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ABSTRACT

P2RX7, a mediator of IL-13 and IL-18 processing and re-
lease, is a ligand-gated cation channel that is ex-
pressed by macrophages. In experimental Crgn, P2RX7
deficiency attenuates renal injury, but the underlying
mechanism is unknown. Here, we show that P2RX7 lev-
els and the expression of several genes belonging to
the NIrp3-inflammasome pathway are up-regulated in
the macrophages of the WKY rat, a strain uniquely sus-
ceptible to macrophage-dependent NTN. Importantly,
following P2RX7 activation, WKY BMDMs produce
markedly increased levels of active caspase-1, IL-13,
and IL-18 when compared with the NTN-resistant LEW
rat BMDMs. P2RX7 and active IL-13, IL-18, and
caspase-1 protein levels were markedly increased in
the WKY nephritic glomeruli 4 days following induction
of NTN, and the use of a P2RX7 antagonist reduced the
levels of secreted active IL-1B5. Interestingly, the post-
translational control of P2RX7-mediated inflammasome
activation is under the genetic regulation of two previ-
ously identified Crgn quantitative trait loci in the BMDMs
and nephritic glomeruli of the WKY rat. In conclusion,
we propose a hovel mechanism, whereby genetically
determined P2RX7 levels in macrophages regulate
NIrp3-inflammasome activation and susceptibility to
Crgn. J. Leukoc. Biol. 93: 127-134; 2013.

Abbreviations: ANTN=accelerated nephrotoxic nephritis, ASC=apoptotic
speck protein containing a caspase recrutment domain (CARD),
BMDM=bone marrow-derived macrophages, Crgn=crescentic glomeru-
lonephritis, GBM=glomerular basement membrane, IL-1RN=IL-1R antago-
nist, IL-18BP=IL-18 binding protein, LEW=Lewis, NIrp1, NIrp3,
Nirc4=members of the nucleotide-binding oligomerization-like receptor
family, NTN=nephrotoxic nephritis, P2RX7=P2X7 receptor, P2RX7—/—=
P2X7 receptor-deficient, gRT-PCR=quantitative RT-PCR, QTL=quantitative
trait locus, WKY=Wistar Kyoto, YVAD-cmk=Tyr-Val-Ala-Asp-chloromethyl-
ketone
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Introduction

Crgn is the most severe form of glomerular inflammation and
presents clinically as rapidly progressive glomerulonephritis.
Crgn is characterized by disruption of the GBM, leading to the
infiltration and proliferation of inflammatory cells, such as
macrophages in Bowman'’s space [1, 2]. Macrophages are im-
portant immune effector cells and are the predominant im-
mune cell found within crescentic glomeruli playing pivotal
roles. Numerous studies using different models of experimen-
tal Crgn have established a role for both macrophage activa-
tion and numbers in the progression of Crgn [3-5].

The rat model of NTN in the WKY strain is dependent on
macrophage infiltration and activation in response to glomeru-
lar deposition of immunoglobulin. In this model, glomerular
macrophage infiltration peaks at Day 4 following a single injec-
tion of rabbit anti-GBM antiserum [6]. The WKY NTN model
is a highly reproducible model, which is very similar in its his-
tological features to human Crgn. It is particularly useful for
studying the role of cell-mediated innate immunity against the
planted IgG in the GBM and specifically, for studying the role
of macrophages in crescent formation. The WKY NTN model
has been used to identify genetic loci that promote macro-
phage-dependent susceptibility to Crgn. Previous genome-wide
linkage analysis carried out in the NTN-susceptible WKY and
NTN-resistant LEW strains identified seven Crgn QTL [7]. The
most significant are QTL controlling crescent formation and
proteinuria mapped to chromosome 13 (Crgnl) and chromo-
some 16 (Crgn2) [7]. These loci showed highly significant
LOD scores (LOD>8), and introgression of LEW Crgnl or
LEW Crgn2 into the WKY genetic background, generated by
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single congenic animals, resulted in a reduction of glomerular
crescent formation of 18% and 8%, respectively [8]. Positional
cloning studies led to the identification of genes controlling
FcR-mediated macrophage activation [7, 9, 10]. Further ge-
netic studies using congenic rat strains suggested that the poly-
genic regulation of NTN susceptibility in the WKY rat is under
the control of macrophage activation rather than infiltration
[8]. In addition to FcR-mediated macrophage activation, WKY
and LEW BMDMs show differences in their superoxide anion
production and LPS-stimulated NOS2 expression. Macrophage
activation is also partly determined by the cell transcriptome,
and we have reported that in addition to the observed differ-
ences in macrophage function, there is a major transcriptome
difference (~800 differentially expressed transcripts; false dis-
covery rate <5%) between the BMDMs of WKY and LEW rats
[11]. In recent years, there have been numerous studies focus-
ing on altering macrophage function in the pathophysiology
of NTN. We have shown that blockade of proinflammatory
(M1 phenotype) or promoting the anti-inflammatory (M2)
phenotype of glomerular macrophages ameliorates disease in
the WKY NTN model [12-15].

