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T helper (Th)17 cells might contribute to immune-
mediated renal injury. Thus, we sought to define the
time course of IL-17A-induced kidney damage and ex-
amined the relation between Th17 and Th1 cells in a
model of crescentic anti-glomerular basement mem-
brane glomerulonephritis. Renal injury and immune
responses were assessed in wild-type and in IL-17A-
deficient mice on days 6, 14, and 21 of disease devel-
opment. On day 6, when mild glomerulonephritis
developed, IL-17A-deficient mice were protected from
renal injury. On day 14, when more severe disease
developed, protection from renal injury due to IL-17A
deficiency was less evident. On day 21, when crescen-
tic glomerulonephritis was fully established, disease
was enhanced in IL-17A™/~ mice, with increased glo-
merular T-cell accumulation and fibrin deposition,
and augmented Th1 responses. Mice lacking the Th17-
promoting cytokine, IL-23 (p19), also developed more
severe disease than wild-type animals on day 21.
In contrast, mice deficient in the key Thl-promoting
cytokine, IL-12 (p35), had decreased Thl and in-
creased Th17 responses and developed less severe
crescentic glomerulonephritis than wild-type ani-
mals. These studies show that IL-17A contributes to
early glomerular injury, but it attenuates established
crescentic glomerulonephritis by suppressing Th1 re-
sponses. They provide further evidence that Th1 cells
mediate crescentic injury in this model and that Th1
and Th17 cells counterregulate each other during dis-
ease development. (Am J Pathol 2011, 179:1188-1198;
DOI: 10.1016/j.ajpath.2011.05.039)
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Some forms of proliferative glomerulonephritis (GN) are
complicated by glomerular crescent formation, indicating
severe and rapidly progressive renal injury. One of the
best characterized and most widely used models of cres-
centic GN is the 21-day, autologous phase, anti-glomer-
ular basement membrane (GBM) GN in which heterolo-
gous anti-GBM Ig acts as a planted foreign antigen in
glomeruli. Crescentic anti-GBM GN is mediated by CD4*
T cells, macrophages, and fibrin.'~* Observations from
patients with crescentic GN suggest that similar events
may occur in humans.® Autologous antibody is not re-
quired for the development of crescentic injury in this
model,® highlighting the importance of cellular immunity
in inducing glomerular injury.

A large number of studies have clearly shown that
crescentic anti-GBM GN is driven by T helper (Th)1 re-
sponses, whereas Th2 responses attenuate disease se-
verity. Studies that used interferon (IFN)-y deficient (7/7)
mice or neutralizing IFN-y antibodies have shown that
IFN-vy (the main Th1 cytokine) is critical for the development
of crescentic anti-GBM GN.*”® Similarly, mice lacking T-
bet, the key transcription factor promoting Th1 differentia-
tion,® are protected from disease development.’® In con-
trast, Th2-related cytokines, including IL-4 and IL-10, inhibit
Th1 responses and attenuate disease severity. '3

More recently, a new subset of Th cells has been
identified and termed Th17, characterized by their pro-
duction of IL-17A."* Th17 cells also secrete a number of
other cytokines, including IL-17F, IL-21, IL-22, IL-6, and
tumor necrosis factor.’* "% IL-6 and transforming growth
factor-B drive early Th17 differentiation in mice, whereas
IL-23 plays a key role in the subsequent maintenance
and expansion of Th17 cells.’~"® |L-17A plays a critical
role in host defense by mobilizing and activating neutro-
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phils™ and has a main role in the development of injury in
models of autoimmune diseases such as experimental
autoimmune encephalomyelitis, experimental autoim-
mune uveitis (EAU), and collagen-induced arthritis.?”~2°

The relation between Th1 and Th17 cells is important and
more complex than first thought, as shown by an increasing
number of reports. For example, both Th1 and Th17 effector
cells are capable of inducing autoimmune-mediated injury
in models such as EAU.'® Studies in experimental autoim-
mune encephalomyelitis and lung inflammation have shown
that Th1 and Th17 cells can cooperate to promote disease
development.?'22 In contrast, experiments in EAU, colitis,
and graft-versus-host disease have shown that these two Th
pathways can suppress each other to regulate immune-
mediated diseases. 8202324

Recent evidence has implicated the Th17 pathway in the
development of GN. IL-23/IL-17A have been shown to pro-
mote renal injury in autoimmune models of GN, including
Goodpasture’s disease and anti-myeloperoxidase GN.?52¢
Furthermore, proof-of-concept experiments have shown
that, when transferred alone, Th1- or Th17-polarized cells
can both induce GN in recombination activating gene-1
(Rag1)™’~ recipient mice (which lack adaptive immunity).2”
In anti-GBM GN, IL-23/IL-17A contribute to early kidney
injury,®® consistent with reports showing that transferred
Th17 cells cause early tissue damage in models of GN and
EAU, in contrast to Th1 cells which induce later, but ulti-
mately more, severe disease.®2”

Although Th17 cells can contribute to the development
of renal injury, many unresolved issues still remain about
the role of IL-17A-producing cells in crescentic GN. For
example, the time course of IL-17A-mediated kidney
damage and the relation (whether synergistic or antago-
nistic) between Th17 and Th1 subsets, both of which are
capable of inducing renal injury, have not been defined.
In addition, the recent evidence that Th17 cells contribute
to the development of crescentic anti-GBM GN, which
has previously been shown to be Th1 dependent, invites
a re-examination of the role of the Th1 pathway in cres-
centic GN. The current studies were undertaken to an-
swer these important questions with the use of the best-
characterized model of crescentic GN, anti-GBM GN,
and mice genetically deficient in either Th17- [IL-17A and
IL-23(p19)] or Thi-specific [IL-12(p35)] cytokines.

Here, we demonstrate that IL-17A contributes to early
kidney injury in anti-GBM GN, but it, paradoxically, atten-
uates the severity of fully established crescentic disease
by limiting injurious Th1 responses. We also provide fur-
ther evidence that Th1 responses mediate severe cres-
centic injury in this model and that Th1 and Th17 re-
sponses inhibit each other during the development of
crescentic anti-GBM GN.

