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Abstract. Background. It is widely ac-
cepted that tubulointerstitial injury (TII) is
caused by glomerular injury (GI) in glo-
merular diseases. Glomerular endocapillary
inflammation may result in crescent for-
mation and exuded protein leakage, which
may induce TII in antineutrophil cytoplas-
mic antibody-associated glomerulonephritis
(ANCAGN). However, some reports have
indicated a glomerulonephritis-independent
mechanism of TII in ANCAGN. The aim of
this study was to determine the principle
cytokines correlated with TII severity and
to elucidate a characteristic mechanism for
TI in ANCAGN. Methods. 28 myeloper-
oxidase-ANCA-positive ANCAGN patients
were enrolled, and their kidney biopsy speci-
mens were histologically evaluated with re-
gard to GI and TII. The mRNA expression of
various cytokines was examined in 28 speci-
mens. Results. Interleukin (IL)-1B was sig-
nificantly correlated with the severity of TII.
The mRNA expression of Toll-like receptor
4 (TLR4) and Nod-like receptor family pyrin
domain-containing-3 (NLRP3) also corre-
lated with TII severity. Immunohistochemi-
cal analysis demonstrated that TLR4 protein
was positively stained in the tubulointersti-
tial infiltrating cells. NRLP3 protein was de-
tected in macrophages in the severe infiltrat-
ing area but was absent or only very faintly
expressed in the glomeruli. These results
indicated that NLRP3 inflammasome-depen-
dent processing in macrophages releases the
mature active form of IL-1, which may lead
to the development and deterioration of TII.
Conclusions. Sterile inflammation leads to
the formation of ANCA-mediated neutrophil
extracellular traps (NETs), which may stim-
ulate macrophages and dendritic cells via
TLR4 and induce NF-kB-dependent mRNA
expression and translation of pro-IL-1f. Si-
multaneously, damage-associated molecular
pattern signals resulting from NETs promote
NLRP3 inflammasome-dependent process-

ing and release mature active IL-1p. Sterile
inflammation utilizing the NLRP3 inflamma-
some might be a characteristic reaction lim-
ited to the tubulointerstitium. Thus, neutral-
izing IL-1B may be a promising strategy to
suspend the progress of TII and improve the
prognosis of chronic kidney disease resulting
from ANCAGN.

Introduction

Glomerulonephritis causing progressive
loss of renal function over a relatively short
period of time is known as rapidly progres-
sive glomerulonephritis (RPGN). In elderly
people, myeloperoxidase (MPO) and pro-
teinase-3 (PR3) antineutrophil cytoplasmic
antibody (ANCA)-associated crescentic glo-
merulonephritis is a major cause of RPGN,
and the principal histopathological features
are glomerular extracapillary proliferation
(crescents) and fibrinoid necrosis [1, 2]. In
general, glomerulonephritis is associated
with tubulointerstitial lesions to some extent,
and it is universally agreed that glomerular
damage is the cause of tubulointerstitial inju-
ry (TII). Nevertheless, the mechanism under-
lying the transfer of glomerular injury (GI)
to tubulointerstitium remains controversial.
The endocapillary aggressive process leads
to breaks in the glomerular basement mem-
brane (GBM) and exudation into Bowman’s
space and results in crescent formation [3, 4,
5]. The exuded protein leakage leads to ex-
cessive protein reabsorption in the proximal
tubules resulting in TII [6, 7]. However, it
was demonstrated that crescents in the early
stage contain mainly epithelial cells [3, 8, 9],
with the rest comprised of proliferating pari-
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Table 1. Patient characteristics at the time of kidney biopsy.
n=28 Average

Age 69.3 £ 10.1

Sex male: 16; female: 12
WBC (/uL) 9,260 + 4,770
Hb (g/dL) 9.65+2.14

TP (g/dL) 6.51 +0.82

Alb (g/dL) 2.71+0.74
BUN (mg/dL) 324 +15.7

Cr (mg/dL) 244 £142
eGFR (mL/min/1.73m?) 29.22 +20.48
CRP (mg/dL) 6.82 +7.17
MPO-ANCA (U/mL) 227 £ 205

IgG (mg/dL) 1,568 + 475

IgE (IU/mL) 280 + 272
U-Pro (g/day) 1.38+1.35
U-RBC (/HPF) 1-9:4, 10-49:10, 50-99:3, 100<:11
U-B2MG (pg/L) 15,238 £ 19,795
U-NAG (IU/L) 19.6 £ 13.6
Duration for Bx (day)* 39.5+19.9

*The duration for kidney biopsy examination from disease development.

etal epithelial cells [10, 11]. Based on these
findings, two mechanisms for the induction
of TII by these crescents have been pro-
posed. The first is that the crescents expand
in the space between the tubular epithelium
and the tubular basement membrane and
then spread within this space along the entire
proximal convolution [12, 13, 14]. The sec-
ond proposed mechanism is that the grow-
ing crescents encroach upon the glomerulo-
tubular junction directly [14, 15, 16]. Both
mechanisms, i.e., abnormal filtrate spreading
and cellular overgrowth, may lead to loss of
the nephron.