ATP is an important inflammatory mediator in macrophages
[16]. P2RX7, a ligand-gated ion channel, was first cloned from
the rat brain [17], and its stimulation in the presence of high
ATP concentration leads to release of inflammatory mediators,
such as IL-18 [18, 19] and IL-18 [19]. P2RX7 protein is ex-
pressed in normal kidney, and although glomerular expression
of the molecule is scarce in normal kidney, it is up-regulated
following injury, including acute and chronic inflammatory
conditions [20, 21]. Notably, P2RX7 expression reaches its
peak at Day 4 (which coincides with maximal glomerular mac-
rophage infiltration) following injection of nephrotoxic serum
in the glomeruli of WKY rats [22]. The same study also re-
ported up-regulation of P2RX7 in human lupus-related glo-
merulonephritis [22]. The P2RX7-mediated release of IL-13
and IL-18 is a two-step phenomenon regulated at transcrip-
tional and post-translational maturation levels. These cytokines
are produced as proforms and require the activation of
caspase-1, also known as the IL-1B-converting enzyme, for mat-
uration and secretion. The inflammasomes are molecular plat-
forms that can trigger the activation of inflammatory caspases,
such as caspase-1 and processing of pro-IL-18 and pro-IL-18.
Since their discovery 10 years ago [23], Nlrpl, Nlrp3, and
Nlrc4 and the adapter protein ASC have been identified as
critical components of the inflammasome by linking microbial
and endogenous signals to caspase-1 activation and subsequent
release of IL-18 and IL-18 [24]. The activation of the NLRP3
inflammasome induced by stimulation of the P2X7R requires
two signals. The first signal is the stimulation with endogenous
cytokines (i.e., TNF-a) or microbial ligands, such as LPS, and
is necessary to induce the up-regulation of NLRP3, which is
otherwise expressed at low levels in resting conditions [25,
26]. The second signal that leads to fully active NLRP3 inflam-
masome is characterized by the engagement of P2RX7 by high
concentrations (5 mM) of ATP [27], which induce complete
collapse of normal ionic gradients, including the release of
intracellular potassium [19, 28]. This P2RX7-stimulated IL-3
and IL-18 release is dependent on Nlrp3-inflammasome activa-

128 Journal of Leukocyte Biology Volume 93, January 2013

tion, as mice depleted of ASC or Nlrp3 are unable to process
and secrete mature IL-18 in response to ATP [29, 30].

By using two distinct models of experimental Crgn, we have
shown previously that P2RX7 has a proinflammatory role in
the progression of renal injury. We reported that P2RX7—/—
mice had less severe glomerular thrombosis, proteinuria, and
macrophage infiltration when compared with WT controls fol-
lowing induction of ANTN [31]. In the WKY rat model of
NTN, which unlike ANTN does not require preimmunization,
early treatment of rats with a P2RX7 blocker (A-438079) re-
sulted in significantly reduced proteinuria and macrophage
infiltration when compared with vehicle-treated controls [31].

In the present study, we hypothesized that P2RX7 is a ge-
netic determinant of macrophage activation and that its cellu-
lar levels regulate the processing of active to IL-18 and IL-18
in the inflamed glomerulus through the activation of Nlrp3
inflammasome. We studied P2RX7-mediated Nlrp3-inflam-
masome activation in the BMDMs and nephritic glomeruli of
three strains of rat: the NTN-susceptible WKY rat, the NTN-
resistant LEW rat, and the double-congenic WKY.LCrgn1,2 rat.
In the latter strain, the two major QTL identified by genome-
wide linkage analysis (Crgnl and Crgn2) were introgressed
from the resistant LEW rats into the genetic background of
the WKY rat. We have shown previously that these double-con-
genic rats had 40% reduction in glomerular crescents in NTN
when compared with parental WKY rats [8]. Based on our re-
sults, we propose a novel mechanism in the genetic control of
macrophage function linked to Crgn, which acts through
P2RX7-mediated Nlrp3-inflammasome activation.

MATERIALS AND METHODS

Animals

P2RX7—/—, which was originally generated by Pfizer (Groton, CT, USA),
was purchased from The Jackson Laboratory (Bar Harbor, ME, USA). WKY
(WKY/NCrl) and LEW (LEW/Crl) rats were purchased from Charles River
Laboratories International (Wilmington, MA, USA). The generation of the
double-congenic line WKY.LCrgn1,2 from single-congenic F1 animals was

described previously [8]. All procedures were performed in accordance
with the United Kingdom Animals (Scientific Procedures) Act.

BMDM culture and stimulation

Murine and rat BMDMs were isolated from adult femurs and cultured for 5
days in the presence of 1.929 medium as described previously [8]. These
cells were characterized as macrophages by immunohistochemistry for
CD68, and >99% of the cells were CD68+. On Day 6 of differentiation,
the medium was aspirated, and macrophages were primed for 5 h, unless
specified otherwise, with 1 ug/mL LPS from Escherichia coli (Sigma, UK) in
serum-free DMEM, supplemented with 100 IU penicillin and 100 pug/mL
streptomycin. Following the LPS priming, the medium was aspirated, cells
were washed with HBSS, and fresh, serum-free medium containing ATP at
a concentration of 5 mM was added. In some experiments, 10 ug/ml Nige-
ricin (Sigma) was added. After 30 min of ATP (or Nigericin) stimulation,
culture medium and cell layers were collected by scraping. In some condi-
tions, the P2RX7 inhibitor AZ10606120 dihydrochloride (Tocris Bioscience,
Bristol, UK) was added before stimulating the cells with ATP.