Materials and Methods

Animals and Induction of Disease

Eight- to 10-week-old male mice were used for experi-
ments. C57BL/6 wild-type (WT) mice were obtained from
Monash University Animal Services (Melbourne, Austra-
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lia). IL-17A~'~ mice (provided by Y. lwakura, Tokyo, Ja-
pan), IL-23p19~/~ mice (provided by N. Ghilardi and F.
De Sauvage, San Francisco, CA), and IL-12p35~/~ mice
(The Jackson Laboratory, Bar Harbor, ME) were all on
C57BL/6 background. All mice were bred and kept at the
Monash Medical Centre Animal Facility (Clayton, Austra-
lia). GN was induced by intravenous administration of
sheep anti-mouse GBM Ig (15 mg/mouse) on day O.
Disease development and immune responses were as-
sessed on days 6, 14, and 21. All experiments were
performed at least twice with a minimum of eight mice per
group. Data presented are representative of at least two
independent experiments.

Renal Injury, Leukocyte Accumulation, and
Fibrin Deposition

Glomerular abnormalities, including crescent formation
(defined as two or more cell layers in Bowman's space),
hypercellularity, segmental necrosis, hyalinosis, segmen-
tal proliferation, and capillary wall thickening, as well as
tubulointersitital injury, were assessed on periodic acid
Schiff-stained, Bouin’s-fixed kidney sections. Tubuloin-
terstitial injury (defined as tubular dilation, tubular atro-
phy, sloughing of tubular epithelial cells, or leukocyte
infiltration in the interstitium) was scored from 0 to 3 as
follows: 0, no injury; 1, mild injury; 2, moderate injury; and
3, severe injury. At least 50 glomeruli or 10 randomly
selected cortical interstitial high-power fields per animal
were counted to assess glomerular abnormalities and
interstitial injury, respectively. Proteinuria (in mg/24
hours) was measured by a modified Bradford’s method
on urine collected during the final 24 hours of experi-
ments. Serum creatinine concentrations (in wmol/L) were
measured by an autoanalyser.

Renal macrophages, neutrophils, CD4" T cells, and
CD8* T cells were shown by immunohistochemistry as
described,?® using anti-CD68 (FA/11), anti-Gr-1 (RB6-
8C5), anti-CD4 (GK1.5), and anti-CD8 (53-6.7) antibod-
ies, respectively. At least 20 glomeruli or 10 high-power
fields per animal were assessed, and results are ex-
pressed as cells per glomerular cross section (gcs) or
cells per high-power field.

Glomerular fibrin deposition was shown by immunohis-
tochemistry as described®® and was scored from 0 to 3
as follows: 0, background staining; 1, positive staining in
<25% of glomerular cross section; 2, positive staining in
25% to 50% of glomerular cross section; and 3, positive
staining in >50% of glomerular cross section. At least 20
glomeruli per animal were assessed to determine the
average score.

Adhesion Molecule and mRNA Expression

Glomerular expression of P-selectin and intercellular ad-
hesion molecule 1 (ICAM-1) was shown by immunofluo-
rescence as described®' and was scored from 0 to 3 as
follows: 0, background staining; 1, positive staining in
<25% of glomerular cross section; 2, positive staining in
25% to 50% of glomerular cross section; and 3, positive
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Figure 1. The effect of IL-17A deficiency on kidney
injury and Th1/Th2 responses on day 6 of GN. Six
days after receiving anti-GBM globulin, IL-17A™/~
mice had fewer abnormal glomeruli (A); decreased
crescent formation (B); and attenuated glomerular ac-
cumulation of CD4™" T cells, macrophages, and neu-
trophils (C) compared with WT animals. D: Expres-
sion of P-selectin was down-regulated in glomeruli of
IL-17A~/~ compared with WT animals with GN.
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staining in >50% of glomerular cross section. At least 20
glomeruli per animal were assessed to determine the
average score. Expression of mRNA was measured by
real-time polymerase chain reaction, as described.'® Re-
sults are expressed relative to the housekeeping gene
18s as fold change over the mean of the WT with GN
group. Primer sequences are available on request.

T-Cell Responses, DC Activation, and
Splenocyte Cytokine Production

Splenic CD4* T-cell apoptosis and proliferation were
measured by flow cytometric analysis of Annexin-V stain-
ing and intracellular bromodeoxyuridine incorporation,
respectively, as described.® Regulatory T cells were
identified by flow cytometry as foxp3*CD25%CD4 ™" cells,
as published.?® Activation of dendritic cells (DCs; identi-
fied as CD11c™ cells) was measured by flow cytometric
analysis of CD86 and expression of major histocompati-
bility complex class Il, as described.®® Concentrations of
IFN-v, IL-4, and IL-17A in supernatant fluids from sheep
globulin (10 wg/mL) stimulated splenocytes (4 x 10°
cells/mL; 72 hours) were measured by ELISA, as pub-
lished.3%3°

Statistical Analyses

Results are expressed as the mean = SEM. Unpaired
t-test (for parametric data), Mann Whitney test (for non-
parametric data), or one-way analysis of variance fol-
lowed by Dunnett’'s multiple comparison test was used for
statistical analyses (GraphPad Prism; GraphPad Soft-
ware Inc., San Diego, CA). Differences were considered
to be statistically significant if P < 0.05.
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Mg Neutrophils ICAM-1 was expressed at low levels in glomeruli of
normal mice without GN (0.5 % 0.01 average score)
but was not up-regulated in WT or IL-17A™/~ animals

* on day 6 of GN. IL-17A deficiency had no effect on
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lary wall/basement membrane thickening in WT an-

imals (G) and less severe disease in IL-17A™/~ mice
(HD, as assessed on Bouin's-fixed paraffin-embedded
periodic acid Schiff-stained kidney sections. I and J:
Representative photomicrographs of glomerular P-
selectin expression on day 6 of GN, showing moder-
ate expression in WT mice (I) and decreased expres-
sion in IL-17A™/~ animals (), as assessed by
immunofluorescence on frozen kidney sections.
Original magnification, X400 (G-J). gcs, glomerular
cross section. M¢, macrophages. *P < 0.05, *P <
0.01.
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Results

To examine how IL-17A affects the development of GN
throughout the course of the disease, renal injury and
immune responses were assessed in WT and [L-17A™/~
mice on days 6, 14, and 21 after anti-GBM globulin in-
jection.

