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Abstract

The monolayered intrarenal urothelium covers the renal papilla and ureteropelvic junction (UPJ). In response to
increased renal pressure during obstruction or ischemic injuries, intrarenal urothelial cells begin to proliferate and form
a multilayered urothelium. Little is known regarding the mechanism and pathophysiological role of urothelium
hyperplasia during renal obstruction. In this study, we investigated the expression of interleukin (IL)-33, an IL-1 family
cytokine, in kidneys with unilateral ureteral obstruction (UUO)-induced obstructive injury. IL-33 levels in
hydronephrotic urine and serum were upregulated 2 days after UUO. The number of ST2-expressing immune cells was
increased in the UUO kidney. We found that IL-33 was upregulated in vimentin-positive cells in the cortical and
medullar layers and the UPJ stroma. Moreover, IL-33 expression was predominantly induced in multilayered keratin 5-
positive urothelial cells in the UPJ. IL-33 was not detected in terminally differentiated superficial umbrella cells
expressing uroplakin 3a. In vivo, we confirmed that deficiency of /L33 or its receptor ST2 attenuated UUO-induced
hyperplasia of the UPJ urothelium. Deficiency of /L33 attenuated the expression of UUO-induced type 2 inflammatory
cytokines and upregulated uroplakins and urothelial differentiation signaling in UPJ tissues. Our results collectively
suggest that the IL-33/ST2 axis mediates the activation of innate immune responses and contributes to urothelial
hyperplasia by regulating urothelial differentiation in obstructive kidney injury.

Introduction protect mice from adriamycin-induced glomerulo-

Interleukin (IL)-33 is an IL-1 family cytokine that is
crucial in mediating both innate and adaptive immune
responses as a nuclear alarmin’. IL-33 elicits immune
responses by activating various types of immune cells that
express the IL-33 receptor ST2, including mast cells,
eosinophils, neutrophils, helper 2 T cells, and most
importantly, group 2 innate lymphoid cells (ILC2s), which
secrete large amounts of IL-5 and IL-13*"* Recently,
prolonged activation of ILC2s by IL-33 was shown to
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sclerosis®. However, proinflammatory roles of IL-33 in
renal injury have also been demonstrated in cisplatin-
induced acute kidney injury®. Our previous study
demonstrated that deficiency of IL-33 reduces renal
fibrosis and tubular cell loss in the unilateral ureteral
obstruction (UUO) model’. In the context of different
renal injury models, IL-33 likely functions as a double-
edged sword upon tissue injury: on the one hand, IL-33 is
critical for tissue repair or eliminating infection, while on
the other, excessive production of IL-33 can cause tissue
and organ damage®’.

Obstructive nephropathy is the major etiology of
chronic renal failure during infancy and childhood'®'".
Obstructive nephropathy leads to the formation of atub-
ular glomeruli, proximal tubular cell loss, immune cell
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infiltration, collecting duct remodeling, and interstitial
fibrosis'>. The UUO model is widely used to study the
mechanisms of tubulointerstitial fibrosis via surgically
induced obstructive renal injury'®. In addition to the
remodeling of the renal tissues, intrarenal urothelium
hyperplasia was observed in experimental hydronephrosis
and pyelonephritis'*'®, Proliferation of the intrarenal
urothelium is also observed in mouse models of ischemic
renal injury'® and kidney obstruction'” and in rats with
calcium oxalate stones'®. Recent studies have also
revealed that ischemia- and renal obstruction-induced
intrarenal urothelial cell proliferation involves activation
of the fibroblast growth factor 7 (FGF-7) and FGF
receptor 2 (FGFR2) pathway'®'”. However, little is known
regarding the regulation and role of urothelium hyper-
plasia in obstructive uropathy. In humans, urothelial
hyperplasia in children with congenital ureteropelvic
junction (UPJ) obstruction is associated with type 2
inflammatory cytokines'®. We therefore hypothesized that
an IL-33-mediated type 2 immune response might con-
tribute to the pathogenesis of urothelial hyperplasia in
obstructive nephropathy. In this study, we investigated the
role of the IL-33/ST2 axis in UUO-induced obstructive
nephropathy, and we identified a previously unrecognized
function of IL-33 in mediating intrarenal urothelium
hyperplasia.

