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Introduction

Summary

Peroxisome proliferator-activated receptor alpha (PPAR) ligands are medi-
cations used to treat hyperlipidaemia and atherosclerosis. Increasing evidence
suggests that these agents are immunosuppressive. In the following studies we
demonstrate that WY14,643, a PPAR ligand, attenuates expression of anti-
glomerular basement membrane disease (AGBMD). C57BL/6 mice were fed
0-05% WY14,643 or control food and immunized with the non-collagenous
domain of the a3 chain of Type IV collagen [at3(IV) NC1] in complete Fre-
und’s adjuvant (CFA). WY14,643 reduced proteinuria and greatly improved
glomerular and tubulo-interstitial lesions. However, the PPAR ligand did
not alter the extent of IgG-binding to the GBM. Immunohistochemical
studies revealed that the prominent tubulo-interstitial infiltrates in the
control-fed mice consisted predominately of F4/80* macrophages and
WY14,643-feeding decreased significantly the number of renal macrophages.
The synthetic PPARo ligand also reduced significantly expression of the
chemokine, monocyte chemoattractant protein (MCP)-1/CCL2. Sera from
mice immunized with AGBMD were also evaluated for antigen-specific IgGs.
There was a significant increase in the IgG1 : IgG2c ratio and a decline in
the intrarenal and splenocyte interferon (IFN)-y mRNA expression in the
WY14,643-fed mice, suggesting that the PPARa ligand could skew the
immune response to a less inflammatory T helper 2-type of response. These
studies suggest that PPAR« ligands may be a novel treatment for inflamma-
tory renal disease.

Keywords: anti-glomerular basement membrane disease, fibrates, glomerulo-
nephritis, MCP-1, peroxisome proliferator-activated receptor

moters and induce transcription. Alternatively, PPARs can
modulate transcriptional events by binding and antagoniz-

Nuclear receptors, including the glucocorticoid, vitamin D
and thyroid receptors regulate a wide variety of genes
that control cellular differentiation, metabolism and
inflammation. Peroxisome proliferator-activated receptors
(PPARs), members of the nuclear receptor superfamily, are
ligand-activated transcription factors that, in general, alter
gene expression at the transcriptional level. The PPAR sub-
family of receptors is encoded by three genes: o, & (B and
NUCI) and v, each with distinct expression patterns and
functions [1]. WY14,643, a fibric acid derivative, is a potent
PPARo ligand. Other PPARa ligands, such as gemfibrozil
and fenofibrate, are used clinically to treat hypertriglycer-
idaemia [2]. After PPARs are activated by their specific
ligands, they bind to PPAR response elements in gene pro-

ing other regulatory transcription factors or by sequestering
key transcriptional co-activators or co-repressors [3].

PPARa ligands, such as gemfibrozil and fenofibrate,
clearly reduce cardiovascular events in patients with athero-
sclerosis [4]. However, despite their proven efficacy in
lowering triglycerides, there is accumulating evidence that
fibrates are anti-inflammatory [5]. In our studies in mixed
splenocyte cultures, fibrates potently increase interleukin
(IL)-4, a key immunoregulatory cytokine [6]. In addition,
in vivo WY 14,643, a synthetic PPAR« ligand, induces sple-
nocyte depletion and alters production of antigen-specific
immunoglobulins [7].

Anti-glomerular basement membrane disease (AGBMD)
was considered originally the prototypical antibody-
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mediated autoimmune disease. However, studies suggest that
cell-mediated mechanisms of immunity also cause renal
injury [8-10]. As innate, adaptive, humoral and cell-
mediated immune mechanisms are participatory in this
disease, it provides an excellent model system to study anti-
inflammatory agents and their mechanisms of action [11].

To investigate whether a PPARa ligand could abrogate
expression of a renal inflammatory disease, mice were fed
WY14,643 or control food and immunized to induce
AGBMD. By multiple measures WY14,643 attenuated
expression of AGBMD. WY14,643 reduced proteinuria and
greatly improved glomerular and tubulo-interstitial lesions.
However, the PPARo ligand did not alter the extent of 1gG-
binding to the GBM. Immunohistochemical studies revealed
that the prominent tubulo-interstitial infiltrates in the
control-fed mice consisted predominately of F4/80" macro-
phages, and WY14,643-feeding decreased significantly the
number of renal macrophages. Monocyte chemoattractant
protein (MCP)-1/CCL2 is a major chemokine that directs
the migration of macrophages and lymphocytes into the
kidney. WY14,643 reduced significantly the expression of
this chemokine. Sera from mice immunized with AGBMD
were also evaluated for antigen-specific IgGs. There was a
significant increase in the IgGl:IgG2c ratio in the
WY14,643-fed mice. WY14,643 treatment was also associ-
ated with lower intrarenal and splenocyte interferon (IFN)-y
mRNA expression, suggesting that the PPARa ligand could
skew the immune response to a less inflammatory T helper 2
(Th2)-type of response. These studies support the concept
that PPAR« ligands are anti-inflammatory.

