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Abstract

The role of IL-18 in the pathogenesis of systemic lupus erythematosus is still not definitively
solved. In this study, we generated MRL™" mice, which develop a disease resembling sys-
temic lupus erythematosus, genetically devoid of IL-18 expression. These mice in compari-
son to IL-18-competent MRL™" mice show reduced signs of renal pathogenesis, while other
parameters such as mean survival time, lymphadenopathy, constitutive interferon-y produc-
tion, and frequency of CD3"B220* abnormal T cells were without differences. We conclude
that in the systemic lupus erythematosus syndrom IL-18 is involved specifically in the renal
pathogenesis.

Introduction

The interleukin (IL)-1 family member IL-18, originally referred to as ‘interferon (IFN)-y-
inducing factor (IGIF)’, is a proinflammatory cytokine [1]. Major cellular targets of IL-18 are T
helper (Th) 1 cells, natural killer (NK) cells, and CD8" T cells, in which it increases prolifera-
tion, lytic activity and IFNy production [2-4]. IL-18 by itself does not induce IFN-y expression,
but rather acts synergistically with e.g. IL-12, which induces expression of the IL-18 receptor
(5, 6].

The participation of IL-18 in inflammatory diseases including autoimmunity has been dem-
onstrated in several animal models and also in humans [7-9]. Of those, the predominant ones
are type 1 diabetes, multiple sclerosis, rheumatoid arthritis, psoriasis, and possibly also sys-
temic lupus erythematosus (SLE). SLE is characterized by hyper-gammaglobulinemia, autoan-
tibody production and immune complex formation, eventually leading to end-organ damage,
including vasculitis and fatal renal failure [10]. The disease is associated with genetic polymor-
phisms in the i/18 gene in diverse populations [11-13]. In plasma of SLE patients the concen-
tration of IL-18 is enhanced and correlates with the disease activity [14-16].

Homozygous MRL/Mp- Tnfrsf6””"?" (MRL'P") mice serve as model for human SLE [17]. Th-
cells, characterized by the expression of CD4, centrally contribute to the pathogenesis of
MRL" mice [18]. Of those, IL-17-expressing cells constitute a decisive effector population
[19]; however, also Th1- and Th2-derived cytokines are apparently involved: IFN-y, the
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prototypical Th1-cytokine, is detected at rather high concentrations in serum of MRL"P" mice
and deletion of IFN-y or IFN-y receptor expression leads to reduced pathological signs [20-
23]. In accordance with these observations, administration of IFN-y exacerbates the disease
[24]. The contribution of IL-18 to the syndrome of MRL" mice is still discussed controver-
sially. Lymph node cells or autoreactive T-cell lines obtained from MRL'P" mice are hyper-reac-
tive to IL-18 stimulation due to a constitutive high expression of the IL-18 receptor [25].
Consequently, administration of IL-18 to MRL"P" mice worsened the disease [26] and MRL'P*
mice vaccinated against IL-18 demonstrated reduced pathological signs [27, 28]. However, IL-
18 administration by itself is unable to induce a lupus-like pathogenesis in MRL/Mp-Tnfrsf6*'*
mice [26].

Genetic deletion of the IL-18 receptor in MRL'P" mice has been described in two indepen-
dent studies with contradictory conclusions [29, 30]. While the first one claimed the ameliora-
tion of the lupus-like disease due to the absence of the IL-18 receptor expression [30], the
second one could not find any consequences of the deletion [29]. Moreover, there are indica-
tions, that the IL-18 receptor can be engaged not only by IL-18 itself, but also by another, yet
unidentified ligand [31].

Thus, in the present study, we genetically deleted IL-18 expression in MRL'P" mice in order
to specifically analyze the contribution of IL-18 to the lupus-like disease. We demonstrate that
IL-18 is involved mainly in the autoimmune lupus nephritis.

