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Medicine and Experimental Immunology, Universitätsklinikum Bonn, Bonn, Germany; ‡Junior Research Group
Molecular Infection Biology, Research Center Borstel, Borstel, Germany; §Klinik für Innere Medizin III, Klinikum der
Friedrich-Schiller-Universität, Jena, Germany; and 储Institut für Immunologie, Universitätsklinikum HamburgEppendorf, Hamburg, Germany

ABSTRACT
T cells infiltrate the kidney in both human and experimental glomerulonephritis, and several lines of
evidence indicate that T cell-mediated tissue damage plays an important role in the immunopathogenesis of renal inflammatory diseases. However, the functions of the different T cell subsets, particularly the
recently identified interleukin-17 (IL-17)-producing T cells (Th17 cells), are incompletely understood in
glomerulonephritis. Here, we identified renal IL-17-producing T cells in the T cell-mediated model of
nephrotoxic nephritis in mice. In vitro, IL-17 enhanced the production of the proinflammatory chemokines CCL2/MCP-1, CCL3/MIP-1␣, and CCL20/LARC, which are implicated in the recruitment of T cells
and monocytes, in mouse mesangial cells. To determine the function of Th17 cells in renal inflammation,
we induced nephrotoxic nephritis in IL-23 p19⫺/⫺ mice, which have reduced numbers of Th17 cells, and
in IL-17⫺/⫺ mice, which are deficient in the effector cytokine IL-17 itself. In comparison with nephritic
wild-type mice, IL-23 p19⫺/⫺ mice demonstrated less infiltration of Th17 cells, and both IL-23 p19⫺/⫺ and
IL-17⫺/⫺ mice developed less severe nephritis as measured by renal function, albuminuria, and frequency
of glomerular crescent formation. These results demonstrate that the IL-23/IL-17 pathway significantly
contributes to renal tissue injury in experimental glomerulonephritis. Targeting the IL-23/Th17 axis may
be a promising therapeutic strategy for the treatment of proliferative and crescentic glomerulonephritis.
J Am Soc Nephrol 20: 969 –979, 2009. doi: 10.1681/ASN.2008050556

The recruitment of T cells into the kidney is a hallmark of human and experimental glomerulonephritis and is closely correlated with renal function.
Infiltrating T cells can induce tissue injury, either
directly by cytotoxic functions and cytokine secretion or indirectly by activating macrophages.1,2 In
particular, infiltrating effector T cells of the Th1
type are supposed to initiate and perpetuate renal
tissue damage in crescentic and proliferative forms
of glomerulonephritis, which eventually leads to
progressive loss of renal function.3 This pathophysiological concept is mainly based on findings from
experimental rodent models of glomerulonephritis.
Renal T cell and monocyte recruitment and subse-
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quent tissue damage are attenuated in mice with genetic deletion of Th1 cytokines such as IL-12 p404 and
IFN␥5 and by blocking of Th1 cytokines with inhibitory antibodies including anti-IL-12 p40(p35)6 and
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anti-IFN␥.7 Furthermore, exogenous administration of IL-12
augments Th1 responses and crescentic glomerulonephritis.8 In
contrast, mice genetically deficient in the Th2 cytokines IL-49 or
IL-1010 have more pronounced Th1 responses and develop more
severe glomerulonephritis. Consistent with this, elevated serum
levels of IL-10 ameliorate acute11 and chronic12 renal inflammation.
Recently, the Th1/Th2 paradigm has been challenged by identification of a third IL-17-producing CD4⫹ effector T cell subset
termed Th17.13 Th17 cells not only differ from Th1 and Th2 cells
by their cytokine expression profile but also by the cytokines that
drive their differentiation. The combination of IL-6 plus TGF␤
(plus IL-1) and subsequent activation of the transcription factor
ROR␥t have recently been described to be essential for the initial
differentiation of Th17 cells in mice.14 IL-23, a member of the
IL-12 family, is dispensable for differentiation but important for
Th17-cell expansion and survival.15 Interestingly, IL-23 is a heterodimer consisting of a unique p19 subunit and a p40 subunit
that is also part of the Th1 cytokine IL-12. Therefore, the beneficial effects of p40 deficiency on experimental glomerulonephritis,
which have been attributed to a lack of the IL-12/Th1 pathway,
might at least in part be due to the previously unrecognized blockade of the IL-23/Th17 pathway.
The potential function of Th17 cells in autoimmune disease
was first shown in IL-23 p19 gene-deficient mice. IL-23 p19⫺/⫺
knockout animals had an unaltered capacity to produce the
Th1 cytokine IFN␥ but demonstrated a substantial decrease in
Th17-polarized cells. Most importantly, these mice were resistant to the development of experimental autoimmune encephalomyelitis,16 collagen-induced arthritis,17 experimental induction of multiple sclerosis, and rheumatoid arthritis. Taken
together, these lines of evidence support the conclusion that
Th17 cells represent a unique T cell type that plays a central role
in inflammatory and autoimmune reactions.
The function of Th17 cells in glomerulonephritis has not yet
been determined. This study was therefore performed to define
the roles of Th17 cells and IL-23 in glomerulonephritis. We
induced nephrotoxic serum nephritis (NTN) in C57BL/6 wildtype, C57BL/6 IL-23 p19⫺/⫺, and C57BL/6 IL-17⫺/⫺ mice to
address two major issues: (1) Are IL-17-producing effector T
cells detectable in the kidneys of nephritic mice? (2) What is the
potential impact of Th17 cells on the clinical course of experimental glomerulonephritis?

ionomycin for 5 h. Intracellular cytokine staining with subsequent
FACS analysis revealed that 3 to 7% of the infiltrating CD3⫹ T
cells from kidneys of nephritic animals produced IL-17, whereas
less than 1% were IL-17⫹ in control mice (Figure 1A).
Interestingly, combined intracellular staining with IL-17
and IFN␥ demonstrated that no double-positive IL-17- and
IFN␥-producing renal T cells were detectable in the kidneys of
nephritic mice, underscoring the dichotomy of these T cell
subtypes (Figure 1B).
IL-17 Induces Proinflammatory Chemokine Expression
in Mouse Mesangial Cells

To study the potential role of IL-17 in glomerular inflammation, we analyzed its regulatory effect on the expression of the
chemokines CCL2/MCP-1, CCL3/MIP-1␣, CCL5/RANTES,
and CCL20/LARC in mouse mesangial cells (mMCs).
The biological effects of IL-17 are mediated via activation of
IL-17 receptors A and C (IL-17RA and IL-17RC).18 IL-17RA
and IL-17RC mRNA expression was detected in mMCs by realtime PCR (RT-PCR), identifying them as a putative target for
IL-17 in the kidney (Figure 2A).