Materials and methods

Mice

C57BL/6 mice were obtained from Jackson Laboratories
(Bar Harbor, ME, USA). The mice were immunized at
6 weeks of age and followed for 6 months after immuni-
zation. Mice were housed and handled in accordance with
Veterans Affairs (VA) and National Institute of Health (NIH)
guidelines under Institutional Animal Care and Use
Committee (IACUC) approved protocols.

Reagents

Incomplete Freund’s adjuvant (IFA) and Mpycobacterium
tuberculosis (M. Tb) were obtained from Difco (Detroit, M1,
USA). Complete Freund’s adjuvant (CFA) was prepared as
4 mg/ml M.Tb and emulsifed 1 : 1 with IFA. WY14,643 was
obtained from ChemSyn Laboratories (Lenexa, KS, USA).

Preparation of the human a3 NC1 domain of Type IV
collagen [a3(IV) NC1]

Recombinant-03(IV) NC1 was prepared as described
previously [12]. 293EBNA cells were transfected with the
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expression plasmid pCEP-Pu containing a BM40 signal
peptide, FLAG® tag and the human a3(IV) NC1 domain
(including thelast 10 amino acids of the collagenous domain)
[13]. The transfected cells were grown in 10% fetal bovine
serum (FBS)-Dulbecco’s modified Eagle’s medium (DMEM)
containing 2 mM L-glutamine and 100 units/ml penicillin G
and 100 ug/ml streptomycin. Cell lines expressing
recombinant-a3(IV) NC1 were selected using 0-75 pg/ml
puromycin. To isolate the a3(IV) NCI protein, 293EBNA
(a3(IV) NC1) cells were grown in DMEM (without FBS) for
48 h, the medium was collected and run over FLAG®-M2
agarose columns (Sigma-Aldrich, St. Louis, MO, USA).
Protein was eluted with 0-1 M glycine, pH 3-5, concentrated
with  Amicon Microcon® Centrifugal Filter Devices
(Millipore) and stored at —70°C.

Induction of AGBMD

To induce AGBMD, 32 male C57BL/6 mice were immunized
with 20 pg of a3(IV) NC1 in CFA subcutaneously (s.c., base
tail) and intradermally (i.d., footpad); each animal received
50% of antigen s.c. and 50% i.d. On day 30 mice were
boosted with 20 pg o.3(IV) NCI in IFA. Mice were fed either
control or standard rodent chow (7001) with 0-05%
WY14,643 (Harlan-Teklad, Madison, WI, USA). Urinary
albumins and creatinines were assessed weekly with the colo-
rimetric albumin reagent bacille Calmette—Guérin (BCG)
and creatinine assays (Sigma-Aldrich).

Assessment of a3(IV) NCl1-specific
immunoglobulins (Igs)

Serum was collected from mice by terminal cardiac puncture.
Briefly, 96-well Maxisorp™ microtitre plates were coated with
0o3(IV) NCI (1 pg/ml in 0-1 M carbonate buffer, pH 9-5)
overnight at 4°C. Plates were blocked for 2 h with phosphate-
buffered saline (PBS) containing 4% bovine serum albumin
(BSA) (Sigma) and 0-05% Tween-20 (Sigma) and then incu-
bated with serum samples for 2 h at room temperature (RT).
Plates were developed with rabbit anti-mouse IgG (Calbio-
chem, San Diego, CA, USA), goat anti-mouse IgG; (Caltag,
Burlingame, CA, USA) or goat anti-mouse-IgG2c (Jackson
ImmunoResearch, West Grove, PA, USA) alkaline phos-
phatase conjugates at RT for 2 h. Plates were incubated with
p-nitrophenylphosphate disodium (Sigma, 1 mg/mlin 0-1 M
carbonate buffer, pH 9-5) at RT and after 30 min incubation,
optic densities at 405 nm were evaluated in a microplate
reader (Molecular Devices, Sunnyvale, CA, USA).