We have often encountered cases in
which the severity of TII is much greater
than that of glomerular damage. In fact, there
have been several cases reported in which
only tubulointerstitial nephritis is noted
without any apparent glomerular lesions [17,
18] in ANCA-associated glomerulonephritis
(ANCAGN). Histological evaluation of re-
nal pathological changes using follow-up bi-
opsies showed that renal function improved
along with improvement in acute tubulointer-
stitial nephritis, while acute glomerular inju-
ries developed into chronic glomerular inju-
ries in other cases [19]. These reports suggest
the existence of an independent mechanism
for TII from that for glomerulonephritis in
ANCAGN. It is well established that the
extent of tubulointerstitial mononuclear in-

filtration correlates with kidney function and
prognosis in many types of chronic kidney
diseases (CKD) [20]. Indeed, the intertubu-
lar interstitium harbors dendritic cells (DCs),
macrophages, lymphocytes, lymphatic endo-
thelial cells, and various types of fibroblasts,
the hallmark cell type of connective tissues
[21]. In particular, DCs and macrophages
survey against injury and infection and con-
tribute to organ homeostasis and tissue re-
pair but may also promote the progression of
CKD. Therefore, it is reasonable that there is
an alternative mechanism for TII besides that
of the ripple effect of glomerulonephritis in
ANCAGN.

Therefore, the aim of this study was to
clarify this mechanism of TII independent
of the ripple effects of glomerular damage.
Toward this end, we conducted a retrospec-
tive pathological analysis of 28 patients with
ANCAGN and evaluated the expression of
various cytokine messages in biopsied kid-
ney specimens to determine the relationship
between cytokine message expression and
the severity of TII. Specifically, we evalu-
ated the correlations of the expression of
the cytokines interleukin (IL)-17, IL-1p, in-
terferon (IFN)-y, and transforming growth
factor (TGF)-B as well as Toll-like receptors
(TLRs) with the severity of TII.

Materials and methods

This study was performed in accordance
with the Declaration of Helsinki and was ap-
proved by the ethics committee of Fukuoka
University. Written informed consent was
obtained from all patients.

Patients

We enrolled 28 patients who were diag-
nosed with MPO-ANCA-positive ANCAGN
in the Division of Nephrology and Rheuma-
tology in Fukuoka University Hospital and
Saiseikai Fukuoka General Hospital between
November 2002 and October 2015. All pa-
tients received kidney biopsy examinations
within 39.5 £ 19.9 days since subjective
symptom appeared, and no steroid or immu-
nosuppressant was prescribed at the time of
kidney biopsy. The clinical background data
of the patients are shown in Table 1.
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of rapidly progressive glomerulonephritis

Table 2. Patient characteristics of three Tll severity categories. . o
along with positive tests for MPO-ANCA.

LR i Ci s The severity of cellular crescent formation
Patients 5 12 M of glomerulus was evaluated in a blind man-
Age €5.8£6.1 696+ 1.7 705299 ner by histologic examination with periodic
Hb (g/dL) 12+07 92+14 94+29 ” y nie gl d veriodi 'dp N
BUN (mg/dL) 237+105 350183 335+ 143 acid-Schiff staining and periodic acid-methe-
Cr (mg/dL) 1.39+0.55 260+ 1.42 274+157 namine-silver stalmng. A crescent occupying
eGFR (mL/min/1.73m?) | 41.94+18.69 | 24.26+14.76 | 28.86 +25.34 more than half of the total area by cellular el-
CRP (mg/dL) 245+523 8.12+7.73 744 +7.07 ements was defined as a cellular crescent, and
U-Pro (g/day) 15+1.0 1.3+£09 14+£19 the percentages of glomeruli showing cellular
U-B2MG (ug/L) 1,482+2,418 | 16,382 +23,918 | 18,992+ 17,176 crescent for all glomeruli were expressed as
U-NAG (IUL) 126+3.2 16.7£93 25.9+18.0 an index of the cellular crescent formation
MPO-ANCA (U/mL) 252 + 149 175 £ 212 228 + 205 rate (cCFR). Conceming TII, cellular injury
Cellular crescent (%) 8.1+6.1 36.5+26.9 29.0+15.8 L

: (TIIc) and fibrous injuries (TIIf) were respec-
Fibrous crescent (%) 1.8+26 124 £ 181 104 +12.8 tivel luated d both lassified
Glomerulosclerosis (%) 92+88 10.3+£17.3 11.8+10.5 .1ve y cvaluated, an . othwere . ¢ aSSl_ ¢
TIIF (0, 1+, 2+, 3+)* 2300 9102 8111 into 4 groups according to the histological

*The numbers of patients categorized in TIIf (0, 1+, 2+, 3+), respectively.