Materials and methods
Animal models

All animal experiments were conducted in accordance
with the Guide for the Use and Care of Laboratory Animals
and approved by the IJACUC Committee of Kaohsiung
Chang Gung Memorial Hospital, Kaohsiung, Taiwan. /L33-
knockout (IL33KO) and ST2-knockout (ST2KO) mice
were maintained in the C57BL/6 background as previously
described”*’. The primer sequences for mouse genotyping
are listed in Supplementary Table S1.

Eight-week-old male wild-type C57BL/6, IL33KO, and
ST2KO mice were generally anesthetized using isoflurane
(2%) and then subjected to unilateral ureteral ligation by
ligating the left distal ureter with a 4/0 silk suture through
a low midline abdominal incision'>'?. Mice were sacri-
ficed on 2, 4, 7, 10, and 14 days after UUO surgery. Non-
obstructed and obstructed kidney samples were collected
and divided into two equal sections for paraffin section-
ing. Hydronephrotic urine samples were collected from
the obstructed kidneys using 27 G needles. Control urine
was collected from the bladder. UPJ tissues from control
and obstructed kidneys were further dissected and col-
lected for RNA isolation and protein lysate preparation.

Flow cytometry

Kidneys were minced and then digested with col-
lagenase B (Worthington) for 30min at 37°C with
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rotation, and the homogenate was sheared by 18-gauge
needles in the midst of enzymatic digestion. Next, the
homogenate was strained through 100-um mesh, and
then the residual cells were pelleted and subjected to ACK
buffer (Gibco) treatment before final suspension in FACS
buffer. For surface staining of myeloid cells, single-cell
suspensions were first stained with Fixable Viability Dye
(eBioscience). Fc receptors were blocked with 2.4G2
conditional medium before antibody staining. Among
CD45+ leukocytes, macrophages (F4/80+), T cells or
ILCs (Thyl.2+), neutrophils (Ly6G+Ly6C+), and
monocytes (Ly6C+MHCII—) can be identified*’. We
defined lineage-negative (Lin—, including CD3g, CD11b,
CD11c, CD19, CD49b, F4/80, FceRI) but Thyl.2+ cells as
ILCs and double-positive cells as T cells during surface
staining. Additionally, a Foxp3 Staining Buffer Set
(eBioscience) and anti-mouse GATA3 antibody were used
to identify ILC2s (Lineage-Thyl.2+GATA3+). After
staining, the cells were washed and re-suspended in FACS
buffer and subjected to flow cytometry. Data were ana-
lyzed by LSRII (BD Biosciences) and by FlowJo v. 10.1
(TreeStar). A list of antibodies used in flow cytometry is
provided in Supplementary Table S2. The gating strate-
gies for flow cytometry analyses for myeloid cells and ILCs
in the kidney samples are shown in Supplementary
Figure S1.

Immunofluorescent staining and histological assessments

Mouse kidneys were fixed with 4% paraformaldehyde,
embedded in paraffin, sectioned, and stained with stan-
dard immunohistochemistry and fluorescent microscopy
methods as previously described”””. An additional anti-
gen retrieval step was applied in all experiments by
heating samples in a Tris-based buffer (pH 9.0) to 95°C
for 20 min. Primary antibodies are listed in Supplemen-
tary Table S2. Alexa Fluor-conjugated secondary anti-
bodies were purchased from ThermoFisher. Slides were
incubated with 1% Sudan black (Sigma-Aldrich) in 75%
ethanol at room temperature for 20 min to reduce tissue
auto-fluorescence before mounting. Confocal images were
captured using an Olympus FLUOVIEW FV10i confocal
microscope. Scanning of the immunofluorescent images
of the whole kidney tissue was performed using Tissue-
FAXS (TissueGnostics). For quantification of urothelium
thickness, paraffin sections were stained with haematox-
ylin and eosin. Bright-field images were scanned using 3D
Histech Pannoramic MIDI (3DHISTECH). The average
urothelium thickness of the UPJ was calculated using
Pannoramic viewer (3DHISTECH).