Histology

After mice were euthanized, kidneys were removed and fixed
in 10% buffered formalin. Alternatively, kidneys were frozen
in Tissue-Tek OCT (optimal cutting temperature) compound
(Sakura Finetek, Torrence, CA, USA) in liquid nitrogen. Light
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Table 1. Light microscopic grading criteria.*

0 Normal

1 Minimal focal hypercellularity

2 Moderate hypercellularity, early tubular dilatation

3 Diffuse hypercellularity, tubular dilatation, early crescents and
sclerosis

4 Maximum lesion, diffuse hypercellularity, marked tubular

dilatation, crescents, sclerosis and glomerular obsolescence

*Based on grading system developed by Luo efal. Sections are
graded in increments of 0-5.

microscopic samples were embedded in paraffin, sectioned
(4 uM) and stained with haematoxylin and eosin (H&E).
Using the criteria described in Table 1, sections were graded
by a blinded observer [14]. For immunofluorescence studies,
4 UM cryostat sections from OCT frozen samples were
stained with fluorescein isothiocyanate (FITC)-goat-anti-
mouse—IgG (1:1000; Caltag Laboratories). Fluorescence
intensity was graded qualitatively by a blinded observer from
0 to 4 with 0-5 increments [8]. FITC-IgG-stained glomeruli
were also graded in a quantitative manner. Images of at least
five random glomeruli/mouse were captured at high power
using a Jenalumar fluorescent microscope. Tagged image file
format (TIFF) images were taken with a Nikon D50 digital
camera with a set shutter speed (i.e. 2 s) and downloaded onto
an Apple Macintosh Powerbook G4. Using Adobe Photoshop
7-0, images were selected and mean fluorescence intensity
(MFI) and the number of pixels were evaluated in each glom-
erular tuft. Background values were subtracted and values
were expressed as MFI (arbitrary units, AU) per glomerulus
[15]. Glomerular size was also assessed (pixels) and MFI/
pixels was evaluated.

Tubulo-interstitial and glomerular infiltrates were assessed
by immunohistochemistry (IHC; University of California,
San Diego Histology Core, CA, USA). Frozen sections (5 UM)
were incubated with 0-03% H,O,, washed with PBS, incu-
bated with 0-1% avidin, then 0-01% biotin (avidin—biotin
blocking kit, Vector Laboratories, Burlingame, CA, USA) and
blocked with 1% BSA/PBS. Slides were then stained with
biotinylated anti-F4/80 (1 :50; Caltag), biotinylated anti-
CD3 (1:200; BD Pharmingen, San Diego, CA, USA) and
anti-CD19 (1 : 100; BD Pharmingen) and then streptavidin
horseradish peroxidase (HRP) (1 : 500; Jackson Immunore-
search, West Grove, PA, USA). Slides were washed and incu-
bated with 3-amino-9-ethylcarbazole substrate (AEC; Vector
Laboratories) and counterstained with Mayer’s haematoxy-
lin. For CD19 staining, slides were also treated with biotiny-
lated anti-rat IgG (1:100). For F4/80, sections were
incubated with streptavidin alkaline phosphatase (1 : 500,
Jackson Immunoresearch) and Vector Blue (Vector Labora-
tories) and counterstained with nuclear Fast Red. Mono-
nuclear cell infiltration was graded qualitatively based on
previously published criteria [15] as follows: background
staining: 0; lowest clearly positive staining: 1; mild staining: 2;

moderate staining: 3; intense staining: 4. Also positively
stained cells were counted in a minimum of 10 glomeruli
per animal and results are expressed as cells/glomerular
cross-section.

Real-time polymerase chain reaction (RT-PCR)

Whole kidney and spleen sections were stored in RNAlater™
(Qiagen, Valencia, CA, USA) as per the manufacturer’s
instructions. RNA was prepared with the RNeasy® Mini Kit
(Qiagen) followed by a Turbo DNase™ (Ambion, Austin, TX,
USA) treatment. cDNA was prepared with the Superscript [I®
First Strand Synthesis System (Invitrogen, Carlsbad, CA,
USA). For quantification of IFN-y, IL-4 and MCP-1,
TagMan® gene expression assays (IFN-y: Mm00801778_m1
IL-4: Mm 00445259_m1l and MCP-1: Mm00441242_m1)
were performed with TagMan® Universal PCR Master Mix
(10 min at 95°C with 50 cycles of 15 s at 95°C and 1 min at
60°C) in a Chromo4™ RT-PCR detector (M] Research and
Biorad, Hercules, CA, USA). Amplification efficiencies were
normalized against RPL19 (forward: 5-TGCTCAGGCT
ACAGAAGAGGCTTG-3", reverse: 5-GGAGTTGGCATTG
GCGATTTC-3") and relative fold increases were calculated
using the Pfaffl technique of relative quantification, which
accounts for real-time efficiencies. Each experiment was per-
formed in triplicate and the data was log-transformed.