NTN, isolation of rat nephritic glomeruli, and
immunostaining

NTN was induced in male WKY, LEW, and WKY.LCrgn1,2 rats by i.v. injec-
tion of 0.1 ml nephrotoxic serum, as described previously [9]. On Day 4
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after induction of NTN, rats were killed under isoflurane anesthesia and
kidneys placed immediately in cold PBS. Glomeruli were isolated by se-
quential sieving using stainless-steel meshes of 250, 150, and 75 wm in cold
PBS, followed by centrifugation at 1500 rpm for 5 min. The glomerular
pellet was then suspended in DMEM, supplemented with penicillin and
streptomycin. A number of 1 X 10* glomeruli were seeded into each well
of a six-well plate using 1 ml DMEM/well. After 48 h of incubation at 37°C,
supernatants and glomerular layers were collected and stored at —20°C for
further analysis. In some conditions, the nephritic glomeruli from the WKY
rats were washed following 24 h of culture, and the remaining macro-
phages were cultured for an additional 24 h. For ED-1 (AbD Serotec, Ox-
ford, UK) and Nlrp3 (Abcam, Cambridge, UK) immunostaining, formalin-
fixed, paraffin-embedded rat tissues were microwaved in sodium citrate buf-
fer for antigen retrieval. Following consecutive blocking steps (peroxide
block for 15 min, 10% goat serum block for 15 min, followed by a 10%
milk block for 15 min), sections were incubated with the primary antibody
ED-1 (1:500) or NALP-3 (1:100) and the slides left for 1 h at room temper-
ature. The slides were then washed and incubated in the polymer-HRP
(Dako mouse EnVision kit, Dako, Denmark) for 30 min at room tempera-
ture. Staining was visualized using DAB (Dako EnVision kit) and sections
counterstained with hematoxylin, dehydrated, and mounted with cover
slips.

Western blotting and ELISA

The cell monolayer or glomerular preparation was washed once with cold
1X PBS and suspended immediately in lysis buffer. Lysates were clarified by
centrifugation (13,500 g, 20 min), and the protein concentration in the
supernatants was measured using the BCA protein assay kit (Pierce, UK),
following the manufacturer’s instructions. To analyze secreted proteins,
cells were scraped, and cell layers and supernatant s were collected and
filtered using Amicon ultra centrifugal filters (10 kDa cutoff; Millipore,
UK) for protein purification and concentration. The concentrated samples
were diluted with 5X sample buffer, boiled for 10 min, resolved by SDS-
PAGE, and transferred to an Immobilon-P transfer membrane (Millipore).
The primary antibodies used were as follows: rabbit polyclonal anti IL-13
(New England BioLabs, UK), rabbit polyclonal anti IL-18 (Santa Cruz Bio-
technology, Santa Cruz, CA, USA), rabbit polyclonal anti caspase-1 (Santa
Cruz Biotechnology), and rabbit polyclonal anti-P2X7 (Alomone Labs, Is-
rael). IL-183 levels were quantified by sandwich ELISA (R&D Systems,
Abingdon, UK), according to the manufacturer’s instructions.

RNA extraction and qRT-PCR

Total RNA was extracted from BMDMs using the Trizol method. Total
RNA concentration was determined using a NanoDrop spectrophotometer
(Labtech International, Ringmer, UK). Real-time RT-PCR was performed
on an ABI 7500 sequence detection system (Applied Biosystems, War-
rington, UK) using SYBR Green (Stratagene, Cambridge, UK). A total of
100 ng total RNA was used for qRT-PCR, and all samples were amplified in
triplicate using transcript-specific primers. The primers used in this study
were as follows: P2RX7, forward 5'TCGGTTTGGCCACCGTGTGT-3' and
reverse 5’ CATTCACTGCACAGGGCTCGCA-3'; TI1RN, forward
5'CTTTTCTGTGTGATGCCCCT-3" and reverse 5'GTGAAGATGGT-
GTTTGGGCT-3; 1118, forward 5’ACCGCAGTAATACGGAGCAT-3"and re-
verse, 5' TAGGGTCACAGCCAGTCCTC-3'; IL18bp forward 5'ATGAGA-
CACTGTGGCTGTGC -3’ and reverse 5'ACTGCTGGAGACCAGGAAGA-3';
Nlrp3, forward 5'GCTGCTCAGCTCTGACCTCT-3" and reverse 5’ AGGT-
GAGGCTGCAGTTGTCT-3'; ASC, forward 5'GCAATGTGCTGACT-
GAAGGA-3" and reverse 5'TGTTCCAGGTCTGTCACCAA-3'; Caspl, for-
ward 5'GGAGGGAATATGTGGGATCA-3" and reverse Caspl 5’
CCCTCTTCGGAGTTCCCTAG-3'. Results were exported to 7500 Fast Sys-
tem SDS software and analyzed as described previously [8].

Statistical analysis

Data were expressed as mean * SEMm. Statistical difference was assessed by a
single-factor variance (ANOVA), followed by Bonferroni multiple compari-
sons post-test; P < 0.05 was considered statistically significant.
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RESULTS AND DISCUSSION