RESULTS
Detection of Renal Th17 Cells in Experimental
Glomerulonephritis

In a first step, we analyzed whether Th17 cells are detectable in the
kidneys of nephritic mice. Nephrotoxic serum nephritis in
C57BL/6 wild-type mice was induced by intraperitoneal injection
of nephrotoxic sheep serum. On day 10 after induction of nephritis, when histologic and functional signs of kidney damage were
evident, renal T cells were isolated and stimulated with PMA/
970
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Figure 1. Detection of renal Th17 cells in experimental glomerulonephritis. (A) Representative intracellular cytokine staining assessed by flow cytometry for production of IL-17 in renal T cells
10 d after induction of nephritis. T cells were isolated from the
kidneys of nephritic mice (NTN) or controls and cultured with or
without PMA (5 ng/ml)/ionomycin (1 g/ml) for 5 h. Dot plots
show intracellular IL-17 staining of CD3⫹ T cells. (B) Intracellular
IL-17/IFN␥ double staining of renal T cells from nephritic mice.
Results are representative of three independent experiments.
J Am Soc Nephrol 20: 969 –979, 2009
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Figure 2. Effects of IL-17 on chemokine expression in mMCs. (A) Detection of IL-17RA
and IL-17RC mRNA expression in mouse
mMCs by RT-PCR. (B) mMCs were incubated
with IL-17 (10 ng/ml) in the absence or presence of TNF␣ (10 ng/ml) for 4 h. The mRNA
chemokine expression was assessed by RTPCR. Data are expressed as x-fold of basal
mRNA expression (n ⫽ 6). (C) Chemokine
protein production was measured by specific
ELISA in the supernatants after 24 h of stimulation (n ⫽ 4). Bars represent means ⫾ SD
(*P ⬍ 0.05, **P ⬍ 0.01).

Next, mMCs were incubated with IL-17, either with or
without TNF␣, for 4 h to test potential synergistic effects. RTPCR analysis revealed that renal mRNA expression of CCL2/
MCP-1 (2.9-fold), CCL3/MIP1␣ (4.5-fold), and CCL20/
LARC (20-fold) was induced by IL-17 (each P ⬍ 0.05
compared with unstimulated cells), whereas CCL5/RANTES
expression (1.3-fold) was not affected by IL-17.
TNF␣-mediated upregulation of CCL3/MIP1␣ expression
(⌻⌵F␣, 2.7-fold; TNF␣ ⫹ IL-17, 24.2-fold; P ⬍ 0.05) and
CCL20/LARC expression (⌻⌵F␣, 410-fold; TNF␣ ⫹ IL-17,
2006-fold; P ⬍ 0.01; Figure 2B) were synergistically increased
by IL-17. In contrast, TNF␣-induced mRNA expression of
CCL2/MCP-1 and CCL5/RANTES was not further increased
by application of IL-17 (Figure 2B).
In a second step, protein production of CCL2/MCP-1,
CCL3/MIP-1␣, CCL5/RANTES, and CCL20/LARC was analyzed
by ELISA using supernatants from mMCs stimulated with IL-17
for 24 h in the absence or presence of TNF␣ (Figure 2C). In line
with the results from RT-PCR analysis, addition of IL-17 alone
significantly induced secretion of CCL2/MCP-1 (basal, 1294 ⫾
102 pg/ml; IL-17, 1646 ⫾ 100 pg/ml; P ⬍ 0.05) and CCL20/LARC
(basal, 0.84 ⫾ 0.82 pg/ml; IL-17, 7.45 ⫾ 1.55 pg/ml; P ⬍ 0.05).
CCL5/RANTES protein secretion was stimulated to a lesser extent
by IL-17 (basal, 5414 ⫾ 293 pg/ml; IL-17, 6230 ⫾ 398 pg/ml; P ⬍
0.05), whereas CCL3/MIP1␣ production was only marginally induced by IL-17 (basal, not detectable; IL-17, 0.70 ⫾ 0.32 pg/ml).
The combination of IL-17 and TNF␣ synergistically amplified the
protein secretion of CCL2/MCP-1 (TNF␣, 1693 ⫾ 36 pg/ml;
TNF␣ ⫹ IL-17, 1858 ⫾ 59 pg/ml; P ⬍ 0.05), CCL3/MIP-1␣
(TNF␣, not detectable; TNF␣ ⫹ IL-17, 47.17 ⫾ 15.42 pg/ml; P ⬍
0.01), and CCL20/LARC (TNF␣, 11.5 ⫾ 0.91 pg/ml; TNF␣ ⫹
IL-17, 34.15 ⫾ 5.66 pg/ml; P ⬍ 0.05). CCL5/RANTES protein
secretion, in contrast, was not further increased by IL-17 (TNF␣,
8011 ⫾ 177 pg/ml; TNF␣ ⫹ IL-17, 7914 ⫾ 183 pg/ml).

