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The effect of 1L.-33 deficiency on acute kidney injury (AKI) and cancer
growth in a 4-wk model of cisplatin-induced AKI in mice with cancer
was determined. Mice were injected subcutaneously with murine lung
cancer cells. Ten days later, cisplatin (10 mg-kg—!-wk—1) was ad-
ministered weekly for 4 wk. The increase in kidney 1L-33 preceded
the AKI and tubular injury, suggesting that IL-33 may play a causative
role. However, the increase in serum creatinine, blood urea nitrogen,
serum neutrophil gelatinase-associated lipoprotein, acute tubular ne-
crosis, and apoptosis scores in the kidney in cisplatin-induced AKI
was the same in wild-type and IL-33-deficient mice. There was an
increase in kidney expression of pro-inflammatory cytokines CXCL1
and TNF-a, known mediators of cisplatin-induced AKI, in IL-33-
deficient mice. Surprisingly, tumor weight, tumor volume, and tumor
growth were significantly decreased in IL-33-deficient mice, and the
effect of cisplatin on tumors was enhanced in IL-33-deficient mice. As
serum IL-33 was increased in cisplatin-induced AKI in mice, it was
determined whether serum IL-33 is an early biomarker of AKI in
patients undergoing cardiac surgery. Immediate postoperative serum
IL-33 concentrations were higher in matched AKI cases compared
with non-AKI controls. In conclusion, even though the cancer grows
slower in IL-33-deficient mice, the data that IL.-33 deficiency does not
protect against AKI in a clinically relevant model suggest that IL-33
inhibition may not be useful to attenuate AKI in patients with cancer.
However, serum IL-33 may serve as a biomarker of AKI.

cisplatin; kidney injury; IL-33

INTRODUCTION

Cisplatin is one of the major chemotherapeutic agents used
in patients with lung cancer. Cisplatin is also used in chemo-
therapy of testicular cancer, ovarian cancer, bladder cancer,
neuroblastoma, and osteogenic sarcoma. The development of
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acute kidney injury (AKI) is the major limiting factor to the use
of cisplatin in cancer patients. Thus it is important to develop
an animal model of cisplatin-induced AKI that resembles the
human situation to test potential therapies. Most previous in
vivo studies of cisplatin-induced AKI have been in models of
acute (3 days), high-dose (20—40 mg/kg) cisplatin administra-
tion that leads to mortality in non-tumor-bearing mice (31).
Interventions that have been tested in cisplatin-induced AKI,
e.g., caspase or TNF-a inhibition, have been tested in non-
tumor-bearing mice. These interventions have the potential to
improve the AKI but may decrease apoptosis of cancer cells,
resulting in increased growth of the cancer and impairment of
the therapeutic effect of cisplatin. Thus it is important to
determine the effect of therapeutic interventions on both the
AKI and the cancer. In this regard, we have recently demon-
strated that CD4 T-cell deficiency or depletion, which protects
against AKI in the acute high-dose cisplatin-induced AKI
model, did not protect against AKI in the chronic 4-wk model
of cisplatin-induced AKI and resulted in larger tumors (36).
The present study to further investigate the role of IL-33, a
damage-associated molecular pattern (DAMP) that is released
from dying cells, was performed in a chronic clinically relevant
model of cisplatin-induced AKI in mice with cancer that
received four weekly pulses of cisplatin.

Our published data in the acute high-dose cisplatin model of
AKI demonstrate that IL-33-mediated cisplatin-induced AKI is
dependent on CD4 T-cell-mediated production of CXCLI1 (1).
IL-33 also plays a role in other kidney diseases (45). It has
been shown that IL-33 inhibition decreases lupus disease and
lupus nephritis in lupus-prone mice (16) and that IL-33 defi-
ciency decreases kidney injury and interstitial fibrosis in a
unilateral urinary obstruction (UUO) model (3). The role of
IL-33 in a clinically relevant chronic 4-wk model of cisplatin-
induced AKI in mice with cancer is not known. Thus the first
aim of the study was to determine the effect of IL-33 deficiency
on the functional and histological changes of AKI in a chronic
model of cisplatin-induced AKI in mice with cancer.

IL-33, in addition to mediating kidney disease, may also
play a role in cancer progression. There is suppressed breast
cancer progression and metastasis in mice with deficiency of
the IL-33 receptor, ST2 (11). IL-33 causes colorectal cancer
and intestinal polyposis by creating a microenvironment favor-
able to tumorigenesis (26). IL-33 signaling contributes to the
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pathogenesis of myeloproliferative neoplasms (23). Together,
these studies suggest that the IL-33/ST2 axis may initiate
cancer development and promote metastasis. Although se-
rum IL-33 may serve as a marker of non-small cell lung
cancer progression (44) and IL-33 is increased in lung
tumors in mice (15), the effect of IL-33 deficiency on lung
cancer is not known. Also, the effect of IL-33 deficiency on
the therapeutic effect of cisplatin is not known. A therapy
that ameliorates AKI but lessens the therapeutic effect of
cisplatin would be problematic. Thus a further aim of the
study was to determine the effect of IL-33 deficiency on
lung cancer growth and the therapeutic effect of cisplatin on
the cancer in mice.

METHODS

Cisplatin-induced AKI in mice with cancer. For all the mouse
studies, 8- to 10-wk-old male C57BL/6 mice weighing 20-25 g were
used. IL-337/~ mice were generated by Taconic Biosciences (Hud-
son, NY) on a C57BL/6 genetic background as described (20) and
kindly shared through collaboration by Merck Research Laboratories.
Utilizing the PCR-based strategy as described (20), animal genotyping
was confirmed using PCR to discriminate between wild-type (WT)
and mutant alleles (WT amplicon 280 bp, using PCR primers 5’-
ggcattaacactaagactactcagectcag-3’ and 5'-gegtatgtttggtttggtgcga-3';
mutant amplicon 450 bp, using PCR primers 5’-ggcattaacactaagac-
tactcagcctcag-3' and 5'-cggggaaatcttggagttggaatact-3'). Of 58 mice
genotyped, 16 were WT, 28 were heterozygous knockout (+/—) and
14 were homozygous knockout (—/—). On IL-33 ELISA of kidney
homogenates, IL-33 was present in WT kidneys and increased with
cisplatin (Fig. 1A). In both +/— and —/— kidneys IL-33 was absent
(Fig. 1A). In addition, both +/— and —/— mice had decreased tumor
weight at 4 wk compared with WT. Tumor weight (grams) was 1.1 in
WT, 0.55 in +/— mice (P < 0.01 vs. WT), and 0.7 in —/— mice (P <
0.05 vs. WT) (n = 6 per group). Thus as both +/— and —/— kidneys
had undetectable IL-33 by ELISA and lower tumor weights compared
with +/+, the +/— and —/— mice were studied as a single group and
referred to as “IL-33-deficient” mice. Age-, weight-, and sex-matched
C57BL/6 mice were used as controls.

Mice homozygous for the CXCR2 mutation in the C57BL/6 strain
were obtained by breeding and genotyping heterozygous mice pur-
chased from the Jackson Laboratory as described (2, 13). Age, sex and
weight matched littermates were used as controls.

All experiments were conducted with adherence to the National
Institutes of Health Guide for the Care and Use of Laboratory
Animals. The animal protocol was approved by the Animal Care and
Use Committee of the University of Colorado at Denver. Mice were
maintained on a standard diet, and water was freely available. Mice
were housed five per cage under a 12:12-h light-dark schedule for at
least 1 wk before cisplatin administration.
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CMT167 (lung carcinoma cells; 10°/40 pl of 10% growth factor
reduced Matrigel matrix PBS) were injected with a 30-gage needle
into the flank as previously described (42, 43). The cells form a
primary tumor in the flank. The tumors were allowed to engraft for 10
days before cisplatin was administered.

After 10 days, cisplatin (10 mg/kg) was injected weekly for 4 wk.
Six hours before cisplatin administration, food and water were with-
held. Cisplatin [cis-diamminedichloro-platinum (II); Aldrich, Milwau-
kee, WI] was freshly prepared the day of administration in sterile normal
saline at a concentration of 1 mg/ml. Mice were given 10 mg/kg of body
weight of cisplatin or vehicle (saline) intraperitoneally, after which the
mice again had free access to food and water. At 1, 2, 3, and 4 wk the
tumor size was quantitated using digital calipers (42, 43). After 4 wk of
cisplatin, the tumors and kidneys were removed and blood was drawn for
blood urea nitrogen (BUN) and serum creatinine. Serum creatinine and
BUN were measured using a VetAce autoanalyzer (Alfa Wassermann,
West Caldwell, NJ).

