.(These autoantibodies are mainly directed

against the antigens myeloperoxidase (MPO) or prase 3 in the primary granules of neutrophils.

Although two types of ANCA are associated with theee variants of ANCA-associated vasculitis

(AAV), the clinical manifestations caused by nemiog vasculitis, such as diffuse alveolar

hemorrhage or necrotizing crescentic glomerulongpi{NCGN), are shared among all variants of

AAV. Importantly, MPO-ANCA-positive patients withenal involvement have the worst survival

rates (2). However, underlying mechanisms of NC@Metbpment pathogenesis in MPO-AAV have

not been completely elucidated.

Several recent studies have implied that MPO-ANCikedlly causes NCGN by

cytokine-primed neutrophil activation (3—6). SeVvenaimal models have indicated that MPO-ANCA

is indeed pathogenic. Xiao et al. demonstrated #uai-MPO Abs raised by immunizing

MPO-deficient mice with murine MPO caused NCGN maitgection into wild-type mice (4). Little

et al. also demonstrated that Wistar Kyoto (WKY)srammunized with human MPO (hMPO)

developed Abs that cross-reacted with rat MPO amdsed pauci-immune NCGN, 8 weeks after

immunization (5). These models were based on tleelyation of Abs to MPO transferred or
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generated in rodents. However, the disease actwithese rodent models was relatively mild (7).

Similarly, in clinical research studies, controvarslata exist regarding ANCA pathogenicity; the

ANCA titers do not positively correlate with diseaactivity, and naturally occurring ANCA can be

detected in healthy individuals (8, 9). Interesiynglthough AAV is widely accepted as a systematic

disease, ANCA-positive renal-limited vasculitis ldso been reported (10). Therefore, we believe

that additional factors are involved in NCGN deyaieent in AAV.

Several studies have suggested that neutrophisgolamportant role in ANCA-associated

glomerulonephritis (AAGN) pathogenesis (11, 12)islivell known that MPO-ANCA can activate

neutrophils primed by proinflammatory cytokines¢lsuas tumor necrosis facter(TNF-o) (13, 14)

or granulocyte colony-stimulating factor (G-CSF»,(16), to release reactive oxygen species, lytic

proteases, and inflammatory cytokines. ANCA alstivates neutrophils by inducing a unique type

of neutrophil-related cell death characterized bg formation of neutrophil extracellular traps

(NETs). Several studies have indicated that NETsuodn patients with AAV and cause tissue

damage or capillary inflammation (17).

Conversely, anti-glomerular basement membrane @il (anti-GBM Abs) have been

used in the MPO-ANCA model to induce accumulatidnneutrophils, CD4 positive cells, and

macrophages (18). In addition, recent studies ltwraonstrated that subnephritogenic anti-GBM

Abs induced significant numbers of crescentic glarhén MPO-ANCA models (19, 20).

Hence, in this study, we used the experimental A&vmodel as previously described (5)
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via hMPO immunization and investigated the effettthe anti-MPO Ab titers, TNk G-CSF, and

subnephritogenic anti-GBM Abs on NCGN development.
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MATERIALSAND METHODS

Animals

We obtained inbred male WKY rats (Charles RiveralapKanagawa, Japan) weighing

approximately 100 g. The rats were housed undecifspgathogen-free conditions and were

allowed free access to food and water during theeement. The study protocol was approved by

the animal ethics review committee of Nippon Metigehool.

AAV Rat model

Experimental AAV was induced in WKY rats as repdrfgeviously (5, 14). Briefly, WKY

rats were immunized with purified hMPO (Elastin @rots Company, Inc., Owensville, MO, USA)

in complete Freund’s adjuvant (CFA) with the aduditiof killed Mycobacterium tuberculosis (4

mg/ml) (Chondrex Inc., Redmond, WA, USA) (n = 6 each group). The hMPO solution was

dissolved in phosphate-buffered saline (160, 32a, &0 pg/ml for immunization of rats with 400,

800, and 1600 pg/kg, respectively) and emulsifiath van equal volume of CFA (250 ul/rat,

respectively). Control rats (n = 6) were immunizeith ovalbumin (OVA) in an equal volume of

CFA. The hMPO- and OVA-sensitized rats also reai880 ng of pertussis toxin (List Biological

Laboratories Inc., Campbell, CA, USA) intraperitalig on days 0 and 2. All rats were sacrificed 8

weeks after hMPO immunization; blood, urine sampdesl tissues were obtained.
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Animal groups

To investigate the effects of the ANCA titers, TMF-G-CSF, and subnephritogenic

anti-GBM Ab on glomerular lesions, the present gtcdmprised two experiments (Table 1).

The first experiment examined the effects of thePltMdose. WKY rats were immunized

with various hMPO doses: (i) 400 pg/kg, (i) 800kgg (iii) 800 pg/kg prime/boost on day 28 (800

pno/kg x2), and (iv) 1,600 pg/kg.