damage in experimental glomerulonephritis, we induced
nephrotoxic nephritis in C57BL/6 wild-type and C57BL/6
IL-23 p19⫺/⫺ mice. IL-23 p19⫺/⫺ mice have reduced numbers
of Th17 cells.17 Specific glomerular binding and deposition
patterns of the nephrotoxic sheep antibody did not differ between C57BL/6 wild-type and IL-23 p19⫺/⫺ mice (data not
shown).
Examination of periodic acid–Schiff (PAS)-stained kidney
sections of nephritic wild-type mice at day 10 showed severe
focal glomerular and tubular damage with destruction of regular
tissue structures. Glomerular changes included hypercellularity
and formation of cellular crescents, capillary aneurysms, and intraglomerular deposition of PAS-positive material (Figure 3A). In
addition to massive leukocyte infiltrates, the tubulointerstitial
compartment showed tubular dilation, necrosis and atrophy, and
protein casts and tubular protein reuptake due to proteinuria.
Glomerular and tubulointerstitial tissue damage was less severe in
nephritic IL-23 p19⫺/⫺ mice as shown by representative PAS
staining (Figure 3A).
To quantify renal tissue damage, PAS-stained kidney sections were evaluated for the presence of crescents, glomerular
sclerosis, and tubulointerstitial injury (Figure 3B). The frequency of glomerular crescents at day 10 was significantly decreased in nephritic IL-23 p19⫺/⫺ mice compared with nephritic wild-type mice (nephritic WT, 29.1 ⫾ 9.7%; nephritic
IL-23 p19⫺/⫺, 14.6 ⫾ 14.5%; P ⬍ 0.01). Furthermore, nephritic kidneys of IL-23 p19⫺/⫺ mice showed a significantly
lower glomerulosclerosis score (nephritic WT, 31.4 ⫾ 14.5;
nephritic IL-23 p19⫺/⫺, 16.8 ⫾ 16.7; P ⬍ 0.05) and reduced
tubulointerstitial injury as indicated by a significant decrease
in the interstitial area (nephritic WT, 22.3 ⫾ 6.5; nephritic
IL-23 p19⫺/⫺, 15.2 ⫾ 6.6; P ⬍ 0.01).

Experimental Glomerulonephritis in IL-23 p19ⴚ/ⴚ Mice

Ten days after induction of NTN, mice were euthanized for
assessment of renal function (Figure 3C). The blood urea ni-

To test whether Th17 cells contribute to T cell-mediated tissue
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IL-23 p19⫺/⫺, 50.1 ⫾ 7.9 mg/dl; P ⬎ 0.05 NS). Nephritic
wild-type and nephritic IL-23 p19⫺/⫺ mice showed markedly increased albuminuria 10 d after induction of nephritis. However, the albumin-to-creatinine ratio was significantly reduced in nephritic IL-23 p19⫺/⫺ mice compared
with nephritic wild-type mice (nephritic WT: 140.8 ⫾ 120.3,
nephritic IL-23 p19⫺/⫺: 57.4 ⫾ 51.3, non-nephritic controls:
0.2 ⫾ 0.1; P ⬍ 0.05 for nephritic WT versus nephritic IL-23
p19⫺/⫺).
Renal T Cell and Monocyte Recruitment in IL-23
p19ⴚ/ⴚ Mice

Figure 3. Attenuated glomerulonephritis in IL-23 p19⫺/⫺
mice. (A) Representative photographs of PAS-stained kidney
sections of control, nephritic wild-type, and nephritic IL-23
p19⫺/⫺ mice at day 10 (original magnification, 400⫻). (B) Nephritic IL-23 p19⫺/⫺ mice (n ⫽ 13) developed less renal tissue
injury than nephritic wild-type mice (n ⫽ 14) in terms of
glomerular crescent formation, glomerular sclerosis, and
tubulointerstitial tissue damage. (C) Renal dysfunction was assessed by determination of the serum BUN level and albuminto-creatinine ratio in non-nephritic control (n ⫽ 7 to 11), nephritic wild-type (n ⫽ 11 to 13), and nephritic IL-23 p19⫺/⫺
mice (n ⫽ 9 to 13) at day 10. Symbols represent individual data
points, and the horizontal lines indicate mean values (*P ⬍
0.05, **P ⬍ 0.01).

trogen levels (BUN) of nephritic wild-type mice were elevated
compared with non-nephritic controls (nephritic WT, 61.8 ⫾
15.4 mg/dl; non-nephritic controls, 41.6 ⫾ 9.2 mg/dl; P ⬍
0.01). BUN levels in nephritic IL-23 p19⫺/⫺ mice showed a
nonsignificant tendency to decrease compared with nephritic
wild-type mice (nephritic WT, 61.8 ⫾ 15.4 mg/dl; nephritic
972
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To investigate the effects of IL-23 p19 deficiency on renal T cell
and monocyte recruitment, kidney sections were immunohistochemically stained for tubulointerstitial and glomerular T
cells (CD3). Tubulointerstitial monocytes/dendritic cells (F4/
80) and glomerular monocytes (MAC-2) were assessed by immunohistochemistry. Representative staining patterns of control, nephritic wild-type, and nephritic IL-23 p19⫺/⫺ animals
are shown in Figure 4A.
Quantification of tubulointerstitial and glomerular CD3⫹
T cells at day 10 after induction of NTN (Figure 4B) revealed a
significant decrease in renal T cell infiltration in nephritic
IL-23 p19⫺/⫺ mice compared with nephritic wild-type mice
(tubulointerstitial compartment: nephritic WT, 18.7 ⫾ 3.8/
high-power field (hpf); nephritic IL-23 p19, 10.8 ⫾ 5.1/hpf,
non-nephritic controls, 2.0 ⫾ 2.2; P ⬍ 0.01 for nephritic WT
versus nephritic IL-23 p19⫺/⫺; glomerular compartment: nephritic WT, 0.5 ⫾ 0.2/glomerular cross section (gcs), nephritic
IL-23 p19⫺/⫺, 0.3 ⫾ 0.2/gcs, non-nephritic controls, 0.1 ⫾
0.1/gcs; P ⬍ 0.05 for nephritic WT versus nephritic IL-23 p19⫺/⫺).
Furthermore, glomerular MAC-2⫹ monocytes were significantly reduced in nephritic IL-23 p19⫺/⫺ mice compared with
nephritic wild-type mice (nephritic WT, 1.3 ⫾ 0.6/gcs; nephritic IL-23 p19⫺/⫺, 0.6 ⫾ 0.4/gcs, non-nephritic controls,
0.3 ⫾ 0.2/gcs; P ⬍ 0.01 for nephritic WT versus nephritic IL-23
p19⫺/⫺). Also, the number of F4/80⫹ monocytes/dendritic
cells in the tubulointerstitial compartment appeared reduced
in nephritic IL-23 p19⫺/⫺ mice, but it was not significantly
different from nephritic wild-type mice (nephritic WT, 33.4 ⫾
26.2/hpf; nephritic IL-23 p19⫺/⫺, 13.7 ⫾ 9.8/hpf, non-nephritic controls, 3.0 ⫾ 0.8; P ⬎ 0.05 NS for nephritic WT versus
nephritic IL-23 p19⫺/⫺).
Renal and Systemic Immune Responses in IL-23
p19ⴚ/ⴚ Mice