Quantitative RT-PCR

For quantitative RT-PCR (qRT-PCR) analysis of gene
expression, UPJ tissues from C57BL/6 or IL33-knockout
(IL33KO) mice with UUO (n = 5) were harvested on day 4
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after UUO surgery (Supplementary Figure S2). Total RNA
was isolated using TRIzol reagent (Invitrogen). cDNA was
synthesized from 1 pg of total RNA and random hexamers
using the TagMan Reverse Transcription kit (Applied
Biosystems). qRT-PCR was performed using an ABI 7300
Real-Time PCR system (Applied Biosystems). The primer
sequences used are listed in Supplementary Table S3. The
UPJ tissue expression levels of genes related to a type 2
immune response or urothelial differentiation and those of
uroplakins did not show a significant difference between
wild-type and IL33KO mice. Therefore, we performed a
two-dimensional principal component analysis (PCA) to
simplify the qRT-PCR results. The first component (PC1)
is defined as the log2 value of the fold change in gene
expression in UUO UPJ tissues versus non-obstructed
control tissues from wild-type C57BL/6 mice and repre-
sents UUO-mediated gene regulation. The second com-
ponent (PC2) is defined as the log2 value of the fold change
in gene expression in IL33KO UUO UP] tissues versus
C57BL/6 UUO UP]J tissues and represents IL33-dependent
gene regulation in the UUO UPJ tissues. Heatmaps were
generated using the online tool GENE-E (https://software.
broadinstitute.org/ GENE-E/, Broad Institute).

Western blot and ELISA

Harvested UPJ tissues were lysed using RIPA buffer
(Sigma) according to the manufacturer’s instructions. The
primary antibodies anti-SHH (AB135240, Abcam) and
anti-UPK3a (AB187646, Abcam) were used to identify
target proteins. A secondary horseradish peroxidase-
conjugated antibody was used at a 1:5000 dilution (Milli-
pore). The ECL advanced system (GE Healthcare) was used
to detect target proteins. Mouse serum or urine levels of
IL-33 (DY413, R&D System), IL-5 (DY405, R&D System),
IL-13 (DY413, R&D System), SHH (DY461, R&D System),
BMP4 (EK0316, Boster), and BMP5 (LS-F20454, LSBio)
were analyzed using enzyme-linked immunosorbent assay
(ELISA) kits according to the manufacturers’ instructions.

Statistical analyses

Data are presented as means + SEM. For experiments in
which differences between two groups were evaluated,
data were analyzed using non-parametric Mann—Whitney
U-tests.

Results
UUO upregulated IL-33 urine and serum levels

To determine the expression of IL-33 in kidney tissues
and the UPJ urothelium, we performed UUO surgery to
induce UUO in C57BL/6 mice. Pre-surgery urine samples
were collected from the bladder as a control. Hydrone-
phrotic urine samples were collected from obstructed
kidneys for ELISA analyses of IL-33 (Fig. 1la), IL-5
(Fig. 1b), and IL-13 (Fig. 1c). Urine levels of IL-33, IL-5,
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and IL-13 in the obstructed kidney were elevated at 4 days
post-UUO. Serum levels of IL-33 (Fig. 1d), IL-5 (Fig. 1e),
and IL-13 (Fig. 1f) were upregulated on day 2 post-UUO
and then declined to basal levels, suggesting that circu-
lating IL-33 was upregulated by an acute inflammatory
response to the early insult of kidney obstruction.