Three-day high-dose model of cisplatin-induced AKI. Male
C57BL/6 mice, 8- to 10-wk-old weighing 20-25 g, were used. We
have described this model of cisplatin-induced AKI in detail else-
where (7). Mice were fed by a standard diet, and water was freely
available. Mice were housed five per cage under a 12:12-h light-dark
schedule for at least 1 wk before cisplatin administration. Six hours
before cisplatin administration, food and water were withheld. Cis-
platin was freshly prepared on the day of administration in sterile
normal saline at a concentration of 1 mg/ml. Mice were given 25
mg/kg body weight of cisplatin or vehicle (saline) intraperitoneally,
after which the mice again had free access to food and water. Mice
were euthanized on day 3 after cisplatin injection when renal dys-
function is severe.

In the 3-day high-dose model experiments, serum creatinine
concentration was analyzed with HPLC tandem mass spectrometry
(Applied Biosystems 3200 Qtrap). Creatinine and [2H3] creatinine
were detected in multiple reaction monitoring mode, monitoring
the transitions of the m/z from 114 to 44.2 and from 117 to 47.2,
respectively.

Histological examination. Paraformaldehyde (4%)-fixed and par-
affin-embedded kidneys were sectioned at 4 wm and stained with
periodic acid-Schiff (PAS) by standard methods. All histological
examinations were performed by a blinded renal pathologist. Histo-
logical changes due to acute tubular necrosis (ATN score) were
evaluated in the outer stripe of the outer medulla on PAS-stained
tissue and were quantified by counting the percent of tubules that
displayed cell necrosis, loss of brush border, cast formation, and
tubule dilatation as follows: 0 =none, 1 = <10%, 2 = 10-25%,
3=26-45%, 4 = 46-75%, and 5 = >75%. At least 10 fields
(X250) were reviewed for each slide.

Morphologic criteria were used to count apoptotic cells on PAS-
stained tissue by the pathologist experienced in the evaluation of renal
apoptosis. Morphologic characteristics included cellular rounding and
shrinkage, nuclear chromatin compaction, and formation of apoptotic

Fig. 1. Kidney and serum IL-33 increases in

cisplatin-induced acute kidney injury (AKI) in

WT mice. A: kidney IL-33 as measured by

ELISA increased at week 1 (Wk 1), week 2 (Wk

* 2), and week 4 (Wk 4) of cisplatin-induced AKI

** in WT mice; n = 6 per group. Kidney IL-33 at

week 4 was undetectable in the kidney of both

heterozygous (+/—) and homozygous IL-33

knockout (—/—) mice. *P < 0.01 vs. vehicle

(Veh); *#*P < 0.05 vs. Veh, P < 0.001 vs. Wks 1,

2 and 4; n = 12 per group. B: serum IL-33 in

mice is increased at weeks 3 and 4 of cisplatin

administration. *P < 0.01 vs. Veh, **P < 0.05
vs. Veh; n = 8 per group.
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bodies (9). Apoptotic tubular cells were quantitatively assessed per 10
high-power field (X400) in the outer stripe of the outer medulla.

Immunoblotting. Whole kidney extracts were immunoblotted as
previously described in detail (5). Immunoblot analyses were per-
formed with the following antibodies: /) a rabbit polyclonal antibody
against granzyme B (no. 4275, Cell Signaling Technology, Beverly,
MA); 2) a rabbit polyclonal antibody against cleaved caspase-3
(Aspl175) (no. 9661, Cell Signaling Technology); 3) a LC3 antibody
(no. 2775, Cell Signaling Technology) that detects endogenous levels
of total LC3 protein (LC3 initially yields a cytosolic form, LC3-I,
recognized as a 16 kDa protein; during autophagy, LC3-I is converted
to LC3-II recognized as a 14 kDa protein); 4) a 3-actin rabbit mAb
that detects endogenous levels of total (3-actin protein (no. 4970, Cell
Signaling Technology).

Measurement of cytokines. A multiplex sandwich immunoassay
was used to measure the 10 following inflammatory cytokines: IL-1,
1L-2, IL-4, IL-5, IL-6, CXCLI1 (also known as IL-8 in humans and KC
in mice), IL-10, IL-13, IFN-vy, and TNF-« using a multiarray electro-
chemiluminescence panel (Meso Scale Discovery, MULTI-SPOT
Assay System, V-plex Proinflammatory Panel-1 for mice, catalog no:
K15048D-1, Rockville, MD).

Both the mouse IL-33 ELISA (catalog no. M3300) and the
CXCL1/KC ELISA (catalog no. MKC 00B) kits were obtained from
R and D Systems, Minneapolis, MN. ELISA was performed according
to the manufacturer’s instructions.

Ki67 staining. Optimal cutting temperature compound-embedded
tumors were sectioned at 7 uM and stored at —80°C. Frozen sections
were brought to room temperature, fixed with neutral buffered 4%
paraformaldehyde in PHS, pH 7.4 for 10 min. After washing three
times, tissues were permeabilized and blocked in 5% BSA, 0.1%
Triton X-100 for 30 min. Tissues were washed three times again in
PBS, then incubated overnight in a humidifier at 4°C at a dilution of
1-100 with primary antibody, K;-67 (D3B5) rabbit mAb (Alexa Fluor
647 Conjugate, 12075S, Cell Signaling Technology). After three
washes again with PBS, slides were counter stained for DAPI and
mounted in Antifade Mounting Medium with DAPI (H-1200, Vector
Laboratories), imaged by Zeiss LSM780 spectral, and analyzed using
Zen2011 Blue software and FIJI ImageJ image processing. Integrated
pixel density was calculated per whole image subtracted from three
unique background pixel integrated density values.

Serum IL-33 in human AKI. A nested case-control study was
performed to determine whether serum IL-33 is a biomarker of AKI
in humans. Perioperative plasma samples were obtained from patients
enrolled in the well-described TRIBE-AKI cohort of high-risk pa-
tients undergoing cardiac surgery (33). Thirty-five cases of Acute
Kidney Injury Network stage 2 AKI or higher within the first 4
postoperative days were matched to 70 controls with no AKI on
preoperative GFR, age, sex, site, and year of entry into the cohort.
Blood samples were collected preoperatively and daily postopera-
tively. The day 1 (0—6 h) sample was collected within 6 h after
surgery and day 2 and 3 samples were collected ~48 and 72 h after
surgery. Day 1 (0—6 h) is a time point before there is an increase in
serum creatinine in the AKI cases (33). Serum IL-33 was measured by
ELISA (R and D systems).

Statistical analysis. In the mouse studies, nonnormally distributed
data were analyzed by the nonparametric unpaired Mann-Whitney
test. Multiple group comparisons were performed using analysis of
variance (ANOVA) with posttest according to Newman-Keuls. A P
value of <0.05 was considered statistically significant. Values are
expressed as means * SE.

In the human studies, serum IL-33 values were log transformed.
Mixed regression models were used to compare postoperative serum
IL-33 values after adjusting for preoperative levels and accounting for
matching between cases and controls. Analyses were performed with
SAS software, version 9.3 (SAS Institute, Cary, NC).

IL-33 IN ACUTE KIDNEY INJURY

RESULTS

IL-33 in the kidney increases at week 1, 2, and 4 after
cisplatin administration. IL-33 in kidney homogenates as mea-
sured by ELISA was increased at weeks I, 2, and 4 after
cisplatin administration in WT mice (Fig. 14). IL-33 in kidney
homogenates was absent in both heterozygous (+/—) and
homozygous (—/—) IL-33 knockout mice (Fig. 1A).

In the 4-wk model of cisplatin-induced AKI that was used in
the present study, BUN and serum creatinine increase at 2 wk
(36). In the present study, kidney IL-33 was increased at week
I before the increase in BUN and serum creatinine, suggesting
that IL-33 may play a causative role in the increase in BUN and
serum creatinine.

