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The interleukin-33 (IL-33)/suppression of tumorigenicity 2 (ST2) pathway modulates immune response and
inflammation, associated with allograft dysfunction and rejection. We hypothesized that IL-33/ST2 is a marker of
renal allograft rejection and IL-33/ST2 expression may differ according to rejection type. IL-33/ST2 expression
was measured in sera and kidney tissues from recipients with acute antibody-mediated rejection (AAMR), acute
cell-mediated rejection (ACMR), chronic antibody-mediated rejection (CAMR), and healthy controls. The soluble
ST2 and IL-33/ST2 expression levels were higher in participants with all three rejection types than in controls.
Although the expression levels in recipients with AAMR and ACMR were significantly higher than those with
CAMR, there was no significant difference between the expression levels in AAMR and ACMR. Although IL-33, IL-
8, and fibronectin expression were significantly increased after the addition of the recipients’ serum in primary
cultured human renal proximal tubular epithelial cells, the levels decreased after treatment with an anti-ST2
antibody. Furthermore, the anti-ST2 antibody specifically suppressed the upregulation of the mixed lympho-
cyte reaction. Boyden chamber assays demonstrated that anti-ST2 antibody abrogated chemotaxis induced by
recombinant IL-33. Thus, IL-33 and ST2 are potent mediators of rejection. Treatment with an anti-ST2 antibody
ameliorates rejection and could be a potential therapeutic strategy for renal allograft rejection.

is needed and has been the subject of several studies [1-5].
Treatment and prognosis vary according to whether the rejection is

1. Introduction

In kidney transplantation, the accurate and rapid diagnosis of
rejection is important for clinical management. Kidney core biopsy is the
gold standard diagnostic test for allograft rejection. However, it is an
invasive procedure, which, in severe cases with uncontrolled bleeding,
can lead to graft loss. Moreover, there is a risk of bleeding, which can be
life threatening. A non-invasive diagnostic method for allograft rejection

chronic or acute and cellular or antibody mediated. Currently, there are
no established treatment guidelines for chronic rejection. In comparison
with chronic rejection, acute rejection has a better prognosis with
treatment based on the rejection type. Different types of acute rejection,
namely acute antibody-mediated rejection (AAMR) and acute cell-
mediated rejection (ACMR) are treated differently. Therefore,

Abbreviations: AAMR, acute antibody-mediated rejection; ACMR, acute cell-mediated rejection; AKI, acute kidney injury; CAMR, chronic antibody-mediated
rejection; eGFR, estimated glomerular filtration rate; ELISA, enzyme linked immunosorbent assay; HC, healthy control; hPTECs, human proximal tubular epithe-
lial cells; IL, interleukin; mST2, membrane-bound suppression of tumorigenicity 2; MLR, mixed lymphocyte reaction; mPTECs, mouse proximal tubular epithelial
cells; PCR, polymerase chain reaction; SEM, standard error of the mean; sST2, soluble suppression of tumorigenicity 2; ST2, suppression of tumorigenicity 2; Th, t

helper.
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distinguishing AAMR and ACMR is clinically significant. Detection of
donor-specific antibodies could assist in the diagnosis of antibody-
mediated rejection. This is not feasible when donor information, such
as in overseas transplantations, is unknown or when the donor data is
lost. C4d staining can also be used to confirm antibody-mediated
rejection, however, C4d negative antibody-mediated rejection may
also exist [6].

Interleukin (IL)-33 is a member of the IL-1 family of cytokines and
has dual functions: The promotion of inflammation and the regulation of
the immune response [7]. IL-33 is expressed in epithelial cells, endo-
thelial cells, and fibroblasts, and functions according to the target tissue
and disease signaling pathway. IL-33 binds to the suppression of
tumorigenicity 2 (ST2) receptor and facilitates the activation of these
pathways. ST2 is divided into soluble ST2 (sST2) and membrane-bound
ST2 (mST2), and these contain the same binding domains. IL-33 binds
both sST2 and mST2. In several studies, IL-33/ST2 has been regarded as
a modulator of acute myocardial infarction, chronic heart failure, or
allergic airway inflammation [8,9]. Tissue injuries, such as trauma,
infection, or allergen stimulation, causes nuclear IL-33 to be released,
which can result in kidney disease progression by stimulating ST2"
target cells, such as neutrophils, invariant natural killer T cells, T cells,
endothelial cells, and macrophages [10-12]. IL-33/ST2 were identified
as a prognostic biomarker found to be elevated in recipients with car-
diovascular event [13], recurrence GN [14], and graft-versus-host dis-
ease (GVHD) [15,16]. Recently, transplantation studies have shown that
chronic allograft dysfunction and acute rejection are associated with
higher ST2 or IL-33 expression [7,17-21].