IL-17A Deficiency Decreases Renal Injury on
Day 6 of GN

By day 6, WT mice had developed relatively mild GN with
glomerular abnormalities that included hypercellularity,
segmental necrosis, hyalinosis, segmental proliferation,
capillary wall thickening, and only occasional crescent
formation (3.5% = 0.6%). IL-17A~/~ mice developed less
severe renal injury than WT animals at this early time point
with fewer abnormal glomeruli (Figure 1, A, G, and H) and
decreased crescent formation (Figure 1B). Attenuated
renal injury in IL-17A~/~ mice correlated with diminished
glomerular accumulation of cellular effectors: CD4™ T
cells, macrophages, and neutrophils (Figure 1C).
Infiltration of leukocytes into the kidney is affected by
renal adhesion molecules and chemokines.®¢3° We ex-
amined whether IL-17A affected the expression of these
mediators. P-selectin was moderately expressed in glom-
eruli of WT mice on day 6, whereas it was absent in
glomeruli of normal mice without GN. ICAM-1 was ex-
pressed constitutively at low levels in glomeruli and the
interstitium of normal mice without GN and was not up-
regulated in WT mice on day 6 of disease induction.
P-selectin expression was reduced in glomeruli of IL-
17A~'~ compared with WT animals, whereas glomerular
ICAM-1 expression was not affected by the lack of IL-17A
at this time point (Figure 1, D, I, and J). Expression of
several chemokines [regulated on activation normal T cell



Table 1. Renal Chemokine mRNA Expression in WT and
IL-17A-Deficient Mice on Day 6 of GN
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Table 2. Renal Chemokine mRNA Expression in WT and
IL-17A-Deficient Mice on Day 14 of GN

WT IL-17A/~ Normal (no GN) WT IL-17A/~ Normal (no GN)
RANTES 1.02 =0.08 0.45 + 0.08* 0.56 = 0.11 RANTES 1.11 £0.20 1.58 = 0.23* 0.68 +0.13
MCP-1 1.01 =0.07 1.07 £0.49 0.86 = 0.30 MCP-1 1.15+0.21 0.57 £0.07* 0.07 = 0.03
IP-10 1.24 +0.28 0.69 = 0.10** 0.53 +0.13 IP-10 1.12+0.21 1.75 +£0.26"* 0.73 £0.03
TCA-3 1.05+0.14 1.30 +£0.30 0.66 = 0.11 TCA-3 159 + 044 1.75+0.26 0.73 £ 0.03
MIP-2 123028 1.13+0.42 0.18 £ 0.12 MIP-2 1.16 £0.27 0.96 +0.18 0.04 +£0.02

Results are expressed relative to 18s as fold change over the mean of
the WT group.

*P < 0.001, **P = 0.09 versus WT.

MIP-2, macrophage inflammatory protein 2; TCA-3, T-cell activation-3.

expressed and secreted (RANTES), macrophage inflam-
matory protein 2, IFN-inducible protein 10 (IP-10), T-cell
activation-3] was up-regulated in kidneys of WT animals
on day 6 compared with normal mice without GN,
whereas monocyte chemoattractant protein 1 (MCP-1)
was not increased above normal (Table 1). RANTES ex-
pression was reduced to normal levels in kidneys of IL-
17A~/~ compared with WT mice (Table 1). Other chemo-
kines were not altered, but a trend was observed toward
decreased expression of IP-10 because of IL-17A defi-
ciency (Table 1).

To examine how IL-17A deficiency affected Th1/Th2
responses on day 6, we measured splenocyte production
of IFN-y and IL-4. At this early stage of the immune
response, production of IFN-y was not significantly af-
fected by the lack of IL-17A (Figure 1E). However, IL-17A
deficiency increased the production of IL-4 (1.5-fold in-
crease; Figure 1F).

Protection from Renal Injury due to IL-17A
Deficiency Is Less Evident on Day 14 of GN

Fourteen days after anti-GBM globulin administration, WT
mice developed severe GN with an average of 35% = 4%
of glomeruli affected by crescent formation. Protection
from renal injury due to the lack of IL-17A was less ap-
parent at this time point than on day 6, with no significant
decrease in crescent formation observed in IL-17A~/~
animals (Figure 2A; P = 0.1). Accumulation of CD4™ T
cells and neutrophils in glomeruli was similar between WT
and IL-17A~/~ mice on day 14 (Figure 2B), in contrast to
day 6 when infiltration of these cells was reduced by the
lack of IL-17A. Macrophage accumulation in glomeruli

Results are expressed relative to 18s as fold change over the mean of
the WT group.

*P = 0.1, *P = 0.02, and ***P = 0.08 versus WT.

MIP-2, macrophage inflammatory protein 2; TCA-3, T-cell activation-3.

was still reduced in IL-17A™/~ mice on day 14 (1.5-fold
reduction; Figure 2B) but to a lesser degree than on day
6 (2.6-fold reduction).

As on day 6, P-selectin was up-regulated in glomeruli
of WT mice with GN on day 14 compared with normal
mice without disease. However, although reduced on day
6, glomerular expression of P-selectin was not different
between WT and IL-17A~/~ mice on day 14 (Figure 2C).
ICAM-1, although not up-regulated on day 6, was in-
creased in kidneys of WT mice on day 14 compared with
normal mice without GN. The absence of IL-17A reduced
glomerular expression of ICAM-1 on day 14 (Figure 2C).
All of the chemokines measured, including MCP-1 (which
was not increased on day 6) were up-regulated in kid-
neys of WT mice on day 14 compared with normal ani-
mals without GN (Table 2). At this time point, renal
expression of MCP-1 was reduced by the absence of
IL-17A (Table 2). However, RANTES, although reduced
on day 6, showed a tendency toward increased expres-
sion in IL-177A™/~ compared with WT mice on day 14
(Table 2). A trend was also observed toward elevated
expression of IP-10 due to the absence of IL-17A on day
14 (Table 2), in contrast to day 6 when IP-10 tended to be
reduced. Other chemokines (macrophage inflammatory
protein 2, T-cell activation-3) were not altered by the lack
of IL-17A (Table 2).