Table 3. Primer sequences for RT-PCR using SYBR green chemistry.

B-Actin 5' GCAAAG ACC TGT ACG CCAAC 3
5" CTAGAAGCATTT GCG GTG GA 3’
IFN-y 5' GAG ACC ATC AAG GAA GAC AT 3'
5 GTATTG CTT TGC GTT GGA 3'
IL-12 5'CCT GAC CCACCCAAGAACTT 3'
5'GTG GCT GAG GTC TTG TCC GT 3'
IL-4 5'CTG CCT CCAAGAACACAACT 3’
5' CAC AGG ACAGGAATT CAAGC 3’
IL-5 5' CCAACT GTG CAC TGAAGA 3’
5 TGG CCG TCAATG TATTTC 3'
IL-6 5' GGC ACT GGC AGAAAA CAA 3’
5'CTC CAAAAG ACC AGT GAT GA 3
IL-17 5" GCA GGAATC ACAATC CCAC 3’
5'TCT CTC AGG GYC CTCATT GC 3'
IL-10 5'ACC CTG CCTAAC ATG CTT 3’
5'TCT CTC AGG GTC CTCATT GC 3'
TGF-B 5'CCC CCTACATTT GGAGCCTG ¥
5'TTG CGG CCC ACG TAG TACAC 3’
NLRP3 5 GAA GAAAGATTA CCG TAA GAA GTA CAG AAA S
5 CGTTTGTTGAGG CTCACACTCTSJ
Caspase1 5 GGG CATAGC TGG GTT GTC 3
5’ CAA GGG TGC TGAACAAGG &

Histological evaluations

The diagnosis was determined according
to the classification of the Japanese Renal
Biopsy Registry based on the classification
of glomerular diseases. Biopsy specimens
were processed and observed using routine
methods, including light microscopy, im-
munofluorescence techniques, and electron
microscopy. ANCAGN was defined accord-
ing to laboratory and histological findings

diagnosis of the tubulointerstitial inflamma-
tion area (0: no inflammation; 1+: < 25%
inflammation area; 2+: 25 — 50% inflamma-
tion area; 3+: > 50% inflammation area). The
clinical characteristics of patients included in
each category are shown in Table 2.

Reverse transcription-
polymerase chain reaction (PCR)

Total RNA was extracted from the kidney
biopsy specimens collected from 28 patients
before commencing steroid therapy, using
the RNeasy Mini Kit (Qiagen, Valencia, CA,
USA). Quantitative cDNA amplification
was performed according to the manufac-
turer’s instructions. All samples were stored
at —20 °C until use. cDNAs of the cytokines
were analyzed by real-time PCR using Pow-
er SYBR Green PCR Master Mix (Applied
Biosystems Japan, Tokyo, Japan) or Tag-
Man Gene Expression Master Mix (Applied
Biosystems Japan). Sequence-specific am-
plification was detected with an increased
fluorescence signal during the amplification
cycles using an ABI Prism 7500 sequence
detection system (Perkin Elmer Japan, Yoko-
hama, Japan). To provide a meaningful com-
parison between different samples, we calcu-
lated the amount of PCR products relative to
the amount of B-actin in each sample. Oligo-
nucleotide primers and probes were designed
using the Primer Express program (Applied
Biosystems Japan) or purchased directly.
Oligonucleotides used for SYBR green
chemistry methods are shown in Table 3.
Purchased Tagman primers were as follows:
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Figure 1.

Hs01872448-s1 for TLR2, Hs01551078-
ml for TLR3, Hs01060665-g1 for TLR4,
Hs01933259-m1 for TLR7, Hs00370913-
sl for TLRY, Hs01555410-m1 for IL-1p,
Hs01038788-m1 for IL-18, Hs00356648-s1
for IFN-a, Hs99999043-m1 for TNF-a.

Immunohistological analysis

After deparaffinization in xylene and etha-
nol, and washing in phosphate-buffered saline
(PBS), paraffin-embedded sections were incu-
bated with mouse antihuman TLR-4 antibody
(Ab), antihuman nucleotide-binding domain,
leucine-rich-containing family, pyrin domain-
containing-3 (NLRP3) Ab, and rabbit antihu-
man caspasel (anti-CASP1) Ab (Santa Cruz
Biotechnology, Inc., Santa Cruz, CA, USA)
at a concentration of 1 pg IgG/mL PBS, in-
cluding 1% bovine serum albumin or 5% nor-
mal goat serum. Monoclonal and polyclonal
staining was performed using antimouse or
antirabbit IgG horseradish peroxidase-labeled
polymer (Dako Cytomation, Inc., Carpinteria,
CA, USA).