To characterize the renal T cell response in more detail, leukocytes were isolated from the kidneys of wild-type and IL-23
p19⫺/⫺ mice at day 10 of NTN and analyzed by flow cytometry.
IL-17- or IFN␥-producing CD3⫹ T cells were identified by
intracellular cytokine staining after stimulation with PMA/
ionomycin. Nephritic IL-23 p19⫺/⫺ mice showed a similar
percentage of Th1-polarized IFN␥⫹ T cells (9.7% versus 7.7%
of all CD3⫹ T cells) but a substantial decrease in Th17-polarJ Am Soc Nephrol 20: 969 –979, 2009
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Figure 4. Renal T cell and monocyte recruitment in IL-23 p19⫺/⫺
mice. (A) Representative photographs of kidney sections immunohistochemically stained for CD3, F4/80, and MAC-2 at day 10 after
induction of nephritis (original magnification, 400⫻). (B) Quantification of tubulointerstitial (left) and glomerular (right) CD3⫹ T cells and
F4/80⫹ or MAC-2⫹ monocytes in control (n ⫽ 11), nephritic wildtype (n ⫽ 14), and nephritic IL-23 p19⫺/⫺ mice (n ⫽ 13) at day 10 of
NTN. Symbols represent individual data points, and the horizontal
lines indicate mean values (*P ⬍ 0.05, **P ⬍ 0.01).

ized IL-17⫹ T cells as compared with nephritic wild-type mice
(1.3% versus 3.1%) (Figure 5A).
Renal IL-17 mRNA expression was upregulated in nephritic
mice when compared with controls (nephritic WT, 4.3-fold;
nephritic IL-23 p19⫺/⫺, 2.9-fold) and showed a tendency to
decrease in nephritic IL-23 p19⫺/⫺ mice. The expression of the
Th1 cytokine IFN␥ (nephritic WT, 6.3-fold; nephritic IL-23
p19⫺/⫺, 8.6-fold) and the major proinflammatory cytokine
TNF␣ (nephritic WT, 9.2-fold; nephritic IL-23 p19⫺/⫺, 6.4fold), by comparison, was not substantially different between
nephritic wild-type and IL-23 p19⫺/⫺ mice (Figure 5B). RNA
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expression of the Th17-related cytokine IL-21 (nephritic WT,
2.4-fold; nephritic IL-23 p19⫺/⫺, 2.8-fold) was also similar in
nephritic wild-type and IL-23 p19⫺/⫺ mice. IL-22, another
proinflammatory cytokine produced by Th17 cells, was below
the detection level in nephritic wild-type and IL-23 p19⫺/⫺
mice. The expression of IL-23 was upregulated in nephritic
wild-type mice (3.6-fold) and not detectable in nephritic IL-23
p19⫺/⫺ mice, as was expected.
Renal mRNA expression of the chemokines CCL20/LARC
(nephritic WT, 126.6-fold; nephritic IL-23 p19⫺/⫺, 52.4-fold;
P ⬍ 0.05; Figure 5C) and CCL5/RANTES (nephritic WT, 15.1fold; nephritic IL-23 p19⫺/⫺, 6.6-fold; P ⬍ 0.05) was significantly
reduced in IL-23 p19⫺/⫺ mice. CCL2/MCP-1 (nephritic WT,
65.0-fold; nephritic IL-23 p19⫺/⫺, 22.6-fold) and CCL3/MIP-1␣
(nephritic WT, 5.2-fold; nephritic IL-23 p19⫺/⫺, 3.8-fold) mRNA
expression tended to be reduced in nephritic IL-23 p19⫺/⫺ mice
when compared with nephritic wild-type mice but failed to reach
statistical significance because of considerable variability among
the animals. Basal renal Th1 cytokines and chemokine mRNA
expression levels were comparable between control wild-type and
control IL-23 p19⫺/⫺ mice (data not shown).
As shown by representative RT-PCR and densitometry
(Figure 5D), the mRNA expression of the transcription factor
ROR␥t, which is predominantly expressed by Th17-polarized
cells, was significantly lower in kidneys of nephritic IL-23
p19⫺/⫺ mice compared with nephritic wild-type mice (nonnephritic controls, 1.0 ⫾ 0.6 densitometric arbitrary units
[AU]; nephritic WT, 7.0 ⫾ 2.2 AU; nephritic IL-23 p19⫺/⫺,
3.3 ⫾ 1.5 AU), indicating a reduced number of Th17 cells in
kidneys of IL-23 p19⫺/⫺ mice.
To address the question of whether IL-23 p19 deficiency
induces alterations in immunoglobulin G (IgG) production
directed against the nephritogenic antigen, we performed immunohistochemistry for mouse IgG on kidney sections 10 days
after induction of nephritis. The amount of glomerular deposition of mouse IgG and the distribution patterns were similar
in wild-type and IL-23 p19⫺/⫺ kidneys (data not shown). For a
more precise description of antigen-specific humoral immune
responses, we analyzed by ELISA the isotype pattern of IgG
antibody response directed against sheep IgG in the serum of
nephritic mice (Figure 5E). There was no significant difference
in sheep IgG-specific antibody titers of total mouse IgG at day
10 of NTN. Furthermore, the analysis of IgG isotypes revealed
no bias for either Th1 (IgG2a) or Th2 type (IgG1) antibody
production in nephritic IL-23 p19⫺/⫺ mice compared with
nephritic wild-type mice. However, there was a tendency toward increased production of all IgG subclasses in nephritic
IL-23 p19⫺/⫺ mice. The sheep IgG-specific antibodies of the
IgG2b isotype were significantly increased in nephritic IL-23
p19⫺/⫺ mice compared with nephritic wild-type mice.
Experimental Glomerulonephritis Is Ameliorated in
IL-17ⴚ/ⴚ Mice