Materials and Methods

Mice

Homozygous MRL/MpOlaHsd- Tnfrs6*"”#" mice and MRL/MpOlaHsd (MRL*'*) mice were
purchased from Harlan/Winkelmann (Borchen, Germany) and housed and bred in the animal
facility of the Hannover Medical School. IL-18 deficient MRL" mice were obtained by ten gen-
erations of backcrossing of the 1118™/"™4K genotype from C57BL/6 mice (generously provided
by S. Akira, Osaka, Japan [32]) onto the MRL"" strain. Backcrossing was assisted by genetic
diagnoses of the 1118 locus and SNPs (small nuclear polymorphism) analyses discriminating
the C57B1/6 and MRL"" strains. Resulting strains were homozygous MRL/Mp- Tnfrs6*"1118™
M (MRLP'IL18"™"™) and heterozygous MRL/Mp-Tnfrs6?" 11187 (MRL'P'IL18*"™). Mice
were inspected daily and their health and constitution was ranked using a scoring system as
detailed in table 1 (Table 1; [33]). Due to the autoimmune lupus-like disease, the mice acquired
a moribund state rather quickly; however mice did not die unexpectedly or spontaneously
since those which ranked score >4 were euthanized by CO, inhalation followed by cervical dis-
location. The age of mice when ranking score >4 are the bases for calculating their survival
times. For all other analyses (except measurement of proteinuria), mice at pre-defined ages
anaesthetized by CO, inhalation and killed by exsanguination via cardiac puncture. Otherwise,
analgesics and anaesthetics were not used in this study. Experimental procedures were per-
formed according to the German Animal Welfare Act (Tierschutzgesetz, § 4) and approved by
the Local Institutional Animal Care and Research Advisory Committee of the Hannover Medi-
cal School and the Lower Saxony State Office for Consumer Protection and Food Safety
(Approval ID: 2012/8).

Serum preparation

The blood obtained by exsanguination was clotted for either one hour at room temperature or
overnight at 4°C. Serum was separated by centrifugation at 10,000 g, 4°C for 20 min, aliquoted
and stored at- 80°C until use.
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Table 1. Evaluation of mice’s health.

Score Activity

1

4

5

Very active
Active
Less active
Barely

active
Lethargic

Body weight
Unchanged or
increased
Reduced by < 5%

Reduced by 6%
-14%

Reduced by 15—
19%

Reduced by > 20%

doi:10.1371/journal.pone.0140173.t001

General state of health Behavior

Pelt smooth, bright; eyes clear, bright; normal temperature Attentive; fast moving

Pelt with defects (reduced care); slightly enhanced Occasional breaks in movement
temperature

Pelt dull, disordered; turbid eyes; enhanced muscle tonus; Regular breaks in movement; sufficiently
enhanced temperature reactive to environment

Pelt dirty; clotted or watery orifices; bended posture; high Self-isolation; less reactive to environment;
muscle tonus; high temperature activity poor, slow

Cramping; paralysis; flat breathing; low temperature No activity; not reactive to environment

Organ and cell preparation

Axillary and inguinal lymph nodes, spleens, and kidneys were removed and dissociated into
single cell suspensions using the gentleMACS dissociator system (Miltenyi Biotech, Bergisch
Gladbach, Germany).

Lymphadenopathy and splenomegaly

Lymphocyte proliferation in lymph nodes and spleen was assessed in parallel with two meth-
ods. Weights of lymph nodes and spleens were evaluated routinely to assess the macroscopic
lymphadenopathy. In addition, nucleated cell counts were performed after organ dissociation.

Proteinuria

Urine protein levels were assessed semi-quantitatively using Combur Test strips (Boehringer-
Mannheim, Mannheim, Germany). Small volumes (20 ul) of spontaneously voided urine were
taken at weekly intervals.

Determination of renal damage

Renal tissue was either fixed in formalin and embedded in paraffin or was prepared for cryo-

conservation. Sections were stained with hematoxylin and eosin (H&E), periodic acid-Schiff

(PAS), or silver based reticulin. Kidney lesions were scored according to Table 2, analyzing at
least 2 sections of each kidney and 55 +/- 5 glomeruli of each section.

Statistical analysis

Where appropriate, data are presented as individual values and the mean + SD. Statistical sig-
nificance was determined using Student’s ¢ test or one- or two-way ANOVA with Bonferroni’s
post-test. Proteinuria data were analyzed by Kruskal-Wallis test with Dunn’s post-test, whereas
survival analysis was performed using Kaplan-Meier method and significance of differences in
survival was determined using Mantle-Cox and Gehan-Breslow-Wilcoxon tests.