P2RX7-NlIrp3-inflammasome gene expression in WKY,
LEW, and WKY.LCrgnl,2 BMDMs

In our previous microarray analysis of WKY and LEW BMDMs,
we identified P2RX7, IL-1RN, and IL-18 as markedly overex-
pressed transcripts in the WKY macrophages [11]. Based on
these results, we hypothesized that the P2RX7-Nlrp3-inflam-
masome pathway genes may also be expressed differentially

between the macrophages of the two strains of rat. In addition
to P2RX7, IL-1RN and IL-18, the basal expression levels of
caspase-1, IL-18BP, and LPS-stimulated Pycard (ASC) expres-
sion was found to be up-regulated significantly in WKY
BMDMs (Fig. 1A and B). The transcriptional regulation of all
of these transcripts was not under the control of Crgnl and
Crgn2, as the congenic WKY.LLCrgnl,2 BMDMs showed similar
expression levels to the parental WKY BMDMs (Fig. 1A). The
P2RX7 protein levels were also increased in basal and LPS-
stimulated WKY BMDMs when compared with LEW BMDMs
(Fig. 1C). The WKY and LEW strains also show sequence vari-
ants within the P2RX7 gene (Supplemental Fig. 1). However
P2RX7 protein levels are under partial genetic control of
Crgnl and Crgn2, as the LPS-stimulated WKY.L.Crgn1,2
BMDMs showed reduced levels of P2RX7 protein levels (Fig.
1C). Furthermore, we confirmed that P2RX7 is essential for
ATP-induced NIrp3-inflammasome activation, and its blockade
leads to reduced active IL-1 in WKY BMDMs and nephritic
glomeruli (Supplemental Fig. 2).

P2RX7-Nlrp3-inflammasome-mediated IL-13 and I1-18
release in WKY, LEW, and WKY.LCrgnl,2 BMDMs
To activate the P2RX7-Nlrp3-inflammasome pathway, BMDMs
from WKY, LEW, and WKY.L.Crgn1,2 rats were first primed
with LPS (1 wg/ml, 3 h). ATP (5 mM) was then added to the
cells for 30 min. The active and pro forms of IL-1, IL-18, and
caspase-1 were assessed in the cell lysates and supernatants of
BMDMs from the different rat strains by Western blotting
(Fig. 2). The results show clearly that when WKY BMDMs are
primed with LPS and stimulated with ATP, they produce mark-
edly increased levels of active IL-18 (Fig. 2A), IL-18 (Fig. 2B),
and mature caspase-1 (Fig. 2C) when compared with NTN-
resistant LEW BMDMs. As with P2RX7 levels, the ATP-induced
release of IL-18 and IL-18 is partially regulated by Crgnl and
Crgn2, as WKY.LCrgn1,2 BMDMs showed markedly reduced
active caspase-1 and decreased IL-18 and IL-13 protein levels.
The differential activation of the Nlrp3 inflammasome in WKY
and LEW BMDMs is mainly a result of differences in P2RX7
levels, as the use of the potassium ionophore Nigericin, previ-
ously reported to induce the activation of Nlrp3 [32], did not
result in increased active IL-13 (assessed by Western blot and
sandwich ELISA) and caspase-1 secretion in LPS-primed WKY
rat macrophages (Fig. 2D). Taken together, these results show
that although Crgnl and Crgn2 do not control the transcrip-
tional regulation of the Nlrp3-inflammasome pathway (Fig.
1A), the maturation of IL-18, IL-18, and caspase-1 is partially
under the genetic regulation of both loci (Fig. 2).

Volume 93, January 2013 Journal of Leukocyte Biology 129



JLB

N
(3

IL18 / Hprt mRNA
(Relative expression)

P2RX7 / Hprt mRNA
(Relative expression)
o 3 a8
:
*

Figure 1. The expression of
P2RX7-Nlrp3-inflammasome path-
way genes is genetically controlled
in the macrophages of rats showing

. o Sce <T
different susceptibility to Crgn. o _g 5 E %
(A) The expression of the major E, o [ g
transcripts belonging to the 2 § 4 :‘|:t=' g
P2RX7-NlIrp3-inflammasome path- f., 23 <3
way in the BMDMs of the WKY, ] -% 2 % %
WKY.LCrgn1,2, and LEW rats. All § S 1 i
of the genes were assessed by qRT- o = =

PCR at basal levels, except for
Pycard, for which expression levels
were up-regulated significantly in
LPS (100 ng/ml, 10 h)-stimulated

*
15 ns _
z3 -5
g3
210 EQ
t o a
[ tx
T o 23
I
S¢ To
E5° 2%
-3 o]
2 zZ g

- -
(=]

o
IL1beta/Hprt mRNA
(Relative expression)

Pycard/Hprt mRNA
(Relative expression)

cells. Hprt, Hypoxanthine guanine

phosphoribosyl transferase. (B) WKY up
Schematic and simplified represen- g:," >10
tation of the P2RX7-Nlrp3-inflam- s >4 —@2nd) Cell membrane
masome pathway, highlighting the T >1.3
color-coded differential expression e Jg orns
between the WKY and LEW LEW up
BMDMs. (C) Western blot analysis . Nirp3
of P2RX7 protein levels in basal inflammasome
(untreated) and LPS (1 ug/ml, -
5 h)-treated BMDMs from WKY,
LEW, and WKY.LCrgnl,2 rats; n = = oy
6 rats were used for qRT-PCR. % 5 £
Western blot results are representa- é g
tive of three independent experi- 8 g 2
ments. *P < 0.01, **P < 0.001
compared to WKY rats.
c 8 3
KDa B S =
S > g o
: ¢ g = & 7
75 P2X7
B-actin

untreated

The increased P2RX7-mediated IL-13 and IL-18
secretion in WKY BMDMs is caspase-1-dependent and
is not a result of an up-regulation of the pro forms of
the cytokines

The differential activation of the P2RX7-Nlrp3-inflammasome
pathway in WKY, LEW, and WKY.LCrgn1,2 BMDMs could be
the result of the priming process, whereby LPS stimulation
leads the enhanced TLR4-dependent NF-«B activation in the
WKY rat. To dissect whether the priming (LPS) or the post-
translational caspase-1-dependent maturation (ATP through
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LPS 1pg/mL

