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Deletion of delta-like 1 homologue accelerates renal inflammation
by modulating the Th17 immune response
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Abstract

Preclinical studies have demonstrated that activation of the NOTCH pathway plays a
key role in the pathogenesis of kidney damage. There is currently no information on
the role of the Delta-like homologue 1 (DLK1), a NOTCH inhibitor, in the regulation
of renal damage. Here, we investigated the contribution of DLKI1 to experimental
renal damage and the underlying molecular mechanisms. Using a DlkI-null mouse
model in the experimental renal damage of unilateral ureteral obstruction, we found
activation of NOTCH, as shown by increased nuclear translocation of the NOTCH1
intracellular domain, and upregulation of DIk2/hey-1 expression compared to wild-
type (WT) littermates. NOTCHI over-activation in DIk/-null injured kidneys was
associated with a higher inflammatory response, characterized by infiltration of in-
flammatory cells, mainly CD4/IL17A + lymphocytes, and activation of the Th17
immune response. Furthermore, pharmacological NOTCH blockade inhibited the

transcription factors controlling Th17 differentiation and gene expression of the Th17

Abbreviations: ADAM, A disintegrin and metalloproteinase; BCA, bicinchoninic acid assay; DAPT, N-[N-(3,5-difluorophenacetyl)-L-alanyl]-S-
phenylglycine t-butyl ester; DLK, delta-like homologue; DII, delta-like family; DNER, delta and NOTCH-like epidermal growth factor-related receptor;
EGF, epithelial growth factor; EMT, epithelial-to-mesenchymal transition; F3, contactin 1; FA1, fetal antigen 1; GAPDH, glyceraldehyde 3-phosphate

dehydrogenase; Hes, hairy and enhancer of split; Hey, hes-related proteins; MCP-1, monocyte chemoattractant protein-1; NB-3, contactin 6; NF-kB, nuclear
factor-kappa B; NICD, NOTCH intracellular domain; PAS, periodic acid-schiff; Pref-1, pre-adipocyte factor 1; PVDF, polyvinylidenedifluoride; RBP-Jk,
recombination signal-Binding Protein-J kappa; RORyt, RAR (retinoic acid receptor)-related orphan receptor gamma t; STAT3, transducer and activator of

transcription protein 3; Th17, lymphocyte T helper 17; Tnf-a, tumor necrosis factor-alpha; UUO, unilateral ureteral obstruction.
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1 | INTRODUCTION
The NOTCH pathway is an evolutionarily conserved mecha-
nism formed by a family of receptors, ligands and transcrip-
tion factors. This pathway is essential in controlling spatial
patterning, morphogenesis, and homeostasis in embryonic
and adult tissues." The NOTCH receptors and ligands are
type 1 transmembrane proteins that belong to the Epidermal
Growth Factor (EGF)-like family of proteins. In mammals,
four NOTCH receptors (NOTCH1/2/3/4) and five canonical
NOTCH ligands (Jagged1/2 and Delta-like family [DIl 1,
3, 4]) have been identified. NOTCH signaling activation is
characterized by successive proteolytic cleavages triggered
by the interaction between membrane-bound NOTCH recep-
tors and ligands expressed on neighboring cells.>* The first
activating cleavage is mediated by ADAMs, followed by the
action of the y-secretase complex, which release the NOTCH
receptor intracellular domain (NICD) into the cytoplasm.
NICD migrates into the nucleus forming a nuclear complex
with RBP-Jk, a transcriptional activator of their downstream
target genes, which belongs to a large family of transcription
repressors and indirectly regulates the expression of several
NOTCH-target genes. These are known as Hes (hairy and en-
hancer of split) 1, 5, and 7 and Hey (Hes-related proteins) 1
and 2 genes.3’4

Interestingly, several non-canonical ligands can regulate
NOTCH signaling, including DNER (Delta and NOTCH-like
epidermal growth factor-related receptor), F3/Contactinl,
NB-3/Contactin6, Delta-like homologue-1 (DIkl, also
known as pre-adipocyte factor-1, Pref-1, or human adrenal
specific cDNA, pG2)° and Delta-like homologue 2 (DLK?2).°
However, the precise function of these ligands remains un-
clear. DLK1 is the most studied NOTCH non-canonical
ligand. DLKI1 is structurally similar to the DIl ligands, con-
tains six cysteine-rich EGF-like repeats, but lacks a DSL-
binding domain at the N-terminal region of the protein and,
therefore, fails to transactivate NOTCH.”® DLKI1 is known
to regulate several processes, including cell fate decisions,
differentiation, adipogenesis, hematopoiesis, and angiogen-
esis.® Although DLK1 and DLK2 have been shown to act
as NOTCH signaling inhibitors in vitro,1°
vivo is incompletely understood. DLK1 is synthesized as a

their function in

effector cytokine IL-17A and other related-inflammatory factors, linked to a dimi-
nution of inflammation in the injured kidneys. We propose that the non-canonical
NOTCH ligand DLK1 acts as a NOTCH antagonist in renal injury regulating the
Th17-mediated inflammatory response.