Statistics

Results were assessed by Student’s ¢-tests or analyses of vari-
ance (ANOvaAs) with repeated measures with tests for linear
and quadratic trends. Qualitative histological data were
evaluated by the Mann—Whitney U-test and results were
described with frequency distributions. Analysis was per-
formed with spss version 11-0 (Chicago, IL, USA) with
P < 0-05 used as the requirement for significance.

Results

Development of AGBMD

C57BL/6 mice were immunized on day 0 with a3(IV) NC1/
CFA and boosted with a:3(IV) NC1/IFA on day 30. Three days
prior to immunization and throughout the study, mice were
fed either control food or standard mouse chow with 0-05%
WY14,643. Urinary albumins and creatinines were assessed
weekly to follow the course of the disease. After 2-5 months
control mice developed proteinuria. After this time-point and
throughout the course of the disease the mean group urine
albumin/creatinine ratio was always lower in the WY14,643-
treated mice (Fig. 1a). In a similar manner, when mice devel-
oped urinary albumin/creatinine ratios of = 3 they were
considered to have high-grade proteinuria. Ninety days after
immunization, the first control mice developed urinary
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Fig. 1. WY14,643 decreases proteinuria in anti-glomerular basement
membrane disease (AGBMD). AGBMD was induced in C57BL/6
mice. Three days prior to immunization and throughout the
time—course of the study mice were treated with control or WY14,643
(0-05% in the food). (a) Throughout the course of the disease mean
group urine albumin/creatinine ratios were lower in the

WY 14,643-treated mice. (P < 0-05, 2 by 18 analysis of variance with
repeated measures and tests for linear and quadratic trends). (b) Mice
that developed albumin/creatinine ratios of = 3 were considered to
have high-grade proteinuria. Accordingly, proteinuria-free survival is
significantly higher in the WY14,643-treated mice when compared
with the control-fed mice. P < 0-01, Kaplan—Meier survival analysis.

albumin/creatinines of = 3 and by day 189, 81% of control
mice had high-grade proteinuria compared with 33% in the
WY14,643-fed group. Therefore, proteinuria-free survival
was significantly lower in the WY14,643-treated group of
mice compared with the animals fed control food (Fig. 1b).
Of note, mice immunized with a3(IV) NCI1/CFA and fed
WY14,643 do not gain weight over time when compared with
the control-fed group (Fig. 2).

WY 14,643 attenuates glomerulonephritis

Histology

Six months after induction of AGBMD, mice were eutha-
nized and kidneys were prepared for histological evaluation.
Representative H&E sections from the two groups are
depicted in Fig. 3. H&E sections were graded qualitatively by
a blinded observer using a using 0—4 criteria (with 0-5 incre-
ments) as described by Luo et al. (Table 1) [14]. These crite-
ria are well suited to grade the histological manifestations in
C57BL/6 mice, as the major findings associated with disease
in this strain of mice include tubular dilatation, inflam-
matory tubulo-interstitial infiltrates and crescents [9].
WY14,643-treated animals had significantly less severe his-
tological changes. The median score in the WY14,643-
treated group was 1 and in the control-treated group was 3
(Fig. 3e).

To determine whether WY14,643 interferes with induc-
tion of disease by altering binding of anti-glomerular
basement membrane IgGs to the glomerular basement
membrane, direct immunofluorescence of renal sections was
performed. Mouse IgG was distributed in a linear manner
along the glomerular basement membrane (Fig. 4a). Fluo-
rescence intensity was graded qualitatively by a blinded
observer from 0 to 4 in 0-5 increments [8]. There was no
significant difference in the grade in the two groups
(Fig. 4b). FITC-IgG-stained glomeruli were also graded in a
quantitative manner as described above. MFI and number of
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Fig. 2. Mice fed WY14,643 do not gain weight over time. C57BL/6
mice were fed 0:05% WY14,643 or control food and immunized with
03(IV)NCI/CFA. Average weight in each group is represented with
standard deviations. At all time-points except on the day of
immunization, the mice weights differ in the control and
WY14,643-fed groups.
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Fig. 3. WY14,643 feeding improves renal
histology in anti-glomerular basement
membrane disease (AGBMD). C57BL/6 mice
were fed 0-05% WY14,643 or control food and (e)
then immunized to induce AGBMD. Six
months after induction of disease kidney
sections were stained with haematoxylin and
eosin. (a and b) Control-treated animals versus
(c and d) WY14,643-treated animals (a, ¢, 100x;
b, d, 400x). (e) Kidney sections were graded
qualitatively by a blinded observer using 0—4
criteria (Table 1). There was a significant

Light microscopic grade
N
T

difference in control versus WY14,643-fed mice.
P <0:01 by the Mann—-Whitney U-test, N = 26.

