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BACKGROUND AND PURPOSE
The adaptive immune response and IL-17A contribute to renal damage in several experimental models of renal injury.

EXPERIMENTAL APPROACH
To evaluate the role of the adaptive immune response, 5/6 nephrectomy was performed in wildtype DBA/1J mice and in
recombination-activating gene-1 (RAG-1) deficient mice that lack B and T-cells. To assess the role of IL-17A, we carried out 5/6
nephrectomy in IL-17A deficient mice. Flow cytometric analysis, immunohistochemistry and RT-PCR were used.

KEY RESULTS
Infiltration of CD3+ T-cells in the remnant kidney was increased after 5/6 nephrectomy in wildtype mice, along with a robust
induction of IL-17A production in CD4+ T and γδ T-cells. After 5/6 nephrectomy, wildtype mice developed albuminuria in the
nephrotic range over 10 weeks. This was accompanied by severe glomerular sclerosis and tubulointerstitial injury, and as well as
renal mRNA expression of markers of inflammation and fibrosis (the chemokine CCL2, plasminogen activator inhibitor-1; PAI-1
and neutrophil gelatinase-associated lipocalin; NGAL). Unexpectedly, RAG-1 deficient mice and IL-17A deficient mice developed
renal injury, similar to that in wildtype mice. No differences were found for albuminuria, glomerular sclerosis, tubulointerstitial
injury and mRNA expression of CCL2, PAI-1 and NGAL. Mortality did not differ between the three groups.

CONCLUSIONS AND IMPLICATIONS
Numbers of CD3+ T-cells and IL-17A+ lymphocytes infiltrating the kidney were increased after 5/6 nephrectomy. In contrast to
other experimental models of renal injury, genetic deficiency of the adaptive immune system or of IL-17A did not attenuate
induction or progression of chronic kidney disease after 5/6 nephrectomy.

LINKED ARTICLES
This article is part of a themed section on Immune Targets in Hypertension. To view the other articles in this section visit http://
onlinelibrary.wiley.com/doi/10.1111/bph.v176.12/issuetoc

Abbreviations
CKD, chronic kidney disease; FoxP3, forkhead box P3; FSC, forward scatter; GR1, granulocyte receptor 1; NGAL, neutrophil
gelatinase-associated lipocalin; PAI-1, plasminogen activator inhibitor-1; PAS, periodic acid–Schiff; RAG-1, recombination-
activating gene-1; SSC, side scatter; Treg, regulatory T-cells
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Introduction
Recent data suggest that chronic kidney disease (CKD) is
not only mediated by haemodynamic injury but also by
innate and adaptive immune responses (Lehners et al.,
2014). Development of CKD is accompanied by T-cell
accumulation in the kidney and immunosuppressive
therapies directed against T-cells restrict disease (Fujihara
et al., 1998), but the mechanisms causing inflammation
in CKD remain elusive. Moreover, which cell population
causes the renal injury is not well-defined. We recently
described a massive infiltration of CD3+ T-cells in the
remaining kidney after 5/6 nephrectomy (Lehners et al.,
2014); The technique of 5/6 nephrectomy is an excellent
experimental model of human CKD, because it
reproduces many features, including loss of renal
function, proteinuria, glomerular and tubulointerstitial
lesions, which are characteristic for the evolution and
progression of human kidney disease. Over the last
50 years, this model has led to the discovery of key
pathophysiological pathways as well as to the design of
therapeutic strategies to slow the progression of CKD,
such as the widely clinically used renin-angiotensin
inhibitors (Anderson et al., 1986).

The recombination-activating gene-1 (RAG-1) is essen-
tial to the generation of B and T lymphocytes, the two
cell types that are crucial components of the adaptive im-
mune system. Therefore, RAG-1 knockout mice can be
used to evaluate the role of the adaptive immune system
in models of disease. In 2005, a novel T helper cell subset
that produces the unique cytokine IL-17, designated
TH17 cells, was described. IL-17A is the most widely
expressed member of the IL-17 family and has been
implicated in the pathogenesis of many inflammatory
diseases, such as rheumatoid arthritis, psoriasis, multiple
sclerosis, asthma and inflammatory bowel disease (Krebs
and Panzer, 2018; Krebs et al., 2017; Veldhoen, 2017).
In addition, a causative role of IL-17A has been shown
in hypertension (Norlander et al., 2016; Saleh et al.,
2016), glomerulonephritis (Paust et al., 2009) and other
renal disease models such as cyclosporine and
cisplatin induced renal injury (Chan et al., 2014;
Chiasson et al., 2017). It is of interest that deficiency or
inhibition of IL-17A was protective in all the models.
An increased frequency of TH17 cells has been described
in progressive renal fibrosis (Mehrotra et al., 2015).
However, the causative role of IL-17A in CKD induced
by 5/6 nephrectomy is unknown.

