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Abstract 

 

Objectives Intravenous immunoglobulin (IVIG) therapy is effective against some 

autoimmune diseases. Although its efficacy on peripheral neuropathy due to 

eosinophilic granulomatosis with polyangiitis—one of myeloperoxidase-antineutrophil 

cytoplasmic antibody (MPO-ANCA)-associated vasculitis (MPO-AAV)—has been 

established, that on other MPO-AAV remains undetermined. We examined the effects of 

pharmaceutical immunoglobulins on the formation of neutrophil extracellular traps 

(NETs) related to MPO-ANCA production and the development of MPO-AAV.  

Methods Peripheral blood neutrophils from healthy volunteers were pretreated with 5 

mg/ml human sulfo-immunoglobulins (IVIG-S) and then exposed to 100 nM phorbol 

myristate acetate (PMA). Thereafter, neutrophils were stained with SYTOX Green and 

then subjected to flow cytometry. Next, Wistar-Kyoto rats were given oral 

administration of 10 mg/kg/day propylthiouracil for 28 days and intraperitoneal (i.p.) 

injection of 1 µg PMA on days 0 and 7. These rats were divided into two groups: Group 

1 with i.p. injection of 400 mg/kg IVIG-S on days 8-12 and Group 2 with i.p. injection 

of vehicle similarly. ANCA titers were chronologically determined by indirect 

immunofluorescence. On day 28, all rats were killed to examine NET formation in the 

peritoneum and the development of AAV.  

Results IVIG-S significantly inhibited NET formation induced by PMA in vitro. NET 

amounts in the peritoneum in Group 1 were significantly smaller than in Group 2, and 

ANCA titers in Group 1 were significantly lower than in Group 2. The degree of 

pulmonary hemorrhage in Group 1 was also smaller than in Group 2.  

Conclusion Pharmaceutical immunoglobulins reduce NET formation and ameliorate the 

development of MPO-AAV.  
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Introduction 

 

Antineutrophil cytoplasmic antibody (ANCA)-associated vasculitis (AAV) is a 

necrotizing vasculitis that affects systemic small vessels accompanied by the presence 

of ANCA in the serum and includes microscopic polyangiitis (MPA), granulomatosis 

with polyangiitis (GPA), and eosinophilic granulomatosis with polyangiitis (EGPA) (1). 

The major target antigens of ANCAs are myeloperoxidase (MPO) and proteinase 3 

(PR3). MPA affects preferentially the renal glomeruli, and the majority of the patients 

are positive for MPO-ANCA. GPA exhibits granulomatous inflammation with necrosis 

that usually involves the respiratory tract and simultaneously develops necrotizing small 

vessel vasculitis. Typical GPA patients are positive for PR3-ANCA but a considerable 

number of Japanese patients with GPA are positive for MPO-ANCA rather than 

PR3-ANCA (2). EGPA is an eosinophil-rich necrotizing vasculitis with granulomatous 

reaction that affects predominantly small- to medium-sized vessels. This disease is 

associated with asthma or allergic sinusitis. Approximately half of EGPA patients are 

positive for MPO-ANCA. 

A combination of glucocorticoids and cyclophosphamide has been used as a 

standard remission induction therapy for MPO-AAV (3). This therapy has been proven 

to be effective with high remission induction rates of more than 90%; however, the 

remaining patients do not respond to the therapy and approximately 20% patients 

relapse after remission. Recent international collaborative studies have determined new 

guidelines for remission induction therapy against MPO-AAV (4, 5). Furthermore, 

strenuous investigations into the pathogenesis of MPO-AAV have made several 

breakthroughs in this disease (6). Consequently, promising new therapeutic agents that 

modulate the immune system and target pathogenic B cells, T cells, cytokines, 

complement proteins, and humoral factors have been established (7). 
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Pharmaceutical immunoglobulins are pooled preparation of -globulins from 

healthy blood donors and have been applied for the treatment of agammaglobulinemia 

(8), hypogammaglobulinemia (9), severe infections (10), and autoimmune diseases, 

including idiopathic thrombocytopenic purpura (11), Kawasaki disease (12), and 

Guillain-Barré syndrome (13). In addition, recent studies have demonstrated the 

efficacy of intravenous immunoglobulin (IVIG) therapy on EGPA, especially on 

vasculitis-associated peripheral neuropathy (14). Although the supplemental effects of 

-globulins are thought to be essential for agammaglobulinemia, 

hypogammaglobulinemia, and severe infections, it remains elusive how pharmaceutical 

immunoglobulins modulate the pathogenesis of autoimmune diseases. Moreover, it is 

also elusive in EGPA whether pharmaceutical immunoglobulins could act directly on 

peripheral nerves or improve neuronal function indirectly by acting on bystander 

affected small vessels. According to the nationwide epidemiological study of AAV, the 

prevalence of EGPA in AAV is approximately 10% in Japan (2). Therefore, it is worthy 

to know if pharmaceutical immunoglobulins are effective on other MPO-AAV as well 

as EGPA.  