Control

P <0-01

WY14,643

pixels were evaluated in each glomerular tuft. Background
values were subtracted and values were expressed as MFI
(AU) per glomerulus [15,16]. Glomerular size was also
assessed (pixels) and MFI/pixels was evaluated (unpublished
observations). By both quantitative and qualitative measures
WY14,643-feeding did not alter antibody binding to the
GBM (Fig. 4b and ¢).
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Immunohistochemistry

H&E sections of the kidneys revealed significant tubulo-
interstitial infiltration of cells in diseased kidneys; therefore,
immunohistochemistry was performed to identify infiltrat-
ing cells. F4/80 is a membrane-bound glycoprotein that is
expressed by a variety of macrophage subsets and a few
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Fig. 4. WY14,643 feeding does not alter IgG binding to the glomerular basement membrane (GBM). C57BL/6 mice were fed 0-05% WY14,643 or
control food and then immunized to induce anti-glomerular basement membrane disease (AGBMD). Six months after induction of disease, kidneys

were fixed and stained with fluorescein isothiocyanate-anti-mouse IgG. (a) Representative glomerulus. (b) Sections were graded qualitatively on a

scale from 0 to 4 and there was no difference in the two treatment groups. (c) Fluorescence was measured quantitatively and there was no difference

in IgG binding to the GBM. AU: arbitrary units; n.s.: not significant; N = 24.
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Fig. 5. (a) A PPARo ligand decreases renal
macrophage infiltration. Frozen sections were
stained with the macrophage marker F4/80 and  (e)
immunohistochemistry was performed. (a) and

(b) Representative sections of F4/80-staining 4
of control and (c) and (d) sections of
WY14,643-treated mice (a and ¢, 40%; b and d,
100x). (e) The histological grade was
significantly lower in the PPARa-ligand-treated
animals (P < 0-001, Mann—Whitney U-test;

N =27). (f) The number of F4/80"-staining
cells per glomerulus was also determined and

F4/80-staning grade

there was a significant decline in the number
of intraglomerular macrophages in the
WY14,643-treated mice. P < 0-001, Student’s

Control

WY 14,643 attenuates glomerulonephritis
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t-test; N =27.

dendritic cell subpopulations [17]. There were dramatic dif-
ferences in cortical and medullary staining of F4/80 in the
two treatment groups (Fig. 5). Quantitative and qualitative
evaluations revealed significantly less F4/80*-stained cells in
the PPARol ligand-treated animals (Fig.5e and f). In a
similar manner, staining was performed for T and B cells.
Lymphocytes were distributed in glomeruli and perivascular
locations; however, there were far fewer T and B cells than
F4/80*-stained cells. Moreover, there was no significant dif-
ference in the number of glomerular or tubulo-interstitial B
or T cells in the WY14,643-treated animals (unpublished
observations).

a3(IV) NCl1-specific IgGs

Six months after induction of AGBMD, antigen-specific IgGs
[anti-03(IV) NCI IgGs] were assessed by enzyme-linked
immunosorbent assay (ELISA). In the WY14,643-treated
animals there were significant increases in antigen-specific
IgG and IgGl with complementary decrements in IgG2c

Control

WY 14,643

(C57BL/6 mice express IgG2c in place of IgG2a [18]) when
compared with the control-treated animals (Fig. 6). The
increase in antigen-specific IgG1 expression over IgG2c¢ sug-
gests that PPAR« ligands may induce a Th2-type of inflam-
matory response.