Most mice strains are resistant to 5/6 nephrectomy
(Ma and Fogo, 2003; Viau et al., 2010). We and others
have recently described that FVB/N mice develop severe
renal injury in response to 5/6 nephrectomy (Benndorf
et al., 2009; Fraune et al., 2012; Lehners et al., 2014). In
the present study, we used mice of the DBA/1J strain and
describe for the first time (i) that this strain also develops
severe renal injury after 5/6 nephrectomy, (ii) that renal
injury is accompanied by a robust invasion of the rem-
nant kidney by IL-17A producing γδ T-cells and CD4+

T-cells, but (iii) that neither B cells, T-cells nor IL-17A
are required for the full development of renal damage af-
ter 5/6 nephrectomy.

Methods

Mice and experimental groups
All animal care and experimental procedures have been
approved by the local animal committee and were in accord
with national and institutional animal care guidelines.
Animal studies are reported in compliance with the ARRIVE
guidelines (Kilkenny et al., 2010; McGrath and Lilley, 2015).
IL-17A deficient (IL-17A�/�) mice were provided by Y.
Iwakura (Nakae et al., 2002). IL-17A�/� and RAG-1�/� were
backcrossed for at least 10 generations with DBA/1J mice, as
previously described (Hünemörder et al., 2015). Experiments
were performed in male mice at an age of 10 to 12 weeks.

5/6 Nephrectomy
In total, 39 wildtype, 42 IL-17A deficient mice and 28
RAG-1 deficient mice were used in the study. Following
anaesthesia with isoflurane (induction 5%, maintenance
3%), a small flank incision was used to obtain retroperito-
neal access in order to expose the left kidney; 2/3 of this
kidney was removed as described earlier (Fraune et al.,
2012). For analgesia tramadol (10 mg/kg) was given subcu-
taneously at the time of surgery and three days in the
drinking water (1 mg/mL). The removed tissue was
weighed with a precision balance (ED153; Sartorius,
Germany). Fourteen days later, 5/6 nephrectomy was com-
pleted by contralateral uni-nephrectomy. One week after
the second surgery, urinary albumin and creatinine were
measured. Only mice with an albumin-to-creatinine ratio
over 0.5 mg·mg�1 (indicating successful induction of renal
disease) were included in the experiment. Age-matched,
untouched wildtype animals were used as the control
group (n = 8). At the end of the experiment, 12 weeks af-
ter the second nephrectomy, under deep anaesthesia with
isoflurane (5%) and tramadol (10 mg/kg, s.c.), heparinized
blood (20 IU heparin/mL) was withdrawn by cardiac punc-
ture and the remnant kidneys were removed for examina-
tion. In this model, some animals (8 WT; 6 RAG-1-/- and 9
IL-17A-/- mice) died within 1-2 days after the second ne-
phrectomy and the remainder of animals excluded
(Table 2) did not develop CKD (Lehners et al., 2014).

Albuminuria, plasma, urine
Mice were placed into metabolic cages for a 6 h urine
collection (Krebs et al., 2012, 2014) every second week after
the 5/6 nephrectomy. At the end of the experimental period,
animals were killed and blood collected, as described above.
Plasma urea-N and urinary creatinine were measured by an
autoanalyser (Hitachi 717; Roche, Mannheim, Germany).
Albumin in urine was measured by ELISA (Bethyl Laborato-
ries, Montgomery, USA).

Histopathological analysis
The remnant kidney tissues were fixed with 4% neutral buff-
ered formalin, embedded in paraffin and sectioned at 1 μm
thickness. Sections were then deparaffinized and stained for
light microscopy with periodic acid–Schiff (PAS) (renal tis-
sue). Glomerular injury was evaluated histologically using a
semiquantitative scale with 0 indicating no injury, 1 mild in-
jury in less than a third of the glomerular tuft, 2 damage of
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more than a third of the glomerular tuft and 3 damage of the
whole glomerulus. Under 200× magnification, 20 glomeruli
per animal were analysed (Fraune et al., 2012; Lange et al.,
2013). Glomerular size was measured with Axiovision LE
(Carl Zeiss MicroImaging, Jena, Germany). Renal infiltration
by CD3+ T-cells was examined immunohistochemically as
described (Krebs et al., 2014); 1.5 μm thick sections were
used. Cells were visualized immunohistochemically using
anti-CD3 antibodies (polyclonal antibody, product number
A 0452, DakoCytomation, USA), anti-forkhead box P3
(FoxP3) (eBioscience, Schwerte, Germany), anti-F4/80
(BMA Biomedicals, Augst, Switzerland) and anti-granulocyte
receptor 1 (GR1) (Ly6G, Hycult, Uden, The Netherlands).
For detection, ZytoChem-Plus AP Polymer kit was used
(Zytomed, Berlin, Germany). Infiltration of cells was
counted in 20 high power fields per section. Scoring was
performed in a blinded fashion.