We hypothesized that IL-33/ST2 is a marker of renal allograft
rejection and IL-33/ST2 expression may vary according to rejection type
(acute vs chronic, or AAMR vs ACMR). Depending on the type of T cells
involved in the rejection, the expression level of IL-33/ST2 may differ.
To test our hypothesis, we measured the expression of IL-33 and ST2 in
different rejection types of renal allograft rejection samples. In addition,
we tested whether the upregulation of the IL-33/ST2 pathway is blocked
by the addition of a specific anti-ST2 antibody.

2. Materials and methods
2.1. Patients and sample collection

A retrospective cohort study was conducted with patients who had
received kidney transplants at Seoul National University Hospital be-
tween January 1, 2000, and December 31, 2017. Patients who did not
agree to receive multi-transplantation and re-transplantation were
excluded. All enrolled patients agreed to provide blood and kidney tis-
sue samples, collected at the time of rejection, by submitting an
informed consent form. Among these, we selected kidney transplant
recipients with AAMR, ACMR, or chronic antibody-mediated rejection
(CAMR). We defined three groups via biopsy-proven kidney rejection
based on the Banff 2013 classification [22]. All recipients received in-
duction therapy (either basiliximab or thymoglobulin), a calcineurin
inhibitor (either cyclosporine or tacrolimus), a secondary agent (either
mycophenolate mofetil or enteric-coated mycophenolate sodium), and
steroid as the immunosuppressive treatment. Renal function was
assessed by measuring the estimated glomerular filtration rate (eGFR)
according to the simplified diet modification in renal disease [23].
Among the kidney biopsy samples obtained during the study, those with
normal histological findings and normal kidney function were used as
healthy controls (HC). In order to confirm whether sST2 can be used as
rejection indicator, the serum of kidney recipient controls without
rejection (RC) was obtained. The patients’ clinical and laboratory find-
ings at the time of kidney biopsy were retrospectively obtained by
reviewing their medical charts. The study protocol complied with the
Declaration of Helsinki and was approved by the Institutional Review
Board of our institute (approval no. 1804-113-939).
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2.2. Anti-ST2 antibody

The anti-ST2 antibody (AF1004 for mouse and AF523 for human)
was purchased from R&D Systems (Minneapolis, MN, USA). The anti-
ST2 Antibody was manufactured using full sequence proteins corre-
sponding to immunogens rather than to capture a specific site,
employing the Ser27-Arg332 (Mouse Accession #P14719), segment of
mouse ILR-1 or Lys19-Phe328 (Human Accession # BAA02233) of
human ST-2. The anti-ST2 antibody can block both mST2 and sST2.

2.3. Isolation of renal tubular epithelial cells

An in vitro model of transplantation was established using primary
cultured human proximal tubular epithelial cells (hPTECs). Primary
cultured hPTECs were isolated from unaffected kidney specimens from
nephrectomized patients diagnosed with renal cell carcinoma from the
Seoul National University Hospital (Seoul, Korea). Kidney cortices were
mechanically dissected. Glomerular cells were sieved using optimized
media [24], and isolated wusing flow cytometry for
cytokeratin-18-positive (1:200; cat. no. IC3165G; R&D Systems, USA)
and CD90 negative (1:200; cat. no. 12-0909-42; eBioscience, Thermo
Fisher Scientific, Waltham, MA, USA) populations. The purity of the
sorted cells was >98%. Subsequent gating analyses were conducted
using FlowJo software (version 10; FlowJo LLC, Ashland, OR, USA).
After 3 d, cells were detached from the petri dishes using a 3 mM eth-
ylenediaminetetraacetic acid (EDTA) solution and a minimal amount of
trypsin. For in vitro stimulation, cells were maintained at a concentration
of 1 x 10° cells per well in 6-well plates, starved for 24 h, and then
washed twice with phosphate-buffered saline. The anti-ST2 antibody
was added under various conditions. Primary cultured mouse proximal
tubular epithelial cells (mPTECs) were isolated from B6 kidneys as
previously described [24].