Serum IL-33. Serum IL-33, as measured by ELISA, was
significantly increased at weeks 3 and 4 (Fig. 1B). The increase
in kidney IL-33 at week I occurred before the increase in serum
IL-33 at weeks 3 and 4, suggesting that the increase in IL-33 in
kidney was not a result of the increase in IL-33 in the blood.
IL-33 was undetectable in the urine by ELISA, suggesting
that necrotic tubules were not the source of IL-33. Whether
the origin of IL-33 in the serum is from necrotic endothelial
cells in the kidney or from other organ systems merits
further study.

IL-33 deficiency is not sufficient to prevent cisplatin-induced
AKI in the 4-wk model. BUN and serum creatinine were
significantly increased at week 4 after cisplatin in both WT and
IL-33-deficient mice (Fig. 2, A and B). Serum neutrophil
gelatinase-associated lipoprotein (NGAL) is an early diagnos-
tic biomarker of cisplatin-induced AKI (27). Serum NGAL
was significantly increased at week 4 after cisplatin in both WT
and IL-33-deficient mice (Fig. 2C).

IL-33 deficiency was not sufficient to prevent ATN or
tubular apoptosis. ATN and tubular apoptosis scores were the
same in both WT and IL-33-deficient mice with cisplatin-
induced AKI (Fig. 2, D and E).

AKI from tumor lysis syndrome, tumor infiltration of kid-
ney, or thrombotic microangiopathy are clinical complications
in patients with cancer (38). Thus it is possible that these
factors may have contributed to the lack of protection in
IL-33-deficient mice that had smaller tumors and a potentiated
effect of cisplatin. Thus we determined whether IL-33 defi-
ciency protected against AKI in the same 4-wk model of
low-dose cisplatin used in the present study, but in mice
without cancer. BUN and serum creatinine in cisplatin-induced
AKI were the same in both WT and IL-33-deficient mice
without cancer, indicating that the cancer was likely not con-
tributing to the lack of protection in IL-33-deficient mice (Fig.
2, F and G).

We have previously demonstrated that soluble ST2 (sST2),
a fusion protein that neutralizes IL-33 activity by acting as a
decoy receptor, protects against cisplatin-induced AKI in the
3-day high-dose model (1). It was determined whether IL.-33-
deficient mice were protected against cisplatin-induced AKI in
the 3-day high-dose (25 mg/kg) model. BUN (mg/dl) 3 days
after one injection of cisplatin 25 mg/kg ip was 35 =2 in
vehicle-treated WT mice, 44 = 3 in vehicle-treated I1L-33-
deficient mice, 79 = 5 in cisplatin-treated wild-type mice (P <
0.01 vs. vehicle treated, n = 4 per group) and 31 = 0.4 in
cisplatin-treated IL-33-deficient mice (P < 0.01 vs. cisplatin-
treated WT mice, n = 4 per group). Serum creatinine (mg/dl)
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Fig. 2. IL-33 deficiency does not protect against cisplatin-induced AKI in mice with cancer (A—E) In mice with cancer, blood urea nitrogen (BUN), serum
creatinine, serum neutrophil gelatinase-associated lipoprotein (NGAL), acute tubular necrosis (ATN) score, and apoptosis score were significantly increased by
cisplatin (Cis) in both wild-type (WT) and IL-33-deficient (Def) mice. *P < 0.05 vs. vehicle (Veh), **P < 0.01 vs. Veh, ***P < 0.001 vs. Veh; n = 9 for WT
Veh, n = 8 for WT Cis, n = 13 for IL-33 Def Veh, n = 14 for IL-33 Def Cis. F~G: in mice without cancer, BUN and serum creatinine in cisplatin-induced
AKI (Cis) were not different between WT and IL-33 Def mice; n = 6 per group. NS, not significant.

3 days after one injection of cisplatin 25 mg/kg ip was
0.54 #+ 0.01 in vehicle-treated WT mice, 0.48 = 0.1 in vehicle-
treated IL-33-deficient mice, 1.2 = 0.03 in cisplatin-treated
WT mice (P < 0.01 vs. vehicle treated, n = 4 per group) and
0.76 = 0.02 in cisplatin-treated IL.-33-deficient mice (P < 0.01
vs. cisplatin-treated WT mice, n = 4 per group). Thus IL-33-
deficient mice were functionally protected against cisplatin-
induced AKI in the 3-day model.

Kidney histology. Representative histology pictures are
shown in Fig. 3. In vehicle-treated mice there were clear brush
borders and absence of tubular necrosis and apoptosis (Fig.
3A). In cisplatin-induced AKI in both WT (Fig. 3B) and
IL-33-deficient mice (Fig. 3C) there was loss of brush borders,
tubular necrosis and casts in dilated tubules, and tubular cell
apoptosis.

IL-33 deficiency is not sufficient to prevent the increase in
CXCLI and TNF-a. 1L-33 is known to bind the ST2 receptor
on target inflammatory cells and stimulate production of cyto-
kines (4, 19). The cytokines IL-1, IL-2, IL-4, IL-5, IL-6,

CXCL1 (also known as IL-8 in humans and KC in mice),
IL-10, IL-13, IFN-v, and TNF-a were measured in WT kid-
neys and IL-33-deficient kidneys treated with vehicle or cis-
platin (Table 1). Of the 10 cytokines measured, the increase in
IL-1 in WT mice was blunted in IL-33-deficient mice. There
was an increase in IL-6, IL-10, IL-12, CXCLI1, and TNF-« in
both cisplatin-treated WT and cisplatin-treated IL-33-deficient
mouse kidneys (Table 1).

Tumor size and weight was significantly decreased in IL-33-
deficient mice. Tumor weight in IL-33-deficient mice was
nearly half that of WT mice (Table 2). Tumor weight in
IL-33-deficient mice treated with cisplatin was significantly
less than WT mice treated with cisplatin (Table 2). Tumor
volume in IL-33-deficient mice was significantly lower than
WT mice at weeks 2, 3, and 4. In WT mice, cisplatin resulted
in a significant decrease in tumor volume at weeks 3 and 4. In
IL-33-deficient mice, cisplatin completely prevented the
growth of tumors from week 1. Representative cross sections of
flank tumors are demonstrated in Fig. 4A.
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Fig. 3. Representative kidney histology. A: in vehicle-treated mice there were
clear brush borders and absence of tubular necrosis and apoptosis. B: in
cisplatin-induced AKI in WT mice there was loss of brush borders, tubular
necrosis (asterisks), and casts in dilated tubules (arrows). Insert shows a
tubular cell nucleus that is condensed and pyknotic, indicating tubular cell
apoptosis. C: in cisplatin-induced AKI in IL-33-deficient mice there was the
same amount of tubular necrosis and apoptosis. There were loss of brush
borders, tubular necrosis (asterisks), and casts in dilated tubules (arrows).
Insert shows a tubular cell nucleus that is condensed and pyknotic indicating
tubular cell apoptosis. Magnification: X400; inset magnification: X1,000.
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Cleaved caspase-3, LC3 II, and granzyme B in tumors.
There was no significant difference in cleaved caspase-3, a
marker of apoptosis, in tumors in vehicle-treated WT vs.
IL-33-deficient mice (Fig. 4B). Cleaved caspase-3 was in-
creased by cisplatin in tumors in WT but not in IL-33-deficient
mice. There was no significant difference in LC3-II, a marker
of autophagy, in tumors in vehicle-treated WT vs. IL-33-
deficient mice (Fig. 4C). LC3-1I was increased by cisplatin in
tumors in both WT and IL-33-deficient mice. IL-33 deficiency
or cisplatin had no effect on granzyme B, a marker of cytotoxic
lymphocyte (CL)-mediated killing of target cells in tumors
(Fig. 4D).

CXCLI. CXCLI, also known as IL-8 or KC, is a potent
pro-inflammatory cytokine. We have shown that IL-33 stimu-
lates CD4 T cells to make CXCLI in the acute 3-day model of
cisplatin-induced AKI (1). CXCLI signals via the CXCR2
receptor in mice. Thus the effect of CXCR2 knockout on
cisplatin-induced AKI and tumor growth in the chronic 4-wk
model of cisplatin-induced AKI was determined. CXCLI in-
creased at week I of cisplatin-induced AKI (Fig. 5A). How-
ever, CXCR2™/~ mice were not protected against cisplatin-
induced AKI in the 4-wk model. BUN, serum creatinine, and
serum NGAL were significantly increased in both WT and
CXCR2™/~ mice (Fig. 5, B-D). Next the effect of CXCR2
knockout on tumor growth was determined. Tumor weight
and volume was not different between WT and CXCR2 ™/~
mice (Table 3). Cisplatin resulted in a similar decrease in
tumor weight and volume in both WT and CXCR2 ™/~ mice
(Table 3). Although tumor volume at weeks 3 and 4 was less
in CXCR2 vs. WT mice, the decrease was not statistically
significant (Table 3).