In the second experiment for co-treatment studiats immunized with 1,600 pg/kg of

hMPO on day 0 were divided into three additiongdeximental groups: (iv) the hMPO-alone group,

in which hMPO-immunized rats did not receive anpetyof treatment; (v) the G-CSF group, in

which hMPO-immunized rats received 20 pg human G @Sowa Hakko Kirin, Co., Ltd., Tokyo,

Japan) subcutaneously on days 28-56 (21); (vi)TiNE-o. group, where hMPO-immunized rats

received 1.0 ug TNk-(Biolegend, San Diego, CA, USA) intravenously aysl 28, 35, 42, and 49

(22); and (vii) the anti-GBM Ab (hMPO) group, when®PO-immunized rats were intravenously

injected with 0.25 pg subnephritogenic anti-GBM Alrs day 28. Another group was added as a

control for the anti-GBM Ab (hMPO) group: (viii) ¢hanti-GBM Ab (OVA) group, in which

OVA-immunized rats were intravenously injected witl25 pg subnephritogenic anti-GBM Abs on

day 28.

Histological and immunohistochemical analyses

10
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For light microscopy examinations, renal tissuesrewéixed in 10% neutral-buffered
formalin and embedded in paraffin. Sections wellgesited to hematoxylin and eosin staining and
periodic acid-Schiff staining for histopathologicakamination. Naphthol AS-D chloroacetate
esterase staining was performed to detect infifigaheutrophils. According to the ISN/RPS 2003
classification of lupus nephritis, crescentic gloular lesions are defined by the presence of &t lea
two cell layers of proliferation in Bowman’'s spa23). The number of glomerular crescents is
expressed as the mean percentage of glomerulionetents in 50 glomeruli in each rat. Neutrophil
accumulation was quantified by the mean numberaphthol AS-D chloroacetate esterase-positive
cells per glomerulus in 50 glomerular cross-sestidvlicrovascular lung hemorrhage was visualized
by Perls’ Prussian blue staining for ferric iron.

In immunofluorescence studies, the glomerular déposof IgG and C3 were examined by
fluorescein isothiocyanate (FITC)-labeled goat-aatilgG Abs (MBL, Nagoya, Japan) and anti-rat
C3 Abs (ICN Pharmaceuticals, Bryan, OH, USA), retipely. NETs in the glomerular crescents
were assessed by direct immunofluorescence usiftir@-conjugated mouse anti-rat MPO Ab
(Novus Biologicals, Littleton, CO, USA) and ‘4 , 6-diamidino-2-phenylindole (DAPI)
(VECTASHIELD H-1200; Vector Laboratories, BurlingamCA, USA) as previously described (24,
25). The images of the NETs were acquired usingC& BPE confocal laser scanning microscope
with the LAS AF lite software program (Leica, WeizlGermany).

For electron microscopy examination, the kidnegueswas fixed in a 2.5% glutaraldehyde

11
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solution in phosphate buffer (pH 7.4) and postdixeith 1% osmium tetroxide and embedded in

Epok 812. Ultrathin sections were stained with ylacetate and lead citrate and examined with an

electron microscope (model H7100; Hitachi Corpkylm Japan).

Activation of bone marrow-derived cells by IgG purified from the AAV rat model

For isolating bone marrow cells, the femurs amhthé were removed from 4-8-week-old

WKY rats. The bone marrow was flushed out into avngetri dish with 10 ml of RPMI

supplemented with 10% fetal bovine serum. Contatimgeaerythrocytes were lysed, and the cells

were washed and resuspended in the culture medtunOax 107 cells/dish. After 5% CO2

incubation at 37°C for 1 h, floating cells wereleoted, density was regulated, and culture was

added to a 96-well plate at 2.5 x 106 cells/wehjch was replenished with 200 pL fresh culture

medium. Neutrophils and monocytes comprised >908% obtained by this method.

The bone marrow-derived cells were primed with TN ng/ml) or G-CSF (500 pg/ml),

incubated at 37°C for 30 min, and treated with u@dml of IgG purified from rat serum using a

protein G column (Protenova Co., Ltd., Tokushimepah). After incubation for 4 h at 37°C, the

culture supernatants for ELISA and cells for guatitie real-time PCR were collected. Analysis of

unstimulated cells provided baseline values (328%—

Quantification of anti-M PO Abs

12
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The hMPO Ab responses were evaluated by conveitiBhlSA. Briefly, hMPO (0.5

ug/ml) was coated on 96-well plates and left overhag 4°C; the wells were then blocked with 25%

Block Ace (DS PharmaBiomedical Co., Ltd., Osakaabg. After washing, the serum samples

(1:1,000) were incubated with hMPO at 4°C overnigind then incubated with horseradish

peroxidase (HRP)-conjugated goat anti-rat IgG Alb%,000) for 60 min at room temperature as the

secondary Ab. A tetramethylbenzidine substrate adibed and optical density (OD) was quantified

at 450 nm. Anti-hMPO Ab was detected in serial tibin of the rat serum at 8 weeks after

immunization.

To demonstrate that the induced anti-hMPO Abs ereasted with rat neutrophils, the

anti-rat MPO Abs were similarly measured by ELISZiefly, rat MPO (Hycult Biotechnology,

Uden, Netherlands) was coated at Qgml. The serum samples (1:100) were incubated°@t 4

overnight. HRP-conjugated goat anti-rat IgG Abs1{d00) were used for 60 min at room

temperature as the secondary Abs. A tetramethyitheez substrate was added, and OD was

guantified at 450 nm.