DLKI1, inflammation, NOTCH, renal damage, Th17 response

transmembrane protein and its extracellular domain can be
cleaved to generate a soluble form, called fetal antigen 1
(FA1), which circulates in blood.'"!?

The NOTCH pathway is highly active in kidney devel-
opment, participating in nephrogenesis, tubulogenesis, and
glomerulogenesis. However, in the mature kidney, very lit-
tle active NOTCH-1, and expression of its canonical ligands
can be detected."® Previous studies have demonstrated that
the NOTCH pathway is activated in human and experimen-
tal renal damage, and some authors have suggested that
NOTCH-1/Jagged-1 levels could be potential biomarkers
of human renal damage progression.m'17 FA-1 is found in
serum, urine, and is highly enriched in the amniotic fluid in
the second trimester. In an early study in patients with renal
failure, a 10-fold increase in DLK1 serum concentration was
described'""'® but data are lacking in more recent human
studies. Some research groups, including ours, have found
that NOTCH activation blockade using y-secretase inhibi-
tors ameliorates renal disease progressionm’ls’lg'21 through
the inhibition of fibroblast proliferation, epithelial to mesen-
chymal transition (EMT), matrix accumulation'*'*'*%* and,
as reported more recently, by the inhibition of nuclear factor
kappa-B (NF-xB) pathway activity and its effects in renal
inflammation.”® These data suggest that NOTCH blockade
could be a potential therapeutic target for renal diseases. For
this reason, in the present study, we have evaluated whether
DLKI1 could act as an inhibitor of NOTCH signaling in the
damaged kidney, using the renal damage experimental model
of unilateral ureteral obstruction (UUQO) in DIkI-null mice.

2 | MATERIALS AND METHODS

2.1 | Experimental models

All animal procedures were performed according to the
guidelines of animal research in the European Community
and with prior approval by the Animal Ethics Committee of
the Health Research Institute IIS-Fundacién Jiménez Diaz.
Description of the unilateral ureteral obstruction (UUO):
Surgery was done in mice under isoflurane-induced anesthe-
sia; the left ureter was ligated with silk (5/0) at two locations
and cut between ligatures to prevent urinary tract infection
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(obstructed kidney), as described.” In a parallel experiment,
mice were randomly distributed in two groups treated with the
y-secretase inhibitor DAPT (0.1 mg/day, i.p.; Calbiochem),
or vehicle, starting 1 day before UUO surgery, At least 4-10
animals per group were used. At the time of sacrifice, animals
were anesthetized with 5 mg/kg xylazine (Rompun, Bayer
AG) and 35 mg/kg ketamine (Ketolar, Pfizer) and the kidneys
were perfused in situ with cold saline before removal. A piece
of the kidney (1/4) was fixed, embedded in paraffin, and used
for immunohistochemistry, and the rest was snap-frozen in
liquid nitrogen for renal cortex RNA and protein studies.

The UUO model was conducted in 3-month-old male
129/Sv] mice (WT) and Dlkl-deleted mice (DIkI-null)
and studied after 2, 5, 10, and 14 days; and in 3-month-old
C57BL/6 mice (untreated or DAPT-treated) studied at 5 days
after UUO. Ligation of one ureter causes inflammation and
overproduction of several profibrotic mediators contribut-
ing to renal injury.”* The UUO model has been extensively
employed to investigate the contribution of gene deletion of
different growth factors, receptors, and mediators in renal
damage.zs’24 Previous studies have demonstrated activation
of the Th17 immune response in the UUO model, most of
those studies were done in mice of C57BL/6 genetic back-
ground.”**?® The evaluation of renal lesions in UUO mice
at different time points showed no difference between 129/
SvJ mice (WT) and C57BL/6 mice (including renal gene ex-
pression levels of Th17-related cytokines, not shown). Due to
3R animal recommendations and mice availability, C57BL/6
mice were used to study the effect of the pharmacological
NOTCH activation inhibitor DAPT in renal damage follow-
ing UUO.