Infiltration and expansion of immune cells and ST2+
leukocytes in UUO kidneys

As the peak IL-33 levels were observed in the urine
from obstructed kidneys 4 days post-UUO, we sought to
identify changes in immune and non-immune cells in the
kidneys following UUO. We found that the total number
of CD45+ leukocytes increased dramatically, whereas the
number of CD45— non-leukocytes decreased in the UUO
kidney (Fig. 2a). Among CD45+ leukocytes, macrophages
and Thy1.2+ cells (T cells and ILCs) comprised the major
populations of immune infiltrate, and numbers of mac-
rophages, T cells, ILCs, neutrophils, monocytes, and other
un-characterized immune cells were elevated in the UUO
kidney (Fig. 2b and Supplementary Figure S1). The total
ILC population (CD45+Lin—Thyl.24+) and the ILC2
population (CD45+Lin—Thyl.2+GATA3+), a crucial
target of IL-33, were also increased in the UUO kidney
(Fig. 2c). Among the increased immune infiltrates in the
UUO kidney, macrophages comprised 46.5% of total
CD45+ leukocytes (Fig. 2d). We next analyzed the
expression of the IL-33 receptor ST2 among leukocytes
and non-leukocytes. Interestingly, although the total
number of CD45— non-leukocytes was reduced in the
UUO kidney, ST24+CD45— cells were elevated in the
UUO kidney. Numbers of ST2+4 macrophages, T/ILCs,
neutrophils, and monocytes were elevated in UUO kid-
neys compared with those in non-obstructed control
kidneys (Fig. 2e). Among the ST2+ cells, CD45— non-
leukocytes, neutrophils, macrophages, T/ILCs, and
monocytes comprised 34.8%, 22.3%, 23.1%, 16.2%, and
3.6%, respectively (Fig. 2f). UUO induced a 30-fold
increase in the number and 4.6-fold increase in the per-
centage of ST2+ neutrophils in UUO kidneys compared
with those in non-obstructed kidneys (Fig. 2e, f). These
results together indicate that there is an increased infil-
tration and expansion of ST2+ innate immune cells in the
kidney following obstructive injury.

UUO upregulated IL-33 expression in vimentin+
tubulointerstitial cells

We next examined the source of IL-33 in the kidney. On
day 4 post-UUO surgery, the dilation of the renal pelvic
space was observed in the obstructed kidney (Fig. 3a).
Immunofluorescent staining revealed increased IL-33
expression in the cortex, medulla, and UPJ urothelium.
IL-33-positive staining co-localized with vimentin+
interstitial cells in the cortical and medullar layers in the
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Fig. 1 Analyses of urine and serum levels of IL-33 in mice following obstructive renal injury. UUO surgery was performed in C57BL/6 mice to
induce obstructive kidney injury. Pre-surgery control urine was collected from the bladder. Intrarenal urine samples from the obstructed kidney were
collected on the day the mice were sacrificed. Serum samples were collected on the indicated days post-UUO surgery (n =5 in each group). Urine levels
of a IL-33, b IL-5, and ¢ IL-13 and serum levels of d IL-33, e IL-5, and f IL-13 were measured using ELISA; *p < 0.05 compared with DO control group

obstructed kidney (Fig. 3b). IL-33+vimentin+ stroma
cells were also upregulated in the UPJ in the obstructed
kidney (Fig. 3c). No evident IL-33 staining co-localized
with Lotus lectin (LTL)-positive proximal tubular cells
(Fig. 3d). These results indicate that IL-33 is upregulated
in the obstructed kidney and predominantly co-localizes
with vimentin+ tubulointerstitial cells in the cortex and
medullar layers.

UUO upregulated IL-33 expression in KRT5+ hyperplasic
urothelium

In addition to cortical and medullar IL-33 expression in
vimentin+ cells, we also observed a marked increase in
IL-33 expression in the UPJ urothelium (Fig. 3b). In the
kidneys of wild-type C57BL/6 mice without renal
obstruction, the UP] urothelium normally consists of a
monolayer of keratin 5 (KRT5)-expressing urothelial cells
(Fig. 4a, b, areas 1-3). In the UUO kidney, the UPJ uro-
thelium showed marked epithelial cell thickening with an
increased number of KRT5+ basal urothelial cells,
whereas the KRT5+ urothelium within the fornix
remained monolayered (Fig. 4a, b, areas 4-6). UUO