I ndirect immunofluorescence using rat serum

Abs against hMPO and rat MPO were detected by entinmunofluorescence on 4%

paraformaldehyde-fixed, Triton-X (0.5%)-permealatizrat leukocytes. These cells were blocked

with 5% bovine serum albumin, and then blocked wilte culture supernatant from

13
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hybridoma-producing anti-Fc-receptor Abs (clone G24 ATCC). The serum from the rats

immunized with hMPO alone was diluted 1:100, anéxal Fluor 594 donkey anti-rat 1gG (Life

Technologies, Inc., Carlsbad, CA, USA) was usedhassecondary Ab. The samples were also

examined under a confocal laser scanning microscope

I solation of rat glomeruli

Rats were decapitated under ether anesthesia dnéyls were collected. The glomeruli

were isolated by a differential sieving method a&saidibed previously (29, 30). Under light

microscopy, tubular contamination was <5%.

Real-time quantitative PCR

The mRNA expression of TNé&; interleukin (IL)-13, chemokine (C-X-C) ligand 1

(CXCL1), CXCL2, CXCL8, CXC chemokine receptor 1 (CR1), and CXCR2 was detected using

THUNDERBIRD SYBR gPCR Mix (TOYOBO, Osaka, Japan)séad on real-time detection of

accumulated fluorescence, according to manufacsuirestructions (ABI PRISM 7900HT; Applied

Biosystems, Carlsbad, CA, USA). The total RNA aiaded glomeruli or activating neutrophils were

extracted using ISOGEN (Nippon Gene, Tokyo, Japaegording to manufacturer’s protocol. cDNA

was synthesized using a High Capacity cDNA Revdmsmscription kit (Applied Biosystems),

according to manufacturer’s instructions. The saqas of the real-time PCR primers used in this

14
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study are shown in Supplementary Table 1. Sampkre wormalized by the housekeeping gene,

B-actin, or 18S.

Cytokinesin serum or culture supernatant

The concentrations of rat TNE-CXCL1, and CXCL2 in rat serum and TNFand IL-18 in

activated neutrophil culture supernatant were nreasby ELISA, according to manufacturer’s

protocol (TNFe, IL-1B: eBioscience, San Diego, CA, USA; CXCL1, CXCL2: B&ystems Inc.,

Minneapolis, MN, USA).

Urine and blood analyses

The rats were placed in metabolic cages one dayéekcrifice, and urine was collected

for 24 h. The urine was tested by dipstick-methmdhfematuria and proteinuria, and the extent was

expressed as the mean on a scale of 0 (none)gevérge) for hematuria and 0 (none) to 5 (severe)

for proteinuria. Albuminuria was determined by d& edbumin ELISA quantitation kit (Bethyl

Laboratories Inc., Montgomery, TX, USA). Periphelbédod and serum samples were collected at

sacrifice time. Total white blood cells (WBC) wereunted using an automatic blood cell counter

(PCE-210; Erma, Tokyo, Japan). The serum creatif@rg and blood urea nitrogen (BUN) levels

were measured using an autoanalyzer (SRL, Tokymn)aThe concentrations of rat MPO in the

serum were measured by a specific ELISA methodyrdany to manufacturer’s instructions (Hycult

15
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Statistical analysis

The data were expressed as mean + SD and compdhethev control group or the hMPO

group using one-way analysis of variance and Duisr@bst hoc test. P-value < 0.05 was considered

statistically significant. All statistical analysegere performed with SPSS Version 21.0 statistical

software package (IBM Corp., Armonk, NY, USA).

16
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RESULTS

Ratsimmunized with hM PO

In the first experiment, all rats immunized withMRO developed hematuria after 8 weeks.

Degree of hematuria was dose-dependent. None ofdh&ols developed hematuria (Figure 1a).

However, degree of proteinuria was not significadifferent between the groups (Figure 1b).

Immunization with hMPO led to the development ofiddMPO Abs. The anti-hMPO Ab

productions were significantly higher in the twa gaoups immunized with 800 pg/kg prime/boost

and 1,600 pg/kg of hMPO. Rats immunized with OVAreveegative for anti-hMPO Abs (Figure

1c).

All AAV rat models developed focal and segmentalC®N (Figure 1le).

Immunofluorescence microscopy revealed trace/negatiaining for IgG and C3 in these kidneys,

thus indicating pauci-immune type NCGN (Figure 1Although there was a trend toward an

increase in crescentic formation with increasingesoof hMPO, the severity of NCGN was mild

(approximately 2%—-4% of glomeruli had crescentsyyfe 1d). No crescents were seen in control

rats immunized with OVA. Lung hemorrhage was obsérin several rats immunized with hMPO

(Supplementary Figure 1).

