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Abstract

Objective—The NLRP3 inflammasome plays key roles in inflammation and autoimmunity, and

puriner-gic receptor P2X7 has been proposed to be upstream of NLRP3 activation. The aim of the

present study, using murine models, was to investigate whether the P2X7/ NLRP3 inflammasome

pathway contributes to the pathogenesis of lupus nephritis (LN).

Methods—MRL/lpr mice were treated with the selective P2X7 antagonist brilliant blue G (BBG)

for 8 weeks. Following treatment, the severity of renal lesions, production of anti-double-stranded

DNA (anti-dsDNA) antibodies, rate of survival, activation of the NLRP3/ ASC/caspase 1

inflammasome pathway, and ratio of Thl7 cells to Treg cells were evaluated. P2X7-targeted small

interfering RNA (siRNA) was also used for in vivo intervention. Similar evaluations were carried

out in NZM2328 mice, a model of LN in which the disease was accelerated by administration of

adenovirus-expressing interferon-α (AdIFNα).

Results—Significant up-regulation of P2X7/NLRP3 inflammasome signaling molecules was

detected in the kidneys of MLR/lpr mice as compared with normal control mice. Blockade of

P2X7 activation by BBG suppressed NLRP3/ASC/caspase 1 assembly and the subsequent release

of interleukin-1β (IL-1β), resulting in a significant reduction in the severity of nephritis and

circulating anti-dsDNA antibodies. The lifespan of the treated mice was significantly prolonged.

BBG treatment reduced the serum levels of IL-1β and IL-17 and the Thl7:Treg cell ratio. Similar

results were obtained by specific siRNA silencing of P2X7 in vivo. The effectiveness of BBG

treatment in modulating LN was confirmed in NZM2328 mice with AdIFNα-accelerated disease.

© 2013, American College of Rheumatology

Address correspondence to Niansheng Yang, MD, PhD, Department of Rheumatology, First Affiliated Hospital, Sun Yat-sen
University, 58 Zhongshan Road II, Guangzhou 510080, China, zsuyns@163.com.
Drs. Zhao, Hongyue Wang, and Dai contributed equally to this work.

Author Contributions: All authors were involved in drafting the article or revising it critically for important intellectual content, and
all authors approved the final version to be published. Drs. Yang and Fu had full access to all of the data in the study and take
responsibility for the integrity of the data and the accuracy of the data analysis.
Study conception and design. Zhao, Hongyue Wang, Dai, Yang, Fu.
Acquisition of data. Zhao, Hongyue Wang, Dai, Hongyang Wang, Zhang, Huang, Shuang Wang, Gaskin, Yang, Fu.
Analysis and interpretation of data. Zhao, Hongyue Wang, Dai, Hongyang Wang, Zhang, Huang, Shuang Wang, Gaskin, Yang, Fu.

NIH Public Access
Author Manuscript
Arthritis Rheum. Author manuscript; available in PMC 2014 December 01.

Published in final edited form as:
Arthritis Rheum. 2013 December ; 65(12): 3176–3185. doi:10.1002/art.38174.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Conclusion—Activation of the P2X7 signaling pathway accelerates murine LN by activating the

NLRP3/ASC/caspase 1 inflammasome, resulting in increased IL-1β production and enhanced Thl7

cell polarization. Thus, targeting of the P2X7/NLRP3 pathway should be considered as a novel

therapeutic strategy in patients with lupus.

The most commonly affected organ in systemic lupus erythematosus (SLE) is the kidney,

and lupus nephritis (LN) is a very frequent and potentially fatal complication of SLE (1).

Despite the fact that the prognosis has improved over the past few decades, lupus still

progresses to end-stage renal disease within 10 years of diagnosis in 10–15% of patients (2).

Thus, development of novel therapeutic strategies remains a priority, and to achieve this

aim, identification of the specific pathways involved in the modulation of inflammation and

autoimmunity is a crucial step.

In addition to the production of various autoantibodies, inflammation is considered to be a

key mediator of renal damage in SLE (3). Interleukin-1β (IL-1β) has been recognized as

playing several critical roles in the promotion of inflammation in LN (4–6). Levels of IL-1β

are increased in the kidneys of lupus-prone mice in 2 classic murine models, and increased

IL-1β levels are associated with renal lesions (5,6). Mice lacking IL-1β are resistant to the

development of lupus induced by injection of anti-DNA antibodies (7).