2.4. Enzyme linked immunosorbent assay (ELISA)

Serum sST2 and IL-8 levels were measured using ELISA (DuoSet;
R&D Systems, USA) according to the manufacturer’s instructions. The
lower limit of detection for sST2 was 31.3 pg/mL. The concentration was
estimated from a standard curve and expressed as the mean + standard
error of the mean (SEM).

2.5. Histological analysis and immunohistochemistry

Kidney sections were deparaffinized and rehydrated with xylene and
ethanol. Endogenous streptavidin activity was blocked using 0.3%
hydrogen peroxide. Tissue sections were examined by a renal patholo-
gist who was blinded to sample classification. Antigens were retrieved
by heating paraffin-embedded sections in 10% citrate buffer in a mi-
crowave oven, five times at 5-min intervals. Sections were probed with
primary antibodies, followed by counterstaining with Mayer’s hema-
toxylin (Sigma-Aldrich, St. Louis, MO, USA). The following primary
antibodies were used: anti-IL-33 antibody (1:200; Sigma-Aldrich, USA);
anti-ST2 antibody (1:200; Abcam, USA). The degree of non-specific
staining was assessed using secondary antibodies and isotype control
IgGs. Stained slides were photographed using an Olympus inverted
microscope (Olympus Imaging America, Center Valley, PA, USA). For
each sample, five fields (magnification: x 100) were randomly selected,
and brown stained areas (immunohistochemistry) were quantified using
computer-based morphometric analysis (Qwin 3; Leica). Scoring was
performed in a blinded manner using the mean values of the positive
areas (%).

2.6. Western blot analysis

To induce the immune response, we harvested primary cultured
hPTECs 48 h after serum (500 pg/mL) treatment with or without the
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anti-ST2 antibody (1.0 pg/mL, 1 h before; R&D Systems, USA). The
serum used was selected from patients with concentrations closest to the
mean value of sST2 in the control, AAMR, ACMR, and CAMR groups.
The hPTECs were lysed in RIPA buffer (50 mM Tris-HCl, pH 7.3; 150 mM
NaCl, 0.1 mM EDTA, 1% (vol/vol) sodium deoxycholate, 1% Triton X-
100, 0.2% NaF, and 100 pM NagVOy,) [25] supplemented with complete
protease inhibitors (Roche Applied Science, Indianapolis, IN, USA). The
protein concentration of the supernatant was determined using the
Bradford method. After protein extraction, equal amounts of protein (40
pg) were electrophoretically separated on 10% sodium dodecyl
sulfate-polyacrylamide gels and transferred onto Immobilon-FL 0.4 pM
polyvinylidene difluoride membranes (Millipore, Bedford, MA, USA).
Tris-buffered saline containing 0.1% Tween-20 was used as the washing
buffer. Primary antibodies targeting fibronectin (1:200; Santa Cruz
Biotechnology Inc, TX), IL-33 (1:200; Abcam, USA), ST2 (1:200; Abcam,
USA), and p-actin (1:5000; Sigma-Aldrich, USA) were used. Anti-mouse
IgG (1:5000; Cell Signaling, MA, USA) and anti-rabbit IgG (1:5000; Cell
Signaling, USA) were used as the secondary antibodies. The target
molecule expression levels were normalized to f-actin expression.
Densitometry was performed using the gel analysis procedure in ImageJ
(NIH, Bethesda, MD, USA).