Real-time quantitative RT-PCR
Total RNA from kidney cortex was isolated using the RNeasy
kit (Qiagen, USA). Real-time quantitative PCR was performed
using the Applied Biosystems ABI Prism system and SYBR
Green JumpStart taq Ready Mix (Sigma, Germany). Mouse-
specific PCR primers were used. The levels of mRNA expres-
sion in each sample were normalized to 18S rRNA expression
(Krebs et al., 2014).

Flow cytometry
Previously described methods for leukocyte isolation from
murine kidneys were used (Weiss et al., 2016). Kidneys were
minced and digested with collagenase D and DNase (Roche,
Mannheim, Germany) at 37°C for 45 min. To get a single
cell suspension, kidneys were then dissociated using the
gentleMACS Dissociater (Miltenyi Biotec, Bergisch Gladbach,
Germany) and centrifuged at 300× g at 4°C for 8 min. Percoll
gradient (37% Percoll; GE Healthcare, Chalfont St. Giles,
Great Britain) centrifugation was performed at 500× g at room
temperature for 20 min to further purify the cells. Subse-
quently, erythrocytes were lysed with ammonium chloride.
For flow cytometry analysis, fluorochrome-conjugated
antibodies were used (CD45 (30-F11), CD3 (17A2), CD4
(GK1.5), CD8 (53–6.7), γδTCR (GL3), NK1.1 (PK136)). For
intracellular staining, samples were processed using a com-
mercial intranuclear staining kit (FoxP3 kit; eBioscience).
Staining of intracellular IL-17A (TC11-18H10.1) and IFNγ
(XMG1.2) was performed as recently described (Krebs et al.,
2014). In brief, cells were activated by incubation for 4 h with
phorbol 12-myristate 13-acetate (50 ng·mL�1; Sigma)
and ionomycin (1 μg·mL�1; Calbiochem-Merck, Darmstadt,
Germany). After 30 min of incubation, Brefeldin A
(10 μg·mL�1; Sigma) was added. LIVE/DEAD staining
(Invitrogen Molecular Probes, Carlsbad, USA) was used to ex-
clude dead cells during flow cytometry. Absolute numbers of
cells in the kidney cell suspensions were determined by com-
paring the ratio of CD45+ cell events to counting bead events
(Countbright; Invitrogen Molecular Probes) by flow cytome-
try analysis. Number of cells were expressed per gram kidney
weight. Samples were acquired on a Becton & Dickinson
LSRII System using the Diva software. Data analysis was per-
formed with FlowJo (Tree Star, USA). After gating for single
cells by forward scatter (FSC)-W and FSC-A, followed by

gating for living cells, leukocytes isolated from the kidney
were determined via CD45 surface staining.

Data and statistical analysis
The data and statistical analysis comply with the recom-
mendations on experimental design and analysis in phar-
macology (Curtis et al., 2015). For the statistical analysis,
GraphPad Prism 6.01 was used. All data are expressed as
mean ± SEM. The Kolmogorov–Smirnov test was used to test
for normal distribution of the values. In case of normal dis-
tribution for multiple comparisons one-way ANOVA and
post hoc analysis by Newman–Keuls Multiple Comparison
test was performed. If the data were not normally distrib-
uted, Kruskall–Wallis with Dunn’s test was used. For com-
parison of two parameters, unpaired t-test for normally
distributed and Mann–Whitney test for not normally dis-
tributed parameters were used. Differences were considered
statistically significant at P < 0.05.

Nomenclature of targets and ligands
Key protein targets and ligands in this article are
hyperlinked to corresponding entries in http://www.
guidetopharmacology.org, the common portal for data from
the IUPHAR/BPS Guide to PHARMACOLOGY (Harding et al.,
2018), and are permanently archived in the Concise Guide
to PHARMACOLOGY 2017/18 (Alexander et al., 2017).

Results

Detection of TH17 cells in a model of CKD
As a first step, we measured IL-17A producing cells in the
kidneys of mice 2 weeks after 5/6 nephrectomy. The gating
strategy is shown in Figure 1. Cells were first plotted for gran-
ularity [side scatter (SSC-A)] and size (FSC-A) (Figure 1A).
Only single cells were gated by FSC-W and FSC-A
(Figure 1B). From these, only living cells were examined
(Figure 1C). Out of the living cells, lymphocytes were deter-
mined by SSC-A and CD45high expression (Figure 1D). Intra-
cellular cytokine staining was performed. IL-17A+ cells were
gated as shown in Figure 1E and F. Quantification revealed
that 0.75% of the renal CD45+ T-cells in control mice pro-
duced IL-17A, whereas this was increased 4.5-fold in mice af-
ter 5/6 nephrectomy (Figure 1G). Next, we examined which
cells expressed IL-17A and found that mainly CD4+ and γδ
T-cells were producing IL-17A, whereas CD8+ T-cells only
marginally produced IL-17A (Figure 1H). The increased per-
centage of IL-17A+ cells was significant for each of the three
cell types. IL-17A staining in NK cells and NKT cells was ex-
tremely low. The number of IFNγ+ T-cells was also increased
after 5/6 nephrectomy (Figure 1I).