It has been considered that MPO-ANCA is a major pathogenic factor in 

MPO-AAV (6). For example, injection of either MPO-ANCA obtained by immunization 

of MPO-deficient mice with mouse MPO or splenocytes from these immunized mice 

into immunocompromised or wild-type mice can induce MPO-AAV. These findings 

clearly indicate the pathogenicity of MPO-ANCA (15).  

More recent studies have demonstrated that neutrophil extracellular traps 

(NETs) are critically involved in the pathogenesis of MPO-AAV (16). NETs are 

web-like DNA decorated with antimicrobial proteins, including MPO, which are 

extruded from activated neutrophils (17). NETs can trap microorganisms by the 

web-like DNA and kill them using antimicrobial proteins. Although NET formation is 
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regarded as an essential event in innate immunity, an excessive formation of NETs can 

induce vascular endothelial cell damage and thrombosis, resulting in the development of 

microvascular disorders (18). Actually, the disordered regulation of NETs has been 

suggested to be involved in the pathogenesis of autoimmune diseases, including 

MPO-AAV (19). 

In the present study, we first determined that pharmaceutical immunoglobulins 

could inhibit NET formation induced by phorbol myristate acetate (PMA) in vitro and 

next examined the effects of pharmaceutical immunoglobulins in vivo using a rat model 

of MPO-AAV (20). 
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Materials and Methods 

 

Human peripheral blood neutrophils 

 Human peripheral blood polymorphonuclear cells (PMNs) were obtained from 

healthy volunteers by density-gradient centrifugation using Polymorphprep (Axis Shield, 

Dundee, Scotland). Because neutrophils are the most abundant cells in PMNs, PMNs 

were regarded as neutrophils in this study. During isolation, hemolysis process was 

omitted to avoid the nonspecific activation of neutrophils. This study was conducted 

with the permission of the Ethical Committee of the Faculty of Health Sciences, 

Hokkaido University (Permission No. 16-83). 

 

NET induction in vitro 

To induce NETs, human peripheral blood neutrophils (1×106/ml) were 

exposed to 100 nM PMA (Sigma-Aldrich, St. Louis, MO) for 3 h at 37ºC.  

 

Pretreatment with pharmaceutical immunoglobulins 

Thirty minutes before PMA stimulation, human peripheral blood neutrophils (1

×106/ml) were treated with or without 5 mg/ml human sulfo-immunoglobulins 

(IVIG-S; Teijin, Tokyo, Japan) and incubated at 37ºC. The concentration is comparable 

to the effective blood concentration of IVIG-S in human medication (400 mg/kg body 

weight). 

 

NET detection 

NET formation was evaluated by flow cytometry (FCM) using SYTOX Green 

(Life Technologies, Carlsbad, CA) and fluorescent staining with 

4,6-diamidino-2-phenylindole (DAPI). The samples were allowed to react with a 
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plasma membrane-impermeable DNA-binding dye SYTOX Green followed by analysis 

using Attune flow cytometer (Applied Biosystems, Foster City, CA ) as described 

previously (21). Simultaneously, NET formation was observed under fluorescent 

microscopy. For this purpose, peripheral blood neutrophils similarly treated in wells of 

four-well chamber slides (Thermo Fisher Scientific, Yokohama, Japan) (1×106/ml) 

were washed with phosphate-buffered saline (PBS) followed by fixation with 4% 

paraformaldehyde for 15 min at room temperature. After washing with PBS, specimens 

were mounted using DAPI-containing mounting solution (Vector Laboratories, 

Burlingame, CA). 

 

Administration of IVIG-S to MPO-AAV model 

We employed the propylthiouracil (PTU) plus PMA-induced MPO-AAV model 

(20) in this study. Wistar-Kyoto (WKY) rats (4 weeks old, male, n=12) (Sankyo 

Laboratories, Sapporo, Japan) were given oral administration of 10 mg/kg/day PTU for 

28 days and intraperitoneal (i.p.) injection of 1 µg PMA on days 0 and 7. These rats 

were divided into two groups, Group 1 (n=6) with i.p. injection of 400 mg/kg IVIG-S 

on days 8-12 and Group 2 (n=6) with i.p. injection of vehicle (PBS) similarly. Blood 

was obtained on days 0, 14, and 21 by tail cut for the chronological evaluation of ANCA 

titers. On day 28, all rats were killed to obtain whole blood and to examine NET 

formation in the peritoneum and the development of AAV. Experiment using rats were 

performed in accordance with the Guidelines for the Care and Use of Laboratory 

Animals in Hokkaido University (Permission No. 15-0034).  