2.2 | Protein studies

Total protein samples from frozen renal tissue were isolated
in lysis buffer as described.” Proteins (20-100 pg per lane,
quantified using a BCA protein assay kit) were separated on
8%-12% polyacrylamide-SDS gels under reducing condi-
tions, as described.?? Samples were then transferred on to
polyvinylidene difluoride membranes (Millipore), blocked
in TBS containing 0.1% Tween 20 and 5% nonfat dry milk
for 1 hour at room temperature, and incubated in the same
buffer with different primary antibodies overnight at 4°C.
After washing, membranes were incubated with the appro-
priate HRP (horseradish peroxidase)-conjugated secondary
antibody (Amersham Biosciences) and developed using an
ECL kit (Millipore). The quality of proteins and efficacy
of protein transfer were evaluated by Red Ponceau staining
and used as loading control in the RORyt protein studies.
Results were analyzed by LAS 4000 from GE Healthcare or
Amersham Imager 600 from GE Healthcare. The following

%ASEBJOURNALJ—

primary antibodies were employed [dilution]: Jagged-1
([1:500]; sc-6011, Santa Cruz Biotechnology), RORyT
([1:1000] #14-6981-82, e-bioscience), GAPDH ([1/5000];
CB1001, Millipore), NOTCH2 ([1:500]; (D76A6) #5732T,
cell signaling), NOTCH4 ([1:250]; A-1 sc-393893, Sta. Cruz
Biotechnology), a-tubulin ([1:5000], T5168, Sigma-Aldrich),
ERK1/2 ([1:500]; C-9 sc-514302, Sta. Cruz Biotechnology).

2.3 | Histology and immunohistochemistry
Paraffin-embedded kidney sections were stained using stand-
ard histology procedures, as described elsewhere.”® Periodic
acid Schiff staining (PAS) was performed and tubular dilation,
interstitial inflammatory infiltration, and fibrosis, expressed
as arbitrary units as previously described.”’ Immunostaining
was carried out in 3 pm-thick tissue sections. Antigen retrieval
was performed using the PTlink system (Dako) with sodium
citrate buffer (10 mM) adjusted to pH 6-9, depending on the
immunohistochemical marker. Endogenous peroxidase was
blocked. Tissue sections were incubated for 1 hour at room
temperature with 4% BSA and 10% of a specific serum (de-
pending on the secondary antibody used) in PBS to eliminate
non-specific protein binding sites. Primary antibodies were
incubated overnight at 4°C. Specific biotinylated secondary
antibodies (Amersham Biosciences) were used, followed by
streptavidin-horseradish peroxidase conjugate, and 3,3-di-
aminobenzidine as a chromogen, then sections were counter-
stained with Carazzi's hematoxylin. The primary antibodies
used were: N1ICD ([1:300]; ab8925, Abcam), F4/80 ([1:50];
MCA497, Bio-Rad), IL-17A ([1:250], ab9565, Abcam],
CD3 ([1:100], A0452, DAKO), myeloperoxidase ([1X],
IS511, DAKO), CD4([1X], IS649, DAKO) STAT3 ([1:100]
#8768S, cell signaling) and NOTCH3 ([1:300]; (D11BS8)
#52768S, cell signaling). Specificity was checked by omission
of primary antibodies. Quantitation was made by determin-
ing in 5-10 randomly chosen fields (X200 magnification) the
total number of positive cells using Image-Pro Plus software
(data expressed as the positive-stained area relative to the
total area) or quantifying manually the number of positive
nuclei.

2.4 | Gene expression studies

RNA from renal cortex (pulverized in a metallic chamber)
was isolated with TriPure reagent (Roche). cDNA was syn-
thesized by a High Capacity cDNA Archive kit (Applied
Biosystems) using 2 pg of total RNA primed with random
hexamer primers following the manufacturer's instruc-
tions. Next, quantitative gene expression analysis was per-
formed by real-time PCR on an AB7500 fast real-time PCR
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system (Applied Biosystems) using fluorogenic TagMan
MGB probes and primers designed by Assay-on-DemandTM
gene expression products. Mouse assays IDs were: DIkI:
MmO00494477_ml;  DIk2:  MmO1281511_gl,  Jag-1
(Jagged-1): Mm00496902_m1, Hes-1 Mm01342805_ml;
Hey-1: Mm00468865_m1; Ccl-2: Mm00441242_ml; Ccl-5
(Rantes): MmO01302428_ml1, Ccl19: Mm00839967_gl,
Ccl21: Mm03646971_gH, Tnf-a: Mm00443258_m1 Cxcli0:
MmO00445235_m1l, Notch2: MmO00803077_ml, Notch3:
MmO01345646_m1, Notch4: MmO00440525_m1. Data were
normalized to Gapdh: Mm99999915_g1 (Vic). The mRNA
copy numbers were calculated for each sample by the instru-
ment software using Ct value (“arithmetic fit point analysis
for the lightcycler”). Results were expressed in copy num-
bers, calculated relative to control after normalization against
Gapdh.