Results

In order to analyze a possible role of IL-18 in the pathogenesis of the lupus-like disease in
MRL/Mp-Tnfrs6lpr (MRL'") mice, we intensively backcrossed the 1118™"™4K genotype from
C57BL/6 mice onto the MRL"" strain to obtain MRL/Mp-Tnfrs6lpril18™"™ (MRLP"IL18™"™)
and MRL/Mp-Tnfrs6lprll18*/"™ (MRLP"IL18*/"™) mice. Differences in the mean survival time
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Table 2. Evaluation of kidney damage.

Score

Interstitial
cell
infiltration
and
vasculitis

no sign

mild in some
areas

clear and
frequent

severe and
widespread

Mesangial
hyper-
cellularity

no sign

mild in some
areas

clear and
frequent

severe and
widespread

doi:10.1371/journal.pone.0140173.1002

Protein casts  Hypercellularity Sclerotic Lobular Thickening of Gross

in distal of Bowmann changes of accentuation of basal inflammatory

tubuli capsules the glomerulopathy membrane in  pathology (%
mesangium glomeruli/ inflamed area)

tubuli

no sign no sign no sign no sign no sign No inflammation

mild in some mild in some areas mild in some mild in some mild in some minor; 10%

areas areas areas areas

clear and clear and frequent  clear and clear and frequent  clear and mild; 10-20%

frequent; frequent; some frequent

some lumen

dilatation obstruction

severe and severe and severe and severe and severe and moderate; 25—

widespread, widespread widespread, widespread widespread 50%

frequent frequent lumen

dilatation obstruction

serious; 50-75%
severe; > 75%

of MRLP" mice due to the genetic deletion of IL-18 expression (MRL'P": 163 days, MRL'P"IL18*"

/tm. 125 days; MRLPIL18™/"™ 150 days; Fig 1) were statistically not significant.

A major symptom occurring in MRLP" mice is the eponymous lymphoproliferation, result-
ing in strongly enlarged secondary lymphoid organs. Analyses of spleen and lymph nodes
weights and cell numbers revealed no statistically significant differences between MRL'P" and
MRLPIL18"™ "™ mice (data not shown).

IL-18, which promotes IFN-y production [5] is constitutively expressed in e.g. macrophages
and dendritic cells. Thus, we measured constitutive IFN-y concentrations in sera, but, again,
could not detect statistically significant differences depending on the IL-18 genotype (Fig 2).
Differences were also absent when comparing age-matched subgroups of mice (not shown).

The lupus-like disease in MRL'" mice is paralleled by the persistence of CD3"B220*"
CD4°CD8’ cells, identified by the co-expression of CD3 and B220 and referred to as the DN T-
cell population [34]. DN T-cells are numerously present in peripheral blood of MRL'" mice,
however, in MRLP"IL18™/"™ mice their number is not statistically significantly different (Fig
3A). Also the other leukocyte subsets identified by the markers CD3, B220, CD4, and CD8

demonstrated no quantitative differences in peripheral blood between the mouse strains (data
not shown).

The kidney is one of the mainly affected organs in the lupus-like disease of MRL'P" mice
[17]. Single cell suspensions prepared from kidneys of MRL'P* and MRL'P"IL18"™/"™ mice con-
sisted of about 10% CD45" leukocytes. Within these, DN T-cells were absent, while the subsets
identified by Ly-6G/C, CD11b, and F4/80 were readily detectable, however, without statistically
significant quantitative differences between MRLP"™* and MRLP"IL18"™"™ mice (not shown).
In contrast, CD3"B220" T-cells, both CD4" and CD8", were less frequent in the kidney cell sus-
pensions of MRLIL18"™"™ mice as compared to that of MRL'™" mice (Fig 3B).

Since we found CD3" T-cells less frequently in the kidneys of MRL'P" mice due to the
absence of IL-18, we analyzed urine protein concentration as a measure for functional kidney
integrity in MRLP", MRL'P"IL18*/"™, and MRL'P"IL18"™"™ mice. As a further control, in this
experiment we also included wild type MRL (MRL""*) mice, lacking the disease accelerating Ipr
mutation. While in MRL*'* mice the progression of proteinuria was rather slow, it was signifi-
cantly faster in MRL'P" mice (Fig 4). In heterozygous mice (MRL'P"IL18*""™) protein
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Fig 1. Deletion of IL-18 expression does not affect survival. MRL"™" mice displaying an IL-18 expression
status as indicated were housed as described in the methods section. Individual ages (weeks) when they
reached a health status ranking score >4 (table 1) were documented. Presented are pooled data from n =23,
38, and 51 individuals of MRL"", MRL"'118*'™ and MRL""1118™'™ mice, respectively. The three data sets
were analysed by Log-rank (Mantel-Cox) test and revealed no statistically significant differences.