Official journal of the Korean Society for Biochemistry and Molecular Biology

induced the proliferation of the monolayer urothelial cells,
forming a hyperplasic urothelium with an average of 3—6
layers of KRT5+ basal cells in the UPJ (Fig. 4b). Inter-
estingly, IL-33 expression was only detected and co-
localized with multilayered KRT5+ basal cells in the UP]
(Fig. 4b, area 5) and upper urinary track (Fig. 4b, area 6); it
did not co-localize with the monolayered KRT5+
medullar urothelial cells within the fornix (Fig. 4b, area 4
and Fig. 4c). Moreover, IL-33 was not detected in uro-
plakin 3a (UPK3a)-expressing superficial umbrella cells in
the UUO kidney (Fig. 4d). These results indicate that IL-
33 is predominantly expressed in hyperplasic KRT5+
basal cells and that expression of IL-33 is lost during the
process of the terminal differentiation of superficial
umbrella cells.

Deficiency of IL33 or ST2 attenuated UUO-induced
thickening of UPJ urothelium

Intrarenal hyperplasia is observed in the obstructed
kidney'’”. Our results demonstrated that IL-33 was upre-
gulated in the KRT5+ hyperplasic urothelial layer of the
UPJ (Fig. 4). We therefore hypothesized that IL-33 may
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Fig. 2 UUO induced the infiltration and expansion of immune cells and ST2+ leukocytes. The absolute cell numbers of a CD45— and CD45+
cells, b CD45+ leukocytes, and ¢ ILC2s in the kidneys from sham control, non-obstructive control kidneys (Ctrl), or UUO kidneys. d Percentage of
immune cell populations among total CD45+ leukocytes. @ The absolute number of ST24 cells in the kidneys. f Distribution of ST2+ cells. Kidneys
were isolated from C57BL/6 mice with sham surgery or 4 days post-UUO surgery. The kidneys from sham-operated mice (n = 4) and non-obstructed
kidneys (n = 8) served as controls for comparison with obstructed (UUO) kidneys (n = 8)

contribute to the hyperplasia of urothelial cells in
response to obstructive injury. To test this hypothesis, we
compared the levels of urothelial hyperplasia in wild-type
C57BL/6, IL33KO, and ST2KO mice following UUO
surgery. UUO induced significant urothelial thickening in
the UPJ in C57BL/6 mice, whereas deficiency of IL33 or
ST2 attenuated UUO-induced UP] urothelium thickening
(Fig. 5a, b). These results indicate that the IL-33/ST2 axis
contributes to the hyperplasia of the UP] urothelium
following kidney obstruction.

Deficiency of IL33 altered UUO-induced type 2 cytokine
expression

We next performed qRT-PCR analysis to determine
which genes are differentially regulated in the UP]J tissues
from wild-type and IL33KO mice following UUO. Two-
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dimensional PCA was performed to simplify the qRT-
PCR results (Supplementary Figure S2). PC1 reflected
differences in gene expression between UUO UP] tissues
and non-obstructed control tissues from wild-type
C57BL/6 mice (i.e, UUO-mediated gene regulation).
PC2 reflected differences between IL33KO and C57BL/6
UUO UP] tissues (i.e., [L-33-dependent gene regulation in
UUO UPJ tissues). Upon tissue injury, an increase in IL-
33 expression activates type 2 immune responses’%. We
found that UUO upregulated the gene expression of type
2 inflammatory cytokines (/L5 and IL13) in UP] tissues
from C57BL/6 mice (Fig. 6a). Deficiency of /L33 atte-
nuated the upregulation of IL5 and IL13 in UPJ tissues.
UUO induced the upregulation of amphiregulin (Areg)
gene expression, which is derived from activated ILC2s,
and this was also attenuated in IL33KO UP]J tissues
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Fig. 4 UUO upregulated IL-33 expression in the hyperplasic intrarenal urothelium. a Immunofluorescence staining of IL-33 (red), KRT5 (green),
and nuclei with DAPI (blue) in kidney tissues from C57BL/6 mice with UUO surgery. b Co-localization of IL-33 (red) in KRT5+ (green) urothelial cells in
the UPJ but not in the urothelium within the fornix. IL-33 is markedly expressed in the hyperplasic urothelium in the obstructed kidney. ¢
Quantification of IL-33+4 cells among KRT5 cells in the fornix and UPJ of control and UUO kidneys; *p < 0.05. d IL-33 is not expressed in UPK3a+
superficial cells