2.5 | Statistical analysis

Results are expressed as the n-fold increase with respect to
the control as the mean and SEM. In the studies with DIk1-
null mice, data were obtained comparing both kidneys (con-
tralateral vs. obstructed) in each mouse. Only when analyzing
components of the NOTCH pathway, data were shown com-
paring all kidneys vs. contralateral kidneys of WT mice. In
C57BL/6 studies, mean results from untreated contralateral
kidneys were taken as reference values (control). Differences
between groups were assessed by the Mann-Whitney test.
Statistical significance was concluded for values of P < .05.
These analyses were done using SPSS version 16.0 (Chicago,
IL), or GraphPad Prism version 5.0 (San Diego, CA).
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3 | RESULTS

3.1 | The non-canonical NOTCH ligands
DLK1 and DLK2 were upregulated in injured
kidneys after UUO

Previous studies have shown that elimination of DIk/ is not
deleterious; but DIkI-null mice present high prenatal mor-
tality, growth retardation, obesity, skeletal malformations,
increased angiogenesis, and abnormalities of hematopoie-
sis. 2831 Previously, NOTCH-1/Jagged activation has been
demonstrated in studies performed with several experimental
models of renal damage, including UUO." However, no data
are available about gene expression levels of DIkI and DIk2,
which code for non-canonical NOTCH ligands. We observed
that obstructed kidneys from WT mice showed increased Dik/
and DIk2 gene expression compared to their corresponding
contralateral kidneys starting from 5 days after renal dam-
age and remaining elevated thereafter (Figure 1). Activation
of the canonical NOTCH-1 pathway, including Jagged-1 ex-
pression, was observed as early as 2 days after UUO (Figure
S1), persisting upregulated, as previously described.!>132

3.2 | DIkl deletion increases the presence of
inflammatory cells in the injured kidney
after UUO

To study the involvement of the non-canonical NOTCH li-
gand DLKI1 in experimental renal injury, the progression of
kidney damage was evaluated in DIk/-null mice compared
to WT animals. UUO was done in both genotypes and mice
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Evaluation of NOTCH non-canonical ligands DIkl and DIk2 levels after renal injury by UUO. Unilateral ureteral obstruction

(UUO) model was performed in wild-type (WT) mice from the 129/SvJ strain. Kidney mRNA expression levels of DlkI (A) and DIk2 (B) after 2,
5, 10, and 14 days following UUO were evaluated by gRT-PCR. Gene levels in contralateral kidneys were not significantly different among time
points, so only data at day 2 are shown (C = Contralateral). Gapdh was used as internal control. Data were normalized vs. contralateral kidneys and
expressed as mean + SEM of 4-10 animals per group. *P < .05 vs. Contralateral kidneys. Nonparametric two-tailed Mann-Whitney statistical test

was performed
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were studied after 2, 5, 10, and 14 days. Morphology of renal
lesions was examined by PAS. Contralateral kidneys had
no lesions (data not shown). After UUOQ, infiltration of im-
mune cells in the kidney was observed, starting at 2 days and
increasing thereafter (Figure 2). Nevertheless, in DIlk/-null
mice obstructed kidneys, a marked increase in perivascular
interstitial inflammatory cell infiltration compared to WT
animals was observed starting after 5 days of obstruction
(Figure 2D). At 14 days, a noticeably perivascular inflam-
matory infiltrate was found in the DI/k/-null mice (Figure 2B,

(A)

D). However, obstructed DIkI-null kidneys did not show
more tubular damage or fibrosis than obstructed WT ones at
any of the studied time-points (Figure 2A, D).

3.3 | DIkl deletion increases renal NOTCH1
pathway activation

The activation of the NOTCHI1 pathway was determined by
the evaluation of NOTCHI1 intracellular domain (N1ICD)

Obstructed

Dik1-null

—_
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FIGURE 2 Effect of DIkl deletion on experimental renal damage caused by UUO. Unilateral ureteral obstruction (UUO) was carried out

in wild-type (WT) and DlkI-null mice from the 129/Sv] strain and studied after 2, 5, 10, and 14 days. To evaluate renal damage, PAS staining

was performed and scored. A, Representative micrographs of each group are shown at 200X. B, Obstructed kidneys of WT and DIk/-null mice

at 14 days at 400X. The arrow indicates the presence of inflammatory cell infiltration. Scale Bars = 50um. Data of tubular dilation (C) and
inflammatory infiltrate (D) are expressed as arbitrary units of 4-9 animals per group. *P < .05 vs. obstructed WT kidneys. Nonparametric two-tailed

Mann-Whitney statistical test was performed
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levels and localization. Obstructed kidneys presented in-
creased NI1ICD levels compared to contralateral ones,
showing a clear nuclear localization of N1ICD (Figure 3A),
as previously described in this model of renal damage.15