Statistical analysis

Statistical significance of the differences
between groups was determined by Pearson’s
rank correlation coefficient. All statistical
analyses in this study were performed using

(%)
100+

80 °
°
= °
3 60 Y
o o
40 o0 °
¢ &
°
20+
= °
\ o
° °
0
1+ 2+ 3+
TI

Figure 2. Severity of glomerular injury (Gl) and tu-
bulointerstitial injury (TII) in 28 ANCAGN patients.
The cellular crescent formation rate (cCFR) is ex-
pressed as the percentage to represent the sever-
ity of Gl along the Y-axis, and the severity grade for
Tl is shown on the X-axis according to 1+, 2+, 3+,
as defined in the materials and methods section.

SPSS statistics software version 22 (IBM
Corp, Armonk, NY, USA). p-values < 0.05
were considered to be statistically significant.

Results

Histological evaluation

Probably because kidney biopsies were
performed with rapidity after disease develop-
ment, the severities of TIIf were not conspicu-
ous compared with those of Tllc. With more
than 85% of patients being categorized in TIIf
0 or 1+, we decided to focus on TIlc in this
study and designate TII for TIlc (Figure 1).

Correlation of the severity
between Gl and TlI

We evaluated the relationship between
GI and TII. Pearson’s correlation coefficient
was 0.253, and the severity of TII was not
correlated with that of cCFR (Figure 2).
This result supported the notion that there
is likely another mechanism for TII other
than a ripple effect from glomerular damage
in ANCAGN. The mRNA expression levels
of IL-17, IFN-y, and TGF-f§ were correlated
with cCFR (p-value 0.009, 0.005, and 0.002,
respectively) (Figure 3), whereas only the
expression of /L-1f correlated with the se-
verity of TII (p-value 0.002) (Figure 4).
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Figure 3. Correlation of the severity of Gl and the mRNA expression of cytokines in ANCAGN. Gl sever-
ity is expressed as cCFR (%) along the X-axis, and the expression level of each cytokine relative to B-actin
expression is shown along the Y-axis. The mRNA expression levels of TGF-, IFN-y, and IL-17 were sig-

nificantly correlated with CFR.

Role of the inflammasome in Tl

The results described above suggested
that the severity of TII may be correlated
with the mRNA expression level of IL-1f.
IL-1B is an inflammasome-dependent cy-
tokine, and the generation of mature IL-183
requires two separate processes: (i) the in-
duction of NF-kB-dependent mRNA expres-
sion and translation of the pro-IL-1pB, and
(i) inflammasome-dependent processing
and release of the mature active IL-1p. First,
we speculated that TLR signals might be re-
lated with NF-xB pathway activation, and
we evaluated the mRNA expression levels
of various TLRs. TLR4 expression was most
significantly correlated with the severity of
TI (p-value 0.029) (Figure 5) and was also
significantly correlated with IL-1f expres-
sion (p-value 0.039) (Figure 6A).

Next, we evaluated the role of the inflam-
masome in the development of TII.

NLRP3 expression was significantly
correlated with the severity of TII (p-value

0.005) (Figure 6B) as well as with caspasel
mRNA expression (p-value 0.001) (Figure
6C), which is required for activation of IL-
1B (Figure 6A).

Immunohistochemical analysis demon-
strated that TLR4 protein was not detectable
in the glomeruli, but some stained tubuloint-
erstitial infiltrating cells were detected (Figure
7A). Although many NLRP3-positive cells
were observed in the severe infiltrating area
(Figure 7B), NRLP3 protein was absent or was
only very faintly expressed in the glomeruli
(data not shown). Similarly, caspasel-positive
cells were scattered in the tubulointerstitium
(Figure 7C), but the number of these cells was
1/5 that of NLRP3-positive cells. Almost all
of these positive cells were also positive for
CD68 expression (data not shown).

Discussion

It is widely accepted that glomerular
damage causes TII. However, in the current
study, no significant correlation between the
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Figure 4. Correlation of the severity of TIl and the mRNA expression of cytokines in ANCAGN. The sever-
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expression level is shown along the Y-axis. Only IL-183 was significantly correlated with the severity of TII.

severity of GI and TII in patients with AN-
CAGN was observed. This indicated that
mechanisms other than GI may provoke TII.
Therefore, we assessed the mRNA expres-
sion levels of various cytokines in the kid-
neys of patients with ANCAGN to evaluate
the immune response-related factors that are
correlated with the severity of GI or TII, re-
spectively. The expression of /L-17, IFN-y,
and TGF-§ was correlated with ¢cCFR in-
crease, and /L-1f was correlated with TII
severity. In fact, some studies have shown
similar results for GI, in which Thl and
Th17 immune responses may be integral in
human ANCAGN or in a mouse model of
antigen-specific glomerulonephritis [22, 23,
24]. However, it was clarified in this study
that /L-1p plays a central role for TII severity
in ANCAGN. These findings mean that the
principal cytokines responsible for the sever-
ity of GI and TII are different in ANCAGN.