P2RX7) accounts for the observed differences in the release of
IL-18 and IL-18, we assessed pro-IL-18 and pro-IL-18 in the
cell lysates (excluding the supernatants) of WKY, LEW, and
WKY.LCrgn1,2 BMDMs (Fig. 3A). The results show that BM-
DMs from all of the rat strains produce similar amounts of
pro-IL-13 and pro-IL-18 in response to LPS and that ATP stim-
ulation does not modify the amount of either cytokine (Fig.
3A). In addition, the increased IL-183 and IL-18 levels are a
result of increased caspase-1 activation in the WKY BMDMs, as
the use of the specific caspase-1 inhibitor YVAD-cmk abolished
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release is increased markedly in NTN-susceptible WKY rat macro-
phages. BMDMs from WKY, LEW, and WKY.LCrgn1,2 rats were first
primed with LPS (1 wg/ml, 5 h) and treated with ATP (5 mM) for
30 min. Cell lysates and supernatants were subjected to Western
blotting for detection of pro and active forms of IL-18 (A), IL-18
(B), and caspase-1 (C). WKY- and LEW-primed BMDMs LPS (1 pg/
ml, 5 h) were also treated with Nigericin (10 ug/ml) for 30 min,
and cell lysates and supernatants were subjected to Western blot-
ting for active IL-1B and caspase-1 detection. IL-18 levels were also
quantified by sandwich ELISA (D). Western blot results are repre-
sentative of three independent experiments; n = 4 rats were used
for IL-18 ELISA.

completely the production of the active forms of both cyto-
kines (Fig. 3B).

P2RX7-Nlrp3-inflammasome activation and its genetic
control in Crgn in the rat

We extended our in vitro observations obtained in BMDMs to
the ex vivo analysis of Nlrp3-inflammasome activation in the
nephritic glomeruli of WKY, LEW, and WKY.LCrgn1,2 rats.
Glomeruli were isolated from the renal cortex 4 days after the
NTN induction and were cultured for 48 h in serum-free DMEM
media (to allow macrophage growth). We observed that P2RX7
and active IL-13, IL-18, and caspase-1 were increased markedly in
the nephritic glomeruli of WKY rats when compared with LEW
(Fig. 4). In addition, we showed that the source of the increased
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P2RX7-mediated Nlrp3-inflammasome activation within the ne-
phritic glomeruli is the infiltrating CD68+ macrophages (Supple-
mental Fig. 3). Interestingly, the WKY.LCrgn1,2 rats, which show
reduced glomerular crescents and macrophage infiltration 10
days following NTN induction [8], also showed reduced P2RX7
(Fig. 4A) and active caspase-1 (Fig. 4B), IL-18 (Fig. 4C), and
IL-18 (Fig. 4D), suggesting that Crgnl and Crgn2 control P2RX7-
mediated Nlrp3-inflammasome activation in the nephritic glom-
eruli. Immunohistochemical analysis of Nlrp3 and ED-1 on con-
secutive WKY kidney sections 10 days after NTN induction
showed that glomerular Nlrp3 staining is primarily associated
with ED-1+ cells (Fig. 4E).

Macrophages are important effector cells in the pathophysi-
ology of Crgn. In the WKY NTN model, they infiltrate the
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glomeruli as early as 2.5 h following the injection of nephro-
toxic serum, and their number increases and peaks at Day 4
[6]. We have previously shown by bone marrow transplanta-
tion experiments that genetically controlled macrophage infil-
tration and activation underpin glomerular injury in this
model [8]. In this study, we focused on one particular proin-
flammatory pathway that partly explains the increased overac-
tivity of WKY macrophages that is linked to susceptibility to
Crgn. We previously conducted a microarray experiment in
basal and LPS-stimulated BMDMs and identified P2RX7 as a
markedly overexpressed transcript in the WKY cells when com-
pared with LEW ones [11]. This led us to hypothesize that the
members of Nlrp3-inflammasome pathway could also be differ-
entially expressed between the NTN-susceptible WKY and
NTN-resistant LEW BMDMs.

In the present study, we found that (1) there is genetic con-
trol of transcription of multiple genes belonging to the Nlrp3-
inflammasome pathway in the WKY and LEW BMDMs and
that this is not under the control of the two previously identi-
fied NTN QTL (Crgnl and Crgn2); (2) there is genetic con-
trol of P2RX7 protein levels in BMDMs and nephritic glomer-
uli of WKY and LEW rats and that this is partly regulated by
Crgnl and Crgn2; and (3) caspase-1 activation and the release
of active IL-18 and IL-18 are also under genetic control in
WKY and LEW BMDMs and nephritic glomeruli. Crgnl and
Crgn2 partly regulate the Nlrp3-inflammasome activation in
vitro and ex vivo. In summary, the P2RX7-Nlrp3-inflam-
masome pathway is genetically regulated, and its activation re-
sults in caspase-l1-dependent IL-18 and IL-18 release in pri-
mary macrophages and glomeruli following NTN induction. In
BMDMs, Crgnl and Crg2 do not control the transcription but
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only the post-translational maturation of these cytokines. We
have previously, positionally cloned Crgnl and Crgn2 genes,
which are Fegr3 and Jund, respectively. Although we have
shown a role for these genes in FcR-mediated macrophage ac-
tivation, we cannot exclude a potential role for these genes in
P2RX7-mediated inflammasome activation. However, it is note-
worthy that Crgnl and Crgn2 contain hundreds of expressed
genetic variants and may include genes other than Fegr3 and
Jund implicated in Nlrp3-inflammasome activation.