Proliferation in tumors. The effect of cisplatin and IL-33
deficiency on cell proliferation as determined by Ki67 staining
in tumors was determined. There was an increase in Ki67
staining in tumors with cisplatin compared with vehicle in both
WT and IL-33-deficient mice that was not statistically signif-
icant (Fig. 6). There was an increase in Ki67 in tumors in
vehicle-treated IL-33-deficient mice compared with vehicle-
treated WT mice that did not reach statistical significance (Fig.
6). There was an increase in Ki67 in tumors in cisplatin-treated
IL-33-deficient mice compared with cisplatin-treated WT mice
that was not statistically significant (Fig. 6). These data dem-
onstrate that neither cisplatin nor IL-33 deficiency have a
significant effect on cell proliferation as determined by Ki67
staining in tumors.

Serum IL-33 is increased in human AKI. As IL-33 is a
DAMP released by damaged cells including endothelial
cells (45), and endothelial cell damage and death in the
nephron is an early feature of AKI (28). It was determined
whether IL-33 in the serum is a marker of AKI. Serum IL-33
was increased in mice at weeks 3 and 4 of cisplatin-induced
AKI (Fig. 1B). In humans, using a mixed model accounting
for the matching in the data, immediate postoperative serum
IL-33 concentrations were higher in matched AKI cases
compared with non-AKI controls. Median postoperative
serum IL-33 was increased on day I in AKI cases vs.
controls (Table 4). The delta mean increase in serum IL-33
from baseline was increased in cases vs. controls on day 1
(Table 5).
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WT Veh, n = 4 WT Cis, n = 5 1L-33 Def Veh, n = 5 1L-33 Def Cis, n = 5
IL-1, pglg 74 + 24 501 + 141% 46 * 8 95 + 30
IL-2, pglg 72+ 15 102 %19 58+ 15 113 £ 36
IL-4, pg/g 48+ 10 34+6 38+ 8 34+ 18
IL-5, pglg 0.01 = 0.002 0.06 £ 0.04 0.01 =+ 0.003 0.02 =+ 0.003
IL-6, pg/g 728 + 210 1,991 + 318%* 562 + 134 2,113 = 295%*
IL-10, pg/g 87 +27 255 + 21* 73+ 13 410 * 67%*
IL-12, pg/g 918 + 277 2,102 = 254% 899 + 269 2,686 + 390%*
CXCLI, pglg 117 + 47 3,797 + 368* 184 + 29 5,954 + 1,042+
TNF-a, pg/g 55+ 16 331 + 62* 54+ 11 266 = 21%*
IFN-y, pe/g 42+15 5.4+ 0.09 3.1+ 0.04 4+13

WT, wild-type; Veh, vehicle; Cis, cisplatin-induced acute kidney injury; Def, deficient. *P < 0.05 vs. WT Veh; **P < 0.05 vs. IL-33 Def Veh.

DISCUSSION

Cisplatin and other platinum derivatives are the most widely
used chemotherapeutic agents to treat solid tumors including
ovarian, head and neck, and testicular germ cell tumors. A
known complication of cisplatin administration is AKI (14).
Up to 20% of AKI in hospitalized patients is caused by
antineoplastic agents of which cisplatin is the most widely used
for solid tumors (31). The development of AKI in the hospital
is an independent risk factor for mortality and results in an
increased odds-ratio of death (14, 40). The nephrotoxic effect
of cisplatin is cumulative and dose dependent and often neces-
sitates dose reduction or withdrawal. Recurrent episodes of
AKI may result in chronic kidney disease. Despite this toxicity,
cisplatin remains one of the most commonly used chemother-
apy drugs because of its therapeutic efficacy. Therefore, an
understanding of the pathogenesis of cisplatin-induced AKI,
especially in a clinically relevant mouse model with cancer, is
important for the development of adjunct therapies to prevent
AKI, to lessen the need for dose decrease or drug withdrawal,
and to lessen patient mortality and morbidity.

IL-33 is a recently discovered member of the IL-1 family of
cytokines. IL-33 was originally thought to be a “leaderless”
protein activated by caspase-1 in the inflammasome (39).
However, in 2009 simultaneous papers demonstrated that
IL-33 is not a substrate for caspase-1 and that IL-33 can be
cleaved by caspase-3 from its active form to a less active form
(22, 41). IL-33 is a DAMP that is released as an early response
to tissue injury (29, 30, 32). Release of DAMPs from necrotic
cells promote inflammation and can activate macrophages,
dendritic cells, and other critical cells of the innate immune
system (25). Once released from necrotic cells, full-length
(active) IL-33 specifically binds the ST2 receptor that is pres-
ent on epithelial cells and inflammatory cells, e.g., regulatory T
cells (Treg), group 2 innate lymphoid cells (ILC2s), myeloid
cells, cytotoxic NK cells, Th2 cells, Thl cells, and CD8 T cells

(4, 19, 21). IL-33 increases secretion of pro-inflammatory
cytokines from inflammatory cells (19). The pro-inflammatory
cytokines TNF-a (35) and CXCL1 (1) play a role in causing
cisplatin-induced AKI. As IL-33 can be released from necrotic
tubular cells and causes inflammation, we examined its role in
AKI.

The role of IL-33 in mediating kidney diseases is becoming
increasingly recognized (45). Lupus-prone model MRL/Ipr
mice treated mice with anti-mouse IL-33 antibody develop
reduced proteinuria and reduced serum anti-dsDNA levels
(16). IL-33 inhibition increased Tregs and reduced pro-inflam-
matory cytokines like IL-1f3, IL-6, and IL-17 levels in MRL/lpr
mice (16). In a mouse UUO model, deficiency of IL-33
reduced UUO-induced renal fibrosis and increased repair after
AKI (3). IL-33 signaling contributes to renal fibrosis following
ischemic AKI (18). In this study, administration of soluble
ST2, a decoy receptor that neutralizes IL-33 activity, resulted
in less severe renal dysfunction and fibrosis associated with
less inflammatory cell infiltration in the kidney. However,
IL-33 can also have a protective effect. Short-term treatment
with IL-33 ameliorated adriamycin-induced glomerulosclero-
sis (37). In this study, IL-33-mediated expansion of type 2
innate lymphoid cells protected from progressive glomerulo-
sclerosis. Thus IL-33 may have a damaging or protective effect
depending on the type of kidney disease. Our earlier study in
the acute 3-day model of cisplatin-induced AKI demonstrated
that IL-33 exacerbates AKI likely because of stimulating CD4
T cells to make CXCL1 (1). Thus the first aim of the present
study was to determine the mechanistic role of IL-33 in a
clinically relevant chronic 4-wk model of cisplatin-induced
AKI in mice with cancer. However, despite studies showing
that IL-33 is a mediator of acute and chronic kidney diseases,
the present study conclusively demonstrates that IL-33-defi-
cient mice were not functionally or histologically protected
against cisplatin-induced AKI.