NLRP3 (also known as NALP3 or cryopyrin) has recently become the focus of increasing

attention in translational research in inflammation. NLRP3 is the best-characterized

intracellular receptor, comprising nucleotide-binding oligomerization domain–like and

leucine-rich repeat–containing receptors (NLRs). It plays a crucial role in both immunity

and inflammation (8). Upon activation, NLRP3 undergoes a conformational change and

interacts with an adaptor protein known as ASC, which in turn bridges NRLP3 to procaspase

1 via its caspase activation and recruitment domain, allowing for activation of caspase 1 (8).

The resulting multiprotein complex, composed of NLRP3, ASC, and caspase 1 (referred to

as the NLRP3 inflammasome), serves as a molecular platform that mediates the

autoactivation of caspase 1. Once activated, caspase 1 can cleave the pro forms of IL-1β and

IL-18 into then-mature and active forms.

Relevant to the present investigation is the role of NLRP3 in the pathogenesis of LN.

Endogenous Ul small nuclear RNP (Ul snRNP) has been shown to activate the NLRP3

inflammasome, suggesting that this pathway might participate in the development of SLE

(9). The purinergic receptor P2X7 participates in the processing and release of IL-1β, and

has been proposed to be upstream of NLRP3 inflammasome assembly (10). In addition,

P2X7 has been reported to be a candidate gene for lupus susceptibility in both murine and

human studies (11). In this study, performed in lupus-prone mice, the results demonstrated

that P2X7/NLRP3 contributes to the development of LN. Blockade of P2X7 effectively

ameliorated LN, via inhibition of formation of the NLRP3 inflammasome.
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Materials and Methods

Animals

Female MRL/lpr mice were purchased from SLAC Laboratory Animal Company and

housed under specific pathogen-free conditions in the Experimental Animal Center at Sun

Yat-sen University (Guangzhou, China). Female NZM2328 mice were kept at the

Comparative Medicine Center of the University of Virginia School of Medicine

(Charlottesville). Experiments were approved by the Ethics Committee of Sun Yat-sen

University and the Vertebrate Animal Utilization Committee of the University of Virginia.

The mice were kept at these pathogen-free facilities and the experiments were performed in

accordance with the National Institutes of Health Guide for Care and Use of Animals. Age-

matched female MRL/MpJ mice were used as normal controls.

Brilliant blue G (BBG) treatment

Twelve-week-old MRL/lpr mice were randomized into 1 of 2 treatment groups (n = 10 mice

per group). BBG (Sigma-Aldrich) was diluted at 3 mg/ml in vehicle (saline) solution. Mice

were treated intra-peritoneally with either BBG (45.5 mg/kg) or vehicle every 48 hours, as

previously described (12).

Treatment was administered for 8 weeks, and thereafter the mice were anesthetized and

killed at age 20 weeks to obtain blood and kidney samples. Both kidneys were perfused to

remove the residual blood. A coronal slice of the kidney was fixed in 10% neutral-buffered

formalin and then embedded in paraffin. The remaining kidney tissue was snap-frozen in

liquid nitrogen and stored at −80°C. Two additional groups of 12-week-old female MRL/lpr

mice (n = 15 mice per group) were used to calculate the survival rate from 12 weeks to 30

weeks of age.

For experiments with NZM2328 mice, 3-month-old female NZM2328 mice were injected

intravenously with 1 × 107 particles of adenovirus-expressing interferon-α (AdIFNα; a kind

gift from Dr. Anne Davidson, Feinstein Institute for Medical Research, New York, NY).

AdIFNα-injected mice were then treated intraperitoneally with either BBG (45.5 mg/kg) or

vehicle every 48 hours. Groups of 4–5 mice were followed up for 3, 4, or 5 weeks. At 5

weeks after AdIFNα injection, the mice were killed.

In vivo small interfering RNA (siRNA) administration

High-dose (0.45 mg/kg) P2X7 siRNA or control siRNA (Santa Cruz Biotechnology) was

administered intraperitoneally (n = 6 mice per group) based on previously validated

protocols (13,14). Briefly, siPORT amine (Ambion) was incubated in saline for 30 minutes

at 22°C. Thereafter, the P2X7 siRNA mixed with an equal volume of siPORT amine, was

incubated for 30 minutes at 22°C. The mixture was administered in a total volume of 200 μl.

The mice received siRNA every 72 hours, beginning at age 14 weeks (day 0), and thereafter

on days 3, 6, and 9. On day 10, the mice were killed, and the efficacy of siRNA silencing

was assessed by Western blotting using a mouse anti-P2X7 antibody (Abeam).
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Biochemistry

Blood urea nitrogen (BUN) levels were analyzed using a commercial autoanalyzer

(Beckman Coulter) at the end of the experiment. Mice were placed in metabolic cages for

24-hour urine collection every 2 weeks, starting when the mice were age 12 weeks. Urinary

protein excretion was tested using Multistix 10SG reagent strips (Bayer Healthcare) and

graded on a scale of 0–4, where 0 = none, 1 = 30–100 mg/dl, 2 = >100–300 mg/dl, 3 =

>300–2,000 mg/dl, and 4 = >2,000 mg/dl (15). For experiments with NZM2328 mice, 24-

hour urine samples were collected. The samples were assessed by immunodiffusion for

albumin levels and by the picric acid method for creatinine levels.

