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ABSTRACT

Regulatory T cells (Tregs) exert their immunosuppressive activity through several immunoregulatory
mechanisms, including the production of anti-inflammatory cytokines such as IL-10. Although several
studies suggest a role for Tregs in modulating crescentic GN, the underlying mechanisms are not well
understood. Here, using IL-10 reporter mice, we detected IL-10—producing Foxp3* T cells in the kidney,
blood, and secondary lymphoid tissue in a mouse model of crescentic GN. Specific inactivation of 1/10 in
Foxp3™ Tregs eliminated the ability of these cells to suppress renal and systemic production of IFNy and IL-
17; these IL-10-deficient Tregs lost their capacity to attenuate renal tissue injury. These data highlight the
suppressive functions of Tregs in crescentic GN and suggest the importance of Treg-derived IL-10 in
ameliorating disease severity and in modulating both the Th1 and most notably Th17 immune response.
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The discovery of CD4"CD25 "Foxp3" regulatory T
cells (Tregs) in the 1990s and their indispensable
role in (self) tolerance and autoimmunity marked
the beginning of a new era in immunology.! Since
then, different suppressive mechanisms mediated
by various Treg cell subsets were identified,>? par-
ticularly in well studied models of autoimmune dis-
eases such as Crohn’s disease,* multiple sclerosis,”
or rheumatoid arthritis.>” Until now, only limited
numbers of studies have assessed the function of
regulatory T cells in crescentic GN. Adoptive cell
transfer experiments in mice showed the beneficial
role of exogenous wild-type (wt) CD4"CD25"
Tregs in attenuation of crescentic GN,3 whereas
CCR6- and CCR7-deficient CD4"CD25" Tregs
failed to protect mice against GN.%10 Recently,
our own published data revealed the importance
of endogenous Foxp3™ Tregs in suppressing the
Th1l immune response and consequently amelio-
rating the disease severity in the T cell-dependent
GN model of nephrotoxic nephritis (NTN).!!
Concurrently, Ooi and coworkers confirmed the
relevance of endogenous Foxp3™ Tregs in an accel-
erated model of experimental crescentic GN.!2
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However, the mechanisms of Treg cell-mediated
suppression in crescentic GN are still unclear. One
important player might be the anti-inflammatory
cytokine IL-10, which is known to be released by
Tregs in order to suppress immune responses and
therefore might protect against autoimmunity.!3
Indeed, endogenous IL-10 regulates the Thl
immune response in an accelerated model of ex-
perimental crescentic GN, as kidney damage is ag-
gravated in IL-10—deficient mice.'* However, the
source of protective IL-10 still needs to be clarified.
Because IL-10 detection and tracking in vivo
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is difficult, most findings are based on studies with IL- 107/~
mice.

Therefore, to study the cell-specific function of IL-10,
we used a double-knockin reporter mouse model (Foxp3-
IRES-mRFP (FIR) x IL-10 ires gfp-enhanced reporter
[tiger]), which enables detection of the well-defined and si-
multaneous expression of IL-10 (green fluorescent protein
[GFP]) and Foxp3 (monomeric red fluorescent protein
[mRFP]). Indeed, we detected a distinct population of renal
mRFP"(Foxp3") Tregs expressing GFP (IL-10) upon induc-
tion of NTN. Thus, to investigate the role of Treg cell-derived
IL-10 in NTN, we first adoptively transferred CD4"CD25"
Tregs from wt or IL-10~'~ mice into wt mice subsequently
challenged with nephrotoxic sheep serum. Adoptively
transferred wt Tregs attenuated the course of NTN,
whereas IL-10"'" Tregs did not. Furthermore, to analyze the
role of endogenous IL-10 produced by Tregs, we generated
Foxp3Y¥7-C x 111071 mice, in which IL-10 is selectively
inactivated in Foxp3" Tregs.!> Indeed, lack of Treg-derived
IL-10 resulted in an aggravated course of NTN. In summary,
we demonstrated a crucial role of Treg cell-derived IL-10 in
regulating the Th1l and most notably the Th17 immune re-
sponse in NTN. Hence, this study contributes to the under-
standing of the suppressive mechanisms of Tregs in crescentic
GN and will have biologic implications for designing therapeu-
tic approaches.
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RESULTS

Increased Mortality Rate and Disease Severity in IL-10-
deficient Mice

To investigate the role of IL-10 in the nonaccelerated model of
crescentic GN, we induced NTN in C57BL/6 IL-10-deficient
mice and wt mice. IL-10—deficient mice died within 72 hours
upon NTN induction, whereas all wt mice survived (Figure
1A). Hence, we performed further experiments with a lower
dose of the nephrotoxic serum (500 wl per mouse). Indeed,
half of the IL-10~/~ mice survived. Histologic analyses re-
vealed more severe glomerular and interstitial damage in sur-
viving nephritic IL-10~/~ mice compared with nephritic wt
mice, as shown by representative pictures of periodic acid-
Schiff (PAS)—stained kidney sections and quantification of
glomerular crescent formation (Figure 1, B and C). These
data correlate with an increased Thl and Th17 immune re-
sponse in the kidney of nephritic IL-10—deficient mice com-
pared with nephritic wt mice, as measured by flow cytometry
analysis (Figure 1, D and E), as well as in spleen quantified by
ELISA (Figure 1F).