The release of ATP by dying cells is a critical danger signal
in tissues during organ damage, and the ensuing activation of
P2RX7 is a key response in the injured organs [33, 34]. There
are several studies that have examined the role of P2RX7 in
renal inflammation and fibrosis [35]. For instance,
P2RX7—/— mice exhibit reduced tubular injury, inflamma-
tion, and fibrosis when compared with WT mice following uni-
lateral ureteric obstruction [36]. The proinflammatory role of
P2RX7 in experimental Crgn in mice and rats led to the find-
ing that the increased expression of this receptor in the glom-
eruli coincides with the peak of macrophage infiltration and
IL-1B expression, and its absence or inhibition results in re-
duced glomerular thrombosis and macrophage infiltration [22,
31]. In humans, The P2RX7 gene is highly polymorphic, and
single nucleotide polymorphisms underlie the variation ob-
served in receptor function [37] and more broadly, the associ-
ation with whole-body phenotypes and/or disease [38]. We
have sequenced the protein-coding region of P2RX7 in WKY
and LEW rats and found one synonymous coding variant, as
well as single nucleotide polymorphisms and deletion/inser-
tions in the promoter region. This suggests that the observed
expression differences between the WKY and LEW rats could
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be a result of sequence variations within the vicinity of the
gene (cis control) or elsewhere in the genome (#rans control).
The results described in the present study suggest that genetic
loci control the expression of P2RX7 in macrophages and that
fine-tuning of its expression levels is crucial for the activation
of the Nlrp3-inflammasome and subsequent release of active
IL-1B and IL-18 associated with susceptibility to Crgn.

Although there are reports implicating inflammasomes in
chronic [39] kidney disease, there is no report showing the
role of inflammasomes in macrophage-dependent Crgn. Our
study is the first describing the P2RX7-Nlrp3-inflammasome
activation in the NTN model in the WKY rat. Our current
study highlights the importance of the Nlrp3-inflammasome
pathway that is triggered by P2RX7 activation and results in
IL-18 and IL-18 release in macrophages. Targeting the Nlrp3-
inflammasome pathway could be considered as a therapeutic
approach in Crgn.
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Figure 4. The P2RX7-Nlrp3-inflammasome activa-
tion and its genetic control in Crgn in the rat.
NTN was induced in WKY, LEW, and WKY.L-
Crgnl,2 rats, and glomeruli were collected at
Day 4 following the injection of the nephrotoxic
serum. The extracted glomeruli were cultured in
serum-free DMEM for 48 h, and glomeruli and
the supernatants were subjected to Western blot-
ting for detection of P2RX7 (A), mature
caspase-1 (B), active IL-18 (C), and IL-18 (D).
Immunohistochemical analysis of Nlrp3 and
ED-1 on consecutive kidney sections of WKY rats
following 10 days NTN induction (E). These re-
sults are representative of three independent
experiments.

ACKNOWLEDGMENTS

We acknowledge support from the Wellcome Trust. J.B. grate-
fully acknowledges his Imperial College Junior Research Fel-
lowship for funding to perform this research. F.W.K.T. has
been supported by the Diamond Fund from Imperial College
Healthcare Charity. L.F. is supported by a Career Development
Award from the Crohn’s and Colitis Foundation of America.
We thank Jennifer Smith and Zelpha d’Souza for their excel-
lent technical assistance.

REFERENCES

1. Little, M. A,, Pusey, C. D. (2004) Rapidly progressive glomerulonephri-
tis: current and evolving treatment strategies. J. Nephrol. 17 (Suppl. 8),
S10-S19.

2. Tarzi, R. M., Cook, H. T., Pusey, C. D. (2011) Crescentic glomerulone-
phritis: new aspects of pathogenesis. Semin. Nephrol. 31, 361-368.

3. Ma, F. Y, Ikezumi, Y., Nikolic-Paterson, D. J. (2010) Macrophage signal-
ing pathways: a novel target in renal disease. Semin. Nephrol. 30, 334 —
344.

4. Nikolic-Paterson, D. J., Atkins, R. C. (2001) The role of macrophages in
glomerulonephritis. Nephrol. Dial. Transplant. 16 (Suppl. 5), 3-7.

5. Vielhauer, V., Kulkarni, O., Reichel, C. A., Anders, H. J. (2010) Target-
ing the recruitment of monocytes and macrophages in renal disease.
Semin. Nephrol. 30, 318-333.

6. Tam, F. W., Smith, J., Morel, D., Karkar, A. M., Thompson, E. M., Cook,
H. T., Pusey, C. D. (1999) Development of scarring and renal failure in
a rat model of crescentic glomerulonephritis. Nephrol. Dial. Transplant.
14, 1658-1666.

7. Aitman, T. J., Dong, R, Vyse, T. J., Norsworthy, P. J., Johnson, M. D.,
Smith, J., Mangion, J., Roberton-Lowe, C., Marshall, A. J., Petretto, E.,
Hodges, M. D., Bhangal, G., Patel, S. G., Sheehan-Rooney, K., Duda, M.,
Cook, P. R,, Evans, D. J., Domin, J., Flint, J., Boyle, J. J., Pusey, C. D.,
Cook, H. T. (2006) Copy number polymorphism in Fcgr3 predisposes to
glomerulonephritis in rats and humans. Nature 439, 851-855.