Evaluation of renal histopathologic features and immune complex deposition

Paraffin-embedded sections of renal tissue were stained with hematoxylin and eosin and

periodic acid-Schiff reagents. Histopathologic findings of glomerular and renal vascular

lesions were semiquantitatively graded for severity, in a blinded manner, on a scale of 0–3,

as reported previously (16).

For detection of immune complex deposition, frozen kidney sections were stained for mouse

immunoglobulins and C3 with fluorescein isothiocyanate (FITC)–conjugated rabbit anti-

mouse IgG (Santa Cruz Biotechnology), Alexa Fluor 555–conjugated goat anti-mouse IgG

(R&D Systems), or FITC-conjugated goat IgG fraction to mouse complement C3

(Cedarlane), after being blocked with 10% fetal bovine serum. The mean intensity of

fluorescence was scored 0–3, using previously described methods (17).

Measurement of serum anti–double-stranded DNA (anti-dsDNA) antibodies and cytokines

Serum anti-dsDNA antibodies were measured by enzyme-linked immunosorbent assay

(ELISA), as described previously (16). Briefly, 96-well plates were precoated with

methylated bovine serum albumin (BSA) at a concentration of 10 mg/ml, followed by 5

μg/ml calf thymus dsDNA (Sigma-Aldrich). After blockade with 1% BSA, serum was added

in serial dilutions, starting at 1:40, and incubated at room temperature for 1 hour. A mouse

anti-dsDNA monoclonal antibody (Chemicon International) was used to prepare a reference

standard curve. After washing, horseradish peroxidase (HRP)–conjugated goat anti-mouse

IgG antibody (Sigma-Aldrich) was added to detect the bound anti-dsDNA, followed by a

peroxidase substrate, tetramethyl-benzidine. The reaction was terminated with 1M H2S04,

and the absorbance at optical density 450 nm (unless indicated otherwise) was determined.

The anti-dsDNA levels were quantified with reference to the standard curve. Normal mouse

IgG was used as negative control. Levels of IL-1β and IL-17 were assayed using ELISA kits

(R&D Systems), according to the manufacturer's instructions.

Western blotting

Kidney tissue was lysed in cell lysis buffer (Cell Signaling Technology) and homogenized,

followed by centrifugation at 15,000g. The extracted protein was mixed with 2× sodium

dodecyl sulfate (SDS) sample buffer at a 1:1 ratio and boiled. SDS–polyacrylamide gel

electrophoresis was conducted with 12.5% gel, and proteins were transferred onto a

nitrocellulose membrane. After being blocked with 5% skim milk powder in TBST (Tris
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buffered saline with 0.1% Tween 20), the membranes were incubated overnight at 4°C with

the following primary antibodies: mouse anti-NLRP3 and anti-P2X7 antibodies (both from

Abcam), and anti–caspase l-p20 and anti-GAPDH antibodies (both from Santa Cruz

Biotechnology). After washing, blots were incubated with secondary antibodies conjugated

to HRP. The signals on the membrane were detected with enhanced chemiluminescence

(Cell Signaling Technology).

Isolation of mouse splenocytes

MRL/lpr mice were placed under anesthesia and killed by cervical dislocation, and the

spleens were removed and dissociated in RPMI medium supplemented with 50 mM HEPES

and 10% fetal bovine serum. The cell suspension was passed through a 70-μm strainer, and

cells were collected by centrifugation at 300g for 5 minutes. Erythrocytes were lysed by

incubating the cells in red blood cell lysis buffer (Sigma-Aldrich) at room temperature for 5

minutes. The splenocytes were washed 3 times and collected for flow cytometry analysis.

Flow cytometry

Single-cell suspensions were prepared from the collected splenocytes and incubated with

FITC-conjugated anti-mouse CD4, phycoerythrin (PE)–conjugated anti-mouse CD25, PE–

Cy5–conjugated anti-mouse FoxP3 (FJK-16s), PE-conjugated anti-mouse IL-17, or their

respective isotype controls, for evaluation of T cell subsets. Staining for FoxP3 was

conducted using an eBioscience FoxP3 staining kit. Cells were washed and analyzed using

FACSCanto system (Becton Dickinson Immunocytometry Systems).