Upregulated Renal and Systemic IL-10 Production by
Tregs of Nephritic Mice

To evaluate the relevance of IL-10 for regulation of crescentic
GN, we quantified the IL-10 expression level in renal tissue
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Figure 1. Protective role of IL-10 in the murine model of NTN. (A) Survival was monitored in wt versus |L-10-deficient mice upon NTN
induction (Kaplan-Meier survival analysis; P = 0.0001, log-rank test; n=24). (B) Representative photographs of PAS-stained kidney
sections and (C) quantification of glomerular crescent formation from nephritic IL-107/" and/or wt mice (400X magnification;
**P<0.01). (D and E) Renal single cell suspensions from wt and IL-10™'~ NTN mice were prepared for flow cytometry analysis. Cells
were gated on CD3"CD4" T cells and intracellular cytokine production of IFNy and IL-17 was measured. Representative dot plots and
quantification are depicted (**P<0.01; n>4). Numbers represent events in quadrants in percentage of all gated events. (F) Cytokine
secretion of IFNy and IL-17 by sheep IgG-treated splenocytes from nephritic wt and IL-107/" mice was measured by ELISA
(***P<0.0001). Results were obtained 7 days after NTN induction. Error bars represent standard error of the mean (SEM).
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upon induction of NTN in a time course experiment. Of note,
IL-10 mRNA expression was strongly upregulated in the au-
tologous phase from day 5 onward (Figure 2A). This corre-
lates with the time kinetics of Treg numbers in the kidney, as
previously shown in our NTN model.!! Furthermore, we
compared the immunosuppressive capacity of splenic CD4"
CD25" Tregs isolated from nephritic mice and their counter-
parts from healthy control mice and performed in vitro co-
culture experiments with naive CD4"CD25 responder T cells
(= Resp wt). Purified CD4"CD25" Tregs were also Foxp3™
(>95%, data not shown). ELISA analysis of the supernatants
indicated that Tregs from nephritic mice exhibited a more
pronounced regulatory phenotype because these Tregs re-
leased significantly more IL-10 upon single cultivation and
even induced a five-fold IL-10 release upon cocultivation
with naive CD4"CD25 responder T cells in contrast to Tregs
from healthy controls (Figure 2B). Moreover, cocultivation of
responder T cells from nephritic IL-10~/~ mice with Tregs
from nephritic wt mice revealed a significantly higher IL-10
production compared with cocultures of responder T cells
from wt NTN mice with Tregs from IL-10"/~ NTN mice.
These results identify CD4"CD25"Foxp3" Tregs as the main
source of IL-10 in coculture with responder T cells (Figure
20).

To validate these results in the target organ, namely the
kidney, and to detect IL-10—producing cell populations in vivo,
we used double-knockin reporter mice, which allow detection
of IL-10/GFP as well as Foxp3/mRFP (FIR x tiger mice).!® In-
deed, we measured a distinct population of GFP*(IL-10") and
mRFP*(Foxp3") double-positive cells in the murine kidney
7 days upon induction of NTN via flow cytometry (Figure 2,
D and E). The frequency of renal IL-10"Foxp3" Tregs signif-
icantly increased from 6.8% = 1% in non-nephritic FIR x tiger
mice (n=10) to about 14% = 1% in nephritic animals (n=14).
Similarly, a significant increase of IL-10"Foxp3* Tregs upon
NTN induction was detectable in blood (3% = 0.9% versus
6.9% = 1%), whereas frequencies were only slightly increased
in spleen (3.2% = 0.5% versus 4.2% = 0.3%) and renal drain-
ing lymph nodes (2.2% = 0.4% versus 2.8% * 0.3%). Ac-
cordingly, adoptive transfer experiments with Tregs from
IL-10"'" mice revealed that these cells failed to suppress
nephrotoxic nephritis (Supplemental Figure 1).