After showing that lower levels of Th17 cells in IL-23 p19⫺/⫺
mice are associated with less severe renal disease, we next exTh17 Cells in Glomerulonephritis
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Figure 5. Renal and systemic
immune responses in IL-23
p19⫺/⫺ mice. (A) Flow cytometric analysis of isolated renal T cells from nephritic wildtype and nephritic IL-23
p19⫺/⫺ mice for production
of IL-17 and IFN␥ after stimulation with PMA/ionomycin.
Numbers are counts in percentage of CD3⫹ T cells
(mean values of three independent experiments). (B, C)
RT-PCR analysis of renal cytokine and chemokine mRNA
expression in nephritic wildtype (n ⫽ 14), nephritic IL-23
p19⫺/⫺ (n ⫽ 13), and nonnephritic wild-type control
(n ⫽ 11) mice. mRNA expression is indicated as x-fold of
non-nephritic wild-type controls. Symbols represent individual data points, and the
horizontal lines indicate mean
values. (D) Representative RTPCR of the Th17-cell differentiation marker ROR␥t in two
control, two nephritic wildtype, and two nephritic IL-23
p19⫺/⫺ mice and quantification by densitometry. (E) Circulating titers of mouse antisheep total IgG, IgG1 isotype,
IgG2a isotype, and IgG2b
isotype 10 days after induction of nephritis were measured by ELISA in nephritic wild-type (n ⫽ 11) and nephritic IL-23 p19⫺/⫺ mice (n ⫽
12). Serum dilutions as indicated. Bars represent means ⫾ SD (*P ⬍ 0.05).

amined the role of IL-17, one of the major effector cytokines of
Th17 cells. To this end, nephrotoxic nephritis was induced in
C57BL/6 wild-type and C57BL/6 IL-17⫺/⫺ mice. At day 10 of
NTN, IL-17⫺/⫺ mice were partly protected from immune-mediated kidney injury, as demonstrated by substantially reduced renal T cell and monocyte recruitment and reduced tissue damage
in comparison to nephritic wild-type mice. Quantification of tubulointerstitial and glomerular CD3⫹ T cells revealed a significant
decrease in renal T cell infiltration in nephritic IL-17⫺/⫺ mice
compared with nephritic wild-type mice (tubulointerstitial compartment: nephritic WT, 20.7 ⫾ 6.0 cells/hpf; nephritic IL-17⫺/⫺,
10.8 ⫾ 4.1 cells/hpf, non-nephritic controls, 2.9 ⫾ 1.6 cells/hpf;
P ⬍ 0.05 for nephritic WT versus nephritic IL-17⫺/⫺; glomerular
compartment: nephritic WT, 0.8 ⫾ 0.3 cells/gcs, nephritic
IL-17⫺/⫺, 0.5 ⫾ 0.2 cells/gcs, non-nephritic controls, 0.1 ⫾
0.1 cells/hpf; P ⬍ 0.05 for nephritic WT versus nephritic
IL-17⫺/⫺; Figure 6A).
Furthermore, the numbers of F4/80⫹ monocytes/dendritic
cells in the tubulointerstitial compartment and glomerular infiltration of MAC-2⫹ monocytes were significantly reduced in ne974
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phritic IL-17⫺/⫺ mice compared with their wild-type counterparts (tubulointerstitial compartment: nephritic WT, 25.8 ⫾ 4.4
cells/hpf, nephritic IL-17⫺/⫺, 15.7 ⫾ 4.8 cells/hpf, non-nephritic
controls, 1.2 ⫾ 0.4 cells/hpf; P ⬍ 0.05 for nephritic WT versus
nephritic IL-17⫺/⫺; glomerular compartment: nephritic WT,
3.4 ⫾ 0.5 cells/gcs, nephritic IL-17⫺/⫺, 1.8 ⫾ 0.4 cells/gcs, nonnephritic controls, 0.2 ⫾ 0.2 cells/gcs; P ⬍ 0.01 for nephritic WT
versus nephritic IL-17⫺/⫺; Figure 6B). In addition, glomerular
crescent formation was reduced in IL-17⫺/⫺ mice compared with
nephritic wild-type mice (nephritic WT, 58.8 ⫾ 8.8 (glomeruli in
%); nephritic IL-17⫺/⫺, 29.0 ⫾ 19.7 (glomeruli in %), non-nephritic controls, 0.8 ⫾ 1.5 (glomeruli in %); P ⬍ 0.01 for nephritic
WT versus nephritic IL-17⫺/⫺; Figure 6C). In line with reduced
renal leukocyte infiltration and tissue damage, IL-17⫺/⫺ mice
showed a tendency toward decreased BUN levels (nephritic WT,
49.2 ⫾ 5.2 mg/dl; nephritic IL-17⫺/⫺, 41.0 ⫾ 8.5 mg/dl; nonnephritic controls, 35.0 ⫾ 2.6 mg/dl; P ⬎ 0.05 NS for nephritic
WT versus nephritic IL-17⫺/⫺; Figure 6D) and a reduced albumin-to-creatinine ratio (nephritic WT, 77.2 ⫾ 20.7 mg/dl; nephritic IL-17⫺/⫺, 41.8 ⫾ 31.3 mg/dl; non-nephritic controls,
J Am Soc Nephrol 20: 969 –979, 2009
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Figure 6. Attenuated glomerulonephritis in
IL-17⫺/⫺ mice. (A, B) Glomerular and tubulointerstitial T cell and monocyte infiltration in
nephritic wild-type (n ⫽ 5), nephritic IL-17⫺/⫺
(n ⫽ 7), and non-nephritic wild-type control
(n ⫽ 4) mice. (C) Nephritic IL-17⫺/⫺ mice (n ⫽
7) developed less renal tissue injury than nephritic wild-type mice (n ⫽ 5) in terms of
glomerular crescent formation. (D) Renal dysfunction was assessed by determination of
the serum BUN and albumin-to-creatinine ratio in non-nephritic control (n ⫽ 4), nephritic
wild-type (n ⫽ 5), and nephritic IL-17⫺/⫺ mice
(n ⫽ 7) at day 10. (E) Flow cytometric analysis
of isolated renal T cells from nephritic wildtype and nephritic IL-17⫺/⫺ mice for production of IL-17 after stimulation with PMA/ionomycin. Numbers are counts in percentage of
CD3⫹ T cells (mean values of three independent experiments). (F) RT-PCR analysis of renal chemokine mRNA expression in nephritic
wild-type (n ⫽ 5), nephritic IL-17⫺/⫺ (n ⫽ 7),
and non-nephritic wild-type control (n ⫽ 4)
mice. mRNA expression is indicated as x-fold
of non-nephritic wild-type controls. Symbols
represent individual data points, and the horizontal lines indicate mean values (*P ⬍ 0.05,
**P ⬍ 0.01).