For detection of Thl7 cells, splenocytes (1 × 106 cells/well) were incubated with 50 ng/ml

phorbol myristate acetate and 1 μg/ml ionomycin (MultiSciences) in the presence of

brefeldin A/monensin mixture (MultiSciences) for 5 hours, before intracellular staining.

Analyses were performed using Flow Jo software (Tree Star).

Statistical analysis

Data are expressed as the mean ± SD. Student's t-test, one-way analysis of variance, or the

nonparametric Wilcoxon rank-sum test were used for data analysis. The Kaplan-Meier

method and log-rank analysis were used to compare mouse survival rates. All data were

analyzed using SPSS software (version 16.0). P values less than 0.05 were considered

significant.

Results

Inhibitory effects of BBG on activation of the NLRP3 inflammasome in MRL/lpr mice

Renal expression of the P2X7/NLRP3 inflammasome pathway was examined in 20-week-

old MRL/lpr mice and in age-matched MRL/MpJ mice as normal controls (n = 6 mice per

group). Enhanced protein expression of P2X7, NLRP3, and ASC was observed in the

kidneys from MRL/lpr mice compared with the kidneys from normal control mice (Figure

1A). The active caspase l-p20 subunit represents the highly active p20/pl0 tetrameric forms

of processed caspase 1. Expression of the p20 subunit of caspase 1 was significantly

elevated in the kidneys from MRL/lpr mice compared with the kidneys from normal control
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mice (P < 0.01). In addition, levels of IL-1β in the kidney homogenates were significantly

increased in MRL/lpr mice compared with normal control mice (P < 0.01) (Figure 1C).

The effects of the selective P2X7 inhibitor BBG on activation of the NLRP3 inflammasome

in MRL/lpr mice were tested. Western blot analysis showed that 8 weeks of treatment with

BBG resulted in suppressed renal expression of NLRP3, ASC, and caspase l-p20 (Figure

1B). Furthermore, renal and serum levels of IL-1β were significantly reduced after BBG

treatment (P < 0.01) (Figures 1D and E).

Reduction in renal damage following BBG treatment in MRL/lpr mice

To assess the effects of the P2X7 inhibitor BBG on renal function, we measured 24-hour

urinary protein excretion every 2 weeks, starting at week 12 up to week 20. Both the BBG-

treated group and the vehicle-treated control group displayed a progressive increase in

proteinuria over time, starting from week 12 (Figure 2A), but the trend was reversed at 18

weeks in BBG-treated mice. As compared with vehicle-treated mice, proteinuria was

significantly reduced by BBG treatment at week 18 (P < 0.05) and at week 20 (P < 0.01). In

addition, BUN levels at the end of treatment were significantly lower in the BBG-treated

group compared with the vehicle-treated group (P < 0.05) (Figure 2B).

Pathologic features of the kidney were also compared between vehicle-treated and BBG-

treated MRL/ lpr mice at 20 weeks. The kidneys of mice surviving to 20 weeks of age were

collected for histopathologic analysis. The analysis revealed that vehicle-treated mice

exhibited the typical features of renal disease, with diffuse glomerulonephritis (enlarged

hypercellular glomeruli, crescent formation) and perivascular lesions (vasculitis). In con-

trast, BBG-treated mice showed significantly diminished glomerular hypercellularity,

crescent formation, and perivascular lesions (vasculitis) (Figures 2C and D).

Reduction in renal immune complex deposition, serum anti-dsDNA production, and
mortality following BBG treatment in MRL/lpr mice

To determine whether P2X7 inhibition might affect renal disease by reducing immune

complex deposition in the kidneys, kidney sections were stained for C3 and IgG. No

immune complex was observed in normal control samples. However, intense deposition of

C3 and IgG was detected in the glomeruli of vehicle-treated mice (Figure 2E). As expected,

semiquantitative scoring of the fluorescence intensity by digital imaging microscopy showed

that BBG treatment led to a remarkable decrease in glomerular deposition of C3 and IgG (P

< 0.01) (Figure 2F).

Furthermore, the circulating anti-dsDNA antibody levels, as determined by ELISA, were

significantly different between the vehicle-treated control group and the BBG-treated group

at week 20 (P < 0.01) (Figure 3A). These results indicate that BBG treatment suppressed the

production of anti-dsDNA antibodies in MRL/lpr mice. In contrast, no serum anti-dsDNA

antibody was detected in normal control mice.