Table 2. Tumors were smaller and tumor growth was less in IL-33-deficient vs. WT mice

WT Veh, n = 12 WT Cis, n = 13 1L-33 Def Veh, n = 9 IL-33 Def Cis, n = 8
Tumor weight, g 0.9 = 0.07 0.4 +£0.1* 0.5 £0.06 0.2 = 0.02%*
Tumor volume week 1, mm? 95+4 1.4 +0.5 5+1.8 0.6 0.2
Tumor volume week 2, mm? 55 + 11 2.7 +0.6 30 £ 15F+* 2+0.5
Tumor volume week 3, mm? 151 = 30" 29 + 14++ 43 = 13*+++ 4+1.8
Tumor volume week 4, mm? 122 £ 30" 15+9*++ 33 7+ 4+24

Cisplatin completely prevents tumor growth in IL-33-deficient mice. *P < 0.001 vs. WT Veh; **P < 0.05 vs. IL-33 Def Veh, P < 0.05 vs. WT Cis; +P <
0.01 vs. week 1, P < 0.05 vs. week 2; ++P < 0.01 vs. week 1, P < 0.05 vs. week 2, P < 0.01 vs. WT Veh; +++P < 0.05 vs. week 1, P < 0.01 vs. WT

Veh, P < 0.01 vs. IL-33 Def Cis.
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Fig. 4. Cleaved caspase-3, LC3 II, and granzyme B in tumors. A: representative cross sections of flank tumors from wild-type mice treated with vehicle (WT
Veh), wild-type mice treated with cisplatin (WT Cis), IL-33-deficient mice treated with vehicle (Def Veh), and IL-33-deficient mice treated with cisplatin (Def
Cis). Tumor size was smaller in IL-33 Def vs. WT mice. Tumor size was smallest in IL-33 Def Cis. B and C: in WT mice, cisplatin resulted in an increase in
cleaved caspase-3 (CC3) and LC3 II. In IL-33 Def mice, cisplatin resulted in an increase in LC3 II but not cleaved caspase-3. D: granzyme B (GrB) was not
different between the groups. Representative immunoblots of at least four separate experiments. *P < 0.01 vs. WT Veh, **P = NS vs. Def Veh, ***P < 0.01

vs. Def Veh. B-actin was assayed as a loading control.

Next, we attempted to understand why neutralization of
IL-33 with injection of soluble ST2 was protective against AKI
in the 3-day model (1), whereas IL-33 deficiency was not
protective against AKI in the 4-wk model. In the 3-day model,
we demonstrated that IL-33 promotes AKI through CD4 T-
cell-mediated production of CXCL1 (1). However, in the 4-wk
model, IL-33 deficiency, CD4 T-cell knockout (36), or CXCR2
knockout was not protective, suggesting that CD4 T-cell-
mediated production of CXCL1 is not a mediator of the AKI.
In the 3-day model, there is a large increase in CD4 T cells on
day 1 (1), whereas in the 4-wk model the increase in CD4 T
cells has not been detailed. TNF-« is a known mediator of AKI
in the 3-day model (35). In the 4-wk model, we demonstrate
that there was an increase in TNF-a in IL-33-deficient mice.
However, whether TNF-« is a mediator of AKI in the 4-wk

model is not known. The ST2 receptor is present on inflam-
matory cells other than CD4 T cells e.g., Treg cells, group 2
innate lymphoid cells (ILC2s), cytotoxic NK cells, Th2 cells,
Thl cells and CD8 T cells (21) (4, 19). Thus, there may be a
different immune response in the 4-wk model vs. the 3-day
model. Also, lack of protection against AKI in the 4-wk as
opposed to the 3-day model may be related to the presence of
interstitial fibrosis in the 4-wk model (36).

We determined the effect of IL-33 deficiency on a panel of
pro- and anti-inflammatory cytokines. There was an increase in
the pro-inflammatory cytokine IL-13 in WT but not in IL-33-
deficient mice. However, we have previously demonstrated
that IL-1 inhibition is not protective against cisplatin-induced
AKI (6), suggesting that IL-1 is not involved in the lack of
protection. IL-6 was increased in both WT and IL-33-deficient
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Fig. 5. CXCR2 "/~ does not protect against cisplatin-induced AKI in mice with cancer. A: CXCLI as measured by ELISA was increased at weeks I, 2, and 4
after cisplatin administration in WT mice (WY). B—D: in mice with cancer, BUN, serum creatinine, and serum NGAL were significantly increased by cisplatin
(Cis) in both WT and CXCR2/~ mice. *P < 0.01 vs. vehicle (Veh), *#*P < 0.001 vs. Veh, ***P < 0.05 vs. Veh; n = 6 per group.

mice with AKI. However, we have also demonstrated that IL-6
inhibition is not protective against cisplatin-induced AKI (6),
suggesting that the persistent increase in IL-6- in IL-33-defi-
cient mice is not the cause of the lack of protection in
[L-33-deficient mice.

AKI is a complication arising from the clinical treatment of
cancer. Rapid destruction of tumor cells causes an increase in
nucleoside release and turnover resulting in increased synthesis
of uric acid and uric acid crystal deposition in the kidney
causing AKI (tumor lysis syndrome). Also, uric acid at con-
centrations that do not cause intrarenal crystal deposition may
worsen renal injury in a mouse model of cisplatin-induced AKI
(38). Thus we considered that the treatment of the cancer may
have masked the protective effect of IL-33 deficiency. How-
ever, in the same 4-wk model of low-dose cisplatin-induced
AKI in mice without cancer, there was still no protective effect
of IL-33 deficiency, demonstrating that the lack of protection
in IL-33-deficient mice is independent of the presence of
cancer.

Next, the reason for smaller tumors in the IL-33-deficient
mice was considered. Cleaved caspase-3, a marker of apopto-
sis, was measured in the tumors. If the smaller tumors in
IL-33-deficient mice were due to increased apoptosis, then we
would have expected more cleaved caspase-3 in IL-33-defi-
cient tumors. However, this was not the case. If the improved
therapeutic effect of cisplatin in IL-33-deficient tumors was
due to increased apoptosis, we would have expected to see
increased cleaved caspase-3 in IL-33-deficient mice treated
with cisplatin. However, cleaved caspase-3 was decreased in
IL-33-deficient mice with cisplatin treatment, suggesting that
alterations in apoptosis did not explain the heightened thera-
peutic effect of cisplatin in IL-33-deficient mice. Next, LC3 I,
a marker of autophagy, was determined in the tumors. The
emerging hypothesis is that in established tumors, autophagy
confers a survival advantage to tumor cells (8). LC3 II was
increased comparably in the tumors in both WT and IL-33-
deficient mice, suggesting that a lack of autophagy was not the
cause of smaller tumors in IL-33-deficient mice. Granzyme B

Table 3. Tumor weight, tumor growth, and response to cisplatin was the same in CXCR2™'~ vs. WT mice

Experiment 1 WT Veh, n = 8 WT Cis,n = 6 CXCR2/~ Veh,n =17 CXCR2/~ Cis,n = 6
Tumor weight, g 0.9 £0.09 0.2 = 0.04* 0.7 0.2 0.3 £ |**
Tumor volume week 1, mm? 46 = 10 14+6 81 £ 14 136
Tumor volume week 2, mm? 152 = 25+ 66 = 20*+ 137 = 36 43 = 13+ +++
Tumor volume week 3, mm? 404 = 139* 84 + 32+ 184 £ 37+++ 76 £ 20T +++
Tumor volume week 4, mm? 444 * 266" 81 = 14%+ 274 £ 62+ 112 = 62

NS, not significant. *P < 0.001 vs. WT Veh; *#*P < 0.05 vs. CXCR2/~ Veh, NS vs. WT Cis; +P < 0.05 vs. week I; ++P < 0.05 vs. week 1, P < 0.05
vs. WT Veh; +++P < 0.05 vs. week 1, NS vs. WT Veh; ++++P < 0.05 vs. week 1, P < 0.05 vs. CXCR2~/~ Veh.
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Fig. 6. Neither cisplatin nor IL-33 deficiency have a significant effect on cell proliferation in tumors. Cell proliferation was determined by Ki67 staining in tumors.
The increase in Ki67 staining in tumors with cisplatin (Cis) compared with vehicle (Veh) in both wild-type (WT) and IL-33-deficient mice (Def) was not
statistically significant. The increase in Ki67 in tumors in vehicle-treated IL-33-deficient mice compared with vehicle-treated WT mice did not reach statistical
significance. The increase in Ki67 in tumors in cisplatin-treated IL-33-deficient mice compared with cisplatin-treated WT mice was not statistically significant.

Data represents the mean of 5 images/animal, 4 animals/treatment group.

is known to be produced by CD8 T cells and is cytotoxic to
tumors. Cisplatin or IL-33-deficient had no effect on granzyme
B, suggesting that an increase in granzyme B in IL-33-deficient
tumors is not the cause of the smaller tumors. Thus, what may
be the reason for smaller tumors in IL-33-deficient mice?
Tumor development results in downregulation of IL-33 in
tumor cells themselves that increases immunogenicity and
promotes type 1 antitumor immune responses through CD8 T
cells and NK cells (21). However, upregulation of IL-33 in the
tumor stroma and serum results in immune suppression via
Treg and myeloid-derived suppressor cell. WT mouse cancer
cells were injected into the IL-33-deficient mice. Thus it is
likely that smaller tumors were due to a lack of IL-33 in the
surrounding tumor macroenvironment rather than the tumor
itself.