0.1 ⫾ 0.02 mg/dl; P ⬎ 0.05 NS for nephritic WT versus nephritic
IL-17⫺/⫺; Figure 6D).
FACS analysis of renal leukocytes after intracellular cytokine staining demonstrated the absence of IL-17 production in
T cells of nephritic IL-17⫺/⫺ mice (Figure 6E).
Renal mRNA expression of CCL2/MCP-1 was significantly reduced in IL-17⫺/⫺ mice compared with nephritic wild-type mice
(nephritic WT, 199.1-fold; nephritic IL-17⫺/⫺, 30.5-fold; P ⬍
0.05 for nephritic WT versus nephritic IL-17⫺/⫺; Figure 6F),
whereas CCL20/LARC (nephritic WT, 75.3-fold; nephritic IL17⫺/⫺, 42.3-fold) showed an insignificant tendency toward a reduction in IL17⫺/⫺ mice. CCL3/MIP-1␣ (nephritic WT, 3.1-fold;
nephritic IL-17⫺/⫺, 5.0-fold) and CCL5/RANTES (nephritic WT,
10.5-fold; nephritic IL-17⫺/⫺, 14.2-fold) mRNA expression, in
contrast, was not reduced in nephritic IL17⫺/⫺ mice.

DISCUSSION

The Th1/Th2 paradigm was first proposed by Mosmann et al.
20 years ago19 and has shaped our view, not only of anti-infecJ Am Soc Nephrol 20: 969 –979, 2009