IL-1 is first produced in an inactive pro-
form (pro-IL-1pB), which requires cleavage
for its activation and the cysteine protease
caspase-1 cleaves pro-IL-1f to form the ma-
ture IL-1B [25, 26, 27]. NLRP3 of the NLR
family of innate immune cell sensors is a key
component for caspase-1 production and ac-
tivation of IL-1B [28], and its expression is
limited to interstitial monocytic phagocytes/
DCs, which express the components of the
NLRP3 inflammasome inside the kidney
[29, 30]. In this study, some tubulointersti-
tial infiltrating macrophages showed positive
staining for NLRP3, and the NLRP3 mRNA
expression level correlated with the severity
of TII. These results suggest that the NLRP3-
inflammasome plays a role in TII. By con-
trast, we did not detect any NLRP3-positive
staining in the glomeruli, indicating that glo-
merular injury develops independently of the
NLRP3-inflamasome, as described in anti-
GBM glomerulonephritis model mice [29].
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Dying neutrophils have been shown to
release chromatin fibers that trap and kill
invading microbes extracellulary [31], and
this phenomenon is generally referred to as
neutrophil extracellular trap (NETs) forma-
tion. This glutinous DNA web can stick to
the endothelium and cause tissue damage
during sepsis [32]. In the context of sterile
inflammation, ANCA-mediated NETs for-
mation has been demonstrated [33], and the
morphological changes of neutrophil nuclei
clearly indicated that ANCA-induced NETs
were of nuclear rather than of mitochondrial

origin. TLR2 and TLR4 recognize self-com-
partments that are normally sequestered but
are released in situations of stress, sterile
inflammation, or cellular damage [34]. The
results of the present study suggest that the
stimulation of macrophages from TLR4 may
induce NF-kB-dependent mRNA expression
and translation of pro-IL-1B. Indeed, the
mRNA expression level of /L-1f correlated
with that of TLR4, which were both also cor-
related with the severity of TII. Simultane-
ously, DAMP signals, such as HMGBI, heat
shock proteins, and fibronectin, also promote
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Figure 7. Representative immunohistochemistry results for the role of the inflammasome in ANCAGN.
A: TLR4-positive cells were detected in the tubulointerstitium, and not in the glomerulus. Magnification,
400x, boxed area 1,000%. B: NLRP3: magnification, 100%, boxed area 800x%. C: caspase1: magnification,
100x%, boxed area, 1,000x%.

NLRP3 inflammasome-dependent process-
ing in macrophages or DCs, resulting in the
release of the mature active IL-1p. Observa-
tion of the kidneys of mice showed that the
tubulointerstitium of healthy kidneys con-
tains numerous cells with predominant DC
functionality, which are mostly absent from
the glomeruli [35, 36]. In line with this find-
ing, in the present study, there was no posi-
tive immunohistological staining for TLR4
or NLRP3 in the glomeruli, and there was
also no correlation between cCFR and /L-1§
mRNA expression. These observations sug-
gest that sterile inflammation mediated by
the NLRP3 inflammasome might be a char-
acteristic reaction limited to the tubulointer-
stitium.

From a therapeutic standpoint, neutral-
izing IL-1B may represent a rational strategy
for TII in ANCAGN. Some agents that tar-
get IL-1P are already in clinical use or in ad-
vanced stages of drug development. Anakin-
ra, a nonglycosylated recombinant form of
the naturally occurring IL-1 receptor antago-
nist that blocks inflammasome-dependent
IL-1PB signaling, has been successfully used
in the treatment of type 2 diabetes, asbesto-
sis, and other conditions in the United States
[37]. Canakinumab is a monoclonal antibody
that binds to and antagonizes IL-1p and is
currently being studied in a number of clini-
cal trials [38]. The prognosis of ANCAGN
mainly depends on improvement of GI and
TII, and thus targeting IL-1p appears to be a
promising strategy to ameliorate TII and pre-
vent interstitial fibrosis.

In summary, we evaluated the mRNA
expression of cytokines in ANCAGN and
found that /L-1 mRNA expression was cor-

related with the severity of TII. The proposed
mechanism is that DAMPs from activated
neutrophils may trigger sterile inflammation
using the NLRP3 inflammasome in the DCs
and macrophages from the tubulointersti-
tium, resulting in the release of mature IL-
1B. Therefore, neutralizing IL-18 may be an
excellent strategy to suspend the progress of
TII and improve the prognosis of CKD re-
sulting from ANCAGN.

Acknowledgments

This study was supported in part by a
grant from the Ministry of Education, Science,
Technology, Sports and Culture of Japan to
H.N. (#21591048, #24591221).

Conflict of interest

The authors have declared that no con-
flict of interest exists.

References

[1]  Jennete JCTD. Pauci-immune and antineutrophil
cytoplasmic autoantibody-mediated crescentic
glomwrulonephritis and vasculitis. Philadelphia:
Lippincott Williams & Wilkins; 2007.

[2]  Seshan SV. DAV, Appel GA, Churg J. Renal vas-
culitis: cllasiffication and atlas of tubulointersti-
tial and vascular diseases. Baltimore: Williams &
Wilkins; 1999.