Although unaltered on day 6, IFN-y production was
significantly increased in IL-17A~/~ compared with WT
mice on day 14 (Figure 2D). IL-4 was also increased by
IL-17A deficiency (Figure 2E). At this time point in the
immune response, IFN-y and IL-4 were up-regulated in
IL-17A~/~ mice to a similar extent (IFN-y, 2.1-fold in-
crease; IL-4, 2.0-fold increase).
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Figure 2. GN development and Th1/Th2 responses in WT and IL-17A~/~ mice on day 14. Fourteen days after injection of anti-GBM globulin, TL-17A™/~ mice
had a trend toward decreased glomerular crescent formation (A) compared with WT animals. B: Glomerular accumulation of CD4" T cells and neutrophils was
similar between WT and IL-17A™/~ mice, whereas macrophage infiltration was reduced by IL-17A deficiency. C: P-selectin expression in glomeruli was similar
between WT and IL-17A™/~ mice. ICAM-1 was up-regulated in glomeruli of WT mice on day 14 of GN compared with normal animals without the disease (0.5 *
0.01 average score) and was reduced in IL-17A~/~ compared with WT mice. Production of IFN-y (D) and IL-4 (E) by antigen-challenged splenocytes was increased
in IL-17A™/~ compared with WT mice. gcs, glomerular cross section. M¢, macrophages. *P < 0.05, **P < 0.01.
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IL-17A Deficiency Causes More Severe
Cresentic GN on Day 21

On day 21, WT mice had fully established, severe GN
with extensive tubulointerstitial injury and an average of
43% *+ 3.1% of glomeruli affected by crescent formation,
as well as elevated proteinuria and serum creatinine lev-
els. At this time point in disease development, renal injury
was more severe in IL-177A™/~ compared with WT mice,
as shown by enhanced glomerular crescent formation
(Figure 3, A and D-G) and tubulointerstitial injury (Figure
3C), as well as a trend toward increased proteinuria (Fig-
ure 3B; P = 0.1). Serum creatinine levels were not differ-
ent between WT (25 + 2 umol/L) and IL-17A™/~ (26 = 2
pmol/L) mice.

In contrast to earlier time points, IL-17A™/~ mice had
increased glomerular and interstitial accumulations of
CD4* T cells compared with WT animals on day 21
(Figure 4, A, B, D, and E), correlating with enhanced
disease. Although reduced on day 6 and to a lesser
extent on day 14, infiltration of macrophages in glom-
eruli and the interstitium was not significantly different
between WT and IL-17A~/~ mice on day 21 (Figure 4,
A and B). Glomerular accumulation of neutrophils (Fig-
ure 4A) or CD8" T cells (WT, 0.16 = 0.02 cells/gcs;
IL-17A~/~ mice, 0.15 = 0.02 cells/gcs) was not altered
by IL-17A deficiency.

On day 21, P-selectin expression was significantly en-
hanced in glomeruli of IL-17A~/~ compared with WT mice
(Figure 4, C, F, and G), in contrast to the earlier time
points. ICAM-1, although reduced on day 14, was not
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Figure 3. Renal injury in WT and IL-17A™/~ mice on day 21 of anti-GBM GN.
Twenty-one days after anti-GBM globulin administration, IL-17A™~ mice de-
veloped more severe crescentic GN than WT animals, as shown by significantly
enhanced glomerular crescent formation (A) and interstitial injury (C), as well as
a trend toward increased proteinuria (B; urine collected during the final 24
hours). D-G: Representative photomicrographs of glomerular injury (assessed
on Bouin's-fixed paraffin-embedded periodic acid Schiff-stained kidney sec-
tions) on day 21, showing severe crescent formation in WT mice (D and F) and
enhanced disease in IL-17A™/~ animals (E and G). Original magnification: X200
(D and E); X400 (F and G). *P < 0.01, *P < 0.001.
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Figure 4. The effect of IL-17A deficiency on accumulation of cells and
expression of adhesion molecules on day 21 of GN. A: Compared with WT
animals, IL-17A™"" mice had similar numbers of macrophages and neutro-
phils but increased numbers of CD4™ T cells in glomeruli. B: In the intersti-
tium, accumulation of CD4" T cells was increased, whereas macrophage
infiltration was unaffected by the lack of IL-17A. C: Glomerular P-selectin
expression was up-regulated, whereas ICAM-1 was not affected in IL-17A™/~
compared with WT mice. D and E: Representative photomicrographs of
glomerular CD4™" T cells (brown, indicated by arrows), shown by immuno-
peroxidase staining of periodate lysine paraformaldehyde-fixed frozen kid-
ney sections with the use of diaminobenzidine to detect positive cells (he-
matoxylin counterstain, blue), showing enhanced accumulation of CD4" T
cells in IL-17A™/" (E) compared with WT mice (D). F and G: Representative
photomicrographs of glomerular P-selectin expression on day 21 of GN,
showing moderate expression in WT mice (F) and increased expression in
IL-17A~/" animals (G), as assessed by immunofluorescence on frozen kid-
ney sections. Original magnification: X400 (D-G). gcs, glomerular cross
section; HPF, high-power field; M¢, macrophages. *P < 0.05, *P < 0.01, and
P < 0.001.

altered by IL-17A deficiency on day 21 (Figure 4C). None
of the chemokines measured were significantly different
between WT and IL-17A~/~ mice on day 21 (Table 3).
RANTES and MCP-1, which were significantly reduced
on days 6 and 14, respectively, were either not different
(RANTES) or showed a trend toward increased expres-
sion (MCP-1) on day 21 due to the absence of IL-17A
(Table 3).