 

Quantification of NETs in the peritoneum 

Peritoneal tissues obtained on day 28 were fixed with 10% formalin. 

Formalin-fixed paraffin-embedded (FFPE) tissues were sliced into 4 μm sections and 
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then deparaffinized with xylene. After antigen retrieval in an autoclave (at 121ºC for 20 

min) with Tris-EDTA buffer (pH 9.0), the sections were soaked in Protein Block 

Serum-free (Dako, Glostrup, Denmark) for 10 min at room temperature to inhibit the 

nonspecific binding of antibodies. Antibodies to the NET marker, citrullinated histone 3 

(Cit H3; rabbit polyclonal, 1:100 dilution; Abcam, Eugene, OR), were used as primary 

antibodies. After incubation with primary antibodies for 1 h at room temperature, the 

sections were washed with PBS. Secondary antibodies used were Alexa Fluor 

594-conjugated goat anti-rabbit IgG H&L at 1:500 dilution (Abcam). After incubation 

with secondary antibodies for 1 h at room temperature, the sections were washed with 

PBS and then mounted using DAPI-containing mounting solution (Vector Laboratories). 

The slides were observed under a fluorescence microscope. The Cit H3-positive 

DAPI-positive area was regarded as NET area that was determined by image analysis 

using ImageJ software. 

 

ANCA titers 

WKY rats (4 weeks old, male) were i.p. injected with 3% thioglycollate 

(Becton Dickinson, Tokyo, Japan). Three days later, rat neutrophils were collected by 

washing out the abdominal cavity. These cells were resuspended in RPMI 1640 medium 

supplemented with 5% FBS (1×106/ml), incubated in wells of four-well chamber slides 

(Thermo Fisher Scientific) for 30 min at 37ºC, air-dried, and then fixed with 100% 

ethanol for 10 min at room temperature. After washing with PBS, the cells were 

allowed to react with serially diluted rat sera (1:10, 1:20, 1:40, 1:80, 1:160, and 1:320) 

for 60 min at room temperature. The cells were next allowed to react with 1:200 

dilution of Alexa Fluor 488-conjugated goat anti-rat IgG (Thermo Fisher Scientific) for 

30 min at room temperature. ANCA titers were determined as the highest dilution in 

which the majority of neutrophils exhibited positive staining. 
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Secretion of lactoferrin from neutrophils treated with pharmaceutical 

immunoglobulins 

Human peripheral blood neutrophils (1×106/ml) were treated with or without 

5 mg/ml IVIG-S at 37ºC. Thirty minutes later, supernatants were collected by 

centrifugation. The concentrations of lactoferrin in the supernatants were determined by 

enzyme-linked immunosorbent assay (ELISA) in the Japan Institute for the Control of 

Aging (Shizuoka, Japan). 

 

Statistical analysis 

For in vitro assays, Wilcoxon signed rank test was applied. For in vivo assays, 

Mann-Whitney U-test was applied for the comparison of two groups. p<0.05 was 

regarded as statistically significant.
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Results 

 

IVIG-S inhibited NET formation induced by PMA in vitro 

At first, we determined that IVIG-S at the concentration of clinical use (400 

mg/kg body weight) inhibited NET formation induced by PMA in vitro. FCM data 

demonstrated that the mean values of SYTOX Green intensity that represented the 

amounts of plasma membrane-bound extracellular DNA were significantly increased by 

PMA (100 nM for 3 h); this indicated PMA-induced NET induction (Figure 1a). On the 

contrary, pretreatment of neutrophils with 5 mg/ml IVIG-S (in vitro concentration 

comparable to 400 mg/kg body weight) could significantly inhibit PMA-induced NET 

induction. The inhibitory effect was observed apparently in cases where PMA induced a 

considerable amount of NETs but not in cases where PMA induced a small amount of 

NETs. These findings suggest that IVIG-S inhibits NET formation depending on the 

increase in NETs induced by PMA.  

The observation of cells under fluorescence microscope revealed corresponding 

results. As shown in Figure 1b, comet tail-like DNA staining was observed in 

neutrophils treated with PMA (100 nM for 3 h), whereas it was not observed in 

neutrophils pretreated with 5 mg/ml IVIG-S. 