Detection of Renal IL-10-producing Helper T Cells,
Dendritic Cells, Macrophages and B Cells in Nephritic
Mice

Through use of IL-10 reporter (FIR x tiger) mice, the renal
IL-10 production of helper T (Th) cells (non-Tregs), dendritic
cells (DCs), macrophages, and B cells was analyzed via flow
cytometry 7 days upon induction of NTN (Figure 3). The
gating strategy is depicted. We detected a significantly higher
proportion of renal IL-10*CD4 " (Foxp3~) Th cells (Figure 3A),
as well as IL-10—producing CD11b*CD11c* DCs (Figure 3B),
CD11b*CD11c¢” macrophages (Figure 3B), and CD19" B cells
(Figure 3C), in nephritic IL-10 reporter (FIR x tiger) mice
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compared with healthy controls. This clearly shows that in
addition to Tregs, other cell populations are also capable of
producing IL-10 in the inflamed kidney. Frequencies of the
renal IL-10 producer were quantified (Figure 3D).
Cell-specific IL-10 Deletion in Foxp3YTF-cre x [I10flox/flox
Mice

In the next step, we analyzed the specific role of endogenous
IL-10—producing Tregs by the usage of Foxp3 ™ x [1101¥flox
mice. To generate a selective IL-10 gene inactivation in Foxp3™
Tregs, we bred 1110"°1°* mice harboring loxP sites with
Foxp3YF*“™ mice. Splenic YFP-Cre*(Foxp3") CD4™ T cells
and YFP-Cre (Foxp3") CD4" T cells from Foxp3™™" " x I11 pflox/wt
or Foxp3™™™ x 111071 mice were FACS-sorted to a high cell
purity in order to quantify the wt (I110""), the floxed undeleted
(I110"°*) and the recombined deleted (1110°""*) 1110 gene product.
The gating strategy is depicted in Figure 4A. Enriched splenic
CD4" T cells were stained with anti-CD3-APC and anti-CD4-
PE antibodies. CD3"CD4" T cells were further analyzed for
YFP (= Foxp3) expression. Analysis of sorted cells indicated a
purity of 95.3% (YFP*) and 98.1% (YFP’), respectively. Genomic
DNA was isolated from FACS-sorted YFP-Cre*(Foxp3") CD4"
T cells and YFP-Cre (Foxp3’) CD4" T cells. PCR analysis showed
an efficient deletion of IL-10 in YFP-Cre"CD4" T cells (= Foxp3*
Tregs) isolated from male Foxp3™™ - x 1110%°1°% mice, whereas
the I110%" gene product was absent in YFP-Cre'CD4* T cells (i.e.,
nonregulatory T cells). Moreover, we analyzed heterozygous
Foxp3*™C™ x 110%™ mice: YFP-Cre'CD4" T cells displayed
an intact I110"" and 11107 allele, whereas YFP-Cre " CD4" Tregs
exhibited an intact I110** and 1110°" allele (Figure 4B). In Figure
4C, the relative fluorescence intensities of the three PCR products
(IL-10%%) IL-10"%, and IL-10%") were quantified. The 1110%1°%
allele was deleted to about 90% in CD4"YFP* cells, whereas it
was still detectable and intact in CD4"YFP" cells, thereby demon-
strating the successful Treg cell-specific deletion of IL-10.

Aggravated NTN in Mice Lacking IL-10-producing
Tregs

We induced NTN in Foxp3*™*"¢ x 11107°/%°% and 1110/
mice. To quantify glomerular and tubular tissue damage, PAS-
stained kidney sections were evaluated as previously de-
scribed.® The frequency of glomerular crescent formation on
day 7 of NTN was significantly increased in Foxp3"™" <™ x
1110"°¥/1°% mice, which selectively lack IL-10—producing
Tregs, in contrast to IL-10—competent 111 ofox/lox hice (Figure 5,
A and B). This effect was more pronounced 14 days upon in-
duction of NTN (Figure 5C). Noteworthy, both untreated
Foxp3"FPcre 11101°1°% (data not shown) and I1101°%/flox
mice (Figure 5A) did not show any signs of tissue pathol-
ogy in the kidney per se, and nephritic Foxp3*™"“" mice and
1110™°1°% mice exhibited a similar degree of kidney damage
compared with nephritic wt mice, excluding significant pathologic
effects induced by the transgene (Figure 5A and data not shown).
Moreover, mice selectively lacking IL-10-producing Foxp3™
Tregs exhibited significantly elevated levels of albuminuria in
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Figure 2. IL-10 production is upregulated by Tregs upon NTN induction. (A) Quantitative real-time PCR analysis of renal IL-10 mRNA
expression in the time course of NTN. (B) 1 x10° splenic CD4"CD25™ responder T cells (Resp wt) were cultured without or with 1 x10°
splenic CD4*CD25" Tregs from non-nephritic wt controls (Tregs wt) or nephritic wt mice (Tregs wt NTN) and stimulated with plate-
bound anti-CD3 mAb for 72 hours. (C) Under the same conditions, responder T cells isolated from wt or IL-107'~ NTN mice were
cocultured with Tregs from wt or IL-10~/~ NTN mice. Secretion of the cytokine IL-10 was assessed in supernatants by ELISA (*P<0.05,
***P<0.0001). (D) Single cell suspensions of blood, spleens, renal lymph nodes, and kidneys from non-nephritic and nephritic IL-10
reporter (FIR x tiger) mice were prepared and analyzed by flow cytometry at day 7 upon NTN induction. Gating strategy is depicted, as
exemplified in blood. Cells were further analyzed for mRFP (Foxp3) and GFP (IL-10) expression. Representative dot plots are depicted.
Numbers represent events in quadrants in percentage of all gated events. (E) Quantification of IL-10-producing CD4"Foxp3* Tregs.
LN, lymph node. (*P<0.05, ***P<0.0001). Error bars represent standard error of the mean (SEM).
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Figure 3. IL-10-producing T cells, B cells, DCs and macrophages infiltrate the inflamed kidney. Renal single cell suspensions from non-nephritic
and nephritic IL-10 reporter (FIR x tiger) mice were prepared and analyzed by flow cytometry 7 days after NTN induction. Cells were gated on
the appropriate cell surface markers for (A) Th cells (CD4"RFP7), (B) DCs (CD11b"CD11c"), (B) macrophages (CD11b*CD11¢7), and (C) B cells
(CD37CD19") and further analyzed for GFP (IL-10) expression. Representative dot plots are depicted. Numbers represent events in quadrants in
percentage of all gated events. (D) Quantification of renal IL-10—producing cells (*P<0.05, **P<0.01, ***P<<0.0001). Error bars represent
standard error of the mean (SEM).
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comparison with IL-10—competent mice 14 days upon induction of
NTN (Figure 5C). Again, this clinical measure was less prominent
on day 7 (Figure 5B). Levels of BUN showed no significant
difference between nephritic 11107°1°% and Foxp3*FP-¢re x
1110719 mice (data not shown). Nevertheless, Foxp3
111071 mice exhibited an aggravated course of NTN.