Induction of CKD in wildtype, RAG-1 and
IL-17A deficient mice
CKDwas initiated by removal of around 2/3 of the left kidney.
The amount of kidney tissue removed was not different be-
tween wildtype, RAG-1 deficient and IL-17A deficient mice
indicating that the surgical procedure to induce renal injury
was identical in all groups (Table 1). Albuminuria increased
immediately after 5/6 nephrectomy. Some (about 20%) of
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themice die within 2 days after 5/6 nephrectomy and some of
the mice do not develop CKD, as shown previously by us
(Lehners et al., 2014). To avoid studying mice without renal
injury, mice with an albumin-to-creatinine ratio below 0.5-
mg·mg�1 one week after the second nephrectomy were ex-
cluded from the experiment. As shown in Table 2, the
number of excluded or dead mice was not significantly

different between the three groups. In addition, the number
of mice that died during the 12 weeks of observation did
not differ between the three groups.

Albuminuria
Albuminuria is shown in Figure 2 with logarithmic scaling.
Throughout the experiment, albuminuria was increased

Figure 1
Detection of IL-17A expressing lymphocytes in the kidney. Flow cytometry gating strategy of leukocytes isolated from the kidney, 2 weeks after 5/
6 nephrectomy (A–F). Intracellular cytokine staining revealed that 0.75% of the infiltrating CD45+ T-cells in control mice produced IL-17A,
whereas this was increased to 3.41% in mice after 5/6 nephrectomy (G). Mainly CD4+ and γδ T-cells produced IL-17A, whereas CD8+ cells only
marginally produced IL-17A. Compared to control mice, the increased percentage was significant for each of the three cell types (H). The number
of IFNγ+ cells was increased after 5/6 nephrectomy (I). Number of mice examined was controls n = 7, 5/6 nephrectomy n = 11. *P < 0.05, signif-
icantly different from control.
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but no differences between the three groups were found, at
any time point (Figure 2). IL-17A�/� mice on the DBA/1J
background have no basal renal phenotype (Hünemörder
et al., 2015). In addition, to exclude the possibility that that
RAG-1 deficient mice on the DBA/1J background have a re-
nal phenotype, the albumin/creatinine ratio was evaluated
in RAG-1 deficient mice before renal ablation and no differ-
ence was detected compared to wildtype controls (wildtype
0.51 ± 0.13 mg·mg�1, n = 12, RAG-1�/� 0.41 ± 0.03 mg·mg�1,
n = 24, P> 0.05).

Renal function, cholesterol and leukocytes
At the end of the experiment, 12 weeks after 5/6 nephrec-
tomy, plasma urea-N was increased, indicating reduced renal

function, but no difference was detected between the three
groups (Figure 3A). Plasma cholesterol levels were in-
creased, indicating that albuminuria was in the nephrotic
range, but again, no significant difference was found between
the three groups (Figure 3B). Flow cytometry analysis of leu-
kocytes isolated from the kidney revealed a significantly in-
creased number of CD3+ T-cells in wildtype mice after 5/6
nephrectomy compared to control mice, whereas no CD3+

T-cells were detected in RAG-1 deficient mice (Figure 3C and
D). Immunohistochemistry showed an increased frequency
of CD3+ T-cells in wildtype mice and no cells were found in
RAG-1 knockout mice. Interestingly, a smaller number of
CD3+ T-cells was found in the kidneys of IL-17A deficient
mice compared to wildtype mice after renal ablation. As
shown in Figure 3F, no CD3+ IL-17A+ lymphocytes were
detected in the kidneys of IL-17A deficient mice, confirming
the knockout of the gene as shown in the upper right square
of representative blots of a wildtype and an IL-17A�/� mouse.
To demonstrate that the relative increase of CD3+ T-cells, of
IL-17A+ and IFNγ+ cells reflected an increase in absolute cell
numbers, we added count beads during the isolation of cells
from the kidney. Absolute numbers calculated on the basis
of count beads showed similar results for relative and abso-
lute cell numbers (Supporting Information Figure S1A–D).
In addition, we also examined FoxP3+ CD4+ regulatory T-cells
(Tregs) and found these cells to be significantly up-regulated
in the kidney after 5/6 nephrectomy as shown in Supporting
Information Figure S1E. NK and NKT cells were evaluated in
the kidney by flow cytometry as shown in Figure 3G.
CD3�NKp46+ NK cells are shown in the circle and
CD3+NKp46+ NKT cells in the square. The numbers of renal
NK cells did not change after 5/6 nephrectomy in wildtype
and IL-17A�/� mice and were increased in RAG-1 deficient
mice (Figure 3H). NKT cells behaved like T-cells and were
increased in wildtype and IL-17A deficient and absent in
RAG-1 knockout mice (Figure 3I). The number of Treg cells