Theinduced anti-hM PO Abs cross-reacted with rat neutrophils

We examined whether anti-hMPO Abs cross-reactet vat neutrophils. Using indirect

immunofluorescence on the rat and human neutrqpmiMPO-ANCA in the serum from
17
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hMPO-immunized rats was found to react not onlyhwitiman neutrophils but also rat neutrophils

(Figure 2a). However, the serum from OVA-immunizats did not react with either human or rat

neutrophils. In addition, hMPO-ANCA in rat serumacged to rat MPO (OD ratio >2 vs. control

serum) as shown by anti-rat MPO ELISA (Figure 2bjportantly, in comparison with the TNi-

and G-CSF groups, the serum from the anti-GBM AWR) group exhibited a higher ELISA OD

value for rat MPO.

Co-treatment study to induce significant numbers of crescentic glomeruli

In the second co-treatment study, all rats dewsldpematuria after 8 weeks (Figure 3a).

Urinary albumin excretion was significantly higharthe anti-GBM Ab (hMPO) group than in the

hMPO-alone group (123.1 + 54.5 mg/day vs 5.89 4 3g)/day in the anti-GBM Ab (hMPO) and

hMPO-alone groups, respectively, P < 0.05; Figurg &lthough it was not statistically significantly

different between the TNE-or G-CSF groups and the hMPO-alone group.

Next, we examined the serum cytokine levels irs¢hgroups. The serum levels of TMF-

were increased in the anti-GBM Ab (hMPO) group 2.3 ng/ml) and anti-GBM Ab (OVA) group

(0.58 £ 0.18 ng/ml), but not in the other experita¢groups (Figure 3d). Serum Cr and BUN levels

were not significantly different between the groapsl remained within normal ranges in all groups

(Figure 3c).

As shown in Figure 4, the administration of G-CSFTdNF-o to hMPO-immunized rats

18
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induced focal and segmental crescent formatior?42:71.2% in the G-CSF group and 3.4% + 1.2%

in the TNFe group), but did not increase the number of glomnerith crescent formation. However,

subnephritogenic anti-GBM Abs administration led aohigh percentage of crescent formation

(55.0% + 14.2% vs 3.0 = 1.7% in anti-GBM Ab (hMP&)d hMPO-alone groups, respectively, P <

0.05; Figures 4a, c). The anti-GBM (OVA) group skeommild crescentic glomerulonephritis (5.0%

+ 3.7%). The NETs in the glomerular crescents vessessed by confocal laser scanning microscopy

after co-staining with DAPI and MPO. Conversely tRETs in the glomerular crescents showed a

meshwork composed of DNA fibers and MPO in the-@8&M Ab (hMPO) group (Figure 4b).

The expression of inflammatory cytokine and chemokine receptorsin neutrophils

As shown in Figure 5, bone marrow-derived cellamgd with TNFe or G-CSF and

stimulated by IgG purified from the model rats skeowincreased secretion of Il3-lor TNF-.

Notably, IL-13 production maximally increased in the bone marcelis stimulated by 1gG from the

anti-GBM Ab (hMPO) group (Figure 5a). Similarlyetleells primed with G-CSF showed increased

secretion of TNFe when stimulated by IgG from rats immunized with P®! (Figure 5b).

Furthermore, according to a real-time PCR analgs$ishese cells, the expression of IB-Wwas

increased when stimulated by IgG from the hMPO-@aland anti-GBM Ab (hMPO) groups (Figure

5c). However, TNFe expression was not significantly increased (Fidide

Next, we examined changes in the chemokine rece@ECR1 and CXCR2 in neutrophils

19
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following TNF-o. priming and anti-hMPO IgG stimulation. In vitrotahMPO 1gG from model rat

serum significantly upregulated the expression CR1 on TNFe-primed neutrophils (Figure 5e).

Contrastingly, the 1gG from the anti-GBM Ab (hMP@joup downregulated the expression of

CXCR1 and CXCR2 (Figures 5e, f).

The increased number of glomerular neutrophils was insufficient to achieve crescentic

formation

WBC counts in peripheral blood and serum levelsaboMPO were markedly elevated in the

G-CSF group, although they were not increasedenother groups (WBC: 18.7 x 103 + 1.7 x 103

vs 7.0 x 103 + 0.5 x 103 cells/pul, MPO: 82.7 + 3@537.6 + 4.3 ng /ml, in the G-CSF and anti-GBM

Ab (hMPO) groups, respectively, P < 0.05; Figures B). The numbers of esterase-positive

neutrophils in the glomeruli were significantly reased in the G-CSF and anti-GBM Ab (hMPO)

groups (G-CSF group: 4.2 £ 0.3, anti-GBM Ab (hMRfpup: 2.0 £ 0.5, P < 0.05 vs. control). The

hMPO-alone and TNIe-groups showed no significant increases in the atmoluneutrophils within

the glomerulus compared to the OVA control grougFe 6c). These histological findings with

crescent formation are summarized in Table 2. Eactmicroscopy showed that activated

neutrophils in the glomerular capillaries underwemtrphological changes. In the hMPO-alone,

G-CSF, and TNFe groups, morphological features of the infiltratedutrophils were relatively

stable, with cells containing various types of gias and lobulated nuclei. Conversely, in the

20
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anti-GBM Ab (hMPO) group, the neutrophils firmlylegted to the swelling endothelial cells, with

dramatic morphological changes; the nucleus lgstobules, the chromatin decondensed, and the

granules disintegrated (Figure 6d).