To exclude an influence on Foxp3 expression in Foxp3™™ <" x
11101°9%°% mice due to the transgene, we quantified the num-
ber of Foxp3" cells in Foxp3" "™ x 1110791 and J110%0%/ox
mice by histologic staining of Foxp3. Indeed, the numbers
of Tregs were similar in both Foxp3Y™"-¢™ x 11101°¥/1°% and
1110"¥/1°% mice verifying the intact expression of Foxp3 in
Tregs lacking IL-10 (Figure 5, D and E). Hence, renal Treg
frequency is unaffected. Therefore, aggravated kidney dam-
age in Foxp3Y™P-Cre x 11107°¥/1°% mice resulted from qualita-
tive rather than from quantitative differences in the Treg
compartment.

YFP-C
re o
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Increased Renal IFNy and IL-17 Response and
Augmented Systemic Inmune Response in Mice with
Selective Deletion of Treg-derived IL-10

To evaluate the renal T helper cell response in Foxp3*™" <™ x
1110%°1° mice 7 and 14 days upon NTN induction, we per-
formed intracellular cytokine staining in renal CD4" T cells
after in vitro stimulation with PMA/ionomycin. Indeed,
Foxp3YFPCre x 11101°/1°% mice showed an increased renal
Th1 and Th17 immune response in contrast to 11101 mice,
as measured by flow cytometry (Figure 6, A-D). Of note, besides
the slightly increased frequency of renal IFNy*CD4" T cells, the
number of renal IL-17" and IL-17"IENy* double-positive
CD4" T cells was strikingly elevated in Foxp3*™¢™ x 111011
mice. In line with this, [FN+y and especially IL-17 mRNA expres-
sion levels were strongly increased in kidney tissue isolated from
nephritic mice lacking IL-10—producing Tregs (Figure 6, E and F).
The increased Th17 immune response in Foxp3*T ¢ x J1101¥/flox
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Figure 5. Aggravated nephrotoxic nephritis in mice lacking IL-10-producing Tregs. (A) Representative photographs of PAS-stained
kidney sections (400X magnification). (B and C) Quantification of glomerular crescents of non-nephritic 1110%°%f°% control mice and
nephritic 1110711 and Foxp3"™Cre x 111019/ mice and quantification of albumin-to-creatinine ratio was performed (*P<0.05,
**P<0.01). (D) Kidney sections of nephritic 111071 and Foxp3'TF-<" x 11101°1°* mice were stained for the Treg-specific transcription
factor Foxp3 and (E) numbers of Foxp3™ cells per low-power field (100X magnification) were determined (*P<0.05, **P<0.01). All
experiments were performed at days 7 and 14 after induction of NTN. Error bars represent standard error of the mean (SEM).
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Figure 6. Increased renal Th1 and Th17 immune response in nephritic mice lacking IL-10-producing Tregs. Renal single cell sus-
pensions from non-nephritic 1110721 control mice and nephritic 11107°1°* mice and nephritic Foxp3"™<® x 1101°1* mice were
stimulated in vitro with PMA/ionomycin 7 days (A and B) or 14 days (C and D) after NTN induction. Intracellular cytokine production of
IFNy and IL-17 was analyzed by flow cytometry. Representative dot plots are depicted. Cells are gated on CD4™ T cells, and numbers
represent events in quadrants in percentage of all gated events. The frequencies of IFNy—/IL-17-producing renal CD4* T cells were
quantified (*P<0.05, ***P<0.0001). (E and F) Total RNA was extracted from kidneys. Subsequently, quantitative real-time RT-PCR was
performed for IFNy, IL-17, RORyt, and CCRé expression 7 days or 14 days after NTN induction (*P<0.05, **P<<0.01, ***P<0.0001). The