2.7. Mixed lymphocyte reaction (MLR) assay in mouse transplant model

Lethally irradiated splenocytes (2500 rad, 5 x 10°/well) from DBA/2
mice were cultured with allogeneic lymphocytes from C57BL/6 mice
(2.5 x 10°/well) in 200 pL RPMI-1640 culture medium containing 10%
FBS (Gibco, Grand Island, NY, USA), 1% penicillin/streptomycin (Gibco,
USA), and p2-mercaptoethanol (Gibco, USA) in U-bottom 96-well plates
(Nunc, Roskilde, Denmark). After 4 d of culture, cells were pulsed with
3H-TdR (1 pCi per well; Amersham, UK) for 24 h. Subsequently, cells
were harvested using a multi-well harvester, and *H-TdR incorporation
was determined in a liquid scintillation counter. Cells were cultured
with or without anti-ST2 antibody (0.5, 1.0 pg/mL, 1 h before; R&D
Systems, USA). The results were expressed as the mean counts per
minute + SEM from triplicate cultures.

2.8. Chemotaxis in mouse transplant model

A Boyden chamber assay with the wells separated by a polycarbonate
filter and pores small enough to allow only active passage from cells (8-
pm porous membrane; Cell Biolabs Inc., San Diego, CA, USA) was used
for an in vitro chemotactic migration assay [26,27]. Twelve h before the
migration assay, fresh DMEM/F12 (Lonza, Walkersville Inc, Maryland,
USA) medium containing 15% FBS (Gibco, USA) was added. A chamber
assay with a fibronectin-coated membrane (0.1% solution, 1 mg/mL,
Sigma-Aldrich, USA) was used for approximately 4-5 h after drying the
membrane at room temperature. The primary cultured mPTECs were
then cut and counted, and stabilized cells were placed in 1.0 x 10%/mL
15% complete media for 1 h at 37 °C. The primary cultured mPTECs of
wild-type mice were seeded at the bottom. Upon dissection of the
cortices, fresh specimens were minced and dissolved with Hank’s
balanced salt solution containing 3 mg/mL collagenase (Sigma-Aldrich).
Following centrifugation for 5 min at 500xg, primary cultured mPTECs
were isolated. After 30 min, recombinant IL-33 (0.5 pg/mL, R&D Sys-
tems, USA) and anti-ST2 antibody were added (0, 0.5, 1.0 pM, R&D
Systems, USA). After 12 h of incubation at 37 °C, the cells were inverted
and stained with 4’ 6-diamidino-2-phenylindole (Invitrogen, Carlsbad,
CA, USA). The membrane was then washed in distilled water, and the
chamber membrane was turned, attached to a glass cell, and the cells
were counted [26,27]. Cell migration was quantified by counting the
cells on the lower surface using a phase-contrast microscope (Eclipse
TS100; Nikon, Japan) at 100 x magnification. The migration index was
used to quantify the migrated cells by manual counting and calculated
using the following formula:

Experimental Cell Research 405 (2021) 112705

migration index = cells migrated at 12 h/cells migrated at O h

2.9. Quantitative real-time polymerase chain reaction (PCR)

After incubating primary cultured mPTECs with recombinant IL-33
with or without anti-ST2 antibody, total RNA was isolated from cells
using the RNeasy Kit (Qiagen, Hilden, Germany). and mRNA levels were
analyzed using real-time PCR. Briefly, 1 pg total RNA was reverse
transcribed using oligo (dT) primers and AMV-RT Taq polymerase
(Promega, Madison, WI, USA). Real-time PCR was performed using
Assay-on-Demand TagMan probes for kidney injury molecule 1 (KIM-1),
neutrophil gelatinase-associated lipocalin (NGAL), IL-8, E-cadherin, and
glyceraldehyde-3-phosphate dehydrogenase (GAPDH) (Applied Bio-
systems, Foster City, CA, USA) using the Applied Biosystems PRISM
7500 Sequence Detection System. Thermocycler conditions for both
methods were as follows: 95 °C for 10 min followed by 40 cycles of
dissociation (95 °C for 10 s); annealing (55 °C for 30 s); elongation
(72 °C for 30 s). Relative quantification was performed using the AACt
method. GAPDH was used as a reference gene. A two-tailed Student’s t-
test was used to compare fold-changes.