tious immunity but also of immune-mediated diseases, because these, too, can be classified as Th1- or Th2-associated
conditions. Th1 cells produce large quantities of IFN␥ and
have been considered to be almost exclusively responsible for
driving cell-mediated tissue damage in several autoimmune
diseases, including proliferative and crescentic glomerulonephritis.3 Th2 cells, however, produce IL-4, IL-5, and IL-13 and
are of central importance to IgE production and to the immunopathogenesis of allergic diseases. Their role in glomerular
inflammation is less well characterized. Although it has long
been known that the Th1/Th2 paradigm is not an absolute
dichotomy, this concept has been enormously useful in the
past and is still used today. However, the Th1/Th2 paradigm
has recently been challenged by the identification of a third
population of T helper cells producing IL-17, TNF␣, IL-21,
and IL-22, which are termed Th17 cells.20,21
Th17 cells appear to be critical to the enhancement of host
protection against extracellular bacteria and fungi, which are
not efficiently cleared by Th1 and Th2 responses.22 In addition,
Th17 cells can very potently promote tissue inflammation by
inducing proinflammatory cytokines and chemokines that atTh17 Cells in Glomerulonephritis
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tract and activate macrophages and other immune cells.23 The
novel hypothesis that Th17 cells, in addition to Th1 cells, play
an important role in cell-mediated autoimmune inflammatory
diseases is based on findings in mice lacking important cytokines and receptors involved in the Th1 immune response such
as IFN␥, IFN␥ receptor, IL-12p35, and IL-18. Surprisingly,
these “Th1-deficient” mice were not protected from experimentally induced autoimmune encephalomyelitis or collageninduced arthritis. These models have so far been believed to be
exclusively Th1 cell mediated. However, IL-23 (expanding
Th17-cell population), but not IL-12 (promoting Th1-cell responses), was crucial for initiating an autoaggressive T cell response in the central nervous system.16 Finally, Th17 cells were
more potent than Th1 cells in transferring experimental autoimmune encephalomyelitis to naïve wild-type recipient animals.24 Collectively, these data suggest an important role for
Th17 cells in the immunopathogenesis of autoimmune tissue
inflammation.
Although the role of Th17 cells in renal inflammation has
not been studied so far,25 a report by Kitching et al. provided
indirect evidence for a role of the Th17 immune response in
anti-glomerular basement membrane glomerulonephritis.
IFN␥-deficient mice developed aggravated nephritis, but IL-12
p40⫺/⫺ animals were partly protected from renal tissue damage, suggesting a role for the IL-23/Th17 pathway.26
For the first time, we were able to demonstrate the presence
of IL-17-producing T cells (in addition to IFN␥⫹ Th1 cells) in
the kidneys of nephritic mice. Interestingly, no double-positive
IL-17 and IFN␥ renal T cells were detectable, underscoring the
dichotomy of these T cell types. IL-17 (and TNF␣) secretion is
one of the principal effector mechanisms of Th17 cells. To investigate the potential contribution of IL-17 to glomerular inflammation, we studied the influence of IL-17 on the expression of the
chemokines CCL2/MCP-1, CCL3/MIP-1␣, CCL5/RANTES, and
CCL20/LARC by mMCs. IL-17 and TNF␣ synergistically induced
chemokine mRNA and protein production in mesangial cells,
which are known to play an important role in renal leukocyte
recruitment.27,28 These results are in line with a study by Woltman
et al. showing that tubular cells also respond to IL-17 with increased protein production of the chemokines CXCL8/IL-8 and
CCL2/MCP-1.29 Overall, these findings suggest a general proinflammatory effect of IL-17 on resident kidney cells. Of special
interest is the finding that IL-17 induces the expression of CCL20/
LARC in mesangial cells implicated in the recruitment of CCR6positive Th17 cells,30 suggesting a positive feedback loop. It remains to be determined whether intervention in Th17-cell
trafficking via CCR6/CCL20 is useful to treat and prevent renal
Th17-cell infiltration and consequent tissue damage.
In a next step, we examined the functional role of the Th17
immune response in experimental glomerulonephritis. Nephrotoxic nephritis was induced in IL-23 p19⫺/⫺ mice, which
display reduced Th17 immune responses.31 As expected, we
found a reduction in renal Th17-cell infiltration in IL-23
p19⫺/⫺ mice during the autologous phase (day 10) of nephrotoxic nephritis. In agreement with our in vitro results described
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above, the reduced recruitment of IL-17-producing T cells was
paralleled by decreased expression of proinflammatory chemokines, which might contribute to the reduced recruitment
of inflammatory cells observed in IL-23 p19⫺/⫺ mice. Most
importantly, C57BL/6 IL-23 p19⫺/⫺ mice developed less severe nephrotoxic nephritis than C57BL/6 wild-type mice in
terms of renal function, albuminuria, and histologic injury (including glomerular crescent formation and sclerosis). It is
noteworthy that the beneficial effects seen in nephritic IL-23
p19⫺/⫺ animals were evident despite a comparable humoral
systemic anti-sheep IgG immune response and an unaltered
capacity of infiltrating T cells to produce IFN␥.
Next, we aimed at investigating whether the lower levels of
renal Th17 cells in IL-23 p19⫺/⫺ animals lead to amelioration of
nephritis in these mice. Because IL-17 secretion is thought to be a
principal effector mechanism of Th17 cells, we analyzed nephrotoxic serum nephritis in IL-17⫺/⫺ mice. The results showed that
IL-17⫺/⫺ mice had less severe nephritis in terms of renal tissue
damage, leukocyte recruitment, BUN level, and proteinuria.
These data are in line with the decreased susceptibility of IL-23
p19⫺/⫺ mice, providing additional evidence for a contribution of
the IL-23/Th17 axis to immune-mediated renal tissue injury.
The main finding of this study is the detection of IL-17producing Th17 cells in the kidneys of nephritic mice. Furthermore, we were able to demonstrate that interference with the
Th17 immune response either at the level of Th17-cell survival
and expansion or at the level of IL-17 effector cytokine production is associated with a mitigated course of experimental nephritis in terms of renal tissue injury, proteinuria, and renal
function. These data indicate that, in addition to Th1 cells, the
IL-23/Th17 immune response contributes to the immunopathogenesis of glomerulonephritis.

CONCISE METHODS
Animals

IL-23 p19⫺/⫺ mice (C57BL/6 background) were provided by N.
Ghilardi (Genentech, San Francisco, CA),31 and IL-17A-deficient
(IL-17⫺/⫺) mice were provided by Y. Iwakura (Center for Experimental Medicine, Institute of Medical Science, University of Tokyo,
Japan).32 The p19⫺/⫺ and IL-17⫺/⫺ genotypes were confirmed by
PCR analysis for each animal. Age-matched C57BL/6 wild-type controls (8- to 10-wk-old) were obtained from Charles River (Sulzfeld,
Germany). All animals were raised under specific pathogen-free conditions. Animal experiments were performed according to national
and institutional animal care and ethical guidelines and were approved by local committees.

Animal Experiments
Nephrotoxic serum nephritis was induced in 8- to 10-wk-old male
C57BL/6 wild-type, C57BL/6 IL-23 p19⫺/⫺, and C57BL/6 IL-17⫺/⫺ mice
by intraperitoneal injection of 2.5 mg of nephrotoxic sheep serum per
gram of mouse body weight, as described.33 Controls were injected intraperitoneally with an equal amount of nonspecific sheep IgG.
J Am Soc Nephrol 20: 969 –979, 2009
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Functional Studies

Renal Single-Cell Suspension

For urine sample collection, mice were housed in metabolic cages for
6 h. Albuminuria was determined by standard ELISA analysis (MiceAlbumin Kit, Bethyl, Montgomery, TX). Blood samples for BUN
measurement and assessment of systemic antibody response were obtained at the time of euthanasia. Urinary creatinine and blood BUN
levels were measured by standard laboratory methods.

Previously described methods for renal cell isolation from murine
kidneys were used.33 In brief, kidneys were finely minced and digested
with 0.4 mg/ml collagenase D (Roche, Mannheim, Germany) and
0.01 mg/ml DNAse I in Dulbecco modified Eagle medium (DMEM;
Roche) supplemented with 10% heat-inactivated fetal calf serum (Invitrogen) for 45 min at 37°C. Cell suspensions were sequentially filtered through 70- and 40-m nylon meshes and washed with HBSS
without Ca2⫹ and Mg2⫹ (Invitrogen). Single-cell suspensions were
separated using Percoll density gradient (70% and 40%) centrifugation.36 The leukocyte-enriched cell suspension was aspirated from the
Percoll interface. Viability of the cells was assessed by trypan blue
staining before flow cytometry.