expression levels are indicated as x-fold of non-nephritic 1701

mice was associated with expression of the Th17-specific tran-
scription factor RORyt and the Th17-relevant chemokine
receptor CCR6 (Figure 6, E and F). To investigate the role of Treg-
derived IL-10 regarding the systemic immune response in NTN,
splenocytes were isolated from Foxp3Y "™ x 11107°¥/1°% and
1110"¥1°* mice 7 or 14 days after induction of NTN and
stimulated in vitro with sheep IgG, the nephritogenic antigen.
Consistent with the results obtained in the inflamed kidney,
ELISA analysis of splenocyte supernatants indicated that lack of
Treg-derived IL-10 resulted in an elevated systemic IFNy and
IL-17 secretion in nephritic mice compared with NTN mice
with IL-10—competent Tregs (Figure 7A and Supplemental Fig-
ure 2A). Furthermore, we determined the IgG antibody response
directed against the nephritogenic antigen in serum samples by
ELISA for sheep IgG-specific mouse IgG subclasses. Specific de-
letion of IL-10 in Tregs resulted in significantly increased levels of

J Am Soc Nephrol 24: 930-942, 2013

control mice. Error bars represent standard error of the mean (SEM).

total IgG and the isotypes of IgG1, I1gG2a/c, and I1gG2b, which
was most evident for IgG1 and IgG2b (Figure 7B and Supple-
mental Figure 2B), correlating with an increased Th17 immune
response as previously shown.!” For demonstration that disease
induction by the nephrotoxic serum was not influenced by the
transgene, we performed semi-quantitative analysis of glomer-
ular sheep/mouse IgG and complement factor C3 deposition,
which showed no differences between nephritic /1071 mice
and Foxp3"F7C™ x 111071 mice (Supplemental Figure 3, 14
days upon NTN induction).

DISCUSSION

Regulatory T cells exhibit a wide repertoire with respect to their
immunosuppressive mechanisms.!318 Under steady-state
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Figure 7. Enhanced systemic Th1 and Th17 immune response in nephritic mice lacking
IL-10-producing Tregs 7 days after NTN induction. (A) Cytokine secretion of IFNy and
IL-17 in supematants of cultured and sheep IgG-treated splenocytes from non-nephritic
11101/ control mice and nephritic 111071 mice and Foxp3TFC™ x 11101/ mice
was measured by ELISA (*P<0.05, **P<0.01). (B) Circulating titers of mouse antisheep
total IgG and isotypes of IgG1, IgG2a/c, and IgG2b were measured in sera by ELISA
(*P<0.05, **P<0.01, ***P<<0.0001). Serum was diluted as indicated. All analyses were
performed 7 or 14 days after NTN induction. Error bars represent standard error of the

mean (SEM).

conditions, Tregs are thought to suppress T cells by depriva-
tion of activation signals and consumption of IL-2, whereas
under inflammatory conditions Tregs are activated or induced
and obtain further suppressive mechanisms.!® These induced
Tregs (iTregs) might create an immune-regulatory environ-
ment mediated by IL-10 and/or TGF-B, which results in
antigen-specific as well as bystander immunosuppression.
Here, we describe a protective role of IL-10—producing
Tregs in a murine model of crescentic GN. Very recently, we
and others demonstrated that systemic depletion of endoge-
nous Foxp3™ Tregs resulted in exacerbation of glomerular
crescent formation and mouse antisheep IgG antibody pro-
duction as well as in enhanced systemic and renal IFNy pro-
duction.!>12 However, up to now little has been known about
the suppressive mechanisms mediated by Tregs and their be-
havior in renal inflammation. Recently, Eller et al. showed that
Treg-derived IL-9 mediated the recruitment of anti-
inflammatory mast cells into kidney-draining lymph nodes
in NTN.!® Furthermore, Tregs were shown to protect against
renal ischemia-reperfusion injury through IL-10-mediated
suppression.29 Total IL-10—deficient mice showed an
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aggravated phenotype in accelerated and
nonaccelerated NTN (Kitching et al.l4
and our own observations) and renal
IL-10 expression is strongly upregulated
in wt mice upon NTN induction, indicat-
ing the protective function of endogenous
IL-10 during NTN. Although innate IL-10
might be more critical for survival (mice
died in the early phase of NTN), we inves-
tigated the role of Treg-derived IL-10 be-
cause its protective function in the
inflamed kidney as well as therapeutic ap-
proaches are largely unknown and detec-
tion via flow cytometry is difficult. Indeed,
IL-10—producing Tregs were clearly detect-
able in the kidney as well as in blood and
secondary lymphoid organs in IL-10 re-
porter (FIR x tiger) mice. Frequencies of
IL-10" Tregs were significantly increased
in kidney and blood upon NTN induction.
During intestinal inflammation, it is well
known that IL-10 released by Tregs plays
an essential role,21-23 which was confirmed
by the use of 111071°% x Foxp3Y*""“* mice
carrying endogenous Treg cell-specific de-
ficiency of IL-10.1°