doi:10.1371/journal.pone.0140173.g001

concentrations in urine increased as fast as in MRL'P" mice. In MRLP"IL18"™"™ mice, in con-
trast, the kinetics of proteinuria development were significantly slower, virtually resembling
that observed in MRL*"* mice (Fig 4).

Next, we evaluated the kidneys histologically, both by light (Fig 5A) and by electron micros-
copy (data not shown). Kidney sections obtained from young (< 20 weeks) and old (> 20
weeks) MRL'", MRL'™IL18""™, and MRL'P"IL18"™"™ mice (chosen independently of their
health status) were analyzed for several aspects as detailed in the materials and methods sec-
tion. Of these, sclerotic changes of the mesangium, protein casts in distal tubuli, and lobular
accentuation of glomerulopathy increased age-dependently in MRL" and MRL'P'IL18*/™
mice (Fig 5B). Importantly, while sclerotic changes of the mesangium and protein casts in dis-
tal tubuli increased age-dependently also in MRLP"IL18"™"™ mice, the lobular accentuation of
glomerulopathy was significantly reduced in old MRL'P'IL18"™"™ as compared to old MRL'¥*
mice (Fig 5B).

Discussion

Several studies point to a contribution of IL-18 to symptoms associated with human lupus and
the lupus-like disease in mouse models [7, 35-38]. In the MRLP" mouse model resembling
human SLE such evidence based on a genomic approach is discussed very controversially [29,
30]. These studies, in order to eliminate IL-18 bioactivity, deleted the IL-18 receptor, but more
recently it has also been reported that the IL-18 receptor is necessary not only for IL-18 bioac-
tivity but also for a yet not identified ligand [31], probably similar to the human IL-18 receptor
ligand IL-37 [39]. Thus, in order to specifically analyze the function of IL-18 in murine SLE, in
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Fig 2. Deletion of IL-18 expression does not affect constitutive IFNy production. Mice, aged between 11
and 35 weeks, were bled and IFNy concentrations in sera were measured by ELISA. Presented are data from
n=15, 10, and 8 individuals of MRL"™", MRL""II18*"™, and MRL"'II18"™'™ mice, respectively, and the
respective means +/- SD. The three data sets were analysed by ANOVA with Bonferroni’s post test and
revealed no statistically significant differences.

doi:10.1371/journal.pone.0140173.g002

the present study, we deleted the gene encoding IL-18 in MRL'P" mice and compared pathologi-
cal and immunological manifestations with those of IL-18-competent MRL'"P" mice.

In MRL'P" mice serum concentrations of IFN-y are enhanced in comparison to not autoim-
mune-prone mouse strains and IFN signaling is essential for lupus development [20-23].
Blockade of IFN-y signaling by deleting expression of the cytokine itself or its receptor results
in reduced double-stranded DNA-directed autoantibody production and prolonged survival.
Interestingly, lymphadenopathy and the number of DN T-cells are reduced in MRL"* only due
to IFN-y-deficiency, while it is unaffected by the lack of the IFN-y receptor. IL-18 promotes
IFN-y expression in T-cells and NK cells [1], however, since IL-18-deficiency in MRL'P" mice
does not reduce IFN-y concentration in blood, the constitutively enhanced production of IFN-
v is not a consequence of IL-18 function [25]. Probably due to the unaffected IFN-y concentra-
tion, IL-18 deficiency in MRL'P" mice affects neither survival nor the accumulation of DN T-
cells accompanied by lymphadenopathy and splenomegaly. These data are in contrast to our
previous ones obtained by a cDNA vaccination technique [27], probably reflecting that
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Fig 3. Flow cytometric analyses of T-cells. (A) MRL"™", MRL""1118*"™ and MRL""II18™™ mice were bled and frequencies of blood cells were analysed
using antibodies recognizing CD3 and B220. Presented are individual data from 3—-23 evaluations and the respective means +/- SD. The three data sets were
analysed by ANOVA with Bonferroni’s post test and revealed no statistically significant differences. (B) Single cell suspensions were prepared from kidneys
of 19-29 week old MRL"" and MRL"'1118™"'™ mice, and frequencies of CD3**, CD4*, and CD8"* cells within the CD45* population were determined.
Presented are data of individual evaluations and the respective means +/- SD. The data sets (n =9 and 13, respectively) were analysed by Student’s T-test
and revealed no statistically significant differences.