The neutrophil chemoattractant activity in isolated glomeruli may contribute to the

aggravation of NCGN.

We analyzed the expression of cytokines and chameskin isolated glomeruli in each

group (Figure 7a—d). Real-time PCR analysis ofatsal glomeruli revealed overexpression of

cytokines and chemokines, including THNF-CXCL1, CXCL2, and CXCL8, was noted in the

anti-GBM Ab (hMPO) group. However, these cytokinesd chemokines did not significantly

increase in the glomeruli in the hMPO-alone, G-C&FJNF-a groups. Additionally, we analyzed

the rat serum for chemokines using ELISA. The se@XCL1 and CXCL2 levels both significantly

increased in the anti-GBM Ab (hMPO) group (Figures f).
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DISCUSSION

In this study, we demonstrated that all WKY ratsnunized with hMPO developed AAGN.

Furthermore, in a co-treatment study, the admatisin of subnephritogenic anti-GBM Abs

enhanced the reactivity of anti-MPO Abs against V@O and caused a dramatic increase in

glomerular crescent formation with urinary albung@rcretion. ETs were detected in glomerular

crescents in these rats, with numerous infiltratmgutrophils. Additionally, the administered

subnephritogenic anti-GBM Abs also enhanced glotaerxpressions of TNk; CXCL1, CXCL2,

and CXCL8 and increased serum levels of T{|FEXCL1, and CXCL2, which mainly act as

activators and chemoattractants for neutrophilsablg, TNFa or G-CSF administration could not

induce significant numbers of crescentic glomemilithe current rat models, despite neutrophil

accumulation enhancement in the glomeruli by G-G8hinistration. The results of this study

indicated that the presence of subnephritogenic@BM antibodies leads to the inflammatory

environment in glomeruli that is amplified by thetdraction of ANCA and neutrophils. These

aberrantly activated neutrophils on glomerulondghwere needed to develop NCGN.

The inflammatory cells and cytokines are implidate the pathophysiology of AAV.

Several immune cells, such as neutrophils, moneaycrophages, and T lymphocytes contribute

to the vascular damage (31). These cells infiltiafammatory lesions and promote necrotizing

vasculitis by several different pathways. Partidylaneutrophils are considered to be one of the

primary effector cells in AAGN (11). Many studieave demonstrated that MPO-ANCA can activate
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neutrophils primed by proinflammatory cytokinestsas TNFe (13, 14) and G-CSF (16, 32), and

cytokine-primed neutrophils may lead to AAGN. ANGAduced neutrophil activation is greatly

enhanced by TNFk; with a presence of MPO on the outer membranesofraphils, thus leading to

increased degranulation and an oxidative resp@aseSF not only increases circulating neutrophils

numbers but also amplifies several neutrophiliccfioms, including the ability to adhere to

endothelial cells and produce radical oxygen sge@8). Based on these findings, we hypothesized

that the administration of TNE&-or G-CSF in an AAV rat model can lead to in vivevdlopment of

NCGN through neutrophil accumulation and activatiothe glomeruli.

We demonstrated that the induced hMPO-ANCA croastesl with rat neutrophils in vitro.

Additionally, hMPO-ANCA in rat serum could activatee neutrophils primed by TNé&-and G-CSF

that produced TNk and IL-1B in vitro. The accumulation of neutrophils in theomgeruli was

evident after the administration of G-CSF. Howewveg, did not find any significant exacerbation in

the crescent formation in TN& or G-CSF-treated rats. Electron microscopy reacahat the

morphological features of neutrophils were reldyiva@able in these groups. We therefore presumed

that in vivo stimulation by TNFe or G-CSF administration in the present study ditllead to any

aberrant neutrophil activation. Our findings mayigate that neutrophil accumulation in the

glomeruli without sufficient activation may not ko NCGN development in MPO-AAV.

The subnephritogenic anti-GBM Ab, which alone ledmild NCGN development in this

study, could induce significant numbers of crescagibmeruli, with elevated serum TNE-CXCL1,
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and CXCL2 levels in AAGN rat model. In the experitted anti-GBM GN, the administration of

anti-GBM Abs induced complement activation, cherotitafactor release, and neutrophil-mediated

injury (34). In a previous report, 5% of all ANCAgitive serum samples were also positive for

anti-GBM Ab, and 32% of all anti-GBM-positive saraplhad detectable ANCA (35). Srivastava et

al. previously reported that double-positive pasehave severe renal dysfunction (36). In the

present in vitro study, the IgG purified from thevilRO- and subnephritogenic anti-GBM

Ab-immunized rats cross-reacted with rat neutrapthibt produced more abundant Ig-than those

from the rats immunized by hMPO alone. The sigaifice of IL-B in AAV has been previously

reported (28, 37). These results led us to prestirae additional treatment for anti-GBM Abs

enhanced anti-rat MPO Abs reactivity.