To examine the impact of P2X7 inhibition on lifespan, 2 groups of MRL/lpr mice, treated

with either vehicle or BBG, were followed up until the emergence of multiple signs of

impending death (i.e., decreased activity, lowered body temperature, and weight loss), as
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judged by 2 observers. The mice were then killed at age 30 weeks. We observed a

significant survival benefit in mice treated with BBG as compared with vehicle-treated

control mice (P < 0.05) (Figure 3B).

Reduction in Thl7:Treg cell ratio by BBG treatment

The Thl7:Treg cell ratio in the spleens of BBG-treated and vehicle-treated MRL/lpr mice

was determined by flow cytometry analysis. As shown in Figure 3C, a diminution in Thl7

cells and an increase in Treg cells were observed in mice treated with BBG for 8 weeks,

resulting in a pronounced reduction in the Thl7: Treg cell ratio (Figure 3D).

Consistent with these results, BBG treatment also resulted in a prominent decrease in the

serum IL-17 levels in MRL/lpr mice (Figure 3E). These results suggest that the P2X7

pathway may contribute to the Thl7:Treg cell imbalance.

P2X7 siRNA modulation of autoimmunity and cytokine production in MRL/lpr mice

P2X7 siRNA was administered to MRL/lpr mice, as described previously in studies by

Natarajan et al (13) and Mezzaroma et al (14). Treatment with siRNA was started in the

mice at age 14 weeks, given once every 72 hours and continued for 10 days. P2X7 siRNA

treatment reduced the expression of P2X7 protein in the mouse kidneys by more than 85%

and the expression of NLRP3 by more than 50% (Figure 4A). Anti-dsDNA antibody

production in MRL/lpr mice was also significantly inhibited by P2X7 siRNA treatment as

compared with control siRNA treatment (Figure 4B). The ratio of Thl7 cells to Treg cells in

the splenocytes was strikingly decreased in MRL/lpr mice treated with P2X7 siRNA (Figure

4C). Moreover, P2X7 siRNA–treated mice produced lower serum levels of IL-1β and IL-17

when compared with control siRNA– treated mice (Figures 4D and E).

Modulation of disease in BBG-treated NZM2328 mice with AdIFNα-accelerated LN

Although MRL/lpr mice have been used in experimental models of human LN, the disease

in these mice is primarily driven by inflammation resulting from Fas deficiency. The

effectiveness of BBG on LN was tested in NZM2328 mice, a model in which the disease

resembles immune complex-mediated proliferative glomerulonephritis (18), and ∼70% of

female NZM2328 mice develop chronic glomerulonephritis by the age of 12 months. In

order to shorten the duration of the experiments, AdIFNα was administered to 3-month-old

female NZM2328 mice. Mice injected with AdIFNα develop accelerated

glomerulonephritis, in conjunction with severe proteinuria, within 4–5 weeks after the

administration of the virus, similar to the accelerated glomerulonephritis seen in similarly

treated (NZB × NZW)F1 mice (19,20).

In a preliminary experiment with BBG-treated and vehicle-treated NZM2328 mice (n = 5

per group), treatment with BBG was effective in delaying the onset of proteinuria. A second

experiment was carried out with 5 mice in each group. The combined data from these 2

experiments are shown in Figure 5A. By 30 days after the administration of AdIFNα, 7 of

10 mice in the group that was treated with vehicle developed severe proteinuria (>300

mg/ml albuminuria), whereas only 1 of the 10 mice in the BBG-treated group developed

severe proteinuria.
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Blood and 24-hour urine samples were collected from the mice in the second experiment,

prior to termination of the experiment at the end of 5 weeks after AdIFNα administration.

As shown in Figures 5B–F, treatment of the mice with BBG significantly reduced the

urinary albumi:creatinine ratio, serum BUN levels, serum anti-dsDNA antibody levels, and

serum and renal IL-1β levels. Morphologically, BBG-treated mice had relatively normal

renal histologic features (Figures 6A and C) and reduced staining for C3 and IgG deposits

(Figures 6B and D).

Discussion

P2X7 is an extracellular ATP-gated plasma membrane ion channel receptor that has multiple

biologic functions and is expressed on a wide variety of immune cells (21). In addition,

P2X7 has been shown to act as a proinflammatory trigger (10). P2X7 is significantly up-

regulated in response to inflammatory stimuli, and activation of this receptor initiates and

amplifies the innate immune response and IL-lβ–centered proinflammatory cascades

(21,22). Activation of the P2X7 receptor contributes to autoimmune inflammation of the

salivary gland in patients with Sjögren's syndrome (23).