Table 1
Body and kidney weight

Wildtype RAG-1�/� IL-17A�/�

Body weight at surgery (g) 21.50 ± 0.50 22.16 ± 0.50 20.55 ± 0.63

Rel. removed kidney weight at surgery (mg·g�1) 3.24 ± 0.11 3.48 ± 0.09 3.20 ± 0.12

All data are expressed as mean ± SEM.

Table 2
Number of mice

Control Wildtype RAG-1�/� IL-17A�/�

All mice 8 39 28 42

Excludeda – 22 (56%) 16 (57%) 19 (45%)

Remaining 8 17 12 23

End of experiment 8 15 (88%) 9 (75%) 17 (74%)
aAlbumin-to-creatinine ratio <0.5 mg·mg�1 or death after surgery.

Figure 2
Albuminuria. Albumin/creatinine ratio 1, 3, 5, 7, 9 and 11weeks after
5/6 nephrectomy is shown with logarithmic scaling. Throughout the
experiment, albuminuria was increased, but no differences were
found between the three groups, at any time point.

A Rosendahl et al.

2006 British Journal of Pharmacology (2019) 176 2002–2014

http://www.guidetopharmacology.org/GRAC/LigandDisplayForward?ligandId=2718


Figure 3
Renal function, plasma cholesterol and inflammatory cells. At the end of the experiment, an increased plasma urea-Nwas found indicating reduced
renal function (A). Elevatedplasmacholesterol levels indicated thenephrotic rangeof albuminuria (B). Ina subsetof animals, leukocyteswere isolated
from the kidney for analysis of T-cells. Figure 3C shows representative blots of CD3+T-cells and Figure 3Dquantification. A significantly increased fre-
quency of infiltratingCD3+ T-cells was found in the kidney after 5/6 nephrectomy inwildtype and IL-17A�/�mice,whereas noCD3+ T-cells were de-
tectable in RAG-1deficientmice. CD3 immunohistochemistry data are shown in Figure 3E. An increasednumber of CD3+ cells was found inwildtype
mice, and no cells were found in RAG-1 knockoutmice. The number of infiltrating T-cells was slightly reduced in IL-17Adeficientmice. IL-17A knock-
outwas confirmedby the absenceofCD3+ IL-17A+ cells compared towildtypemice as shown in the right upper squares of Figure 3F. Flow cytometry
data forNK (circle) andNKT (square) cells isolated fromthe kidneyare shown inFigure3G.Numberof renalNKcellsdidnot changeafter5/6nephrec-
tomy inwildtypeand IL-17A�/�miceandwas increased inRAG-1deficientmice.NKTcells increasedafter5/6nephrectomyandwereabsent inRAG-1
deficientmice (I). The number of Treg cells in kidney samples, evaluated by immunohistochemistry, was increased inwildtype and IL-17A knockout,
and no cells were detected in RAG-1 knockout mice (J). F4/80+monocytes/macrophages increased in all groups after 5/6 nephrectomy. No signifi-
cant differences were found for GR1+ neutrophils (L). Number of mice examined was controls n = 8, wildtype n = 15, RAG-1�/� n = 9, IL-17A�/�

n = 16–17. In the flow cytometry analysis, the number was smaller (controls n = 6–8, wildtype n = 13, RAG-1�/� n = 7, IL-17A�/� n = 8–13) as flow
cytometry analysis was not carried out for all mice. Number of mice examined in immunohistochemistry was controls n = 8, wildtype n = 13–15,
RAG-1�/� n = 9–13, IL-17A�/� n = 9–16). *P< 0.05, significantly different from versus control, $P< 0.05, significantly different from wildtype and
IL-17A�/�, &P< 0.05, significantly different fromwildtype, #P< 0.05, significantly different from control and wildtype.
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Figure 3
(Continued)
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was evaluated by immunohistochemistry. An increased num-
ber of FoxP3+ cells was found in wildtype and IL-17A deficient
mice, and no cells were detected in RAG-1 deficient mice
(Figure 3J).