Recent studies have suggested that the epitopgniéon profile or IgG subclass of

MPO-ANCA are related to its disease severity (3B, 3Ve speculate that glomerular inflammation

caused by additional anti-GBM Abs led to qualitatshanges in rat MPO Ab responses by several

possible mechanisms. The first possibility is &@BM Abs induce glomerular neutrophil

localization, degranulation, and aberrant expressibrat MPO. This could be attributed to the

transfer of rat MPO to DCs, which produce polyclomati-rat MPO autoantibodies against

immunodominant epitopes, and are in turn respoa$dsl pathogenic ANCA production. The second

possibility is that the in vivo IgG subclass coblel converted to more pathogenic ANCA subclasses

by anti-GBM Ab treatment. The third possibility that anti-GBM Abs may produce other
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pathogenic Abs, such as anti-moesin Abs (40), whrdss-react with MPO and exacerbate AAGN

disease activity. It is presumed that pathogenicCANr other Abs induced by anti-GBM Abs also

develop crescent formation observed in AAGN.

In renal biopsies from patients with AAV, activate@utrophils are present in affected

glomeruli, and the number of activated intraglonfarueutrophils correlates with the severity of

renal injury. Additionally, aberrant neutrophil &ettion is mediated by ANCA that can release NETs

(41). These NETs, which are extracellular strucguwemposed of chromatin and granule proteins,

trigger AAV and promote autoimmune response agaMBO (42). In this study, rats in the

anti-GBM (hMPO) group showed increased neutropimilshe glomeruli and NETs formation in

glomerular crescents. We therefore concluded thahephritogenic anti-GBM Abs administration

developed NCGN by inducing the aberrant neutroplstivation via endogenous inflammatory

cytokines, such as TNé&-and IL-18, synergistically with MPO-ANCA.

In clinical cases, the histological and clinicaatigres of NCGN in patients with both ANCA

and anti-GBM Abs differed from those in patientgshmeither ANCA or anti-GBM Abs alone and

showed severe renal involvement and a poor prognesnilar to that of patients with anti-GBM

NCGN (43). In histological findings, Rutgers etlahs showed that periglomerular inflammation was

found in only MPO-ANCA- and double-positive paten#4). In our study, neutrophils influx

increased in the anti-GBM Ab (hMPO) groups. Regagdithe mechanisms underlying the

glomerular neutrophil influx, chemokines are impait regulators of leukocyte recruitment during
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kidney injury (45, 46). CXCL1 and CXCL2 play sigieéint roles in neutrophil recruitment through

the CXCR1 and CXCR2 receptors on neutrophils. Imause model of MPO-ANCA-mediated

NCGN, several chemokines and chemokine receptock, as CXCL1, CXCL2, and CXCR2, were

induced or upregulated (47). A large number of C8Cand CXCR1-positive neutrophils are also

found in NCGN patients glomeruli (48, 49). Chemeakiexpression is induced not only by

proinflammatory cytokines, such as TNFand IL-18, but also by ANCA (50, 51). To analyze the

association between the glomerular neutrophil xnind NCGN, we investigated the expression of

chemokines and chemokine receptors in rat neutiophd isolated glomeruli, respectively. In this

study, enhanced CXCL1, CXCL2, and CXCL8 expressionshe glomeruli were noted in the

anti-GBM Ab (hMPO) group, which may be associatathvNCGN development in MPO-AAV.

Interestingly, in our results, the expression ofGFXL and CXCR2 on neutrophils was significantly

decreased by stimulated IgG from the immunized hMIR@ subnephritogenic anti-GBM Ab rats in

vitro compared with IgG from rats immunized with RK alone. CXCR2 previously correlated with

neutrophil infiltration in a series of inflammatorgiseases (52). A recent study, however,

demonstrated that the expression of CXCR1 and CX@R=&eutrophils is significantly decreased in

AAV patients, which increases neutrophil adhesiord ampairs their migration through the

glomerular endothelium monolayer (53). The temporahduction of CXCR2 in

MPO-ANCA-mediated NCGN was restricted to the adcoflemmation phase, and blocking CXCR2

increased the glomerular accumulation of neutrepi¥). Our results are consistent with those from
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studies showing that CXCR1 and CXCR2 downregulatmay lead to activated neutrophils

retention in the vascular compartment, thus allgwtimem to interact with circulating ANCA. The

inflammatory conditions caused by subnephritogemt-GBM Abs may activate neutrophils via

downregulation of CXCR, whereas there CXCL upretiutain the glomeruludn the present study,

however, our results of gPCR analysis in the glahesolated from rat kidney could not exclude the

possibility of these chemokine alterations refiegtihe number of infiltrating leukocytes ratherrtha

the signal produced to recruit and activate thes&dcytes.

In conclusion, the results of this study indicdtattthe coexistence of subnephritogenic

anti-GBM Abs provides the local inflammatory envirent in glomeruli that is amplified by the

interaction of MPO-ANCA and neutrophils. Therther activated neutrophils by MPO-ANCA or

inflammatory conditions may induce NETs or the aske of inflammatory cytokines, leading to

NCGN development.
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Tablesand legendsto figures

Table 1.

The experimental design

Abbreviations: hMPO, human myeloperoxidase; OVAalbumin; TNFe, tumor necrosis factar;

G-CSF, human granulocyte colony-stimulating factanti-GBM Ab, anti-glomerular basement

membrane antibodies

Table 2.