 

IVIG-S suppressed MPO-ANCA production and the development of vasculitic 

lesions in a rat model of MPO-AAV 

 Next, we determined that 400 mg/kg IVIG-S suppressed MPO-ANCA 

production and the development of vasculitic lesions in a rat model of MPO-AAV. PTU 

plus PMA-induced MPO-AAV model rats were divided into two groups: Group 1 with 

i.p. injection of 400 mg/kg IVIG-S on days 8-12 and Group 2 with i.p. injection of 

vehicle (PBS) similarly. On day 28, the peritoneal tissues were obtained (Figure 2a) and 
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then subjected to immunofluorescent staining for NETs (Figure 2b). The amounts of Cit 

H3-positive DNA in peritoneal tissues in Group 1 were significantly smaller than in 

Group 2 (Figure 2c).  

ANCA titers were significantly lower in Group 1 than in Group 2 on days 21 

and 28 (Figure 3). In addition, the development of pulmonary hemorrhage that 

represented vasculitic lesions in this model (Figure 4a) was significantly suppressed in 

Group 1 compared to Group 2 (Figure 4b). The collective findings suggested that 

IVIG-S at the concentration of clinical use can suppress NET formation in vivo as well 

as in vitro, MPO-ANCA production, and the development of MPO-AAV. 

 

IVIG-S induced lactoferrin secretion from neutrophils 

Recent studies have demonstrated that lactoferrin functions as an endogenous 

regulator of NET formation (22, 23). Therefore, we determined lactoferrin secretion 

from neutrophils before and after IVIG-S treatment. Results demonstrated that the 

concentrations of lactoferrin in culture supernatants of neutrophils were significantly 

increased after treatment by IVIG-S at the concentration of clinical use (Figure 5). 
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Discussion 

 

 The efficacy of IVIG therapy on patients with severe infections and some 

autoimmune diseases has been established. Although the supplementation of -globulins 

seems to be significant for immunocompromised hosts, other mechanisms, including 

Fc-mediated inactivation of macrophages, consumption of activated complement 

proteins, neutralization of pathogenic autoantibodies by idiotype antibodies, and 

correction of cytokine imbalance, have been discussed as its effects on autoimmune 

diseases (24-26). In the present study, we additionally demonstrated that pharmaceutical 

immunoglobulins (IVIG-S) could suppress PMA-induced NET formation in vitro. 

 NETs are extracellular web-like DNA released from activated neutrophils, 

which are studded with antimicrobial proteins, such as MPO (17). Upon encounter with 

microbes, activated neutrophils undergo NETosis—cell death with NET formation—to 

trap and kill the microbes by NETs even after they died. Although NETs play an 

essential role in innate immunity, recent studies have demonstrated that an excessive 

formation of NETs can induce autoantibody production against the components of 

NETs, such as DNA (27) and MPO (20). Correspondingly, the decrease in NETs in 

peritoneal tissues by IVIG-S treatment resulted in the suppression of MPO-ANCA 

production and the subsequent development of vasculitic lesions—pulmonary 

hemorrhage—in the MPO-AAV induction model. PMA is a chemical but not biological 

substance. It has been demonstrated that ANCA and other serum factors are involved in 

NET formation in AAV patients (19, 28, 29). Further studies are needed to demonstrate 

the inhibitory effect of IVIG-S on NET induction by those biological substances.  

We hopefully discuss that IVIG-S can be applicable to MPO-AAV without a 

limitation to peripheral neuropathy in EGPA. In fact, a retrospective study has 

demonstrated the clinical benefit of IVIG as adjunctive therapy, with an acceptable 
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tolerance profile, and thus supported its use in AAV patients with refractory or 

relapsing disease (30). Moreover, a clinical pilot study has demonstrated that IVIG 

therapy reduces the persistent disease activity of AAV (31). Although the inhibitory 

effect on NET formation might be linked to the suppression of innate immunity, it could 

be balanced by other promotional effects on the immune activity of IVIG-S. 

 Although the principal pathology of human MPO-AAV is NCGN, it was not 

apparent in the PTU plus PMA-induced MPO-AAV model in rats. The device for the 

exacerbation of NCGN in the rat model is needed to perform future studies. 