In addition to cellular effectors, fibrin is an important
mediator of severe crescent formation in this model.?
Compared with WT mice, deposition of fibrin was sig-

Table 3. Renal Chemokine mRNA Expression in WT and
IL-17A-Deficient Mice on Day 21 of GN

WT IL-17A~/~ Normal (no GN)
RANTES 0.61+0.19 0.72+0.10 0.45 +0.35
MCP-1 0.80+£0.16 1.29 +£0.23" 0.28 = 0.22
IP-10 1.02+0.15 1.17 £0.04 0.38 +0.25
TCA-3 068 £0.11 0.86 =0.10 0.19 = 0.08
MIP-2 140+ 026 1.23x0.17 0.11 = 0.01

Results are expressed relative to 18s as fold change over the mean of
the WT group.

*P = 0.1 versus WT.

MIP-2, macrophage inflammatory protein 2; TCA-3, T-cell activation-3.
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Figure 5. Deposition of fibrin and expression of matrix metalloproteinase
(MMP)-9 in kidneys of WT and IL-17A~/~ mice on day 21 of GN. IL-17A
deficiency enhanced fibrin deposition (A) in glomeruli and decreased renal
expression of MMP-9 mRNA (B). C-F: Representative photomicrographs of
glomerular fibrin deposition in WT (C and E) and IL-17A~/~ mice (D and F),
as assessed by immunoperoxidase staining of Bouin’s-fixed paraffin-embed-
ded kidney sections with the use of diaminobenzidine to show positive
staining (brown). Original magnification: X200 (C and D); X400 (E and F).
*P < 0.05.

nificantly increased in glomeruli of IL-17A~/~ animals
on day 21 (Figure 5, A, and C-F). MMP-9, the produc-
tion of which is stimulated by IL-17A,4° plays a protec-
tive role in this model by degrading fibrin.*" Correla-
ting with increased fibrin deposition, 1L-17A~/~ mice
had decreased MMP-9 expression in the kidney
(Figure 5B).

On day 21, IL-17A deficiency caused a marked up-
regulation in IFN-y production (12.1-fold increase; Figure
6A) and a smaller increase in IL-4 secretion (3.0-fold
increase; Figure 6B) by antigen-stimulated splenocytes,
thus shifting the Th1/Th2 (IFN-v/IL-4) balance toward Th1
in IL-17A~/~ mice (Figure 6C). To examine potential
mechanisms by which IL-17A affected the development
of Th1 and Th2 responses in secondary lymphoid tissue,
we measured splenic expression of the Th1- and Th2-
promoting transcription factors, T-bet® and GATA-3,° re-
spectively. Consistent with IFN-y and IL-4 data, deletion
of IL-17A increased the expression of T-bet and, to a
lesser extent, GATA-3 (Figure 6D).
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Figure 7. The development of GN in WT and IL-23p19~/~ mice on day 21.
Renal injury was enhanced by IL-23(p19) deficiency, as shown by signifi-
cantly increased glomerular crescent formation (A) and a trend toward aug-
mented proteinuria (B). C: Glomerular accumulation of CD4™ T cells and
neutrophils was not affected, whereas macrophage infiltration was enhanced
by the lack of IL-23(p19). D-G Representative photomicrographs of glomer-
ular injury (assessed on Bouin’s-fixed paraffin-embedded periodic acid
Schiff-stained kidney sections) on day 21, showing severe crescent formation
in WT mice (D and F) and enhanced disease in IL-23(p19) ™/~ animals (E and
G). Original magnification: X200 (D and E); X400 (F and G). gcs, glomerular
cross section; M¢, macrophages. *P < 0.01, **P < 0.001.

IL-23(p19) Deficiency Exacerbates Crescentic
GN on Day 21

To confirm that reduced Th17 (IL-17A) responses lead to
augmentation of disease on day 21, we assessed GN
outcome in mice lacking IL-23(p19), the cytokine that
plays a critical role in the maintenance and expansion of
Th17 cells.’™'® |L-23p19~/~ mice developed more se-
vere crescentic GN than WT mice on day 21 with en-
hanced crescent formation (Figure 7, A and D-G) and a
trend toward increased proteinuria (Figure 7B; P = 0.06).
Serum creatinine concentration was not different be-

Figure 6. The effect of IL-17A deficiency on day 21

Th1/Th2 responses and transcription factors. Com-

o ogwr pared with WT animals, IL-17A~/~ mice had en-

B IL-17A-/- hanced production of IFN-y (A) and, to a lesser ex-

tent, IL-4 (B) by antigen-stimulated splenocytes,

i resulting in an increased IFN-y/IL-4 (Th1/Th2) ratio

(O). D: 1L-17A™/" mice had augmented splenic

mRNA expression of T-bet and, to a smaller degree,

GATA-3 on day 6. *P < 0.05, *P < 0.01, and **P <
0.001.
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Figure 8. Th1, Th2, and Th17 responses in WT and IL-23p19~/~ mice on day 21. IL-23(p19)™/~ mice had decreased production of IL-17A by antigen-challenged
splenocytes (A) and reduced expression of IL-17A mRNA in the kidney (B) compared with WT animals with GN. IL-17A mRNA was not detected in kidneys of
normal animals without the disease. The lack of IL-23(p19) caused a trend toward increased IFN-y (C) and decreased IL-4 (D) production by antigen-stimulated
splenocytes, resulting in an increased IFN-y/IL-4 ratio (E). *P < 0.05, *P < 0.01.

tween WT (23 = 1 umol/L) and IL-23p19~/~ (26 + 2 IL-17A (WT, 1.5% =+ 0.8% DCs; IL-23p19~/~ mice,
umol/L) mice. IL-23p19~/~ mice had enhanced numbers 1.4% * 1.0% DCs; IL-17A™/~ mice, 1.4% = 0.1% DCs).
of macrophages present in glomeruli compared with WT In correlation with DC expression of CD86, IL-17A~/~
mice (Figure 7C). Glomerular accumulation of CD4" T mice had decreased CD4* T-cell apoptosis, whereas a
cells and neutrophils (Figure 7C), as well as CD8* T cells trend toward reduced T-cell apoptosis was observed in
(not shown), was not affected by the lack of IL-23(p19). IL-23p19~/~ animals (Figure 9C). T-cell proliferation (Fig-

To show that IL-23 promotes Th17 responses in this ure 9D) and proportion of regulatory T cells (Figure 9E)
model, we measured IL-17A expression in WT and IL- were not significantly affected by IL-23 or IL-17A defi-
23p19~/~ animals on day 21. IL-23(p19) deficiency de- ciency.

creased the production of IL-17A by antigen-stimulated
splenocytes (Figure 8A). In the kidney, IL-17A mRNA was
not detected in normal animals without GN but was up- Absence of IL-12(p35) Attenuates
regulated in WT mice on day 21 of disease development. Crescentic GN

Mice lacking IL-23(p19) had significantly decreased re-
nal IL-17A mRNA expression compared with WT animals
on day 21 (Figure 8B).