Summary of histological findingsfor each group

Supplementary Table 1.

Thereal-time PCR primers

Figurel.

The phenotype of the AAGN model rats generated using various concentrations of hM PO

(a) Hematuria (dipstick: 0-4); (b) proteinuria (sligk: 0-5); (c) anti-hMPO Ab detected by ELISA,

(d) frequency of necrotizing and crescentic glorigfa) periodic acid-Schiff staining of the renal

pathology in a rat immunized with 1,600 pg/kg of P®! with x200 magnification (left panel) and
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x600 magnification (right panel); (f) immunofluooesice of a rat model glomerulus stained for rat
IgG (left panel) and C3 (right panel) with x600 méigation. The data are expressed as the means +
SD; n = 6 for each group. ¥P < 0.05, *P < 0.05tks.control group (OVA) or the hMPO 400 pg/mi
group, respectively. Abbreviations: AAGN, ANCA-assied glomerulonephritis; ANCA,

antineutrophil cytoplasmic antibody; hMPO, humarefoperoxidase; OVA, ovalbumin.

Figure 2.

Therat model immunized with hM PO has serum reactivity for rat MPO

(a) The binding of rat model serum to human andheaitrophilsIndirect immunofluorescence was
performed using 4% paraformaldehyde-fixed, Triton{B.5%)-permeabilized human and rat
neutrophils. Human neutrophils (top panel) incubat@th model rat serum; the binding was
detected with Alexa Fluor 594-conjugated anti-giB | Rat neutrophils (lower panel) were incubated
with model rat serum; the binding was detected Wiliexa Fluor 594-conjugated anti-rat 1gG. The
left panels show DNA of the neutrophils stainediAPI. (b) The reactivity of anti-hMPO Abs
against rat MPO detected by ELISA. The data areveles mean + SD; n = 6 for each group. P <
0.05 vs. hMPO-alone group. Abbreviations: DAPI, 46-diamidino-2-phenylindole; hMPO, human

myeloperoxidase; MPO, myeloperoxidase.

Figure 3.
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The phenotype of model ratswith AAGN exposed to additional stimuli

(a) Hematuria (dipstick: 0—4); (b) albuminuria; €) and BUN levels; (d) serum TNktevels. The
data are expressed as the means * 5B 6 for each group. {P < 0.05, *P < 0.05 vs. the
hMPO-alone group or for specified comparisons. Ablations: AAGN, ANCA-associated
glomerulonephritis; ANCA, antineutrophil cytoplasmantibody; BUN, blood urea nitrogen; Cr,

creatinine; hMPO, human myeloperoxidase; T&Nfamor necrosis factar.

Figure4.

Therenal histology in the co-treatment experiments

(a) Periodic acid-Schiff staining of the renal patigy in the co-treatment experiments: G-CSF
group (upper), TNFe group (middle), and anti-GBM Ab (hMPO) group (loott). Magnifications,
x200 (left panel) and x600 (right panel). (b) Th&T and neutrophils in the glomeruli of the
anti-GBM Ab (hMPO) group; NETs were present in giemerular crescents. The lower left panel
shows immunofluorescent merged images of the N&M®Ws), which were detected by anti-rat
MPO Ab (green); DNA was labeled with DAPI (blue)hel lower right panel shows neutrophils
(arrowheads) in the glomeruli. (c) The frequencycoéscentic glomerulonephritis. The data are
expressed as mean + Sb= 6 for each group. {P < 0.05 vs hMPO-alone group. Abbreviations:
anti-GBM  Ab, anti-glomerular basement membrane baudlies; DAPI, 4
6-diamidino-2-phenylindole; G-CSF, granulocyte eotestimulating factor; hMPO, human
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myeloperoxidase; MPO, myeloperoxidase; NETs, nehitoextracellular traps; TNk; tumor

necrosis factod.

Figurebs.

In vitro analysis of cytokine-primed neutrophils stimulated with anti-M PO Abs

The secretion of (a) ILfL and (b) TNFe. from cytokine-primed neutrophils stimulated by IgG

purified from each group. The mRNA levels of (c}1B, (d) TNF«, () CXCR1, and (f) CXCR2 in

the neutrophils. The data are expressed as me&@n £Ff5< 0.05, *P < 0.05 vs. IgG purified from the

control groups or for specified comparisons. Abmgens: CXCR, CXC chemokine receptor; 1B;1

interleukin-13; MPO, myeloperoxidase; TNé&-tumor necrosis factar.

Figure®6.

In vivo analysis of neutrophilsin theAAGN rat model

(a) Peripheral WBC count; (b) serum rat MPO leye);glomerular neutrophil influx expressed as

the number of infiltrating esterase-positive cpis GCS. The data are expressed as mean = SD; n =

6 for each group. P < 0.05 vs hMPO-alone groupTfe typical examples for each group depicted

with x600 magnification (left panel). The esterassitive cells identified by red staining (arrows).