2.10. Statistical analysis

Data are expressed as the mean + SEM. The Kruskal-Wallis test was
used to compare the demographic and clinical features of the study
groups. The difference between two groups for each parameter was
compared using non-parametric Mann-Whitney U test. Data pre- and
post-treatment with anti-ST2 antibody were analyzed using the Wil-
coxon signed rank test. The performance of sST2 was determined using
receiver operating characteristic (ROC) curve analysis. Differences were
considered statistically significant when P < 0.05. All statistical analyses
were performed using SPSS statistical software version 26.0 (SPSS, Inc.,
Chicago, IL, USA).

3. Results
3.1. Clinical characteristics of the patients and controls

The demographic and clinical data of the patients, including sex, age,
follow-up duration after transplantation, serum creatinine levels, and
eGFR are presented in Tables 1 and 2. Table 1 presents the patients in the
HC, AAMR, ACMR, and CAMR groups in which serum IL-33 and sST2
levels were measured. Table 2 presents the patients for whom the renal
expression of IL-33 and ST2 was estimated. No differences were
observed with sex between the HC and rejection groups. Among the
patients whose sera was analyzed, the CAMR group was the youngest.
Among the patients whose kidneys were investigated, the HC group was
youngest. As expected, the follow-up duration after kidney trans-
plantation was longer in the chronic rejection group than in the acute
rejection groups. Significant differences were observed in serum creat-
inine and eGFR levels among the four groups. Serum creatinine level was
the lowest in the HC groups and the highest in the CAMR group.

3.2. Upregulation of serum sST2 in rejection groups

Fig. 1 exhibited the abundance of sST2 in serum of rejection groups.
The mean + SEM (%) of sST2 (pg/mL) was 6871 + 827.2, 9655 + 931.4,
17,054 + 2,412, 16,668 + 2,629, and 18,277 + 2949 in HC, RC, AAMR,
ACMR and CAMR groups, respectively. Serum sST2 levels were signifi-
cantly higher in rejection groups than in HC group. All mean values of
serum sST2 were higher in rejection groups than in than RC groups,
although this difference achieved statistical significance only between
RC and CAMR groups. The differences of sST2 level were not



M.-Y. Yuet al

Table 1

Demographic and clinical features of subjects in whom serum IL-33 and ST2 levels were measured.
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Control group

Rejection group

HC(N=7) RC(N=09) AAMR (N = 12) ACMR (N =12) CAMR (N =7) P value®
Age (years) 46.0 (27-52) 47.0 (30-60) 49.0 (28-63) 39.0 (26-55) 27.0 (22-42) 0.162
Sex, Male (%) 5 (50) 4 (44) 6 (50) 9 (75) 5(71.4) 0.478
Follow-up (days) - 61 (30-220) 41 (10-372) 235 (84-358) 4229 (3001-5404) <0.001
sCr (mg/dL) 0.7 (0.6-0.8) 1.0 (0.85-1.40) 1.4 (0.9-2.1) 1.5 (1.3-2.3) 2.6 (1.5-3.6) <0.001
eGFR (mL/min) 109.1 (96.2-125.6) 67.4 (49.6-82.1) 53.2 (30.4-81.7) 61.2 (47.2-77.1) 34.9 (32.0-59.6) 0.001

AAMR, acute antibody-mediated rejection; ACMR, acute cell-mediated rejection; CAMR, chronic antibody-mediated rejection; eGFR, estimated glomerular filtration
rate; HC, healthy control; RC, recipient without rejection control; IL, Interleukin; N, number; sCr, serum creatinine; ST2, suppression of tumorigenicity 2.

@ Comparisons were made using Kruskal-Wallis test.