doi:10.1371/journal.pone.0140173.9003

vaccination of MRL" mice with an IL18-encoding plasmid not only led to the reduction of IL-
18 bioactivity but also to additional beneficial effects, e.g. TLR9 activation [40, 41], leading to
an amelioration of clinical parameters.

Thus, the effect of IL-18 in MRLP" mice seems to be restricted to the kidney inflammation
and probably other organs as well, which we have not analyzed in this study. Such a specific
function for IL-18 in autoimmune lupus nephritis as well as in other kidney diseases already
has been proposed previously [39, 42-44]. Interestingly, deletion of IL-18 expression in MRL'""
mice selectively reduced the intra-renal frequency of T-cells, both CD4" and CD8", while other
leukocyte populations, such as granulocytes, monocytes, and macrophages were unaffected.
This is in contrast to data provided by an ‘intra-renal IL-18 overexpression’ model [43], and
may reflect an IL-18 concentration exceeding the physiologic range in the latter study.
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Fig 4. Deletion of IL-18 expression reduces proteinuria. Protein concentrations in spontaneously voided urine from MRL"", MRL""I118*'™ MRL"™"lI18"™™,
and MRL*"* mice were measured in weekly intervals. Within each strain, mice were grouped according to their age on a weekly base. Each symbol
represents the mean of at least two individual evaluations, performed using a total of 13-39 individuals per strain. Lines show the linear regressions of the
data of each strain. Statistical differences between the transformed data of each strain were analysed by ANOVA Kruskal Wallis test with Dunn’s post test

(ns, not significant; *, p < 0.05; **, p <0.01; *** p <0.005).

doi:10.1371/journal.pone.0140173.9g004
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Fig 5. Histological analyses of kidney sections. Kidneys of MRL"", MRL""I118*"™, and MRL'"™"1I18"™'™ mice were removed, processed, and histologically
analysed. (A) Presented are representative pictures of PAS-stained kidney sections obtained from MRL™" (+/+), MRLP'1118*™, (+/tm), and MRL"118™™
(tm/tm) mice. (B) Quantitative evaluations of the sections were performed using the scoring system as detailed in Table 2. Presented are individual data for
three evaluated parameters from 5—11 mice per strain and the respective means +/- SD. Differences between the three strains were analysed by ANOVA

with Bonferroni’s post test (*, p < 0.05; no indication: no significance).

doi:10.1371/journal.pone.0140173.9005
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Using a flow cytometric approach, we could not detect infiltrating DN T-cells, identified by
the co-expression of CD3 and B220, in the kidneys of MRL'P" mice, aged up to 4 months, while
in cell suspensions obtained from spleens they were readily detectable (not shown). This result
is in direct contradiction to the histological observation of CD3"IL-17" cells in the kidneys of 5
months old MRL'P" mice, which are claimed to be of the DN T-cell population [19]. Unfortu-
nately, in the latter publication the CD4 CD8" phenotype of the kidney infiltrating CD3"IL-17"
cells was not documented, but deduced from analyses using peripheral CD3*IL-17" cells.

Surprisingly, the fast worsening general health status, quantified as ‘survival’, is unaffected
by deletion of IL-18 expression, although specific parameters of nephritis are ameliorated. This
may be due to the fact that only a few specific kidney pathological parameters were reduced
due to IL-18 deletion, while others and also the gross inflammatory pathology remained
unaffected.

In summary, using a genetic approach, we provide evidence that IL-18 plays a minor role in
the autoimmune disease in MRL"P" mice, essentially confirming the data observed in IL-
18-deficient lupus-prone C57Bl/6 mice [45]. In our model, IL-18 does not affect the lupus-like
pathogenesis generally, but specifically some parameters of affected end-organs, i.e. the
kidneys.
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