The ultrastructural findings of neutrophils in tglmerulus (right panel, x10,000 magnification).
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The ultrastructural findings of neutrophils in theIPO-alone (top), G-CSF (upper middle), TNF-

(lower middle), and the anti-GBM Ab (hMPO) group®oitom). Abbreviations: AAGN,

ANCA-associated glomerulonephritis; ANCA, antineytnil cytoplasmic antibody; anti-GBM Ab,

anti-glomerular basement membrane antibodies; @@&)erular cross section; G-CSF, granulocyte

colony-stimulating factor; hMPO, human myeloperadd; MPO, myeloperoxidase; WBC, white

blood cell; TNFe, tumor necrosis factar.

Figure?.

The gene expression of cytokines and chemokinesin isolated glomeruli from the AAV rat model

Quantification of the mMRNA expression levels of B)F-a, (b) CXCL8, (c) CXCL1, and (d)

CXCL2. The serum levels of (e) CXCL1 and (f) CXClIhe data are expressed as mean + SD; n =

6 for each group. ¥P < 0.05 vs hMPO-alone groufréaations: AAV, ANCA-associated vasculitis;

ANCA, antineutrophil cytoplasmic antibody; CXCL, emokine (C-X-C) ligand; hMPO, human

myeloperoxidase; TNk; tumor necrosis factar.

Supplementary Figure 1.

Thelung histology in AAV rat model

The lung pathology in a rat immunized with 1,600kggof hMPO. (a) Macroscopic findings, (b)

hematoxylin and eosin stain with x400 magnificati@@) naphthol AS-D chloroacetate esterase stain
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with x400 magnification. The esterase-positive raphils are identified by red staining (arrows).
(d) Hematoxylin and eosin and Perls’ Prussian iizéns with x400 magnification. Positive iron
staining is indicated by blue deposits (arrowsjjaating the evidence of previous hemorrhage. Lung
hemorrhage was observed in several rats immunizébdnMPO but was not significantly enhanced
by subnephritogenic anti-GBM Abs. Abbreviations: VWAANCA-associated vasculitis; ANCA,

antineutrophil cytoplasmic antibody; hMPO, humareloperoxidase.
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Table 1

Animal Group

Immunization Regimen

hMPO or OVA (ug/kg) Additional administration
Control group OVA 1600
(i) hMPO 400 hMPO 400
(ii) A(MPO 800 hMPO 800
(iii) hMPO 800 X2 hMPO 800 hMPO 800 ug/kg on days 28, s.c.
(iV) hMPO alone group hMPO 1600
(v) G-CSF group hMPO 1600 hG-CSF 20 g on days 28 to 56, s.c.
(vi) TNF-a group hMPO 1600 rat TNF1.0 ug on days 28, 35, 42, and 49, i.v.
(vii) anti-GBM Ab (hMPO) group hMPO 1600 anti-GBM Ab 0.25 pg on days 28 i.v.
(viii) anti-GBM Ab (OVA) group OVA 1600 anti-GBM Ab 0.25 pg on days 28 i.v.




Table 2

Animal Group

Crescent (%)

Neutrophils/glomerulus

Control group
(iV) hMPO alone group
(v) G-CSF group
(vi) TNF-a group
(vii) anti-GBM Ab (hMPO) group
(viii) anti-GBM Ab (OVA) group

n.d.
3.0x1.7
27112
33112
55+ 14
5037

0.48 £ 0.23
0.62 £0.20
4.25%0.28
0.74+£0.19
2.0x0.53
0.85+ 0.16




Supplementary Table 1

primer Primer sequence forward primer sequence reverse
TNF-a 5’-AAATGGGCTCCCTCTCATCAGTTC-3’ 5-TCTGCTTGGTGGTTTGCTACGAC-3’
IL-1B 5’-TACCTATGTCTTGCCCGTGGAG-3’ 5’-ATCATCCCACGAGTCACAGAGG-3’
CXCR1 5'-CATCTTCCGCCAGGCATATAAA-3’ 5'-GGGACAGACCACGCAATGTT-3'
CXCR2 5'-CAGCAGTGTTCTGTTGCTAGCCT-3' 5'-CCAAGTGTCTCTTCTGGATCAGTGT-3’
CXCL1 5’-GGCAGGGATTCACTTCAAGA-3’ 5'-GCCATCGGTGCAATCTATCT-3’
CXCL2 5’-ATCCAGAGCTTGACGGTGAC-3’ 5'-AGGTACGATCCAGGCTTCCT-3’
CXCL8 5’-CCCCCATGGTTCAGAAGATTG-3’ 5-TTGTCAGAAGCCAGCGTTCAC-3’
B-actin 5’-ACCACCATGTACCCAGGCATT-3’ 5’-CCACACAGAGTACTTGCGCTCA-3’
18S 5’-GACCGGCGCAAGACGAACCAGAGC-3 5’-AATAACGCCGCCGCATCGCCAGTC-3’
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Figure 2
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Figure 3
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Figure 5
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Figure 6

O
o
=
-
o
S
~
Q
(7]

WBC

(ng/ml)

(/mm3)

100 A

25000 -

20000 -

15000 H~

neutrophils

(cells/GCS)




Figure 7
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Supplementary Figure 1
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