(Fig. 6a). IL4 transcript levels in UP] tissues did not differ
between the IL33KO and C57BL/6 groups.

The protein levels of IL-13 and IL-5 in hydronephrotic
urine samples from C57BL/6 and IL33KO mice were
examined to validate the qPCR results. IL33KO mice had
lower basal urine levels of IL-13 and IL-5 (Fig. 6b, c).
Upon UUO, levels of IL-13 and IL-5 in the hydrone-
phrotic urine samples from IL33KO mice were lower than
those in samples from wild-type C57BL/6 mice (Fig. 6b,
c). This result indicates that IL-33-mediated type 2
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immune responses and ILC2 activation are impaired in
IL33KO mice following UUO.

Deficiency of IL33 preserved UUO-induced loss of
uroplakins in UPJ tissues

We next examined whether /L33 deficiency altered the
expression of uroplakins and urothelial differentiation
markers in UP]J tissues following UUO. The expression of
uroplakins in the urothelium layer reflects membrane
integrity. Urothelial cells rapidly lose uroplakin expression
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Fig. 5 Deficiency of IL33 or ST2 attenuated UUO-induced hyperplasia of the UPJ urothelium. a Representative images show that deficiency of
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on day 2 post-UUO'. We observed that L/PKIa, UPK1b,
UPK2, UPK3a, and UPK3b were downregulated in UP]
tissues following UUO in C57BL/6 mice (Supplementary
Figure S2 and Fig. 6d). Interestingly, deficiency of IL33
preserved the UUO-induced downregulation of the uro-
plakin genes (Fig. 6d), indicating the preservation or
enhancement of urothelial membrane integrity in IL33KO
UP]J tissues following UUO.

The protein levels of UPK3a in UP]J tissues from C57BL/
6 and IL33KO mice were analyzed using western blots
(Fig. 6e). We found that the levels of UPK3a protein were
reduced in UUO UP] tissues compared with those in non-
obstructed controls. In IL33KO mice, this UUO-induced
reduction in the UPK3a protein levels in obstructed UPJ
tissues was preserved (Fig. 6e). We next performed
immunofluorescent staining to confirm this finding. In
UPJ tissues from obstructed kidneys, the expression of
UPK3a was lower in the superficial layer of the IL-33-
expressing hyperplasic urothelium than in the mono-
layered urothelium in non-obstructed mice (Fig. 6f). The
UP]J urothelium from IL33KO mice with UUO showed an
intact urothelial layer with preserved UPK3a expression
and the lack of IL-33 expression.

Deficiency of IL33 preserved UUO-induced loss of
urothelial differentiation signaling