However, NOTCHI1 activation was markedly increased in ob-
structed kidneys from DIkI-null mice compared to WT mice,
showing a significant difference between both groups at day
14, as evaluated by immunohistochemistry and western blot
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FIGURE 3 Evaluation of NOTCH activation after renal injury by UUO in wild-type and DIk/-null mice. Unilateral ureteral obstruction
(UUO) was carried out in wild-type (WT) and DIkI-null mice from the 129/Sv] strain, and NOTCHI1 activation was evaluated after 5 and 14 days
of UUO. A, Microphotographs depict a representative kidney section of each group (200x magnification). Scale Bars = 50um. B, Magnification

of NOTCHI1 Intracellular Domain (N1ICD) positive nuclear staining from a DIkI-null obstructed kidney at 14 days. C, Negative control incubated

only with secondary antibody. Scale Bars = 50um. D, Quantitation was done by counting positive nuclear staining. Data were normalized vs.

contralateral WT kidneys. E and F, Representative Western blot of N1ICD (upper panel) and the Quantitation (lower panel) at 5 (E) and 14 days

(F) from total protein kidney extracts. GAPDH or a-tubulin were used as loading control and data were normalized vs. contralateral WT kidneys.

Results are expressed as mean + SEM of f4-9 animals per group. *P < .05 vs. contralateral WT kidneys. *P < .05 vs. obstructed WT kidneys.

Nonparametric two-tailed Mann-Whitney statistical test was performed.

(Figure 3). These data show that DIlkI-null mice present an
over-activation of the NOTCH-1 pathway in the kidney.

The evaluation of the downstream N1ICD-target genes
Hes-1 and Hey-1 showed upregulation of both genes in ob-
structed kidneys (Figure 4A,B), but only Hey-1 was markedly
increased in DIkI-null mice compared to WT controls after
5 days of UUO (Figure 4B). Interestingly, the mRNA levels
of the non-canonical NOTCH ligand DIk2 also showed a sig-
nificant increase 5 days after obstruction in DIk/-null mice
compared to WT animals (Figure 4C). Jagged-1, another
upstream mediator of NOTCH activation, was increased in
obstructed kidneys but there was no difference between gen-
otypes (Figure S1).

These data indicate that DIk/-null mice exhibit over-acti-
vation of the NOTCH1pathway independently of Jagged-1,
reinforcing the NOTCH-antagonistic role of DLK1 in the
kidney.

3.4 | Effect of DIkl deletion on other
NOTCH receptors

Next, we evaluated expression levels of three additional
NOTCH receptors. In WT obstructed kidneys there was an
upregulation of NOTCH 2, 3, and 4, both at gene and pro-
tein levels, compared to contralateral ones (Figure S2 and
S3). The effect of DIkl deletion was associated with reduced
gene expression levels of these receptors (reaching statisti-
cal significance only for Notch4, Figure S2B). Some differ-
ences were also found at the protein level; NOTCH2 levels
were decreased in obstructed kidneys from DIk/-null mice
compared to obstructed ones from WT mice (Figure S2C,D),
whereas no significant differences in NOTCH3 (Figure S3)
and NOTCH4 (Figure S2E.F) protein levels were detected
between genotypes.

3.5 | Renal inflammation by UUO was
markedly increased in the absence of Dlk1

Interstitial inflammatory cell infiltration is one of the earliest
features of renal damage following UUO,* and contributes

to the progression of renal damage. We analyzed the infil-
tration of immune cells in UUO by immunohistochemistry.
After 14 days, DIlkI-null mice obstructed kidneys showed a
significantly increased number of monocytes/macrophages
(F4/80 + cells), infiltrated neutrophils (myeloperoxidase
staining) and T lymphocytes (CD3 + and CD4 + cells) com-
pared to obstructed WT kidneys (Figure 5). The inflamma-
tory cell infiltration in the kidney is regulated by the local
overexpression of proinflammatory mediators. Hence, the
gene expression levels of several chemokines and cytokines
were evaluated. Although many of them were upregulated
in the obstructed kidneys of both genotypes (Figure 6), only
Ccl-2 gene expression was significantly increased in DlkI-
null obstructed kidneys compared to WT mice, at 10 and
14 days (Figure 6A).