IL-23p 19 deficiency caused a trend toward increased
IFN-+y (Figure 8C) and decreased IL-4 production by an-
tigen-challenged splenocytes on day 21 (Figure 8D),
shifting the IFN-y/IL-4 (Th1/Th2) ratio in IL-23p 19/~ mice
toward Th1(Figure 8E).

Our results suggest that IL-17A deficiency exacerbates
established crescentic GN by enhancing Th1 responses.
As further evidence that Th1 responses mediate crescen-
tic injury in this model, we examined how disease was
affected in mice lacking IL-12(p35), the key Th1-promot-
ing cytokine.** IL-12p35~/~ mice developed less severe
crescentic GN than WT animals on day 21 with reduced
glomerular crescent formation (Figure 10, A and D-G)
and serum creatinine levels (Figure 10C), as well as a

Lack of IL-23 or IL-17A Enhances DC Activation trend toward decreased proteinuria (Figure 10B; P =
and T-Cell Survival 0.08). IL-12p35~/~ mice also had significantly reduced
renal injury on day 14 as assessed by proteinuria (WT
DCs play a key role in the induction of T-cell immunity, mice, 14.8 = 1.5 mg/24 hours; IL-12p35~/~ mice, 8.5 +
and IL-23 and IL-17A can affect DC function.*?3 There- 1.1 mg/24 hours; P < 0.01).
fore, we examined how these cytokines affected DC ac- IFN-y production by antigen-stimulated splenocytes
tivation and T-cell responses in the spleen. DC activation was significantly decreased in IL-12p35~/~ compared
was significantly increased by the absence of IL-23(p19) with WT mice (Figure 11A). In contrast, IL-4 production
and, to a greater extent, IL-17A, as indicated by the was up-regulated in the absence of IL-12p35 (Figure
expression of major histocompatibility complex class |l 11B). This caused a marked reduction in the IFN-vy/IL-4
(Figure 9A) and CD86 (Figure 9B). The proportion of DCs (Th1/Th2) ratio in IL-12p35~/~ compared with WT mice
in the spleen was not altered by the absence of IL-23 or (Figure 11C).
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Figure 9. The effect of IL-17A or IL-23p19 deficiency on DCs and CD4™ T-cell responses. DC activation was increased by the lack of IL-23p19 and, to a greater
extent, IL-17A, as shown by the proportion of DCs in the spleen expressing major histocompatibility complex class II (A) and CD86 (B) 6 days after anti-GBM
globulin injection. C: Compared with WT animals, IL-17A™/~ mice had decreased CD4™ T-cell apoptosis, whereas a trend toward reduced apoptosis was observed
in IL-23p19~/~ mice. CD4™ T-cell proliferation (D) and the proportion of Tregs (E) were not significantly affected by IL-23p19 or IL-17A deficiency. AnV, Annexin
V; BrdU, bromodeoxyuridine; MHC-II, major histocompatibility complex class II; PI, propidium iodide; Tregs, regulatory T cells. *P < 0.05 versus WT; **P < 0.01
versus WT.
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Figure 10. Renal injury in WT and IL-12p35~/~ mice on day 21 of GN. Renal
injury was diminished by the lack of IL-12(p35), as shown by significantly
decreased glomerular crescent formation (A) and serum creatinine levels (C),
as well as a trend toward reduced proteinuria (B). D-G: Representative
photomicrographs of glomerular injury (assessed on Bouin’s-fixed paraffin-
embedded periodic acid Schiff-stained kidney sections) on day 21, showing
severe crescent formation in WT mice (D and F) and reduced disease in
IL-12(p35)~/~ animals (E and G). Original magnification: X200 (D and E);
X400 (F and G). *P < 0.05, ™P < 0.01.

To assess how IL-12(p35) affected Th17 responses,
we measured IL-17A secretion by antigen-challenged
splenocytes on day 21. As shown in Figure 11D, IL-17A
production was significantly increased by IL-12(p35) de-
ficiency.

Discussion

Crescentic anti-GBM GN has been previously shown to
be mediated by Th1 cells.*”#'92” More recently, the
Th17 (IL-17A-producing) pathway has also been impli-
cated in immune-mediated kidney injury.?=284° The cur-
rent studies provide novel insights into the role of IL-17A
during the development of crescentic GN. They define
the time course of IL-17A-mediated kidney damage and
delineate the relationship between Th1 and Th17 cells in
crescentic GN.