The increased expression of uroplakins in obstructed
UPJ tissues from IL33KO mice may contribute to an
increase in urothelial differentiation signaling in the
context of IL33 deficiency. Upon injury, urothelial cells
begin to proliferate and form a multilayered urothelium??,
Impaired urothelial differentiation leads to uncontrolled
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proliferation and metaplasia®*. Sonic hedgehog (SHH)
and FOXA1 have been shown to regulate the terminal
differentiation of urothelial cells via BMP4 and BMP5>°~
*_In our model, we found that the urothelial differ-
entiation genes SHH, BMP4, BMPS, and FOXA1 were
downregulated by UUO in UP] tissues from C57BL/6
mice (Fig. 7a). IL33 deficiency prevented the UUO-
induced downregulation of urothelial differentiation
genes in UPJ tissues from IL33KO mice following UUO
(Supplementary Figure S2 and Fig. 7a). Although UUO
downregulated SHH gene expression in the UPJ, the
protein levels of SHH in UP]J tissues did not change sig-
nificantly following UUO in C57BL/6 mice (Fig. 7b).
Intriguingly, obstructed UPJ tissues from IL33KO mice
showed higher SHH protein expression compared to
those from C57BL/6 mice (Fig. 7b). Immunofluorescent
staining also revealed that SHH protein expression was
higher in the obstructed UPJ urothelium layer in IL33KO
mice when compared to that in C57BL/6 UUO UP]J tis-
sues (Fig. 7c). Finally, we determined the protein levels of
SHH, BMP4, and BMP5 in control and hydronephrotic
urine samples and found that /L33 deficiency led to higher
levels of SHH, BMP4, and BMP5 in hydronephrotic urine
compared with those in urine samples from wild-type
C57BL/6 mice (Fig. 7d). These results collectively suggest
that deficiency of IL33 is associated with increased uro-
thelial differentiation and the preservation of urothelium
integrity (Fig. 7e).

Discussion
IL-33 has been shown to be involved in various kidney
diseases in humans and rodent models®**~>*, In cisplatin-
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induced acute kidney injury in mice and contrast-induced
diabetic nephropathy in rats, serum and kidney IL-33
protein levels are elevated®3%32, Additionally, serum and
urine IL-33 levels are increased in patients after renal
transplantation®®. In chronic kidney disease patients,
however, IL-33 serum levels are not significantly altered
nor correlated with disease severity”®. Caner et al.
demonstrated that serum IL-33 levels in diabetic
nephropathy were not associated with kidney injury,
although upregulation may be due to diabetes®. While it
remains controversial whether serum or urine IL-33 levels
positively correlate with impaired renal function, the
upregulation of tissue IL-33 levels is generally consistent
across different renal injury models®”.

In our UUO model, kidney obstruction induced peak
serum IL-33 on day 2; levels then returned to their basal
values on day 4 and were even lower after day 10. This
suggests that IL-33 likely functions as an acute phase
inflammatory cytokine in the UUO model. Persistent
elevated IL-33 levels in hydronephrotic urine 4 days post-
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UUO suggest that the excretion of IL-33 from the injured
kidney is the major source of IL-33 protein in hydrone-
phrotic urine. Interestingly, levels of IL-33, IL-5, and IL-
13 in hydronephrotic urine returned to basal levels on day
14 post-UUO, suggesting an anti-inflammatory response
during the late phase of obstructive nephropathy.

IL-33 has been shown to activate macrophages, neu-
trophils, ILC2s, eosinophils, and mast cells in various
diseases>®>?. In this study, we performed a compre-
hensive flow cytometry analysis to identify changes in
immune cell populations induced by UUO. Among the
increased immune infiltrates in the UUO kidney, macro-
phages and T cells were predominant. We also surveyed
all ST2-expressing cells, which are target cells of IL-33,
and determined that macrophages, neutrophils, and T/
ILCs are the major immune targets of IL-33 in the UUO
kidney. This observation indicates that IL-33 likely targets
multiple immune populations during the acute phase of
obstructive nephropathy. Tran et al. reported that IL-33
administration enhanced fungal clearance by increasing
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differentiation differentiation

the phagocytic activity of neutrophils*’. Moreover, dele-
tion of IL13 abolishes the IL-33-mediated polarization of
M2 macrophages and renal functional recovery™. Whe-
ther a specific immune population contributes to the IL-
33-mediated effector function awaits further investigation.