Furthermore, P2X7 antagonism was shown to ameliorate experimental autoimmune

encephalomyelitis (EAE) in mice (24) and has been detected at very low levels in normal rat

and mouse kidneys, but is significantly up-regulated in renal inflammation (25). Of note,

results of gene mapping suggest that murine and human P2X7 lies within a lupus

susceptibility locus (11). P2X7 expression has also been shown to be up-regulated in renal

biopsy tissue from patients with lupus (26). However, the functional roles of P2X7 have not

been studied in patients with SLE.

In this study, we found that there was significant up-regulation of P2X7 expression at the

protein level in the kidneys of MRL/lpr mice, in close association with increased IL-1β

production and renal damage. Strikingly, blockade of the P2X7 signaling pathway prevented

the development of LN, and also resulted in a reduction in proteinuria and BUN levels. In

addition, BBG-treated mice displayed a prolonged lifespan. In view of recent findings

suggesting that BBG may have other pharmacologic effects in addition to its inhibitory

effects on the P2X7 receptor (27), we performed additional experiments with P2X7 siRNA.

Short-term treatment with P2X7 siRNA had effects on MRL/lpr mice that were similar to

those of BBG. It inhibited P2X7/NLRP3 activation, reduced the production of IL-1β and

IL-17, decreased the Thl7:Treg cell ratio, and decreased the levels of circulating anti-

dsDNA antibodies. Thus, the results of this study indicate that P2X7 may be a target for

therapy in SLE.

Although there are exceptions (28), the central role of P2X7 in the release of mature IL-1β

and IL-18 is now well established (21,22). The critical link between P2X7, mature IL-1β,

and NLRP3 has not been uncovered until recently. P2X7 has been demonstrated to be a

potent activator of the NLRP3 inflammasome (29). Assembly of the NLRP3/ASC/caspase 1

complex facilitates caspase 1–mediated processing and release of the proinflammatory

cytokines IL-1β and IL-18 (8). Previous studies have revealed that Ul snRNP is a potential

signal that activates the NLRP3 inflammasome in autoimmune diseases such as SLE (9),
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while an increase in IL-18 production, which is induced by activation of the NLRP3

inflammasome, will result in endothelial progenitor cell dysfunction in SLE (30), suggesting

that NLRP3 has a pathogenic role in this disease. Our results indicated that NLRP3 was

activated in the kidneys of MKL/lpr mice, in conjunction with enhanced expression of

P2X7. Blockade of P2X7 was associated with inhibition of NLRP3 activation, suppression of

IL-1β production, and attenuation of renal damage, indicating that the P2X7/NLRP3

pathway is involved in the pathogenesis of LN.

In addition to NLRP3, the role of ASC in the assembly of the inflammasome complex has

been elucidated in a number of studies (8,30–33). ASC functions as an adaptor protein by

linking NLRP3 and procaspase 1, thereby activating caspase 1 to produce the inflammatory

cytokines IL-1β and IL-18 (8). Recent studies have shown that ASC contributes greatly to

the pathogenesis of autoimmune diseases, such as EAE and collagen-induced arthritis

(31,32). In this regard, it is of interest to note that the expression of ASC in peripheral

lymphocytes and renal biopsy tissue from SLE patients was significantly elevated (30,33).

In this study, the protein level of ASC was significantly up-regulated in the kidneys of

MRL/lpr mice. Strikingly, blockade of P2X7 suppressed the expression of this

inflammasome component, and also suppressed the production of IL-1β, suggesting that the

therapeutic effects of P2X7 blockade are mediated via the NLRP3/ASC/caspase 1 complex.

Notably, IL-1β plays a critical role in the regulation of the Thl7:Treg cell balance. Studies in

vitro and in vivo have indicated that, under neutral conditions, simultaneous activation of

Treg cells and naive CD4+ T cells in the presence of antigen-presenting cells will lead to

conversion of Treg cells into Thl7 cells, and endogenous IL-1β is necessary in this process

(34). IL-1β has also been shown to reduce the function of Treg cells and promote their

conversion into Thl7 cells (35). Consistent with these findings, the present study

demonstrated that inhibition of P2X7 diminished the percentage of Thl7 cells and increased

the percentage of Treg cells, resulting in a decreased Thl7:Treg cell ratio.

Of note, the Thl7:Treg cell imbalance is closely involved in the pathogenesis of SLE. One

study showed that decreased numbers of Thl7 cells were associated with attenuated LN (36).