[31 Clarke BE, Ham KN, Tange JD, Ryan GB. Origin
of glomerular crescents in rabbit nephrotoxic ne-
phritis. J Pathol. 1983; /39: 247-258. CrossRef
PubMed

[4]  Silva FG, Hoyer JR, Pirani CL. Sequential studies
of glomerular crescent formation in rats with anti-



http://dx.doi.org/10.1002/path.1711390303
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=6187908&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=6187908&dopt=Abstract

Tashiro, Sasatomi, Watanabe, et al.

198

[10]

[11]

[13]

[14]

[15]

[16]

[17]

glomerular basement membrane-induced glomer-
ulonephritis and the role of coagulation factors.
Lab Invest. 1984; 51: 404-415. PubMed
Holdsworth SR, Allen DE, Thomson NM, Glasgow
EF, Atkins RC. Histochemistry of glomerular cells
in animal models of crescentic glomerulonephri-
tis. Pathology. 1980; 72: 339-346. CrossRef
PubMed

Remuzzi G, Bertani T. Pathophysiology of pro-
gressive nephropathies. N Engl J Med. 1998; 339:
1448-1456. CrossRef PubMed

Morigi M, Macconi D, Zoja C, Donadelli R, Buel-
li S, Zanchi C, Ghilardi M, Remuzzi G. Protein
overload-induced NF-kappaB activation in proxi-
mal tubular cells requires H (2)O (2) through a
PKC-dependent pathway. J Am Soc Nephrol.
2002; 13: 1179-1189. PubMed

Yoshioka K, Takemura T, Akano N, Miyamoto H,
Iseki T, Maki S. Cellular and non-cellular compo-
sitions of crescents in human glomerulonephritis.
Kidney Int. 1987; 32: 284-291. CrossRef PubMed
Bariety J, Hill GS, Mandet C, Irinopoulou T, Jac-
quot C, Meyrier A, Bruneval P. Glomerular epi-
thelial-mesenchymal transdifferentiation in pauci-
immune crescentic glomerulonephritis. Nephrol
Dial Transplant. 2003; /8: 1777-1784. CrossRef
PubMed

Boucher A, Droz D, Adafer E, Noél LH. Relation-
ship between the integrity of Bowman’s capsule
and the composition of cellular crescents in hu-
man crescentic glomerulonephritis. Lab Invest.
1987; 56: 526-533. PubMed

Guettier C, Nochy D, Jacquot C, Mandet C, Ca-
milleri JP, Bariety J. Inmunohistochemical dem-
onstration of parietal epithelial cells and macro-
phages in human proliferative extra-capillary
lesions. Virchows Arch A Pathol Anat Histo-
pathol. 1986; 409: 739-748. CrossRef PubMed
Kriz W, Hartmann I, Hosser H, Hdhnel B, Krdnz-
lin B, Provoost A, Gretz N. Tracer studies in the
rat demonstrate misdirected filtration and peritu-
bular filtrate spreading in nephrons with segmen-
tal glomerulosclerosis. J Am Soc Nephrol. 2001;
12: 496-506. PubMed

Kriz W, Hosser H, Hihnel B, Gretz N, Provoost
AP. From segmental glomerulosclerosis to total
nephron degeneration and interstitial fibrosis: a
histopathological study in rat models and human
glomerulopathies. Nephrol Dial Transplant. 1998;
13:2781-2798. CrossRef PubMed

Kriz W, Hihnel B, Hosser H, Ostendorf T, Gaert-
ner S, Krdnzlin B, Gretz N, Shimizu F, Floege J.
Pathways to recovery and loss of nephrons in anti-
Thy-1 nephritis. ] Am Soc Nephrol. 2003; /4:
1904-1926. CrossRef PubMed

Le Hir M, Besse-Eschmann V. A novel mecha-
nism of nephron loss in a murine model of cres-
centic glomerulonephritis. Kidney Int. 2003; 63:
591-599. CrossRef PubMed

Neumann I, Birck R, Newman M, Schniille P, Kriz
W, Nemoto K, Yard B, Waldherr R, Van Der Woude
FJ. SCG/Kinjoh mice: a model of ANCA-associ-
ated crescentic glomerulonephritis with immune
deposits. Kidney Int. 2003; 64: 140-148. Cross-
Ref PubMed

Nakabayashi K, Sumiishi A, Sano K, Fujioka Y,
Yamada A, Karube M, Koji H, Arimura Y, Nagas-
awa T. Tubulointerstitial nephritis without glo-

(18]

[19]

[20]

(21]

[22]

(23]

[24]

[25]

[26]

[27]

(28]

merular lesions in three patients with myeloper-
oxidase-ANCA-associated vasculitis. Clin Exp
Nephrol. 2009; /3: 605-613. CrossRef PubMed
Yoshida M, Sasaki M, Nakabayashi I, Akashi M,
Tomiyasu T, Yoshikawa N, Kojima T, Ohno N, Ya-
mada M. Two types of myeloperoxidase-antineu-
trophil cytoplasmic autoantibodies with a high
affinity and a low affinity in small vessel vasculi-
tis. Clin Exp Rheumatol. 2009; 27 (Suppl 52):
S28-S32. PubMed

Komeda MYY, Yamamoto I, Ogura M, Utsunomi-
ya Y, Sanaka T, Hosoya T. Histological investiga-
tion of renal pathological changes in MPO-AN-
CA-related nephritis using repeat renal biopsies
(in Japanese, abstruct in English). Jpn J Nephrol.
2007; 49: 438-445.