Cytokines

RNA was prepared from the spleens of 16 random mice from
the above study (eight controls and eight PPARo ligand-
treated mice). There was a trend for higher expression of
IFN-y mRNA in the spleens from the control-treated mice
when compared with the PPARo ligand-treated mice
(Fig. 7b). We also evaluated splenic IL-4 mRNA expression
in these mice. Figure 7c demonstrates that splenic IL-4 was
not elevated in the WY14,643-treated mice. To evaluate
cytokine expression at an earlier time-point in this study,
mice were immunized with o3(IV) NC1/CFA and boosted
30 days later. Sixty days after the initial immunization, prior
to appreciable renal injury, kidneys were removed and RNA
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Fig. 6. WY14,643 alters the IgG1 and IgG response to a3(IV) NCI1.
Six months after induction of anti-glomerular basement membrane
disease (AGBMD) sera was isolated and tested for anti-o3(IV)
NCl-specific antibodies. These antigen-specific IgG enzyme-linked
immunosorbent assays (ELISAs) generate relative curves that are not
quantitative. Serum from a naive, unimmunized C57BL/6 mouse was
also evaluated by ELISA and the horizontal dashed-lines represent the
background of this assay (optic density of naive mouse serum). There
was a significant increase in titres of antigen-specific IgG1 and IgG
with a trend for a decline in titres of IgG2c in the WY14,643-treated
mice. Also the IgG1/IgG2c ratio was significantly higher in the PPARo
ligand-treated animals suggesting that WY 14,643 induces a Th2-type
of immune response. Values were assessed by analysis of variance with
repeated measures and bars represent standard error of the mean
(N=27).

was extracted. Intrarenal IFN-y mRNA expression was
higher in the kidneys of the control-treated mice compared
with the WY14,643-treated mice (0-98 versus 0-6, P = 0-034,
Fig. 7a). In these studies, IL-4 was not detectable in the
kidneys. These data suggest that WY 14,643 treatment is asso-
ciated with lower IFN-y expression.

Chemokines

MCP-1 is a major chemokine that directs the migration of
macrophage/monocytes and T cells into the kidney. RNA
was isolated from the kidneys described in the above studies
and RT-PCR was performed to determine the relative intra-
renal MCP-1 mRNA levels. There was a 10-fold reduction in

MCP-1 mRNA expression in the WY14,643-treated animals.
Proteinuria can induce production of MCP-1 directly [19],
therefore MCP-1 mRNA expression was assessed in mice
prior to the onset of proteinuria and overt renal histological
changes. Mice were immunized with o3(IV) NC1/CFA and
boosted 30 days later. Sixty days after the initial immuniza-
tion and prior to the onset of proteinuria, macrophage influx
or histopathological changes (unpublished observations),
there was still a five- to sixfold decrease in renal MCP-1
mRNA expression in the PPAR« ligand-treated animals. Five
months after induction of AGBMD (experimental day 154),
urine was collected and urinary MCP-1 was evaluated by
ELISA (OptEIA™, BD Pharmingen). There was a significant
decline in urine MCP-1 protein expression in the PPARa
ligand-treated mice. It is of interest that in individual
animals the urine MCP-1 protein levels correlated closely
with the renal mMRNA MCP-1 expression. Results were analy-
sed with the Spearman’s correlation coefficient (r=0-7,
P=0-025). These studies suggest that PPARo ligands may
directly decrease MCP-1 mRNA.

Discussion

In this study we demonstrate that WY14,643, a PPARx
ligand, significantly inhibits proteinuria and expression
of experimental autoimmune glomerulonephritis. This
complements studies that support the efficacy of PPARo
ligands in inflammatory diseases (reviewed in [5]) [20-22].
WY14,643 is not approved for clinical use; however, unlike
many experimental anti-inflammatory agents, PPARo
ligands such as gemfibrozil and fenofibrate are already used
clinically to treat hyperlipidaemia and have clearly estab-
lished safety profiles. Moreover, these agents have been used
successfully in humans with rheumatoid arthritis, inflamma-
tory liver disease and lipoprotein glomerulopathy.

The mechanism underlying the PPARa ligand-induced
amelioration of AGBMD is probably multi-factorial. The
cytokine milieu in which T helper (Th, CD4") cells develop

(a) (b) (c)
IFN-y IFN-y IL-4
% 2 months (kidney) % 6 months (splenocytes) « 6 months (splenocytes)
> 1.2F >1.4 - 93.0r
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Fig. 7. WY14,643 treatment is associated with lower splenocyte and intrarenal interferon (IFN)-y expression. (a) C57BL/6 mice were fed WY14,643
or control food, immunized with 03(IV) NC1/complete Freund’s adjuvant on day 0 and boosted 30 days later. On day 60 the mice were killed and

kidneys were removed for assessment of intrarenal IFN-y mRNA expression. Interleukin (IL)-4 expression was not detectable in the kidneys at this
time-point (N = 8). (b) Mice were immunized to induce anti-glomerular basement membrane disease (AGBMD) and spleens were isolated
6 months after immunization. Real-time polymerase chain reaction was performed to detect splenocyte IFN-y and IL-4 mRNA expression (N = 16).