This study, consistent with our previous findings’,
showed that IL-33 was upregulated following UUO-
induced renal injury. Elevated IL-33 expression was pre-
dominantly observed in vimentin+ tubulointerstitial cells
in the cortex and medullar layers and hyperplasic UPJ]
urothelium in the UUO kidney, indicating that interstitial
myofibroblasts are the major sources of IL-33 in kidney
tissues following obstructive injury. Intriguingly, we found
that IL-33 expression was also markedly induced in
hyperplasic KRT5+ basal urothelial cells in the UP] but
not in the monolayered urothelium of the renal papilla.
Deficiency of IL33 or ST2 attenuated UUO-induced UP]
urothelial hyperplasia, indicating a pro-hyperplasic func-
tion of the IL-33/ST2 axis in the UPJ urothelium. Gir-
shovich et al. and Vinsonneau et al. showed that ischemia
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and renal obstruction induced the proliferation of
intrarenal urothelial cells via the FGF7-FGFR2 path-
way'®!”, However, transcripts of FGF7 and FGFR2 were
not detectable in UPJ tissues from control or UUO kid-
neys in our model (data not shown), suggesting that IL-
33-mediated intrarenal hyperplasia is independent of
FGF7-FGFR?2 signaling.

IL-33 has been shown to be an epithelial barrier alar-
min, which elicits an innate response and regulates epi-
thelium integrity upon injury”*', In a cutaneous wound
healing model, an IL-33-dependent ILC2 response pro-
motes re-epithelialization and efficient wound closure®.
A recent study showed that IL-33 induced bronchial
epithelial tight junction barrier leakiness via IL-13*. Our
study revealed that /L33 deficiency attenuated UUO-
induced expression of type 2 cytokines and the loss of
uroplakin expression in UP] tissues, indicating that an IL-
33-mediated type 2 immune response likely contributes to
the loss of membrane integrity in the UPJ urothelium
following kidney obstruction.
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SHH signaling has been shown to inhibit bladder cancer
progression by upregulating the stromal production of the
urothelial differentiation factors BMP4 and BMP5>°. Our
result demonstrated that /L33 deficiency further upregu-
lated the gene expression of SHH, BMP4, and BMPS5 in the
obstructed UP] tissues, which may explain the enhanced
urothelial differentiation and uroplakin expression in the
UUO UPJ urothelium from IL33KO mice.

Whether IL-33-mediated urothelial hyperplasia is
associated with uncontrolled proliferation and urothelial
metaplasia awaits further study. Intriguingly, the in vitro
treatment of human urothelial cancer cells with IL-33 did
not alter cell proliferation (Supplementary Figure S3),
suggesting that IL-33-mediated urothelial hyperplasia
may occur only under stress conditions such as increased
mechanical stretch or changes in urine osmotic pressure
during kidney obstruction. Moreover, urothelial IL-33 was
only detected in specific regions, particularly the hyper-
plasic UPJ urothelium, suggesting that the expression of
IL-33 is tightly regulated in these cells. Therefore, using
bladder or urothelial cancer cells in in vitro models may
not be appropriate for studying the biology of IL-33, since
the cellular phenotype and culture conditions do not
mimic the microenvironment of the obstructed UPJ
urothelium. Further study utilizing the primary culture of
pelvic or upper urinary track urothelial cells may help to
explain how IL-33/ST2 signaling mediates renal injury-
associated UPJ urothelium hyperplasia.

In clinical settings, urothelial hyperplasia is found in
children with congenital UPJ obstruction and is associated
with type 2 cytokine production'’. Moreover, UPJ uro-
thelium hyperplasia seems to be common in different
kidney injury models'®'®, and it occurs prior to the
development of renal tubulointerstitial fibrosis'>'®"”.
However, it remains unclear whether the degree of UP]
urothelium hyperplasia positively correlates with impaired
renal function or kidney fibrosis. This study and our pre-
vious work demonstrated that /L33 deficiency resulted in
reductions in UUO-induced renal fibrosis’, tubular injury,
and UPJ urothelium hyperplasia, which may imply that
elevated IL-33/ST2 signaling contributes to both patholo-
gical outcomes in the renal parenchyma and the UPJ.

Collectively, our study identified a novel and previously
unrecognized role of the IL-33/ST2 axis as a molecular
sensor to translate increased intrarenal pressure (or
stress) into the activation of innate and type 2 immune
responses and mediate the hyperplasia of the intrarenal
urothelium in obstructive nephropathy by regulating
urothelial hyperplasia and differentiation.
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