The IL-33, CD4 T-cell, CXCL1 axis was further considered
in this model. CXCLI is a pro-inflammatory chemokine pro-
duced by CD4 T cells. Our previous study in the acute 3-day
model demonstrated that IL-33-mediated cisplatin-induced
AKI is dependent on CD4 T-cell-mediated production of
CXCLI, concluding that inhibition of IL-33 or CXCLI1 has
therapeutic potential in cisplatin-induced AKI (1). To complete
our study of the IL-33, CD4 T-cell, CXCL1 axis in the 4-wk
model of cisplatin-induced AKI in mice with cancer, we
determined whether inhibition of CXCR2, the receptor for
CXCLI1, protected against AKI. CXCR2 knockout was not
protective against AKI or cancer. The lack of protection in
1L-33-deficient, CD4 T-cell knockout or CXCR2 knockout

Table 4. Median pre- and postoperative levels of serum IL-
33 (pg/ml) in patients undergoing cardiac surgery

Time Point AKI Cases, n = 35 Controls, n = 70 P Value
Preoperative 155 (0, 516) 58 (0, 641) 0.87
Day 1 331 (71, 1,922) 72 (0, 759) 0.048
Day 2 315(34,2,731) 158 (0, 905) 0.08
Day 3 413 (12, 1,391) 135 (0, 1, 170) 0.38

Reported values are median (25th percentile, 75th percentile). AKI, acute
kidney injury.

mice suggests that the [L-33, CD4 T-cell, CXCR2 axis is not
important in mediating AKI in a chronic 4-wk model in mice
with cancer.

DAMPs are endogenous molecules released by damaged
cells, including endothelial cells (45). IL-33, a DAMP, has
been shown to be present in blood vessels in the kidney in mice
(1). As endothelial cell damage and death in the nephron is an
early feature of AKI (28), it is logical to consider that IL.-33
may be increased in the serum in AKI. Serum IL-33 was
increased in mice at weeks 3 and 4 of cisplatin-induced AKI
(Fig. 1B). Serum IL-33 is a known biomarker for a variety of
disorders such as heart failure, non-small-cell lung cancer,
pulmonary inflammatory diseases, and systemic lupus ery-
thematosus activity (46). Elevated serum IL-33 may serve as a
biomarker for cardiovascular events in stable renal transplant
recipients (24). Serum IL-33 reflects disease activity in patients
with ulcerative colitis (34), rheumatoid arthritis (12), and
ankylosing spondylitis (17). Serum IL-33 is increased in pa-
tients with vasculitis compared with control patients (10). The
present study is the first demonstration that serum IL-33 is
increased in both mice and patients with AKI.

In summary, in a clinically relevant model of cisplatin-
induced AKI in mice with cancer, there was a mild but
significant degree of kidney dysfunction and tubular injury,
and cisplatin significantly slowed the growth of tumors. Unlike
our previous study in the acute high-dose model of cisplatin-
induced AKI in which IL-33 inhibition or CXCR2 knockout
was protective against AKI and lethality (1), IL-33-deficient or

Table 5. Mean pre- and postoperative levels of serum IL-33
(pg/ml) in patients undergoing cardiac surgery

Time Point AKI Cases Controls P Value
Preoperative Actual 1,082 (2, 174) 1,160 (2, 214) 0.87
Day 1 Delta from pre 355 (926) 12 (759) 0.05
Day 2 Delta from pre 456 (1, 252) 111 (1, 069) 0.29
Day 3 Delta from pre 282 (1, 402) 222 (1, 190) 0.67

Reported values are means = SD.
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CXCR2 knockout mice were not protected against AKI in a
4-wk model of low-dose cisplatin in mice with cancer. The
present study in a clinically relevant 4-wk low-dose cisplatin
model of AKI in mice with cancer highlights the fact that
interventions thought to protect against cisplatin-induced AKI
in the acute high-dose model in mice without cancer, may
make the cancer grow slower but may not prevent AKI. In
conclusion, the lack of a protective effect of CD4 T-cell
deficiency or depletion in our previous study (36) and IL-33
deficiency or CXCR2 knockout in the present study, suggest
that blockade of the IL-33, CD4 T-cell, CXCR2 axis may not
be beneficial in reducing AKI and have variable effects on
cancer growth. However, the increase in serum IL-33 in mice
and humans with AKI suggests that further studies are war-
ranted to clarify the role of serum IL-33 as an early biomarker
of AKI.

GRANTS

This work was supported by Veterans Affairs Merit Award 1101BX001737-
01A1 (to C. Edelstein); National Institutes of Health Grants CA-162226,
CA-198619, and CA-058187 (to R. Nemenoff); HL-121877 and HL-123616
(to M. Weiser-Evans); and ROl HL-85757 (to C. Parikh).

DISCLOSURES

No conflicts of interest, financial or otherwise, are declared by the authors.

AUTHOR CONTRIBUTIONS

K.R., S.H, CNB, QW, A0, M.C.W.-E,, RAN,, HT.-P., C.R.P., and
C.L.E. conceived and designed research; K.R., S.H., C.N.B., A.O., M.M.,
D.L., and C.L.E. performed experiments; K.R., S.H., C.N.B., H.T.-P., and
C.L.E. analyzed data; K.R., S.H., C.N.B., H.T.-P., and C.R.P. interpreted
results of experiments; K.R., H.T.-P., C.R.P., and C.L.E. prepared figures;
K.R., S.H., CN.B.,, M.C.W.-E., R.AN., and C.L.E. edited and revised man-
uscript; K.R., S.H., C.N.B.,, M.C.W.-E., R.ANN., D.L., and C.L.E. approved
final version of manuscript; C.L.E. drafted manuscript.

REFERENCES

1. Akcay A, Nguyen Q, He Z, Turkmen K, Won Lee D, Hernando AA,
Altmann C, Toker A, Pacic A, Ljubanovic DG, Jani A, Faubel S,
Edelstein CL. IL-33 exacerbates acute kidney injury. J Am Soc Nephrol
22: 2057-2067, 2011. doi:10.1681/ASN.2010091011.

2. Cacalano G, Lee J, Kikly K, Ryan AM, Pitts-Meek S, Hultgren B,
Wood WI, Moore MW. Neutrophil and B cell expansion in mice that lack
the murine IL-8 receptor homolog. Science 265: 682-684, 1994. doi:10.
1126/science.8036519.

3. Chen WY, Chang YJ, Su CH, Tsai TH, Chen SD, Hsing CH, Yang JL.
Upregulation of Interleukin-33 in obstructive renal injury. Biochem Bio-
phys Res Commun 473: 1026-1032, 2016. doi:10.1016/j.bbrc.2016.04.
010.

4. Dinarello CA. An IL-1 family member requires caspase-1 processing and
signals through the ST2 receptor. Immunity 23: 461-462, 2005. doi:10.
1016/j.immuni.2005.10.004.

5. Dursun B, He Z, Somerset H, Oh DJ, Faubel S, Edelstein CL. Caspases
and calpain are independent mediators of cisplatin-induced endothelial cell
necrosis. Am J Physiol Renal Physiol 291: F578-F587, 2006. doi:10.1152/
ajprenal.00455.2005.

6. Faubel S, Lewis EC, Reznikov L, Ljubanovic D, Hoke TS, Somerset
H, Oh DJ, Lu L, Klein CL, Dinarello CA, Edelstein CL. Cisplatin-
induced acute renal failure is associated with an increase in the cytokines
interleukin (IL)-1p3, IL-18, IL-6, and neutrophil infiltration in the kidney.
J Pharmacol Exp Ther 322: 8§-15, 2007. doi:10.1124/jpet.107.119792.

7. Faubel S, Ljubanovic D, Reznikov L, Somerset H, Dinarello CA,
Edelstein CL. Caspase-1-deficient mice are protected against cisplatin-
induced apoptosis and acute tubular necrosis. Kidney Int 66: 2202-2213,
2004. doi:10.1111/j.1523-1755.2004.66010.x.