3.6 | Activation of the Th17 immune
response in DIk1-null mice following UUO

Dong and Griffin showed the recruitment and infiltration
of the IL-17-producing CD4 + T-cell subset in murine kid-
neys after ureteral obstruction.” After this seminal work,
numerous studies have demonstrated the importance of
the Th17 immune response in renal disease, as well as
the key role played by IL-17A as the effector cytokine
for the regulation of renal inflammation.*? Therefore, we
evaluated whether the Thl7 immune response was in-
volved in the increased presence of inflammatory cells in
DIkI-null obstructed kidneys. The presence of IL-17A-
producing CD4 + T-cells in DIlkI-null obstructed kidneys
was demonstrated by specific immunostaining of IL-17A
(Figure 7A). The differentiation of CD4 + Th cells into
Th17 cells depends on the activation of the transcription
factor Signal Transducer and Activator of Transcription
protein 3 (STAT3) and Retinoic acid-related Orphan
Receptor 7yt (RORyt).33 The expression of the latter is
directly activated by the binding of the complex NICD/
RBPj-k to its promoter region, as well as to the pro-
moter region of IL-17A.3*% Renal RORyt levels were
elevated in obstructed kidneys, showing a significant in-
crease in DIlkI-null compared to WT mice (Figure 7B,C).
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FIGURE 4 Expression of the effector NOTCH genes Hes-1 and Hey-1, and the non-canonical ligand DIk2 after renal injury by UUO in
wild-type and DIk/-null mice. Unilateral ureteral obstruction (UUQO) was carried out in wild-type (WT) and DIk/-null mice from the 129/SvJ strain
and gene expression levels of Hes-1 (A), Hey-1 (B) and DIk2 (C) were studied by qRT-PCR at 2, 5, 10, and 14 days. Gapdh was used as internal
control. Data were normalized vs. contralateral WT kidneys and expressed as mean + SEM of 4-10 animals per group. *P < .05 vs. contralateral

WT kidneys. *P < .05 vs. obstructed WT kidneys. Nonparametric two-tailed Mann-Whitney statistical test was performed.
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FIGURE 5 Characterization of inflammatory cell infiltration after renal injury by UUO in wild-type and DIk/-null mice. Unilateral

ureteral obstruction (UUO) was carried out in wild-type (WT) and DIkI-null mice from the 129/SvJ strain and inflammatory cell infiltration was
evaluated after 14 days. Immunohistochemistry was done using antibodies against F4/80 (marker for monocytes/macrophages/dendritic cells),
myeloperoxydase (marker for neutrophils), CD3 and CD4 (markers for T lymphocytes). A, A representative kidney section micrograph from each
group (magnification 200x) is shown. Scale Bars = 50um. B-E, Quantitations are represented in the graphics for each marker (staining area per
total area). C, contralateral; MPO, myeloperoxidase; O, obstructed. Data were normalized vs. their own contralateral kidneys and expressed as
mean + SEM of 5-8 animals per group. *P < .05 vs. contralateral kidneys. *P < .05 vs. obstructed WT kidneys. Nonparametric two-tailed Mann-
Whitney statistical test was performed.
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FIGURE 6 Evaluation of proinflammatory gene expression in injured kidneys by UUO. Unilateral ureteral obstruction (UUO) was carried out
in wild-type (WT) and DIkI-null mice from the 129/SvJ strain and sacrificed at 2, 5, 10, and 14 days. Gene expression levels of Ccl-2 (A) at all time-
points and Rantes (B), Cxcl10 (C), Tnf-a (D), Ccl19 (E) and Ccl21 (F) at 14 days were determined by qRT-PCR Gapdh was used as internal control.
C, contralateral; O, obstructed. Data were normalized vs. their own contralateral kidneys and expressed as the mean + SEM of 4-9 animals per group.
#P < .05 vs. contralateral kidneys. *P < .05 vs. obstructed WT kidneys. Nonparametric two-tailed Mann-Whitney statistical test was performed.

Accordingly, in DIkI-null obstructed kidneys, a signifi- overactivation of nuclear STAT3 in the absence of DIkl
cant increase of phosphorylated STAT3 levels were found (Figure 7D,E). These data support the notion that the lack
when compared to those of WT animals, indicating an of DIkI helps to over-activate the Th17 immune response.
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3.7 | The y-secretase inhibitor DAPT
decreased the presence of CD4/IL-17A + cells
in injured kidneys

Previous studies have shown that blockade of the NOTCH
pathway improves experimental renal damage in several

FASWEMB,.J.QURNAL

murine models, including UUO, by abrogating renal inflam-
mation, among other responses.ls’lg’20 However, the effect
of the pharmacological blockade of NOTCH on the Th17
immune response observed in experimental renal damage
has not been investigated. Interestingly, in autoimmune ex-
perimental diseases NOTCH inhibition modulates the Th17
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FIGURE 7 Activation of the Th17 immune response in the absence of DIk after renal injury by UUO. Unilateral ureteral obstruction (UUO)
was carried out in wild-type (WT) and DIk/-null mice from the 129/Sv] strain and Th17 response was evaluated after 14 days. A, IL-17A positive

cells were detected by immunohistochemistry in obstructed kidneys, as indicated by arrows. B, Representative Western blot (WB) of kidney