Pichler R, Giachelli C, Young B, Alpers CE,
Couser WG, Johnson RJ. The pathogenesis of tu-
bulointerstitial disease associated with glomeru-
lonephritis: the glomerular cytokine theory. Miner
Electrolyte Metab. 1995; 2/: 317-327. PubMed
Takahashi-Iwanaga H. The three-dimensional cy-
toarchitecture of the interstitial tissue in the rat
kidney. Cell Tissue Res. 1991; 264: 269-281.
CrossRef PubMed

Ifuku M, Miyake K, Watanebe M, Ito K, Abe Y,
Sasatomi Y, Ogahara S, Hisano S, Sato H, Saito T,
Nakashima H. Various roles of Th cytokine
mRNA expression in different forms of glomeru-
lonephritis. Am J Nephrol. 2013; 38: 115-123.
CrossRef PubMed

Summers SA, Steinmetz OM, Li M, Kausman JY,
Semple T, Edgtton KL, Borza DB, Braley H, Hold-
sworth SR, Kitching AR. Thl and Th17 cells in-
duce proliferative glomerulonephritis. ] Am Soc
Nephrol. 2009; 20: 2518-2524. CrossRef PubMed
Okada H, Inoue T, Hashimoto K, Suzuki H, Mat-
sushita S. D1-like receptor antagonist inhibits IL-
17 expression and attenuates crescent formation
in nephrotoxic serum nephritis. Am J Nephrol.
2009; 30. 274-279. CrossRef PubMed
Thornberry NA, Bull HG, Calaycay JR, Chapman
KT, Howard AD, Kostura MJ, Miller DK, Molin-
eaux SM, Weidner JR, Aunins J, Elliston KO,
Ayala JM, Casano FJ, Chin J, Ding GJ-F, Egger
LA, Gaffney EP, Limjuco G, Palyha OC, Raju SM,
et al. A novel heterodimeric cysteine protease is
required for interleukin-1 beta processing in
monocytes. Nature. 1992; 356: 768-774. Cross-
Ref PubMed

Fantuzzi G, Ku G, Harding MW, Livingston DJ,
Sipe JD, Kuida K, Flavell RA, Dinarello CA. Re-
sponse to local inflammation of IL-1 beta-con-
verting enzyme- deficient mice. J Immunol. 1997,
158:1818-1824. PubMed

Coeshott C, Ohnemus C, Pilyavskaya A, Ross S,
Wieczorek M, Kroona H, Leimer AH, Cheronis J.
Converting enzyme-independent release of tumor
necrosis factor alpha and IL-1beta from a stimu-
lated human monocytic cell line in the presence of
activated neutrophils or purified proteinase 3.
Proc Natl Acad Sci USA. 1999; 96: 6261-6266.
CrossRef PubMed

Martinon F, Pétrilli 'V, Mayor A, Tardivel A,
Tschopp J. Gout-associated uric acid crystals acti-
vate the NALP3 inflammasome. Nature. 2006;
440: 237-241. CrossRef PubMed


http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=6434880&dopt=Abstract
http://dx.doi.org/10.3109/00313028009077095
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=7432813&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=7432813&dopt=Abstract
http://dx.doi.org/10.1056/NEJM199811123392007
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=9811921&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=11961005&dopt=Abstract
http://dx.doi.org/10.1038/ki.1987.205
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=3656941&dopt=Abstract
http://dx.doi.org/10.1093/ndt/gfg231
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=12937224&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=12937224&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=3553736&dopt=Abstract
http://dx.doi.org/10.1007/BF00713438
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=2428166&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=11181797&dopt=Abstract
http://dx.doi.org/10.1093/ndt/13.11.2781
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=9829480&dopt=Abstract
http://dx.doi.org/10.1097/01.ASN.0000070073.79690.57
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=12819253&dopt=Abstract
http://dx.doi.org/10.1046/j.1523-1755.2003.00782.x
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=12631123&dopt=Abstract
http://dx.doi.org/10.1046/j.1523-1755.2003.00061.x
http://dx.doi.org/10.1046/j.1523-1755.2003.00061.x
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=12787404&dopt=Abstract
http://dx.doi.org/10.1007/s10157-009-0200-8
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=19506990&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=19646343&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=7565480&dopt=Abstract
http://dx.doi.org/10.1007/BF00313964
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=1878946&dopt=Abstract
http://dx.doi.org/10.1159/000353102
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=23920047&dopt=Abstract
http://dx.doi.org/10.1681/ASN.2009030337
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=19820122&dopt=Abstract
http://dx.doi.org/10.1159/000225902
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=19521069&dopt=Abstract
http://dx.doi.org/10.1038/356768a0
http://dx.doi.org/10.1038/356768a0
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=1574116&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=9029121&dopt=Abstract
http://dx.doi.org/10.1073/pnas.96.11.6261
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=10339575&dopt=Abstract
http://dx.doi.org/10.1038/nature04516
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=16407889&dopt=Abstract