8. Giuliani CM, Dass CR. Autophagy and cancer: taking the ‘toxic’ out of
cytotoxics. J Pharm Pharmacol 65: 777-789, 2013. doi:10.1111/jphp.
12034.

F365

9. Gobé G, Zhang XJ, Willgoss DA, Schoch E, Hogg NA, Endre ZH.
Relationship between expression of Bcl-2 genes and growth factors in
ischemic acute renal failure in the rat. J Am Soc Nephrol 11: 454-467,
2000.

10. Hladinova Z, Hruskova Z, Svobodova B, Malickova K, Lanska V,
Konopasek P, Jancova E, Rysava R, Edelstein CL, Tesar V. Increased
levels of soluble ST2 in patients with active newly diagnosed ANCA-
associated vasculitis. Mediators Inflamm 2015: 603750, 2015. doi:10.
1155/2015/603750.

11. Jovanovic I, Radosavljevic G, Mitrovic M, Juranic VL, McKenzie AN,
Arsenijevic N, Jonjic S, Lukic ML. ST2 deletion enhances innate and
acquired immunity to murine mammary carcinoma. Eur J Immunol 41:
19021912, 2011. doi:10.1002/eji.201141417.

12. Kageyama Y, Torikai E, Tsujimura K, Kobayashi M. Involvement of
IL-33 in the pathogenesis of rheumatoid arthritis: the effect of etanercept
on the serum levels of 1L-33. Mod Rheumatol 22: 89-93, 2012. doi:10.
3109/s10165-011-0480-1.

13. Keane MP, Belperio JA, Xue YY, Burdick MD, Strieter RM. Deple-
tion of CXCR?2 inhibits tumor growth and angiogenesis in a murine model
of lung cancer. J Immunol 172: 2853-2860, 2004. doi:10.4049/jimmunol.
172.5.2853.

14. Launay-Vacher V, Rey JB, Isnard-Bagnis C, Deray G, Daouphars M;
European Society of Clinical Pharmacy Special Interest Group on
Cancer Care. Prevention of cisplatin nephrotoxicity: state of the art and
recommendations from the European Society of Clinical Pharmacy Spe-
cial Interest Group on Cancer Care. Cancer Chemother Pharmacol 61:
903-909, 2008. doi:10.1007/s00280-008-0711-0.

15. Lee S, Kang J, Cho M, Seo E, Choi H, Kim E, Kim J, Kim H, Kang
GY, Kim KP, Park YH, Yu DY, Yum YN, Park SN, Yoon DY.
Profiling of transcripts and proteins modulated by K-ras oncogene in the
lung tissues of K-ras transgenic mice by omics approaches. Int J Oncol 34:
161-172, 2009.

16. Li P, Lin W, Zheng X. IL-33 neutralization suppresses lupus disease in
lupus-prone mice. Inflammation 37: 824-832, 2014. doi:10.1007/s10753-
013-9802-0.

17. Li XL, Lin TT, Qi CY, Yuan L, Xia LP, Shen H, Lu J. Elevated serum
level of IL-33 and sST2 in patients with ankylosing spondylitis: associated
with disease activity and vascular endothelial growth factor. J Investig
Med 61: 848-851, 2013. doi:10.2310/JIM.0b013e31828deed?2.

18. Liang H, Xu F, Wen XJ, Liu HZ, Wang HB, Zhong JY, Yang CX,
Zhang B. Interleukin-33 signaling contributes to renal fibrosis following
ischemia reperfusion. Eur J Pharmacol 812: 18-27, 2017. doi:10.1016/j.
ejphar.2017.06.031.

19. Liew FY, Pitman NI, McInnes IB. Disease-associated functions of
IL-33: the new kid in the IL-1 family. Nat Rev Immunol 10: 103-110,
2010. doi:10.1038/nri2692.

20. Louten J, Rankin AL, Li Y, Murphy EE, Beaumont M, Moon C,
Bourne P, McClanahan TK, Pflanz S, de Waal Malefyt R. Endogenous
IL-33 enhances Th2 cytokine production and T-cell responses during
allergic airway inflammation. Int Immunol 23: 307-315, 2011. doi:10.
1093/intimm/dxr006.

21. Lu B, Yang M, Wang Q. Interleukin-33 in tumorigenesis, tumor immune
evasion, and cancer immunotherapy. J Mol Med (Berl) 94: 535-543, 2016.
doi:10.1007/s00109-016-1397-0.

22. Liithi AU, Cullen SP, McNeela EA, Duriez PJ, Afonina IS, Sheridan
C, Brumatti G, Taylor RC, Kersse K, Vandenabeele P, Lavelle EC,
Martin SJ. Suppression of interleukin-33 bioactivity through proteolysis
by apoptotic caspases. Immunity 31: 84-98, 2009. doi:10.1016/j.immuni.
2009.05.007.

23. Mager LF, Riether C, Schiirch CM, Banz Y, Wasmer MH, Stuber R,
Theocharides AP, Li X, Xia Y, Saito H, Nakae S, Baerlocher GM,
Manz MG, McCoy KD, Macpherson AJ, Ochsenbein AF, Beutler B,
Krebs P. IL-33 signaling contributes to the pathogenesis of myeloprolif-
erative neoplasms. J Clin Invest 125: 2579-2591, 2015. doi:10.1172/
JCI77347.

24. Mansell H, Soliman M, Elmoselhi H, Shoker A. Elevated circulating
interleukin 33 levels in stable renal transplant recipients at high risk for
cardiovascular events. PLoS One 10: e0142141, 2015. doi:10.1371/
journal.pone.0142141.

25. Martin SJ. Cell death and inflammation: the case for IL-1 family cyto-
kines as the canonical DAMPs of the immune system. FEBS J 283:
2599-2615, 2016. doi:10.1111/febs.13775.

26. Maywald RL, Doerner SK, Pastorelli L, De Salvo C, Benton SM,
Dawson EP, Lanza DG, Berger NA, Markowitz SD, Lenz HJ, Nadeau

AJP-Renal Physiol - doi:10.1152/ajprenal.00040.2017 - www.ajprenal.org
Downloaded from journals.physiology.org/journal/ajprenal (106.051.226.007) on August 9, 2022.


https://doi.org/10.1681/ASN.2010091011
https://doi.org/10.1126/science.8036519
https://doi.org/10.1126/science.8036519
https://doi.org/10.1016/j.bbrc.2016.04.010
https://doi.org/10.1016/j.bbrc.2016.04.010
https://doi.org/10.1016/j.immuni.2005.10.004
https://doi.org/10.1016/j.immuni.2005.10.004
https://doi.org/10.1152/ajprenal.00455.2005
https://doi.org/10.1152/ajprenal.00455.2005
https://doi.org/10.1124/jpet.107.119792
https://doi.org/10.1111/j.1523-1755.2004.66010.x
https://doi.org/10.1111/jphp.12034
https://doi.org/10.1111/jphp.12034
https://doi.org/10.1155/2015/603750
https://doi.org/10.1155/2015/603750
https://doi.org/10.1002/eji.201141417
https://doi.org/10.3109/s10165-011-0480-1
https://doi.org/10.3109/s10165-011-0480-1
https://doi.org/10.4049/jimmunol.172.5.2853
https://doi.org/10.4049/jimmunol.172.5.2853
https://doi.org/10.1007/s00280-008-0711-0
https://doi.org/10.1007/s10753-013-9802-0
https://doi.org/10.1007/s10753-013-9802-0
https://doi.org/10.2310/JIM.0b013e31828deed2
https://doi.org/10.1016/j.ejphar.2017.06.031
https://doi.org/10.1016/j.ejphar.2017.06.031
https://doi.org/10.1038/nri2692
https://doi.org/10.1093/intimm/dxr006
https://doi.org/10.1093/intimm/dxr006
https://doi.org/10.1007/s00109-016-1397-0
https://doi.org/10.1016/j.immuni.2009.05.007
https://doi.org/10.1016/j.immuni.2009.05.007
https://doi.org/10.1172/JCI77347
https://doi.org/10.1172/JCI77347
https://doi.org/10.1371/journal.pone.0142141
https://doi.org/10.1371/journal.pone.0142141
https://doi.org/10.1111/febs.13775

F366

217.

28.

29.

30.

31.

32.

33.

34.

35.

36.