To investigate the role of endogenously
Treg-derived IL-10 release during GN, we
also generated Foxp3™™" < x [1107°1°% mice
and, indeed, observed aggravated kidney
damage upon induction of NTN. This
clearly identifies the release of Treg-derived
IL-10 as an important mechanism of regu-
lating the proinflammatory Th1/Th17
response during NTN. It has to be emphasized that our experi-
ments were performed at the age of 8—10 weeks in order to
exclude any influence due to spontaneous colitis development
in aged 111019 x Foxp3YF""" mice.!5 Furthermore, we
confirmed the importance of Treg-derived IL-10 by demon-
strating that adoptively transferred IL-10—deficient Tregs did
not exert any suppressive and thereby protective function in
nephritic mice (Supplemental Figure 1).

A recent study demonstrated that IL-10 is required to
maintain Foxp3 expression because Tregs lacking the IL-10
receptor lost their Foxp3 expression.2* However, there are
controversial results since Chaudhry and coworkers did not
detect any differences in Foxp3 expression by IL-10R—deficient
Foxp3" Tregs.2> Moreover, it is postulated that IL-10 released
by Tregs acts in an autocrine manner in order to self-regulate
and expand Tregs themselves.!8-23:24.26 Therefore, to exclude
any influence of IL-10 deficiency with respect to Foxp3 sta-
bility, we determined the number of Foxp3™ Tregs in the
inflamed kidney by immunohistochemistry. Of note,
the numbers of renal Tregs were similar both in nephritic
Foxp3YFP-Cr x 1110%°/1°% and 1110°°* mice, verifying the
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intact expression of Foxp3 in Tregs lacking IL-10. Thus, ag-
gravated kidney damage in Foxp3™"* "™ x 11107°/%°* mice re-
sulted from qualitative rather than quantitative differences in
the Treg compartment.

These qualitative differences particularly affected the Th17
response. Both transfer of IL-10—deficient Tregs as well as use
of Foxp3¥ <™ x 11107/ mice resulted in more pronounced
IL-17 expression in the inflamed kidney and IL-17 release by
splenocytes. This finding suggests a selective suppression pat-
tern of IL-10—producing Tregs with respect to the Th17
immune response. We have recently demonstrated that Treg-
pool depletion neither increased the local Th17 response in
the kidney nor induced the systemic IL-17 production. How-
ever, the Th1 immune response was predominantly affected in
these nephritic DEREG (DEpletion of REGulatory T cells)
mice.!! The importance of IL-10 signaling in Tregs with re-
spect to selective control of the Th17-mediated inflammatory
process has already been investigated in the intestine.2>—27
Chaudhry and colleagues demonstrated that ablation of the
IL-10 receptor in Treg cells resulted in dysregulation of the
Th17 response, followed by the spontaneous development of
severe colitis.?> Additionally, Huber and coworkers showed
that IL-17A—producing CD4" T cells express the IL-10 recep-
tor. Subsequently, specific blockade of the IL-10 signaling in
T cells resulted in an increased frequency of IL17A" and
IL-17AIFNy" CD4" T cells during intestinal inflamma-
tion.2” These observations are in line with our results in the
murine model of GN because lack of Treg-derived IL-10 led to
higher numbers of both renal IL-17" and IL-17"TFNy" CD4"
T cells during NTN.