In a subset of mice, we have examined by flow cytometry
whether there is a compensatory increase of renal IFNγ+ CD4+

or CD8+ cells in IL-17A�/� mice. The number of IFNγ+ CD4+

and CD8+ cells was not increased in IL-17A knockout mice,
and no cells were detected in RAG-1�/� mice as shown in
Supporting Information Table S1. This makes it unlikely that
IFNγ+ T-cells could take over the function of IL-17A in the IL-
17A deficient mice.

To further evaluate innate immune cells, monocyte/
macrophages and neutrophils were evaluated by immunohis-
tochemistry using F4/80 and GR1 as markers. The results are
shown in Figure 3K and L. An increased number of F4/80+

monocyte/macrophages was found after 5/6 nephrectomy
without difference between the three genotypes. The number
of GR1+ neutrophils was not different to controls after 5/6
nephrectomy.

As shown in Table 3, spleen weight was significantly
increased in wildtype mice after 5/6 nephrectomy compared
to control mice. Due to the lack of T- and B cells, RAG-1
deficient mice have a small spleen. This was also found in
the present study. RAG-1 deficient mice had a significantly
decreased spleen weight compared to control as well as
wildtype and IL-17A deficient mice after 5/6 nephrectomy
(Table 3).

Renal injury
Whereas control animals presented a normal renal histol-
ogy, PAS-stained kidney sections after 5/6 nephrectomy re-
vealed severe histopathological abnormalities as shown in
Figure 4A. Glomeruli with mild injury are shown in the up-
per images, whereas severely damaged glomeruli are shown
in the lower images. Enlarged glomeruli and capillary obso-
lescence was observed. The typical morphological changes
are highlighted in the lower panel of the wildtype mice.
The dark circle shows sclerosis. The glomerular and capillary
architecture is completely lost. Plasma insudation is marked
with an asterisk. The dashed circle shows matrix expansion
and fibrosis. The capillary structure is still identifiable. Semi-
quantitative analysis of these changes showed no significant
difference between the three groups (Figure 4B). In addition,
also, no difference was found for glomerular size (Figure 4C).
Interestingly, glomerular size was only numerically
increased in the RAG-1 deficient mice. The reason is unclear.

An increased number of intratubular proteinaceous casts,
the morphological correlate of proteinuria, were observed
in mice after 5/6 nephrectomy. Quantification by counting
revealed an increased number of casts after 5/6 nephrec-
tomy, but no difference between the three genotypes
(Figure 4D). In addition, no difference was found for
tubulointerstitial injury assessed by scoring (Figure 4E).

Markers of renal injury
Reverse transcriptase (RT)-PCR analysis of mRNA derived
from the whole kidney cortex was performed in a subset of
experiments and showed increased expression of markers of
renal injury such as neutrophil gelatinase-associated
lipocalin (Lcn2, NGAL), plasminogen activator inhibitor-1
(Serpine1, PAI-1) and the chemokine Ccl2 in all experimen-
tal groups, subjected to 5/6 nephrectomy (Figure 5 first row).
In addition, the defining cytokines of TH17 and TH1
responses were evaluated. Il17a was 50-fold up-regulated in
wildtype mice confirming the flow cytometry data. RAG-1
deficient mice (that lack TH17 cells) showed significantly less
Il17a expression than wildtype mice and no expression was
detected in IL-17A knockout mice. The presence of Il17a in
RAG-1 knockout mice points to an innate source of IL-17A
in these mice. Compared to Il17a, Ifnγ expression was only
mildly up-regulated after renal ablation compared to controls
and the increase was only significant in wildtype mice (3.9-
fold compared to control mice). One may speculate that the
mild increase of Ifnγ expression seen in the RAG-1�/� mice
could be derived from the NK cells that are up-regulated in
these mice as shown above in Figure 3H. FoxP3 is the master
regulator of Treg cells. It was significantly increased in
wildtype and IL-17A�/� mice, and no expression was found
in RAG-1 deficient mice that lack Treg cells. Il6 and chemo-
kine Cxcl1 were significantly increased in all groups after
renal ablation.

Discussion
For many years, it was believed that the glomerular injury in
CKD is merely the result of an increased intraglomerular pres-
sure. Recent experimental and clinical data have shown that
inflammatory mechanisms also importantly affect the pro-
gression of CKD (Wenzel et al., 2016); 5/6 nephrectomy, a
model frequently used in experimental kidney research, was
used in the present study for CKD induction. This model ex-
hibits all the clinical hallmarks of CKD, including substantial

Table 3
Body and spleen weight

Control Wildtype RAG-1�/� IL-17A�/�

Body weight at kill (g) 24.64 ± 0.61 22.80 ± 0.44 22.63 ± 1.35 21.81 ± 0.73

Spleen weight rel. to body weight (mg·g-1) 3.56 ± 0.14 5.93 ± 0.30* 1.34 ± 0.22*, # 4.82 ± 0.42