JH, Pizarro TT, Heaney JD. IL-33 activates tumor stroma to promote
intestinal polyposis. Proc Natl Acad Sci USA 112: E2487-E2496, 2015.
doi:10.1073/pnas.1422445112.

Mishra J, Mori K, Ma Q, Kelly C, Barasch J, Devarajan P. Neutrophil
gelatinase-associated lipocalin: a novel early urinary biomarker for cis-
platin nephrotoxicity. Am J Nephrol 24: 307-315, 2004. doi:10.1159/
000078452.

Molitoris BA, Sutton TA. Endothelial injury and dysfunction: role in the
extension phase of acute renal failure. Kidney Int 66: 496-499, 2004.
doi:10.1111/j.1523-1755.2004.761_5..x.

Moussion C, Ortega N, Girard JP. The IL-1-like cytokine IL-33 is
constitutively expressed in the nucleus of endothelial cells and epithelial
cells in vivo: a novel ‘alarmin’? PLoS One 3: €3331, 2008. doi:10.1371/
journal.pone.0003331.

Oboki K, Ohno T, Kajiwara N, Saito H, Nakae S. IL-33 and IL-33
receptors in host defense and diseases. Allergol Int 59: 143-160, 2010.
doi:10.2332/allergolint.10-RAI-0186.

Ozkok A, Edelstein CL. Pathophysiology of cisplatin-induced acute
kidney injury. Biomed Res Int: 2014: 967826, 2014. doi:10.1155/2014/
967826.

Palmer G, Gabay C. Interleukin-33 biology with potential insights into
human diseases. Nat Rev Rheumatol 7: 321-329, 2011. doi:10.1038/
nrrheum.2011.53.

Parikh CR, Coca SG, Thiessen-Philbrook H, Shlipak MG, Koyner JL,
Wang Z, Edelstein CL, Devarajan P, Patel UD, Zappitelli M, Kraw-
czeski CD, Passik CS, Swaminathan M, Garg AX; TRIBE-AKI Con-
sortium. Postoperative biomarkers predict acute kidney injury and poor
outcomes after adult cardiac surgery. J Am Soc Nephrol 22: 17481757,
2011. doi:10.1681/ASN.2010121302.

Pastorelli L, Garg RR, Hoang SB, Spina L, Mattioli B, Scarpa M,
Fiocchi C, Vecchi M, Pizarro TT. Epithelial-derived IL-33 and its
receptor ST2 are dysregulated in ulcerative colitis and in experimental
Th1/Th2 driven enteritis. Proc Natl Acad Sci USA 107: 8017-8022, 2010.
doi:10.1073/pnas.0912678107.

Ramesh G, Reeves WB. TNF-a mediates chemokine and cytokine
expression and renal injury in cisplatin nephrotoxicity. J Clin Invest 110:
835-842, 2002. doi:10.1172/ICI1200215606.

Ravichandran K, Wang Q, Ozkok A, Jani A, Li H, He Z, Ljubanovic
D, Weiser-Evans MC, Nemenoff RA, Edelstein CL. CD4 T cell knock-
out does not protect against kidney injury and worsens cancer. J Mol Med
(Berl) 94: 443455, 2016. doi:10.1007/s00109-015-1366-z.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

IL-33 IN ACUTE KIDNEY INJURY

Riedel JH, Becker M, Kopp K, Diister M, Brix SR, Meyer-
Schwesinger C, Kluth LA, Gnirck AC, Attar M, Krohn S, Fehse B,
Stahl RAK, Panzer U, Turner JE. IL-33-mediated expansion of type 2
innate lymphoid cells protects from progressive glomerulosclerosis. J Am
Soc Nephrol 28: 20682080, 2017. doi:10.1681/ASN.2016080877.
Roncal CA, Mu W, Croker B, Reungjui S, Ouyang X, Tabah-Fisch I,
Johnson RJ, Ejaz AA. Effect of elevated serum uric acid on cisplatin-
induced acute renal failure. Am J Physiol Renal Physiol 292: F116-F122,
2007. doi:10.1152/ajprenal.00160.2006.

Schmitz J, Owyang A, Oldham E, Song Y, Murphy E, McClanahan
TK, Zurawski G, Moshrefi M, Qin J, Li X, Gorman DM, Bazan JF,
Kastelein RA. IL-33, an interleukin-1-like cytokine that signals via the
IL-1 receptor-related protein ST2 and induces T helper type 2-associated
cytokines. Immunity 23: 479-490, 2005. doi:10.1016/j.immuni.2005.09.
015.

Shusterman N, Strom BL, Murray TG, Morrison G, West SL, Maislin
G. Risk factors and outcome of hospital-acquired acute renal failure.
Clinical epidemiologic study. Am J Med 83: 65-71, 1987. doi:10.1016/
0002-9343(87)90498-0.

Talabot-Ayer D, Lamacchia C, Gabay C, Palmer G. Interleukin-33 is
biologically active independently of caspase-1 cleavage. J Biol Chem 284:
19420-19426, 2009. doi:10.1074/jbc.M901744200.

Tennis MA, Van Scoyk M, Heasley LE, Vandervest K, Weiser-Evans
M, Freeman S, Keith RL, Simpson P, Nemenoff RA, Winn RA.
Prostacyclin inhibits non-small cell lung cancer growth by a frizzled
9-dependent pathway that is blocked by secreted frizzled-related protein 1.
Neoplasia 12: 244-253, 2010. doi:10.1593/ne0.91690.

Wick M, Hurteau G, Dessev C, Chan D, Geraci MW, Winn RA,
Heasley LE, Nemenoff RA. Peroxisome proliferator-activated receptor-y
is a target of nonsteroidal anti-inflammatory drugs mediating cyclooxy-
genase-independent inhibition of lung cancer cell growth. Mol Pharmacol
62: 1207-1214, 2002. doi:10.1124/mol.62.5.1207.

Xie Q, Wang SC. IL-33, an important biomarker in non-small-cell lung
cancer? Asian Pac J Cancer Prev 14: 7763, 2013. doi:10.7314/APJCP.
2013.14.12.7763.

Yang F, Zhu P, Duan L, Yang L, Wang J. IL-33 and kidney disease
(Review). Mol Med Rep 13: 3-8, 2016. doi:10.3892/mmr.2015.4516.
Zhao J, Zhao Y. Interleukin-33 and its receptor in pulmonary inflamma-
tory diseases. Crit Rev Immunol 35: 451-461, 2015. doi:10.1615/
CritRevImmunol.2016015865.

AJP-Renal Physiol - doi:10.1152/ajprenal.00040.2017 - www.ajprenal.org
Downloaded from journals.physiology.org/journal/ajprenal (106.051.226.007) on August 9, 2022.


https://doi.org/10.1073/pnas.1422445112
https://doi.org/10.1159/000078452
https://doi.org/10.1159/000078452
https://doi.org/10.1111/j.1523-1755.2004.761_5.x
https://doi.org/10.1371/journal.pone.0003331
https://doi.org/10.1371/journal.pone.0003331
https://doi.org/10.2332/allergolint.10-RAI-0186
https://doi.org/10.1155/2014/967826
https://doi.org/10.1155/2014/967826
https://doi.org/10.1038/nrrheum.2011.53
https://doi.org/10.1038/nrrheum.2011.53
https://doi.org/10.1681/ASN.2010121302
https://doi.org/10.1073/pnas.0912678107
https://doi.org/10.1172/JCI200215606
https://doi.org/10.1007/s00109-015-1366-z
https://doi.org/10.1681/ASN.2016080877
https://doi.org/10.1152/ajprenal.00160.2006
https://doi.org/10.1016/j.immuni.2005.09.015
https://doi.org/10.1016/j.immuni.2005.09.015
https://doi.org/10.1016/0002-9343%2887%2990498-0
https://doi.org/10.1016/0002-9343%2887%2990498-0
https://doi.org/10.1074/jbc.M901744200
https://doi.org/10.1593/neo.91690
https://doi.org/10.1124/mol.62.5.1207
https://doi.org/10.7314/APJCP.2013.14.12.7763
https://doi.org/10.7314/APJCP.2013.14.12.7763
https://doi.org/10.3892/mmr.2015.4516
https://doi.org/10.1615/CritRevImmunol.2016015865
https://doi.org/10.1615/CritRevImmunol.2016015865