 It is currently undetermined in EGPA whether IVIG-S acts directly on 

peripheral nerves or improves neuronal function indirectly by acting on bystander 

affected small vessels. Because most EGPA patients have already been treated with 

glucocorticoids when administered with IVIG-S, we do not have information if their 

MPO-ANCA titers could decrease after IVIG-S treatment. We have observed that NETs 

are deposited in the affected vessels of EGPA patients (unpublished results) and NETs 

can contribute to vascular injury (18). Thus, it can be considered that IVIG-S prevents 

NET formation in small vessels and suppresses vasculitis, resulting in the improvement 

of peripheral neuropathy indirectly. 

 The precise mechanism by which IVIG-S suppresses NET formation remains 

unknown. Okubo et al. have recently demonstrated that lactoferrin immediately secreted 

from activated neutrophils can inhibit NET release (22); therefore, lactoferrin is 

regarded as an endogenous regulator of NET formation. In addition, Shida et al. have 

demonstrated that anti-lactoferrin antibodies—one of the “minor” ANCAs—are 

produced in some patients with EGPA and inhibit the effect of lactoferrin, resulting in 

the promotion of NET formation and disease activity (23). It has been demonstrated that 

the binding of immunoglobulins to Fc receptors on neutrophils induces the immediate 

release of lactoferrin from neutrophils (32). Correspondingly, IVIG-S induces 
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lactoferrin secretion from neutrophils. Lactoferrin released from IVIG-S-treated 

neutrophils might inhibit NET formation depending on the increase in NETs induced by 

PMA. Although further studies are needed, IVIG-S-induced lactoferrin secretion, at 

least in part, can be involved in the IVIG-S-mediated inhibition of NET formation from 

neutrophils. 

 The collective findings indicated that IVIG-S reduces NET formation and 

ameliorates the development of MPO-AAV. It is expected that future prospective 

clinical studies will prove the efficacy of IVIG therapy as one therapeutic option of 

treating patients with MPO-AAV. 
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Figure legends 

 

Figure 1. Inhibition of PMA-induced NET formation by IVIG-S 

(a) Peripheral blood neutrophils from healthy volunteers (n=6) were pretreated with 5 

mg/ml IVIG-S for 30 min at 37ºC and then exposed to 100 nM PMA for 3 h at 37ºC. 

Thereafter, neutrophils were stained with SYTOX Green and then subjected to FCM. 

The mean fluorescent intensities of SYTOX Green are plotted. *p<0.05. (b) Neutrophils 

similarly treated in wells of four-well chamber slides (1×106/ml) were washed with 

PBS followed by fixation with 4% paraformaldehyde for 15 min at room temperature. 

After washing with PBS, specimens were mounted using DAPI-containing mounting 

solution. Representative microphotographs are shown. Bar, 50 µm. 

 

Figure 2. Decrease in peritoneal NETs in IVIG-S-administered MPO-AAV model 

WKY rats (4 weeks old, male, n=12) were given oral administration of 10 mg/kg/day 

PTU for 28 days and i.p. injection of 1 µg PMA on days 0 and 7. These rats were 

divided into two groups: Group 1 with i.p. injection of 400 mg/kg IVIG-S on days 8-12 

and Group 2 with i.p. injection of vehicle similarly. On day 28, all rats were killed and 

peritoneal tissues were obtained. FFPE sections of peritoneal tissues were subjected to 

immunofluorescent staining for Cit H3 and then mounted using DAPI-containing 

mounting solution. (a) Representative histology of the peritoneal tissues. Hematoxylin 

and eosin staining (×100). Bar, 100 µm. (b) Microphotographs of the high power field 

(×100) that exhibited the most abundant formation of NETs are shown. Red, Cit H3; 

blue, DNA. Bar, 100 µm. (c) NET areas determined as pixel counts of the purple area 

are plotted. 

 

Figure 3. Suppressed ANCA production in IVIG-S-administered MPO-AAV model 
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ANCA titers were chronologically determined by indirect immunofluorescence as the 

highest dilution in which the majority of neutrophils exhibited positive staining. 

*p<0.05, **p<0.01. 

 

Figure 4. Reduced pulmonary hemorrhage in IVIG-S-administered MPO-AAV 

model 

(a) Representative microphotograph of pulmonary hemorrhage observed in Group 2 

(original magnification, ×100). (b) Number of hemorrhagic foci in the pulmonary 

sections counted under a microscope. *p<0.05. 

 

Figure 5. Lactoferrin secretion from neutrophils induced by IVIG-S 

Human peripheral blood neutrophils (1×106/ml) were treated with or without 5 mg/ml 

IVIG-S at 37ºC. Thirty minutes later, supernatants were collected by centrifugation. The 

concentrations of lactoferrin in the supernatants were determined by ELISA. **p<0.01. 
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