Here, we showed that during the early stage of anti-
GBM GN when the disease is still relatively mild (day 6),
IL-17A~/~ mice developed less severe renal injury than
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WT animals. This correlated with decreased renal expres-
sion of adhesion molecules (P-selectin) and chemokines
(RANTES, IP-10) and, subsequently, reduced glomerular
infiltration of CD4* T cells, macrophages, and neutro-
phils. These results, showing that IL-17A promotes early
kidney injury in anti-GBM GN by up-regulating renal ad-
hesion molecules/chemokines and, consequently, accu-
mulation of cellular effectors, are consistent with our re-
cently published studies that used IL-17A~/~ mice or
adoptively transferred Th17 cells which showed that the
Th17 pathway promotes early glomerular injury in auto-
immune and planted antigen models of GN.2%2” They are
also supported by a previous report showing that IL-
17A~’~ mice are protected from early (day 10) renal
injury in a similar model of anti-GBM GN.?®

However, the present studies show that, as the disease
evolved, protection from kidney injury was less evident
(on day 14) and eventually (on day 21) disease became
more severe in IL-17A~/~ mice. This correlated with a
progressive increase in glomerular accumulation of cel-
lular effectors (CD4™ T cells and macrophages) and re-
nal expression of adhesion molecules/chemokines as
time went on. On day 14, when more severe (crescentic)
disease developed and renal injury only tended to be
reduced in IL-17A~'~ mice, glomerular infiltration of
CD4™" T cells and neutrophils (which had been reduced
on day 6) was now similar between WT and IL-17A~/~
mice, correlating with renal expression of adhesion mol-
ecules (P-selectin) and chemokines (RANTES, IP-10)
which attract those cells into the kidney.®”~2° Macro-
phage accumulation in glomeruli was still reduced by the
lack of IL-17A on day 14, consistent with reduced renal
expression of macrophage-attracting adhesion mole-
cules (ICAM-1) and chemokines (MCP-1).363” However,
in association with decreased protection from renal in-
jury, macrophage infiltration was reduced in IL-17A/~
mice on day 14 to a much lesser extent than on day 6.
Further in disease development, when crescentic GN
was fully established (day 21), injury not only had com-
pletely caught up but also was more severe in IL-17A~/~
mice. This was associated with increased glomerular ac-
cumulation of effector CD4™ T cells (correlating with en-
hanced glomerular expression of P-selectin) and now
similar numbers of glomerular macrophages (correlating
with renal expression of ICAM-1 and MCP-1 which were
now similar or tended to be up-regulated, respectively, in
IL-17A~/~ animals). Collectively, these results show that
IL-17A promotes early renal injury but that its contribution
to kidney damage becomes less prominent as crescentic
GN develops and, eventually, it attenuates established
disease.

O

Figure 11. The effect of IL-12(p35) deficiency
on Thl, Th2, and Thl7 responses. Compared
T with WT animals, IL-12p35~/" mice had de-
creased IFN-vy (A) but increased 1L-4 (B) produc-
tion by antigen-challenged splenocytes, result-
ing in a diminished IFN-vy/IL-4 ratio (C). IL-17A
(D) production was up-regulated by the lack of
IL-12(p35).
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To explore mechanisms that may explain these effects
of IL-17A on the development of crescentic GN, we as-
sessed Th1 (and Th2) responses in WT and IL-17A~/~
mice throughout the course of the disease. Th1 and Th2
responses, which are well known to drive and attenuate
crescentic anti-GBM GN, respectively,”'? can be af-
fected by Th17 (IL-17A-producing) cells.?®2% In the pres-
ent study, the absence of IL-17A did not affect Th1 re-
sponses, but it did increase protective Th2 responses
early on (day 6), which may partly contribute to disease-
attenuating effects of IL-17A deficiency during the early
phase of anti-GBM GN. However, as time went on, the
lack of IL-17A enhanced Th1 (and to a lesser extent Th2)
responses at an increasing rate, correlating with effects
on disease outcome. The Th1/Th2 balance was eventu-
ally shifted toward the injurious Th1 on day 21, resulting in
exacerbated disease. These data suggest that IL-17A
promotes kidney injury without affecting Th1 immunity
during the early phase of anti-GBM GN. However, IL-17A
suppresses injurious Th1 responses later on in the devel-
opment of nephritogenic immunity, resulting in attenua-
tion of established crescentic disease. These results
were supported by data from animals deficient in
IL-23(p19), a cytokine that promotes Th17 mainte-
nance,'®'® which showed that decreased levels of IL-
17A (both systemically in the spleen and locally in the
kidney) in IL-23p19™~/~ mice were associated with a shift
toward Th1 responses and more severe crescentic GN
on day 21. Mechanistically, we showed that IL-17A limits
nephritogenic Th1 and, to a lesser degree, Th2 re-
sponses by down-regulating the expression of the tran-
scription factors, T-bet and GATA-3, respectively, that
promote the development of those Th cells. These find-
ings, indicating that IL-17A contributes to early, but at-
tenuates late GN by down-regulating Th1 responses, are
reminiscent of our recently published studies showing
that another cytokine, IL-27, has a similar (biphasic) role
to IL-17A in anti-GBM GN, promoting earlier, but sup-
pressing later GN through inhibition of Th1 responses.*®

IL-17A is also likely to have opposing roles in early and
established GN through its effects on neutrophils. It is
known that IL-17A stimulates initial neutrophil mobiliza-
tion and recruitment to inflamed tissues.*” In this model,
neutrophils are likely to promote renal injury more during
the early than the later phases of the disease because
they were more abundant in glomeruli on day 6 than on
days 14 and 21. On day 6, but not on day 14 or 21,
IL-17A~'~ mice had less neutrophils in glomeruli than WT
animals, suggesting that IL-17A promotes initial kidney
injury, in part, by enhancing early neutrophil recruitment
to the kidney. These observations are consistent with
published reports showing that transferred Th17-polar-
ized cells cause early tissue inflammation associated with
a predominant neutrophilic infiltrate in models of GN,
EAU, and experimental autoimmune encephalomyeli-
tis. 82748 Similarly, we have shown, in a model of anti-
myeloperoxidase GN, that IL-17A stimulates initial anti-
GBM Ig-triggered neutrophil recruitment to glomeruli and
causes injury.?®