RT-PCR Analysis
Total RNA of renal cortex was prepared according to standard laboratory methods. RT-PCR was performed with 1.5 l of cDNA samples
in the presence of 2.5 l (0.9 M) of specific murine primers (primer
sequences are available upon request) and 12.5 l of 2⫻ Platinum
SYBR Green qPCR Supermix (Invitrogen, Karlsruhe, Germany) using
an AbiPrism Sequence Detection System 7000 (Applied Biosystems,
Foster City, CA). All samples were run in duplicate and normalized to
18S rRNA to account for small RNA and cDNA variability.34

Morphologic Examinations
Light microscopy and immunohistochemistry were performed using
routine procedures. Crescent formation and glomerular sclerosis
(deposition of PAS-positive material) were assessed in 30 glomeruli per
mouse in a blinded fashion in PAS-stained paraffin sections. Cumulative
score for glomerular sclerosis was calculated as follows: 0 ⫽ no sclerosis,
1 ⫽ ⬍25% sclerosis, 2 ⫽ 26 to 50% sclerosis, 3 ⫽ 51 to 75% sclerosis, 4 ⫽
76 to 100% sclerosis. As a measure of tubulointerstitial injury, the interstitial area was estimated by point-counting three independent areas of
renal cortex per mouse at low magnification (200⫻), as described previously.35 Paraffin-embedded sections (2 m) were stained with either an
antibody directed against the pan-T cell marker CD3 (A0452, Dako, Germany) or the monocyte and renal dendritic cell marker F4/80 (BM8;
BMA, Hamburg, Germany) and the monocyte-specific MAC-2 (M3/38,
Cedarlane, ON, Canada). Tissue sections were developed with the Vectastain ABC-AP kit (Vector Laboratories, Burlingame, CA). MAC-2- and
CD3-positive cells in 30 glomerular cross sections and F4/80- and CD3positive cells in 30 tubulointerstitial hpf per kidney were counted by light
microscopy in a blinded fashion.

Antigen-Specific Humoral Immune Response
Mouse anti-sheep IgG antibody titers were measured by ELISA using
sera collected 10 d after induction of nephritis, as recently described.33
In brief, ELISA microtiter plates were coated with 100 l of 100 g/ml
sheep IgG (Sigma, St. Louis, MO) in carbonate– bicarbonate buffer
overnight at 4°C. After being blocked with 1% BSA in Tris-buffered
saline (Sigma), the plates were incubated with serial dilutions of
mouse serum (1:100 to 1:12,500) for 1 h at room temperature. Bound
mouse IgG was detected using peroxidase-conjugated goat anti-mouse
IgG (Biozol, Eching, Germany) at 1:1000, 3,3⬘,5,5⬘-tetramethylbenzidine
peroxidase substrate, and absorbance readings (at 450 nm) on a spectrophotometer. Lack of cross-reactivity of the secondary antibody
with sheep IgG was demonstrated by omitting the primary antibody.
Ig isotypes (IgG1, IgG2a, and IgG2b) were measured using the ELISA
technique, as described previously.33
J Am Soc Nephrol 20: 969 –979, 2009

Flow Cytometry
For T cell differentiation, renal single-cell suspension was stained with
fluorochrome-labeled antibodies specific for CD3 (APC; 17A2, R&D
Systems, Wiesbaden, Germany) and CD4 (PE; GK1.5, Miltenyi, Bergisch Gladbach, Germany) for 25 min at 4°C. Before antibody incubation, unspecific staining was blocked with normal mouse serum
(Sigma). Staining of intracellular IFN␥ and IL-17 was performed as
recently described by Korn et al.37 In brief, isolated renal leukocytes
were activated by incubation at 37°C, 5% CO2 for 5 h with PMA (5
ng/ml; Sigma) and ionomycin (1 g/ml; Calbiochem-Merck, Darmstadt, Germany) in RPMI 1640 (Gibco, Grand Island, NY) with 10%
FCS. After 30 min of incubation, Brefeldin A (10 g/ml; Sigma) was
added. After several washing steps and staining of cell surface markers, cells were incubated with Cytofix/Cytoperm (BD Biosciences,
Franklin Lakes, NJ) for 20 min at 4°C to permeabilize cell membranes.
Then, intracellular IL-17 and IFN␥ were stained using rat anti-mouse
IL-17 antibody (PE; TC11–18H10, BD Biosciences) and IFN␥ antibody (FITC; XMG1.2, BD Biosciences). Experiments were performed
with a Becton Dickinson FACScalibur System using the Cell Quest
Professional software.

Mesangial Cell Culture Stimulation
Mouse mesangial cells38 were cultured in DMEM (Life TechnologiesBRL/Invitrogen) containing 10% FCS, 100 units/ml penicillin, and
100 g/ml streptomycin (Life Technologies-BRL/Invitrogen,
Karlsruhe, Germany) at 37°C, 5% CO2. Before stimulation, confluent
cells were incubated in serum-free DMEM for 24 h. mMCs were stimulated with IL-17 and TNF␣ (RD Systems, Wiesbaden Germany).
After 4 h of incubation, the expression of CCL2/MCP-1, CCL3/MIP-1␣,
CCL5/RANTES, and CCL20/LARC mRNA was analyzed. The production of CCL2/MCP-1, CCL3/MIP-1␣, CCL5/RANTES, and
CCL20/LARC protein from mMCs into the medium was determined
after 24 h by removing 50 l of supernatants for measurement by
specific mouse ELISA according to the manufacturer’s instructions
(RD Systems).

Statistical Analysis

Results are expressed as mean ⫾ SD. Differences between individual
experimental groups were compared by Kruskal–Wallis test with post
hoc analysis by Mann–Whitney test. Experiments yielding insufficient
Th17 Cells in Glomerulonephritis
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independent data for statistical analysis due to the experimental setup
were repeated at least three times.
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