392 Journal compilation © 2007 British Society for Immunology, Clinical and Experimental Immunology, 150: 386-396

No claim to original US government works



can influence their differentiation into distinct subtypes
[23]. IFN-y and IL-12 promote Th1 differentiation, which
drives cell-mediated immunity. Conversely, IL-4 has the
greatest influence in promoting Th2 differentiation. Unbal-
anced Thl reactions (low IL-4 expression) may precipitate
organ-specific autoimmunity, whereas enhanced Th2 re-
sponses may be therapeutically efficacious in inflammatory
diseases including renal transplantation [24] and crescentic
glomerulonephritis (GN) [25-28].

We and others have shown that PPARa ligands potently
increase IL-4 [6,29] and it is possible that WY 14,643-induces
a Th2-type of immune response. The increased IgG1/IgG2¢
levels in PPARo ligand-treated mice supports this
hypothesis. However, in the current studies at various time-
points (10 days, 60 days and 189 days after immunization)
there was no evidence of augmented IL-4 mRNA or protein
levels. This could be related to the paracrine nature of cytok-
ines, making it difficult to measure levels in vivo, and it is
possible that we did not select the correct time-points in
which to measure cytokine production. However, the PPARo
ligand-treated mice had lower splenic and intrarenal IFN-y
mRNA expression compared with the control-fed mice.
These findings support further our general hypothesis that
PPARo ligands induce a Th2-type of immune response in a
chronic inflammatory renal disease.

It is notable that in this study there was an increase in
antigen-specific IgG and IgGl in the WY14,643-treated
mice. These findings were unexpected given our early
studies in the experimental allergic encephalomyelitis
(EAE) model, in which WY14,643 greatly diminished all
subclasses of antigen-specific 1gGs. In the EAE model we
saw significant T and B cell depletion associated with
WY14,643 treatment and hypothesized that B cell depletion
could have contributed to the decline in antigen-specific
IgGs. In the current studies, we also saw significant declines
in T and B cell numbers (50% normal values) at 10 days
and 2 months after immunization (data not shown).
Despite this reduction in B cell numbers there was an
increase in antigen-specific IgG and IgGl. Therefore it is
unlikely that reduced B cell numbers altered immunoglo-
bulin production. It is possible that the different antigen-
specific IgG responses in WY14,643-fed mice was related to
the immunized antigens. Notably, myelin oligodendrocyte
glycoprotein (MOG) is highly immunogenic compared
with the a3(IV) NCI peptide. In keeping with our current
studies, Daynes and colleagues have shown that WY14,643
enhances antigen-specific IgG and IgA in aged animals,
they postulate, by ameliorating dysregulated cytokine pro-
duction [30]. Interestingly, their studies also showed that
WY14,643 feeding was associated with reduced splenocyte
IFN-y production, which parallels our studies [31]. There-
fore we postulate that the differences in IgG levels in the
EAE model compared with the AGBMD model are related
to the immunogenicity and composition of MOG com-
pared with a3(IV) NCI1.

WY 14,643 attenuates glomerulonephritis

The reduction in glomerular and tubulo-interstitial
macrophage infiltration was the most dramatic histological
finding in this study and probably contributes to the protec-
tive effect of WY14,643. Equally dramatic were the differ-
ences in MCP-1 expression in kidneys isolated from mice
2 months and 6 months after induction of AGBMD. In
general, reduced MCP-1 levels attenuate expression of
inflammatory renal diseases [32—34]. MCP-1 is produced by
mesangial and tubular epithelial cells in response to immune
complexes, proteinuria, hyperglycaemia, IL-1B, TNFa and
IFN-v (reviewed in [35]). Thus, it is possible that 6 months
after induction of disease, WY14,643 reduced MCP-1
indirectly. Proteinuria in the control group could have
induced production of intrarenal MCP-1, which in turn pro-
moted monocyte/macrophage infiltration into the glomeruli
and tubulo-interstitium. Because there was less proteinuria
in the WY14,643-treated animals, this could have resulted in
lower MCP-1 expression. However, 2 months after induction
of AGBMD, prior to onset of proteinuria and renal histo-
pathological changes, there was a significant reduction in
MCP-1 mRNA expression in the PPARo ligand-treated
animals (Fig. 8). This parallels findings in a model of lupus
nephritis, where elevated chemokine expression preceded
the onset of proteinuria and cytokine elaboration [36]
(reviewed in [35]). This suggests that WY14,643 may have
directly reduced MCP-1.