RORyt nuclear levels in DlkI-null and WT and (C) their corresponding quantitation. Equal protein loading was confirmed by red ponceau. Data

were normalized vs. their own contralateral kidneys and expressed as mean + SEM of 6-7 animals per group. D and E, STAT3 activation was

determined by nuclear positive immunostaining. D, Representative micrographs and (E) nuclear quantitation of STAT3. Data were normalized vs.

their own contralateral kidneys and expressed as mean + SEM of 6-7 animals per group. *P < .05 vs. contralateral kidneys, *P <.05 vs. obstructed

WT kidneys. Nonparametric two-tailed Mann-Whitney statistical test was performed.

immune response.ss'?’7 To inhibit NOTCH signaling, mice
were pre-treated with the y-secretase inhibitor DAPT, pre-
viously to the UUO surgery. NOTCH inhibition decreased
the presence of CD4/IL-17A + cells in obstructed kidneys
(Figure 8A, B) and also decreased RORyt protein levels
(Figure 8C, D), in consistence with an inhibition of the Th17
immune response at 5 days.

4 | DISCUSSION

Several studies have evaluated the levels of the NOTCH
pathway components in experimental and human renal dis-
easesl3'17’38’39; however, data about non-canonical NOTCH
ligands are scarce. NOTCH ligands and receptors are ex-
pressed in a wide range of renal diseases, including membra-
nous nephritis, lupus glomerulonephritis, IgA nephropathy,
and diabetic nephropathy.13’14’16’17 In experimental renal dis-
eases, podocyte-specific NOTCH expression was correlated
with albuminuria and glomerulosclerosis, while expression
of cleaved intracellular NOTCHI in tubules was associated
with tubulointerstitial fibrosis.!” A few studies have evalu-
ated the levels of DLK1 (or its soluble form, FA1) in human
pathological conditions. Serum FA1 levels increase with
obesity and they are linked to insulin-resistance.'*'®* In an
early study in 10 patients with renal failure, increased FA-1
serum levels were observed.'! Now, we have shown that in
experimental kidney damage caused by UUO the gene ex-
pression of non-canonical NOTCH ligands, DIkI, and DIk2,
was upregulated. This attests to a relevant role for of these
non-canonical ligands in renal diseases.

NOTCH activation has been observed in renal progeni-
tors and podocytes from patients with glomerular disorders,
whereas it is virtually absent from healthy adult glomeruli.16
In an elegant study by Susztak's group, the involvement of
NOTCH in tubulointerstitial fibrosis was demonstrated using
transgenic mice with specific NOTCH deletion or activation,
both in tubular epithelial and interstitial cells, in several ex-
perimental models of renal damage, including UUO.' In pre-
vious studies performed in cultured cells from DIk /-null mice,
we found increased levels of NI1ICD and the downstream
transcriptional effector Heyl, linked to angiogenesis.41 We
now show that deletion of D/k/ induced NOTCH pathway ac-
tivation in the injured kidney, as demonstrated by both higher

nuclear levels of N1ICD in DlkI-null mice compared to WT
mice and a consistent upregulation of the NOTCH-effector
Hey-1. Taken together these data support that the absence of
DIkl may contribute to de-repress the NOTCH/Hey1 path-
way by reducing the presence of a functional NOTCH an-
tagonist, therefore, suggesting that DLK1 is an antagonist of
NOTCH signaling in the injured kidney. Several evidences
point out that other NOTCH receptors can also participate
in renal damage.42 NOTCHS3 receptors transcripts are up-
regulated in human kidney diseases and experimental mice
models,3 8 as we have confirmed here in UUO. Studies done
in Notch3-deficient mice with the UUO model found less
tubular injury and significantly reduced interstitial collagen
deposition.*®**** Similarly, Notch2- and Notch4- deficient
mice are protected from several renal-related injuries, such
as folic-acid or immunodeficiency virus-associated nephrop-
athy.39’45 In our study, total NOTCH2 and NOTCH4 receptor
protein levels are decreased in DI/kI-null mice as compared to
WT, indicating that this could be an effect of DIkl deletion
or of concomitant DI/k2 overexpression. Recent findings in-
dicate that both DLK1 and DLK2 can modulate the activity
of the four NOTCH receptors,%’47 albeit in a different man-
ner. This was not dissected in our study and awaits further
analysis. NOTCH3 has been suggested as the most important
NOTCH receptor related to kidney fibrosis.>®*® Although by
immunohistochemistry we found NOTCH3 activation in ob-
structed kidneys of both WT and DIkI-null mice, there were
no significant differences between genotypes. Accordingly,
in DIkI-null mice there was exacerbated inflammation, but
no further increase in fibrosis, supporting the main role of
NOTCHI activation in the renal damage observed in DIlkI-
null mice following UUO.