Moreover, increased production of IL-17 contributed critically to the development of lethal

pathologic features in a mouse model of lupus (37). In contrast, expansion of Treg cells was

protective against chronic graft-versus-host disease–induced LN in mice (38). Animal

studies have shown that a reduction in Treg cells and expansion of Thl7 cells were positively

associated with the presence of T cell infiltrates that promoted severe nephritis (39). In

human SLE, Thl7 cells have been shown to infiltrate the kidneys and cause renal damage by

up-regulating the expression of inflammatory cytokines and chemokines (40,41). In the

present study, inhibition of P2X7 reduced the Thl7:Treg cell ratio, and this effect is most

likely mediated, in part, by inhibition of the generation of IL-1β. It remains to be determined

whether BBG has a direct effect on T cell homeostasis. Nevertheless, the results of this

study suggest that IL-1 may be a target for therapy in LN. This conclusion is further

supported by the findings of a preliminary clinical trial showing that anakinra (IL-1 receptor

antagonist) is effective in treating SLE patients with severe arthritis (42).
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Moreover, the results of our study showed that P2X7 inhibition resulted in a significant

decrease in the production of autoantibodies and immune complex deposition in the mouse

kidneys. The mechanism of action of P2X7 inhibition with regard to its effects on

autoantibody production remains to be clarified. However, it may be associated with the

reduced number of Thl7 cells following P2X7 blockade. Thl7 cells have been shown to

function as B cell helpers, both in vitro and in vivo, which favors the activation of

autoreactive B cells and the production of pathogenic antibodies (43). Thl7 cells also

directly promote B cell activation and differentiation into antibody-producing cells in the

target organs (43,44). These findings are consistent with those in a study showing that

decreased numbers of Thl7 cells were accompanied by a reduction in circulating anti-

dsDNA antibodies in C5TBL/6-lpr/lpr mice (36). Alternatively, since P2X7 is also

expressed on B cells (43), blockade of P2X7 might also have a direct effect on autoantibody-

producing B cells.

The effectiveness of BBG in modulating lupuslike glomerulonephritis was also shown in

AdlFNα-infected NZM2328 mice. BBG effectively blocked the development of

autoantibodies, severe proteinuria, and immune complex-mediated glomerulonephritis. In

this model, IL-1β production was reduced significantly in the serum and renal tissue. The

results of these experiments in NZM2328 mice suggest that blocking the P2X7 pathway to

interfere with the development of LN may have more general applicability in the treatment

of LN.

Taken together, the results of this study identify a new target for LN therapy. Our data have

shown that inhibition of P2X7 signaling effectively ameliorated LN by inhibiting NLRP3

inflammasome activation. Therefore, development of pharmacologic inhibitors targeting the

P2X7/NLRP3 signaling pathway would be helpful in providing novel therapeutic strategies

for human SLE. In view of the complexity of the pathogenesis of LN, targeting of the P2X7/

NLRP3 pathway should be a part of the multitarget approach in this disease.
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Figure 1.
Treatment of MRL/lpr mice with brilliant blue G (BBG) suppresses the activation of the

P2X7/NLRP3 pathway. A and B, Representative Western blot bands (top) and relative

expression levels in each group (bottom) show the protein expression of P2X7, NLRP3,

ASC, and caspase l-p20, normalized to the values for GAPDH, in the kidneys of 20-week-

old MKL/lpr mice versus normal controls (age-matched normal MRL/MpJ mice) (n = 6 per

group) (A), and the kidneys of BBG-treated MRL/lpr mice versus vehicle-treated controls

(after 8 weeks of treatment; n = 10 per group) (B). C–E, Levels of interleukin-lβ (IL-lβ)

were determined by enzyme-linked immunosorbent assay in the kidneys of MRL/lpr mice

versus normal controls (C), and the kidneys (D) and serum (E) of BBG-treated MRL/lpr

mice versus vehicle-treated controls. Results are the mean ± SD. * = P < 0.01 versus normal

controls; # = P < 0.01 versus vehicle-treated controls.
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Figure 2.
Treatment of MRL/lpr mice with brilliant blue G (BBG) reduces renal lesions and immune

complex deposition. A and B, The 24-hour urinary protein excretion levels (recorded

biweekly) (A) and blood urea nitrogen (BUN) levels (measured at the end of the

experiment) (B) were determined in BBG-treated MRL/lpr mice versus normal controls

(age-matched female MRL/MpJ mice) and vehicle-treated controls. Bars in B show the

mean ± SD. C and D, Renal tissue was obtained from 20-week-old MRL/lpr mice treated

with either BBG or vehicle and from normal control mice for histopathologic analyses.