8. Behmoaras, J., Smith, J., D’Souza, Z., Bhangal, G., Chawanasuntoropoj,
R., Tam, F. W,, Pusey, C. D., Aitman, T. J., Cook, H. T. (2010) Genetic

Volume 93, January 2013 Journal of Leukocyte Biology 133



10.

14.

15.

16.

17.

18.

19.

20.

21.

22.

24.

25.

LB

loci modulate macrophage activity and glomerular damage in experi-
mental glomerulonephritis. /. Am. Soc. Nephrol. 21, 1136-1144.
Behmoaras, J., Bhangal, G., Smith, J., McDonald, K., Mutch, B., Lai,

P. C., Domin, J., Game, L., Salama, A., Foxwell, B. M., Pusey, C. D.,
Cook, H. T., Aitman, T. J. (2008) Jund is a determinant of macrophage
activation and is associated with glomerulonephritis susceptibility. Nat.
Genet. 40, 553-559.

Page, T. H., D’Souza, Z., Nakanishi, S., Serikawa, T., Pusey, C. D., Ait-
man, T. J., Cook, H. T., Behmoaras, J. (2012) Role of a novel rat-spe-
cific Fc receptor in macrophage activation associated with crescentic glo-
merulonephritis. J. Biol. Chem. 287, 5610-5719.

Maratou, K., Behmoaras, J., Fewings, C., Srivastava, P., D’Souza, Z.,
Smith, J., Game, L., Cook, T., Aitman, T. (2011) Characterization of the
macrophage transcriptome in glomerulonephritis-susceptible and -resis-
tant rat strains. Genes Immun. 12, 78-89.

Cook, H. T, Singh, S. J., Wembridge, D. E., Smith, J., Tam, F. W,
Pusey, C. D. (1999) Interleukin-4 ameliorates crescentic glomerulone-
phritis in Wistar Kyoto rats. Kidney Int. 55, 1319-1326.

Lai, P. C., Cook, H. T., Smith, J., Keith J. C,, Jr., Pusey, C. D., Tam,

F. W. (2001) Interleukin-11 attenuates nephrotoxic nephritis in Wistar
Kyoto rats. J. Am. Soc. Nephrol. 12, 2310-2320.

Sheryanna, A., Bhangal, G., McDaid, J., Smith, J., Manning, A., Foxwell,
B. M., Feldmann, M., Cook, H. T., Pusey, C. D., Tam, F. W. (2007) Inhi-
bition of p38 mitogen-activated protein kinase is effective in the treat-
ment of experimental crescentic glomerulonephritis and suppresses
monocyte chemoattractant protein-1 but not IL-18 or IL-6. J. Am. Soc.
Nephrol. 18, 1167-1179.

Smith, J., McDaid, J. P., Bhangal, G., Chawanasuntorapoj, R., Masuda,
E. S., Cook, H. T., Pusey, C. D., Tam, F. W. (2010) A spleen tyrosine
kinase inhibitor reduces the severity of established glomerulonephritis.
J- Am. Soc. Nephrol. 21, 231-236.

Di Virgilio, F. (2007) Liaisons dangereuses: P2X(7) and the inflam-
masome. Trends Pharmacol. Sci. 28, 465-472.

Surprenant, A., Rassendren, F., Kawashima, E., North, R. A., Buell, G.
(1996) The cytolytic P2Z receptor for extracellular ATP identified as a
P2X receptor (P2X7). Science 272, 735-738.

Ferrari, D., Chiozzi, P., Falzoni, S., Dal Susino, M., Melchiorri, L., Bari-
cordi, O. R., Di Virgilio, F. (1997) Extracellular ATP triggers IL-1 B re-
lease by activating the purinergic P2Z receptor of human macrophages.
J- Immunol. 159, 1451-1458.

Ferrari, D., Pizzirani, C., Adinolfi, E., Lemoli, R. M., Curti, A., Idzko, M.,
Panther, E., Di Virgilio, F. (2006) The P2X7 receptor: a key player in
IL-1 processing and release. J. Immunol. 176, 3877-3883.

Hillman, K. A., Burnstock, G., Unwin, R. J. (2005) The P2X7 ATP re-
ceptor in the kidney: a matter of life or death? Nephron Exp. Nephrol.
101, e24—-e30.

Vonend, O., Turner, C. M., Chan, C. M., Loesch, A., Dell’Anna, G. C.,
Srai, K. S., Burnstock, G., Unwin, R. J. (2004) Glomerular expression of
the ATP-sensitive P2X receptor in diabetic and hypertensive rat models.
Kidney Int. 66, 157-166.

Turner, C. M., Tam, F. W, Lai, P. C., Tarzi, R. M., Burnstock, G., Pusey,
C. D., Cook, H. T., Unwin, R. J. (2007) Increased expression of the pro-
apoptotic ATP-sensitive P2X7 receptor in experimental and human glo-
merulonephritis. Nephrol. Dial. Transplant. 22, 386-395.

Martinon, F., Burns, K., Tschopp, J. (2002) The inflammasome: a mo-
lecular platform triggering activation of inflammatory caspases and pro-
cessing of proll-B. Mol. Cell 10, 417-426.