All data are expressed as mean ± SEM.
*P < 0.05, significantly different from control.
#P < 0.05, significantly different from wildtype and IL-17A�/�.
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Figure 4
Renal injury. Representative micrographs of periodic acid–Schiff-stained sections (magnification 400x) 12 weeks after 5/6 nephrectomy are shown
(A). Compared with controls, enlarged glomeruli with mesangial expansion and sclerosis were found in all three groups. Glomeruli with mild
injury are shown in the upper images, whereas severely damaged glomeruli are shown in the lower images. Scoring of glomerular injury (B),
measurement of glomerular size (C), counting of intratubular proteineous casts (D) and scoring of tubulointerstitial injury (E) revealed no
difference between the three groups. Number of mice examined was controls n = 8, wildtype n = 15, RAG-1�/� n = 9, IL-17A�/� n = 17.
*P < 0.05, significantly different from control.
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albuminuria, decreased renal function, tubulointerstitial in-
jury and glomerulosclerosis. Moreover, the 5/6 nephrectomy
performed by removal of kidney tissue allows quantification
of the induction of renal injury. The amount of removed

kidney tissue was nearly identical in wildtype, RAG-1 and
IL-17A knockout mice, indicating that the primary experi-
mental stimulus to induce CKD did not differ between
wildtype and both genotypes.

Figure 5
Expression of markers of renal injury. Renal mRNA expression data of inflammatory markers at the end of the experiment are shown in Figure 5.
Serpine1, Lcn2 and Ccl2 were significantly increased after renal ablation compared to controls, and no difference was found between the three
groups. The cytokines defining TH17 and TH1 sub-types, Il17a and Ifnγ, were significantly up-regulated in wildtype mice. An increased expression
for the master regulator of Treg cells, Foxp3was found in wildtype and IL-17A�/�mice. In addition, Il6 and Cxcl1were significantly up-regulated in
all three genotypes after renal ablation. Number of mice examined was controls n = 6, wildtype n = 13, RAG-1�/� n = 7, IL-17A�/� n = 16.
*P < 0.05, significantly different from control, #P < 0.05, significantly different from wildtype, §P < 0.05, significantly different from wildtype
and IL-17A�/�.
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The present study aimed to assess the potential benefit of
lack of T- and B cells or IL-17A deficiency in a mouse model of
CKD. Immune-mediated glomerular and tubulointerstitial
diseases encompass a heterogeneous group of disorders that
cause inflammation within the glomerulus and other com-
partments of the kidney. The kidneys are frequently targeted
by pathogenic immune responses against renal autoantigens
or by local manifestations of systemic autoimmunity (Kurts
et al., 2013). RAG-1 knockout mice are a useful tool to
examine the role of the adaptive immune system on devel-
opment and course of various forms of renal disease. For
example, cisplatin-induced renal injury was markedly
decreased in RAG-1 deficient mice (Nozaki et al., 2011)
showing that the adaptive immune system aggravates
nephrotoxicity induced by cisplatin. IL-17A producing cells
initiate, perpetuate and sustain inflammatory processes by
inducing proinflammatory cytokines and chemokines and
recruiting other inflammatory cells and orchestrating tissue
inflammation (Thorenz et al., 2017). Strikingly, neither
deficiency of the adaptive immune system nor of IL-17A
affected the induction and course of progressive renal
injury. This was unexpected, because there was a marked
infiltration of CD3+ T-cells in the kidney after 5/6 nephrec-
tomy (Lehners et al., 2014).

We used a number of quantitative and semiquantitative
measures to gauge the extent of renal injury induced by
5/6 nephrectomy. Renal injury, as assessed by scoring of
glomerular and tubulointerstitial changes in PAS-stained re-
nal sections, was confirmed by up-regulation of markers of
renal injury and fibrosis such as CCL2, PAI-1 and NGAL.
The increased infiltration of CD3+ T-cells was confirmed
in the present study by flow cytometry analysis and
immunohistochemistry.