MCP-1 can direct migration of both T cells and macroph-
ages into the kidney; however, in our study there was no
difference in the number of T cells in the glomeruli and
tubulo-interstitium. These findings are somewhat similar to
those of Tesch ef al. [33]. In their study MCP-1 knock-out
mice with lupus had fewer T cells in the interstitium, but
similar numbers of intraglomerular T cells compared with
their wild-type controls [33]. Several studies in a variety of
inflammatory diseases have shown that PPARo ligands
decrease the infiltration of macrophages into inflammatory
tissues [29,37-39]. The reduction in macrophage infiltration
probably resulted in less intrarenal production of nitric
oxide, tumour necrosis factor (TNF)-o. and reactive oxygen
species, thereby causing less renal injury and proteinuria.

There are conflicting data on whether PPARo ligands
decrease MCP-1 mRNA directly. Some studies have shown
reductions in MCP-1 associated with PPAR« ligand treat-
ment [37,38,40]. In contrast, in human airway smooth
muscle cells 5 and 10 UM WY 14,643 did not lower MCP-1
promoter activity [41]. Moreover, in human aortic endothe-
lial cells, Lee et al. showed that WY 14,643 increased MCP-1
[42]. Our preliminary studies demonstrate that WY14,643
reduces MCP-1 mRNA expression directly at the transcrip-
tional level (unpublished observations), and this remains an
active area of investigation. However, it is likely that the effect
of PPAR« ligands on MCP-1 production is both cell- and
stimulus-specific [41].

In our studies mice immunized with o3(IV) NC1/CFA and
fed WY14,643 do not gain weight over time when compared
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Fig. 8. Mice treated with WY 14,643 have lower renal expression of monocyte chemoattractant protein (MCP)-1. Mice were immunized to induce
anti-glomerular basement membrane disease (AGBMD) and kidneys were harvested (a) 2 months (N=8) and (b) 6 months after immunization

(N'=20). RNA was prepared from kidneys and real-time polymerase chain reaction determined relative MCP-1/CCL2 mRNA expression. At both
time-points there was a significant reduction in the expression of MCP-1 mRNA. (c) Five months after induction of AGBMD, urine was collected

and MCP-1 protein levels were evaluated by enzyme-linked immunosorbent assay. There was a significant difference in MCP-1 urine values in

control compared with WY14,643-treated mice (N = 29).

with the control-fed group (Fig. 2). In the United States there
is an epidemic of obesity, and one would consider these
findings desirable. However, it is possible that the weight loss
could have confounded our results, as protein-calorie malnu-
trition may ameliorate inflammatory renal disease [43-46].
Interestingly, we have shown that PPARa ligands augment
expression of TRB3 [47], a protein that alters phosphoryla-
tion of AKT/Protein Kinase B [48] and mediates ubiquitina-
tion of acetyl-CoA carboxylase, the rate-limiting enzyme of
fatty acid synthesis [49]. Recent studies have shown that mice
with enhanced TRB3 expression in the fat have lower body
weights than their controls [49]. We propose that the weight
lossin the WY 14,643-treated mice may be related to enhanced
TRB3 expression. Lower weights may also have been related to
lower intakes in the PPARa ligand-fed mice [50] (and unpub-
lished observations). Despite these observations, we believe it
is important to determine whether the clinically used fibrates,
such as gemfibrozil or fenofibrate, ameliorate expression of
inflammatory kidney disease.

This study supports a growing body of literature sup-
porting the hypothesis that PPARo. ligands are anti-
inflammatory in renal diseases. PPARa ligands ameliorate
renal ischaemia/reperfusion-induced injury [20,51] and are
protective in a mouse model of cisplatin-induced acute renal
failure (ARF). Portilla et al. [21] have shown that in ARE
treatment of mice with PPARa ligands is associated with
lower expression of a wide range of cytokines, chemokines
and adhesion molecules including TNF-a, IL-6, IFN-y, vas-
cular cell adhesion molecule (VCAM)-1 and intercellular
adhesion molecule (ICAM)-1. Moreover, bezafibrate, a dual-
acting PPAR ligand, which activates both PPARS and
PPARa, attenuates serum nephrotoxic glomerulonephritis
[22,39]. PPAR« ligands also improve diabetic nephropathy
in db/db mice and attenuate diabetic kidney disease in apo-
lipoprotein E knock-out mice [50,52]. In the current study
we have shown that a PPAR« ligand attenuates the expres-
sion of AGBMD, probably by reducing IFN-y expression and

by reducing MCP-1 production. The current study supports
the concept that PPARo. ligands are anti-inflammatory and
suggests that these agents may be therapeutically efficacious
in inflammatory disease processes.
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