In contrast to the current experiments, previous studies
that have shown a pathogenic role for the Th17 pathway

in experimental GN failed to identify a protective effect of
Th17 cells in kidney damage. In the two previous studies
in anti-GBM GN with the use of IL-17A~/~28 or retinoic
acid-related orphan receptor yt-deficient mice,* IL-17A/
Th17 cells were found to promote renal injury on day 10
or days 11 to 15, which is consistent with the findings of
our study. However, neither of those two previous studies
assessed immune responses and disease development
later on in disease development (day 21), the time at
which the protective effects of Th17 cells were identified
by the current investigations. Similarly, in a model of
anti-myeloperoxidase GN,?° the protective role of IL-17A-
producing cells was not shown, most probably, because
disease severity was assessed only 4 days after anti-
GBM Ig injection. In addition, in the experiments that
examined the role of retinoic acid-related orphan recep-
tor yt (Th17-defining transcription factor) in anti-GBM
GN,** mice were pre-immunized with heterologous
sheep globulin before administration of sheep anti-
mouse GBM Ig. In contrast to the current studies, this
“telescoped” model brings the heterologous (neutrophil-
mediated) and autologous (T-cell/macrophage-medi-
ated) phases of anti-GBM GN into overlap at the start of
disease induction. Because IL-17A contributes to renal
injury by playing a main role in promoting initial anti-GBM
Ig-triggered neutrophil recruitment to glomeruli,?® it may
be harder to separate the innate and adaptive effects of
IL-17A on disease development in an accelerated (pre-
immunized) model of anti-GBM GN. Furthermore, in an-
other planted antigen model of GN,?” in vitro-differentiat-
ed/pre-activated Th17 or Th1 cells were shown to induce
glomerular injury when transferred to Rag1~/~ mice
(which lack T and B cells). The protective role of IL-17A-
producing T cells was not identified in those studies
because the Th17 cells were transferred alone and,
therefore, could not exert their regulatory effects on Th1
cells. Those adoptive transfer studies,?” however, do pro-
vide supportive evidence for our findings by showing that
Th17 cells cause renal injury earlier than Th1 cells that
develop and act later in disease development.

Our results suggest that IL-17A inhibits established
crescentic anti-GBM GN by attenuating Th1 responses.
Numerous studies have shown that crescentic injury in
this model is driven by Th1 (and attenuated by Th2)
responses. Deficiency or blockade of IFN-vy, as well as
the lack of T-bet, resulted in suppression of dis-
ease.*"®1° |n contrast, IL-4 and IL-10 attenuated Th
responses and crescentic GN."'"'® In another planted
antigen model of GN, we have shown that adoptively
transferred antigen-specific Th1 cells into Rag1~/~ mice
cause crescentic injury.?” The present studies provide
further evidence that Th1 responses mediate crescentic
GN in this model by showing that mice deficient in IL-
12(p35), the key Thi-promoting cytokine,** have re-
duced Th1 responses and are protected from disease
development. In addition, increased production of IL-17A
in IL-12p35~/~ mice shows that Th1 responses counter-
regulate Th17 responses during the development of anti-
GBM GN.

Our findings showing that IL-17A suppresses nephri-
togenic Th1 responses are consistent with several stud-



ies in other organ systems. IL-17A~/~ mice developing
experimental autoimmune encephalomyelitis had in-
creased numbers of Th1 cells.?° Th1 responses and the
severity of colitis and graft-versus-host disease were also
increased in recipients of IL-17A-deficient T cells.?®24
Moreover, increased Th1 responses in recipients of IL-
17A~/~ T cells were observed at a later, but not early,
time point,®® supporting our results that show that IL-17A
inhibits Th1 responses later in the generation of nephri-
togenic immunity. IL-23 has also been reported to inhibit
Th1 responses and to attenuate colitis.** In addition,
studies that used mice lacking IL-23 or IL-17A showed
that these cytokines acted as negative regulators of Th1
responses in immunity against fungi.*® Th1 responses
were also augmented when IL-23 or IL-17A were blocked
with antibodies,*® showing that increased Th1 immunity
in IL-23p19~/~ and IL-17A~/~ mice is not observed only
in genetically deficient animals. Because IL-17A also in-
hibits Th1 differentiation in humans,®® our data suggest
that neutralization of IL-17A in patients might augment the
development of Th1-mediated diseases, including Th1-
driven forms of GN.

DCs play a key role in the generation of T-cell re-
sponses and can be affected by IL-23 and IL-17A.4243
Here, we showed that DC expression of CD86 was up-
regulated by the absence of IL-23(p19) and, to an even
greater extent, IL-17A. These results are supported by
previous studies showing that IL-17A and IL-23 can in-
hibit DC function in models of asthma and colitis.**3 In
association with DC expression of CD86, a costimulatory
molecule known to promote T-cell survival,®' IL-17A~/~
mice had decreased CD4*% T-cell apoptosis that, to-
gether with increased adhesion molecule (P-selectin)
expression, correlated with increased accumulation of
effector T cells in glomeruli on day 21. These results
suggest that another mechanism by which IL-17A atten-
uates crescentic GN is by inhibiting DC activation which
leads to decreased survival and accumulation of CD4™ T
cells in the target organ. Although most evidence sug-
gests that IL-17A suppresses T-cell responses by anti-
gen-presenting cells,?*%2 |L-17A could have also acted
directly on T cells, as has been reported in a model of
colitis.®3

IL-17A stimulates the production of MMPs, including
MMP-9, by various cells.**5® MMP-9 plays a protective
role in anti-GBM GN in mice by degrading fibrin, an
important mediator of crescentic injury in this model.>
Because intrarenal IL-17A expression is up-regulated on
day 21, IL-17A may affect MMP-9 expression in the kid-
ney. Indeed, the lack of IL-17A decreased renal MMP-9
expression which correlated with enhanced glomerular
deposition of fibrin. These results suggest that an addi-
tional mechanism by which IL-17A attenuates estab-
lished crescentic GN is by stimulating MMP-9 expression
and, therefore, limiting glomerular fibrin deposition.

In summary, the present studies have defined the time
course of IL-17A-mediated kidney damage and delin-
eated the relation between Th1 and Th17 cells in anti-
GBM GN. We have demonstrated that IL-17A promotes
early glomerular injury, but that its contribution to GN
development becomes less prominent as time goes on

The Role of IL-17Ain GN 1197
AJP September 2011, Vol. 179, No. 3

because of its suppressive effects on Th1 responses
which eventually result in exacerbation of disease. These
studies have also provided further evidence that Th1
cells mediate crescentic injury in this model and that Th1
and Th17 pathways antagonize each other during the
development of anti-GBM GN.
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