Furthermore, in the present study, we found also an in-
creased frequency of IL-17A producing T-cells in the remnant
kidney and that CD4+ and γδ T-cells were the main producers
of IL-17A. In glomerulonephritis and hypertension, the γδ
and CD4+ T-cells are major IL-17 producing cells in the kid-
ney (Turner et al., 2012; Riedel et al., 2016; Saleh et al.,
2016). Interestingly, albuminuria was identical in all three
groups 1 week after 5/6 nephrectomy indicating that absence
of T and B cells, as well as a lack of IL-17A, had no effect on the
acute responses to renal mass reduction and induction of
CKD. The profibrotic effects of IL-17A have been studied in
the lung (Wilson et al., 2010), heart (Zhou et al., 2014), liver
(Tan et al., 2013) and in hypertensive end-organ damage (Wu
et al., 2014).. An antifibrotic effect of IL-17A blockade was
found in angiotensin II-infused mice (Saleh et al., 2016).
Despite these antifibrotic effects in other organs, we did not
see antifibrotic effects of IL-17A deficiency in the kidney after
5/6 nephrectomy. Cell and organ-specific differences might
induce different cytokine-dependent pathophysiological
changes and thus could explain the difference in the effects
of IL-17A deficiency. As the gut microbiome strongly influ-
ences TH17 responses (Tremaroli and Bäckhed, 2012), varia-
tions in the composition of the gut microbiome in these
studies may have also contributed to the different effects of
IL-17A deficiency on fibrosis. Our finding that IL-17A defi-
ciency did not reduce renal fibrosis in CKD is, however, com-
patible with recent data from Thorenz et al. who reported
that IL-17A deficient mice were not protected against renal

fibrosis induced by ischaemia/reperfusion injury (Thorenz
et al., 2017).

Mycophenolic acid is an immunosuppressant drug used
to prevent rejection in organ transplantation. It leads to a
relatively selective inhibition of DNA replication in T-cells
and B cells by inhibition of inosine-50-monophosphate de-
hydrogenase. Mycophenolic acid is known to ameliorate
progression of CKD after 5/6 nephrectomy (Fujihara et al.,
1998; Romero et al., 1999), leading to the conclusion that
therapy directed against B and T-cells would be a valid phar-
macological approach in CKD. However, our data raise
doubts about this conclusion, suggesting that the protective
effects of mycophenolic acid in these earlier studies were
caused by other drug effects than inhibition of B and T cells.
It is conceivable that the adaptive immune system has
proinflammatory and anti-inflammatory effects in the
progression of renal disease in the 5/6 nephrectomy model.
CD4+ T-cells can polarize into proinflammatory TH17 and
TH1 cells but also into anti-inflammatory regulatory T-cells.
As RAG-1 deficient mice lack all subsets of T cells, the results
found in mice lacking B and T cells may be caused by a bal-
anced deficiency of proinflammatory and anti-inflammatory
cell types. However, such a mechanism does not explain
why selective deficiency of IL-17A failed to improve renal
outcome in the present study. RAG-1 deficient mice lack
TH1 cells and as no protection was found in RAG-1 deficient
mice after 5/6 nephrectomy, it is unlikely that IFNγ defi-
ciency would be protective. The relative number of NK cells
is up-regulated in RAG-1 deficient mice, most likely due to
the lack of T-cells in these mice. It is an interesting question
whether the NK cells can take over T-cell function in RAG-1
deficient mice and cause renal injury in the present study.
Use of a double knockout mouse for RAG-1 and the cyto-
kine receptor common γ chain would allow an assessment
of the effects of a deficiency of NK cells. However, this
mouse is currently not available on the DBA/1J background
and this mouse also lacks innate lymphoid cells that may
play a role in renal disease as shown recently by us (Riedel
et al., 2017). Depletion of NK cells in RAG-1 deficient mice
could be another approach to examine whether indeed NK
cells participate in or even cause renal injury. Administra-
tion of depleting antibodies over a period of 12 weeks is
challenging but should be performed in future experiments,
if it is feasible.

However, 5/6 nephrectomy induced albuminuria in the
nephrotic range and severe glomerular and tubulointerstitial
injury, as shown in Figures 2 and 4. This is most likely due to
the fact that the haemodynamic stress is so severe in this
model (in which only 1/6 of the kidneys are filtering all
the blood) that manipulating the adaptive immune system
is unable to provide adequate protection. Alternatively, the
adaptive immune system did modify renal injury but its ef-
fects were overcome by the haemodynamic forces, inducing
severe albuminuria and glomerular sclerosis. The present
study examined the role of the adaptive immune system
in the CKD model of 5/6 nephrectomy. Alongside, we also
found an activated innate immune system as shown by an
increased infiltration of monocyte/macrophages in the rem-
nant kidney and increased expression of two chemokines,
CCL2 and CXCL1. Further experiments are necessary to
pinpoint the contribution of these factors to the
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progression of CKD. We recently described a role for
myeloperoxidase in the progression of CKD in mice
(Lehners et al., 2014).

In summary, 5/6 nephrectomy induced CKD in mice with
a marked influx of CD3+ T-cells and IL-17A producing CD4+

and γδ T-cells. However, genetic absence of T and B cells or
of IL-17A did not provide protection or modify renal injury.
These data indicate that T and B cells, as well as IL-17A, do
not contribute to the induction and progression of renal
damage in the model of 5/6 nephrectomy.
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