Numerous data suggest that unresolved inflammation
contributes to tissue damage, being chronic inflammation a
common feature in progressive kidney diseases.* The im-
portance of Th17 cells, and its hallmark cytokine IL-17A,
in immune-mediated glomerulonephritis, including experi-
mental antimyeloperoxidase glomerulonephritis, crescentic
glomerulonephritis and lupus nephritis, as well as in non-im-
mune renal injury is well established.”>%* Importantly, the
blockade of IL-17A is a promising tool for the treatment of
human chronic inflammatory diseases, as observed in an-
kylosing spondylitis, chronic plaque psoriasis and psoriatic
arthritis.>*>’ In renal diseases, studies in different models of
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FIGURE 8 Evaluation of the effects of NOTCHI signaling inhibition in the Th17 response in a 5-days UUO model. Unilateral ureteral
obstruction (UUO) was carried out in C57BL/6 mice strain in which one group was treated with the NOTCH activation inhibitor DAPT (0.1 mg/
day) and evaluated at day 5. A, Representative micrographs of IL-17A immunohistochemistry staining (Scale Bar = 50um) and (B) the quantitation

(counting positive cells). Data were normalized vs. sham kidneys and expressed as mean + SEM of 6-10 animals per group. *P < .05 vs. sham
kidneys, *P < .05 vs. obstructed kidneys. C, Representative Western blot of RORyt and (D) their quantitation. Total ERK1/2 was used as loading
control. Data were normalized vs. their own contralateral kidneys and expressed as mean + SEM of 6-10 animals per group. *P < .05 vs.

contralateral kidneys, *P < .05 vs. obstructed untreated kidneys. Nonparametric two-tailed Mann-Whitney statistical test was performed
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renal damage have reported beneficial effects of Th17 block-
ade, %% a5 proven using IL-17A neutralizing antibodies
in diabetic nephropathy.53 Our studies in the UUO model
in DIkI-deficient mice, clearly demonstrate that DIk] dele-
tion exacerbates renal inflammation associated to increased
NOTCH activation. This enhanced inflammatory response
was mediated by the activation of the Th17 immune re-
sponse, as shown by the overexpression of the key Th17 dif-
ferentiation factors, STAT-3 and RORyt, and the induction
of IL-17A. A recent study found that NOTCHI1 participates
in the differentiation from CD4 + naive T cells to different
Th lymphocytes subsets, including Th17 cells, mainly via
Delta-like 4 ligand-receptor interaction,’® supporting our
findings. Moreover, we have observed that treatment with
the y-secretase inhibitor DAPT, which blocks NOTCH acti-
vation, inhibited the Th17 immune response and downstream
inflammatory response in obstructed kidneys. Our findings
extend to renal diseases the previous studies describing that
NOTCH inhibition diminished the Th17 immune response
in the experimental models of allergic asthma,”® and au-
toimmune 4.3ncephalomyelitis.35 Interestingly, although in
injured kidneys there is a markedly upregulation of many
proinflammatory genes, only Cc/2 (encoding MCP-1) was
significantly upregulated in D/k/-null mice compared to WT
mice. Several findings suggest that MCP-1 could be a key
mediator of IL-17A-mediated inflammatory responses in
the kidney. Earlier studies showed that IL-17A increases the
production of MCP-1 in tubular epithelial cells.® We have
recently described that systemic administration of IL-17A
in mice induces renal inflammation characterized mainly
by MCP-1 upregulation, whereas levels of other relevant
cytokines, such as IL-6 and IL1-f, remained unchanged.61
Moreover, IL-17A blockade diminished Ccl2 expression
and inflammatory cell infiltration in the experimental mod-
els of diabetic nephropathy and Angiotensin II-induced renal
damage.53 1 These data support that in DIkI-null mice local
NOTCH activation in kidneys could contribute to exacer-
bated inflammation by the upregulation of IL-17A/MCP-1
signaling.

Preclinical studies have shown that blockade of the
NOTCH pathway by y- secretase inhibitors'> or antagonists
of some NOTCH ligands, including Delta-like 4,62 could be
an important therapeutic option for several diseases, includ-
ing chronic kidney diseases, cardiovascular pathologies, or
proliferative disorders. The y-secretase inhibitors are being
tested in clinical trials as a potential treatment for several
diseases, such as leukemia, melanoma, and Alzheimer's
disease (NCT00594568, NCT00762411, NCT01193868,
NCT01196416, NCT01981551), where the role of inflamma-
tion is of vital importance. All these studies support the idea
that NOTCH inhibition, may represent a therapeutic option
for the treatment of chronic kidney diseases.
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