Cytokine profile in kidney disease 199

[29] Lichtnekert J, Kulkarni OP, Mulay SR, Rupana-
gudi KV, Ryu M, Allam R, Vielhauer V, Muruve D,
Lindenmeyer MT, Cohen CD, Anders HJ. Anti-
GBM glomerulonephritis involves IL-1 but is in-
dependent of NLRP3/ASC inflammasome-medi-
ated activation of caspase-1. PLoS One. 2011; 6:
€26778. CrossRef PubMed

[30] Anders HJ, Muruve DA. The inflammasomes in
kidney disease. J Am Soc Nephrol. 2011; 22:
1007-1018. CrossRef PubMed

[31] Brinkmann V, Reichard U, Goosmann C, Fauler
B, Uhlemann Y, Weiss DS, Weinrauch Y, Zychlin-
sky A. Neutrophil extracellular traps kill bacteria.
Science. 2004; 303: 1532-1535. CrossRef
PubMed

[32] Clark SR, Ma AC, Tavener SA, McDonald B,
Goodarzi Z, Kelly MM, Patel KD, Chakrabarti S,
McAvoy E, Sinclair GD, Keys EM, Allen-Vercoe
E, Devinney R, Doig CJ, Green FH, Kubes P.
Platelet TLR4 activates neutrophil extracellular
traps to ensnare bacteria in septic blood. Nat Med.
2007; 13: 463-469. CrossRef PubMed

[33] Kessenbrock K, Krumbholz M, Schonermarck U,
Back W, Gross WL, Werb Z, Grone HJ, Brink-
mann V, Jenne DE. Netting neutrophils in autoim-
mune small-vessel vasculitis. Nat Med. 2009; 15
623-625. CrossRef PubMed

[34] Tsan MF, Gao B. Endogenous ligands of Toll-like
receptors. J Leukoc Biol. 2004; 76: 514-519.
CrossRef PubMed

[35] Schwarz M, Taubitz A, Eltrich N, Mulay SR, Allam
R, Vielhauer V. Analysis of TNF-mediated re-
cruitment and activation of glomerular dendritic
cells in mouse kidneys by compartment-specific
flow cytometry. Kidney Int. 2013; 84 116-129.
CrossRef PubMed

[36] Hochheiser K, Heuser C, Krause TA, Teteris S,
Illias A, Weisheit C, Hoss F, Tittel AP, Knolle PA,
Panzer U, Engel DR, Tharaux PL, Kurts C. Ex-
clusive CX3CR1 dependence of kidney DCs im-
pacts glomerulonephritis progression. J Clin In-
vest. 2013; 123: 4242-4254. CrossRef PubMed

[371 Menu P, Vince JE. The NLRP3 inflammasome in
health and disease: the good, the bad and the ugly.
Clin Exp Immunol. 2011; 766: 1-15. CrossRef
PubMed

[38] Chakraborty A, Tannenbaum S, Rordorf C, Lowe
PJ, Floch D, Gram H, Roy S. Pharmacokinetic
and pharmacodynamic properties of canakinum-
ab, a human anti-interleukin-1p monoclonal anti-
body. Clin Pharmacokinet. 2012; 57. el-el8.
CrossRef PubMed


http://dx.doi.org/10.1371/journal.pone.0026778
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=22046355&dopt=Abstract
http://dx.doi.org/10.1681/ASN.2010080798
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=21566058&dopt=Abstract
http://dx.doi.org/10.1126/science.1092385
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=15001782&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=15001782&dopt=Abstract
http://dx.doi.org/10.1038/nm1565
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=17384648&dopt=Abstract
http://dx.doi.org/10.1038/nm.1959
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=19448636&dopt=Abstract
http://dx.doi.org/10.1189/jlb.0304127
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=15178705&dopt=Abstract
http://dx.doi.org/10.1038/ki.2013.46
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=23466995&dopt=Abstract
http://dx.doi.org/10.1172/JCI70143
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=23999431&dopt=Abstract
http://dx.doi.org/10.1111/j.1365-2249.2011.04440.x
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=21762124&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=21762124&dopt=Abstract
http://dx.doi.org/10.2165/11599820-000000000-00000
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=22550964&dopt=Abstract