The differentially regulated Th17 immune response in
nephritic mice with either systemic Treg depletion in our recent
study!! or with selective lack of IL-10—-producing Tregs in the
present study might be due to the plasticity of RORyt™ Th17
cells and Foxp3* Tregs. Indeed, several studies in humans and
mice have identified cell subsets, which coexpress the Treg
master transcription factor Foxp3 and the Th17 cell-related
transcription factor RORyt.28:29 Therefore, RORyt "Foxp3™
double-positive cells, which might differentiate into Th17 cells
under inflammatory conditions, could have been depleted in
DEREG mice upon injection of diphtheria toxin in our recent
study. In line with this, we were able to detect a distinct renal
Foxp3'IL-17" T cell population in nephritic mice via flow
cytometry (data not shown). This might explain why we ob-
served an upregulation of the Th1 rather than the Th17 im-
mune response in DEREG mice.!! In contrast, Foxp3YFP'Cre X
11101 mice lack only IL-10-producing Tregs, whereas the
frequency of Foxp3™ cells is still unaltered. Hence, RORyt"
Foxp3™" double-positive cells are still present in these mice and
might potentially differentiate into RORyt"CCR6" Th17 cells
under pathogenic conditions. In general, CD4" T cell plasticity/
stability has a greater effect on the course of inflammatory dis-
eases than previously thought. Further experiments are clearly
needed to address this point in more detail, such as by using
recently established IL-17 fate reporter mice.3°
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Furthermore, we reemphasize that F())gt).?YFP’C”e x J0flox/flox
mice as well as recipient mice in transfer experiments still
harbor a large proportion of IL-10" immune-regulatory cells
other than Tregs, as shown by own (Figure 3, A-D) and other
observations. Thus, innate (e.g., DCs, macrophages) as well as
adaptive immune cells (B cells and CD4" Th cells [non-Tregs])
might influence the course of inflammatory reactions by pro-
ducing IL-10.31-3> Further studies using the FIR x tiger mice as
well as the Cre/loxP system are intended to study the potential
role of these cells in more detail.

In summary, our study provides the first evidence for an
important role of endogenous Treg-derived IL-10 in the
immune regulation of crescentic GN. Of note, the Thl and
Th17 immune response during NTN is differentially regulated
by distinct subsets of Tregs. IL-10—producing Tregs mainly
influence the regulation of IL-17-releasing CD4" effector
T cells, whereas systemic depletion of Foxp3™ cells resulted
in a strongly increased pathogenic Thl cell response. These
data might be helpful for the development of Treg-based treat-
ment strategies in the future.

CONCISE METHODS

Animals
IL-10—deficient gene knockout mice (IL-10~/~ mice)3¢ were origi-

nally obtained from Janvier (Le Genest-St-Isle, France) and bred in
the animal facilities of the University Medical Center Hamburg-
Eppendorf. I1107°¥%°% mice were kindly provided by Axel Roers
(Institute of Immunology, TU Dresden, Germany)3” and Foxp3™™* <™
mice by Alexander Y. Rudensky (Howard Hughes Medical Institute
and Immunology Program, Sloan Kettering Institute, New York,
USA). Foxp3¥™¢ mice and I1107°1° mice were crossed to gen-
erate Foxp3™"* "™ x 1110°°/°* mice (C57BL/6 background) as pre-
viously described.!> Double-knockin Foxp3-IRES-mRFP (FIR) x
tiger mice'® and sex-/age-matched (8—10 weeks old) C57BL/6 wt
controls were bred in the animal facilities of the University Medical
Center Hamburg-Eppendorf. Animals received humane care ac-
cording to guidelines of the National Institutes of Health in
Germany. Experiments were approved by the institutional review
board, Behorde fiir Soziales, Familie, Gesundheit und Verbraucher-
schutz (Hamburg, Germany; approval code G09/122).

Animal Treatment and Functional Studies
NTN was induced in mice by intraperitoneal injection of 500-650 ul

of nephrotoxic sheep serum per mouse. Controls received an equal
amount of nonspecific sheep IgG. Blood samples for assessment of
systemic antibody response were obtained at the time of sacrifice. For
urine sample collection, mice were housed in metabolic cages for
6 hours. Urinary creatinine was measured by standard laboratory
methods. Albuminuria was determined by standard ELISA analysis
(mice-albumin kit; Bethyl Laboratories). In adoptive transfer ex-
periments, splenic CD4"CD25" Tregs (1X 10°) isolated from naive
IL-10"'" or wt mice were injected intravenously into wt mice 1 day
before NTN induction.
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PCR Analysis and Agarose Gel Electrophoresis

Genomic DNA from splenocytes (2% 10° cells) was isolated using an
AllPrep DNA/RNA Micro Kit (Qiagen, Hilden, Germany), and 20 ng
of template DNA was used for further PCR analysis. The standard
PCR protocol was performed regarding primer pairs and their char-
acteristics. For detecting of IL-101°% or IL-10"" alleles and the IL-10
allele lacking excised floxed fragment (IL-10%""%), primers were used
as described elsewhere.!> The 60S acidic ribosomal protein PO
(RPLPO; primer pair 5'-TGCCACACTCCATCATCAAT-3" and 5'-
CGAAGAGACCGAATCCCATA-3") was used as loading control to
ensure loading of equal amounts of template. DNA fragments were
separated and analyzed by agarose gel electrophoresis. The relative
fluorescence intensity of the PCR products was quantified using Im-
age Lab software (Bio-Rad, Munich, Germany).

Real-time Qualitative RT-PCR Analysis
Total RNA was isolated with a Total RNA Isolation Kit (Macherey-

Nagel, Diiren, Germany) and reverse-transcribed, followed by qual-
itative RT-PCR using Biorad CFX96 real-time system and ABsolute
QPCR SYBR mix (Thermo Fischer). Primer pairs were used as de-
scribed previously.>!! Relative mRNA levels were calculated after
normalization to 18S rRNA using CFX96 Manager software.