Glomerular and perivascular areas of the renal sections were stained with hematoxylin and

eosin to assess features of glomerulonephritis and perivascular lesions (arrows)

(representative images shown) (C). Original magnification × 400. The severity of renal

damage was semiquantitatively scored in each group (B = BBG-treated; V = vehicle-treated

controls; N = normal controls) (D). E and F, Renal sections from BBG-treated and vehicle-

treated control mice were snap-frozen and embedded in OCT. The tissue was then analyzed

by immunofluorescence microscopy to assess the deposition of C3 and IgG (representative

images shown) (E) and the intensity of green fluorescence (F) after 8 weeks of BBG

treatment in comparison with vehicle treatment. Original magnification × 200. Results are
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the mean ± SD (n = 10 per group). * = P < 0.01 versus normal controls; # = P < 0.01 and ##

= P < 0.05 versus vehicle-treated controls.
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Figure 3.
Treatment of MRL/lpr mice with brilliant blue G (BBG) results in reductions in

autoantibody production, mortality, and the Thl7:Treg cell ratio. A and B, Serum anti–

double-stranded DNA (anti-dsDNA) antibody levels (n = 10 per group) (A) and lifespan (n

= 15 per group) (B) were compared between BBG-treated MRL/lpr mice and vehicle-treated

controls. Mice were killed at age 30 weeks. Bars in A show the mean ± SD. C and D, Flow

cytometry analyses were used to assess the expression of Treg cells (CD4+CD25+FoxP3+)

and Thl7 cells (CD4+IL-17+) in splenocytes of vehicle-treated and BBG-treated MRL/lpr

mice (representative results shown) (C), and the ratio of Thl7 cells to Treg cells was

determined (n = 6 per group) (D). E, Serum interleukin-17 (IL-17) levels were compared

between the normal control mice and the MRL/lpr mice treated with either vehicle or BBG

(n = 10 per group). Results are the mean ± SD. * = P < 0.01 versus normal controls; # = P <

0.01 and ## = P < 0.05 versus vehicle-treated controls.
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Figure 4.
Effects of P2X7 small interfering RNA (siRNA) treatment on lupus syndrome in MRL/lpr

mice. MRL/lpr mice, age 14 weeks, were treated with either control siRNA or P2X7 siRNA

for 10 days. A, The kidneys were analyzed by Western blotting (representative bands

shown) (left) for relative protein expression of P2X7, NLRP3, ASC, and caspase l-p20, and

the results, normalized to the values for GAPDH, were quantified and expressed as the mean

± SD (n = 6 per group) (right). B–E, Serum anti–double-stranded DNA (anti-dsDNA)

antibody levels (determined by enzyme-linked immunosorbent assay [ELISA]) (B), the

Thl7:Treg cell ratio in the spleens (C), serum interleukin-1β (IL-1β) levels (determined by

ELISA) (D), and serum IL-17 levels (determined by ELISA) (E) were compared between

the 2 groups. Bars show the mean ± SD (n = 6 per group). * = P < 0.01; ** = P < 0.05

versus control siRNA-treated mice.
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Figure 5.
Treatment of NZM2328 mice with brilliant blue G (BBG) protects kidney function in a

model of adenovirus-expressing interferon-α (AdlFNα)-accelerated glomerulonephritis. A,

Incidence of severe proteinuria was compared between vehicle-treated and BBG-treated

mice (n = 10 per group) using Multistix 10SG reagent strips. A protein concentration of

≥300 mg/dl was considered to be severe proteinuria. B–F, Albumin and creatinine

concentrations (using 24-hour urinary protein samples collected on day 28) (B), blood urea

nitrogen (BUN) levels (measured on day 28) (C), anti–double-stranded DNA (anti-dsDNA)

antibody levels (determined by enzyme-linked immunosorbent assay) (D), and serum (E)
and renal (F) interleukin-1β (IL-1β) levels (measured at the end of experiment) were

compared between the 2 groups (n = 5 per group). Results are the mean ± SD. * = P < 0.05

versus vehicle-treated controls.
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Figure 6.
Treatment of NZM2328 mice with brilliant blue G (BBG) prevents renal damage and

immune complex deposition in a model of adenovirus-expressing interferon-α–accelerated

glomerulonephritis. A and C, Formalin-fixed sections of renal tissue from vehicle-treated

and BBG-treated mice were stained with hematoxylin and eosin for histopathologic

assessment of the glomeruli (A), and the severity of renal damage was graded by

semiquantitative histologic scoring (C). Original magnification × 400. B and D, Snap-frozen

renal sections were stained for deposition of C3 (fluorescein isothiocyanate-conjugated) or

IgG (Alexa Fluor 555–conjugated) (B), and immunofluorescence microscopy was used to

assess the intensity of fluorescence (D) after 5 weeks of BBG treatment compared with

vehicle treatment. Results are the mean ± SD. * = P < 0.05; ** = P < 0.01 versus vehicle-

treated controls.
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