Franchi, L., Eigenbrod, T., Munoz-Planillo, R., Nunez, G. (2009) The
inflammasome: a caspase-l-activation platform that regulates immune
responses and disease pathogenesis. Nat. Immunol. 10, 241-247.
Bauernfeind, F. G., Horvath, G., Stutz, A., Alnemri, E. S., MacDonald,
K., Speert, D., Fernandes-Alnemri, T., Wu, J., Monks, B. G., Fitzgerald,
K. A., Hornung, V., Latz, E. (2009) Cutting edge: NF-kB activating pat-

134 Journal of Leukocyte Biology Volume 93, January 2013

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

tern recognition and cytokine receptors license NLRP3 inflammasome
activation by regulating NLRP3 expression. J. Immunol. 183, 787-791.
Franchi, L., Eigenbrod, T., Nunez, G. (2009) Cutting edge: TNF-a medi-
ates sensitization to ATP and silica via the NLRP3 inflammasome in the
absence of microbial stimulation. J. Immunol. 183, 792-796.

Kahlenberg, J. M., Lundberg, K. C., Kertesy, S. B., Qu, Y., Dubyak, G. R.
(2005) Potentiation of caspase-1 activation by the P2X7 receptor is de-
pendent on TLR signals and requires NF-kB-driven protein synthesis. /.
Immunol. 175, 7611-7622.

Franchi, L., Kannegant, T. D., Dubyak, G. R., Nunez, G. (2007) Differ-
ential requirement of P2X7 receptor and intracellular K+ for caspase-1
activation induced by intracellular and extracellular bacteria. J. Biol.
Chem. 282, 18810-18818.

Mariathasan, S., Newton, K., Monack, D. M., Vucic, D., French, D. M.,
Lee, W. P., Roose-Girma, M., Erickson, S., Dixit, V. M. (2004) Differen-
tial activation of the inflammasome by caspase-1 adaptors ASC and Ipaf.
Nature 430, 213-218.

Sutterwala, F. S., Ogura, Y., Szczepanik, M., Lara-Tejero, M., Lichten-
berger, G. S., Grant, E. P., Bertin, J., Coyle, A. J., Galan, ]J. E., Askenase,
P. W., Flavell, R. A. (2006) Critical role for NALP3/CIAS1/cryopyrin in
innate and adaptive immunity through its regulation of caspase-1. Immu-
nity 24, 317-327.

Taylor, S. R., Turner, C. M., Elliott, J. I., McDaid, J., Hewitt, R., Smith,
J., Pickering, M. C., Whitehouse, D. L., Cook, H. T., Burnstock, G.,
Pusey, C. D., Unwin, R. J., Tam, F. W. (2009) P2X7 deficiency attenu-
ates renal injury in experimental glomerulonephritis. J. Am. Soc. Nephrol.
20, 1275-1281.

Pelegrin, P., Surprenant, A. (2007) Pannexin-1 couples to maitotoxin-
and Nigericin-induced interleukin-18 release through a dye uptake-inde-
pendent pathway. J. Biol. Chem. 282, 2386-2394.

Ghiringhelli, F., Apetoh, L., Tesniere, A., Aymeric, L., Ma, Y., Ortiz, C.,
Vermaelen, K., Panaretakis, T., Mignot, G., Ullrich, E., Perfettini, J. L.,
Schlemmer, F., Tasdemir, E., Uhl, M., Genin, P., Civas, A., Ryffel, B.,
Kanellopoulos, J., Tschopp, J., Andre, F., Lidereau, R., McLaughlin,

N. M., Haynes, N. M., Smyth, M. J., Kroemer, G., Zitvogel, L. (2009) Ac-
tivation of the NLRP3 inflammasome in dendritic cells induces IL-13-
dependent adaptive immunity against tumors. Nat. Med. 15, 1170-1178.
McDonald, B., Pittman, K., Menezes, G. B., Hirota, S. A., Slaba, 1., Wa-
terhouse, C. C., Beck, P. L., Muruve, D. A., Kubes, P. (2010) Intravascu-
lar danger signals guide neutrophils to sites of sterile inflammation. Sci-
ence 330, 362-366.

Turner, C. M., Elliott, J. I., Tam, F. W. (2009) P2 receptors in renal
pathophysiology. Purinergic Signal. 5, 513-520.

Goncalves, R. G., Gabrich, L., Rosario Jr., A., Takiya, C. M., Ferreira,

M. L., Chiarini, L. B., Persechini, P. M., Coutinho-Silva, R., Leite Jr., M.
(2006) The role of purinergic P2X7 receptors in the inflammation and
fibrosis of unilateral ureteral obstruction in mice. Kidney Int. 70, 1599—
1606.

Fuller, S. J., Stokes, L., Skarratt, K. K., Gu, B. J., Wiley, J. S. (2009) Ge-
netics of the P2X7 receptor and human disease. Purinergic Signal. 5,
257-262.

Wesselius, A., Bours, M. J., Agrawal, A., Gartland, A., Dagnelie, P. C.,,
Schwarz, P., Jorgensen, N. R. (2012) Role of purinergic receptor poly-
morphisms in human bone. Front. Biosci. 17, 2572-2585.

Vilaysane, A., Chun, J., Seamone, M. E., Wang, W., Chin, R., Hirota, S.,
Li, Y, Clark, S. A, Tschopp, J., Trpkov, K., Hemmelgarn, B. R., Beck,
P. L., Muruve, D. A. (2010) The NLRP3 inflammasome promotes renal
inflammation and contributes to CKD. /. Am. Soc. Nephrol. 21, 1732
1744.

KEY WORDS:
WKY rat - IL-1B3 - caspase-1 - IL-18 - glomeruli

www jleukbio.org