Morphologic Examinations
Light microscopy and immunohistochemistry were performed by

routine procedures.!! Briefly, crescent formation was assessed in 30
glomeruli per mouse in a blinded fashion in PAS-stained paraffin
sections. Paraffin-embedded sections (2 wm) were also stained with
an antibody directed against Foxp3 (FJK-16s, eBioscience, San Diego,
CA), sheep or mouse IgG (Jackson ImmunoResearch Laboratories
Europe Ltd., Newmarket, United Kingdom), or complement factor
C3 (Cappel Laboratories, Organon Teknika, West Chester, PA). For
quantification of Foxp3* Tregs, at least seven low-power fields (100X
magnification) were counted. Glomerular deposition of sheep IgG,
mouse IgG, and C3 was scored from 0 to 3 in 30 glomeruli per mouse
as previously described.38

Antigen-specific Humoral Immune Response
Mouse antisheep IgG antibody titers were measured by ELISA, as

previously shown!! using sera collected at the time of sacrifice. Bound
mouse IgG was detected using peroxidase-conjugated goat antimouse
IgG (Biozol, Eching, Germany), and immunoglobulin isotypes were
detected using peroxidase-conjugated rabbit antimouse IgG1, IgG2a/c,
and IgG2b antibodies (Zymed-Invitrogen, Karlsruhe, Germany).

Leukocyte Isolation from Various Tissues
Previously described methods for leukocyte isolation from murine

kidneys were used.®*° In brief, kidneys were finely minced and di-
gested for 40 minutes at 37°C with 0.4 mg/ml collagenase D (Roche,
Mannheim, Germany) and 0.01 mg/ml DNAse I in RPMI 1640 me-
dium supplemented with 10% heat-inactivated FCS (Invitrogen).
Cell suspensions were filtered through 70- and 40-um nylon meshes
and washed with HBSS without Ca** and Mg** (Life Technologies
GmbH, Darmstadt, Germany). Single-cell suspensions of spleens and
renal lymph nodes were prepared according to standard laboratory
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procedures.!! Viability of the cells was assessed by trypan blue stain-
ing prior to flow cytometry.

Flow Cytometry

Leukocytes were stained using a standard protocol. For T cell differen-
tiation, isolated cells were stained with anti-CD3 (APC, eBioscience, San
Diego, CA), anti-CD4 (APC-AlexaFluor750), and anti-CD45 (PerCP;
both Becton Dickinson, Heidelberg, Germany) upon a blocking step.
Staining of intracellular IFNy, IL-17, and Foxp3 was performed as de-
scribed previously.! 40 In case of FIR x tiger mice, intracellular Foxp3 and
IL-10 expression were determined via mRFP or GFP expression, respec-
tively. Staining of CD11b, CD11c, and CD19 was performed as described
previously.#! Data were recorded using BD LSRII Flow Cytometry sys-
tem and BD FACSDiva software. Moreover, splenocytes from hemi-
YFP-Cre ¥ 11107°91°% mice or heterozygous Foxp3™™"“™ x
110%™ mice were sorted using an FACS Aria III cell sorter.

zygous Foxp3

Isolation and Culture of Splenic CD4*CD25" Tregs and

Responder T Cells
Spleens were excised from C57BL/6 wt or IL-10~/~ mice 7 days after

induction of NTN, and from healthy controls and passed through
100-um nylon meshes. Sorting procedures were carried out by mag-
netic-activated cell sorting according to the manufacturers’ instruc-
tions (MACS CD4" T-Cell-Isolation Kit; Miltenyi Biotec, Germany).
Briefly, CD4" T cells were enriched using a biotinylated antibody
cocktail depleting all other blood cell types and antibiotin microbe-
ads. CD4"CD25" T cells were isolated by positive selection using
PE-labeled anti-CD25 mAb and anti-PE microbeads. Purity and in-
tracellular Foxp3 expression was controlled by flow cytometry. We
cultured 1X10° wt responder T cells (CD4"CD25") isolated from
healthy mice alone or with 1X10° CD4"CD25" Tregs from nephritic
wt or healthy controls for 72 hours in 96-well plates precoated with
anti-CD3 mAb (5 ug/ml; clone 145-2C11, BD Biosciences). Under
the same conditions, responder T cells isolated from nephritic wt or
IL-10~"" mice were cocultured with Tregs from nephritic wt or IL-10~/~
mice. IL-10 concentrations were measured in supernatants by ELISA.

Statistical Analyses
Results are expressed as mean = SEM. Differences between individual

experimental groups were compared by ¢ test. In case of multiple
comparisons, one-way ANOVA with post analysis by Tukey-Kramer
test was used. Experiments that did not yield enough independent
data for statistical analysis because of the experimental setup were
repeated at least three times.
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