Table 2
Demographic and clinical features of subjects in whom renal IL-33 and ST2 levels were investigated.
Healthy control group Rejection group P value®
(N=4) AAMR (N = 9) ACMR (N = 10) CAMR (N = 9)
Age (years) 19 (18-20) 42 (33-56) 35 (17-46) 48 (37-58) 0.034
Sex, male (%) 4 (100) 7 (77.8) 7 (70) 6 (66.7) 0.607
Follow-up (days) - 11 (9-1729) 32 (9-623) 3620 (2188-5302) 0.044
sCr (mg/dL) 0.79 (0.74-0.91) 1.30 (0.84-1.71) 1.60 (1.28-2.10) 1.66 (1.45-2.42) 0.008
eGFR (ml/min) 149.9 (121.7-177.4) 71.0 (57.3-79.5) 47.3 (35.0-57.5) 45.0 (37.4-58.3) 0.002

AAMR, acute antibody-mediated rejection; ACMR, acute cell-mediated rejection; CAMR, chronic antibody-mediated rejection; eGFR, estimated glomerular filtration

rate; IL, Interleukin; sCr, serum creatinine; ST2, suppression of tumorigenicity 2.

@ Comparisons were made using the Kruskal-Wallis test.
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Fig. 1. Serum sST2 levels were higher in recipients in rejection groups
than in the HC group. Recipient without rejection had serum higher sST2
compared to CAMR group. There were no statistical differences between the
rejection groups. The means of sST2 levels (pg/ml) were 6,871, 9,655, 17,054,
16,668, and 18,277 in HC (N = 7), RC (N = 9), AAMR (N = 12), ACMR (N =
12), and CAMR (N = 9) groups, respectively. Kruskal-Wallis test, P = 0.014. *P
< 0.05. **P < 0.005. P-values were calculated using the Mann-Whitney test.
ACMR, acute cell-mediated rejection; CAMR, chronic antibody-mediated
rejection; HC, healthy control; N, number; RC, recipient without rejection;
sST2, soluble suppression of tumorigenicity 2.

significantly different among the rejection groups. The ROC curve
analysis revealed that sST2 could indicate rejection. Compared to re-
cipients without rejection, sST2 levels varied between recipients without
rejection and rejection groups with high sensitivity (64.5%) and speci-
ficity (100.0%). Their area under the curve of ROC was 0.756 (95% CI:
0.611-0.901; P = 0.021) and the optimal cutoff level was 14713.198 pg/
ml. The serum IL-33 levels were too low to be analyzed.

3.3. Upregulation of IL-33 and ST2 expression in kidney tissue of
rejection groups

Immunohistochemical analysis demonstrated that IL-33 (P < 0.001
by Kruskal-Wallis test, Fig. 2A) and ST2 (P < 0.001 by Kruskal-Wallis
test, Fig. 2B) expressions was higher in the kidney tissue of the rejec-
tion groups than in the HC group. IL-33 and ST2 positive staining was
localized to the renal tubules and interstitium in the rejection groups.
The mean + SEM (%) of IL-33 and ST2 expression was 0.23 + 0.05 and
1.25 + 0.21 in the HC group; 21.00 + 2.83 and 19.81 + 1.96 in the
AAMR group; 23.13 + 2.26 and 17.54 + 1.41 in the ACMR group; and
7.37 £+ 0.94 and 6.71 + 0.88 in the CAMR group. Increased IL-33 and
ST2 staining was more visible in the acute rejection group than in the
chronic rejection group (P < 0.001 by Mann-Whitney U test between
AAMR and CAMR, ACMR and CAMR). However, the expression levels of
IL-33 and ST2 were not significantly different between the AAMR and
ACMR groups (P = 0.077 by Mann-Whitney U test).

3.4. IL-8, IL-33, and fibronectin production is upregulated in primary
cultured human proximal tubular epithelial cells when stimulated with
serum of patients from rejection groups

Fig. 3A shows the results of IL-8 release from hPTECs stimulated with
sera (500 pg/mL) of a representative patient from each group incubated
for 48 h. IL-8 was upregulated in the rejection groups (HC, 161.4 +
32.33 pg/mL; AAMR, 1905 + 66.13 pg/mL; ACMR, 1564 + 155.7 pg/
mL; CAMR, 871.9 + 63.52 pg/mL), especially in the acute rejection
groups (P = 0.008 by Mann-Whitney U test between HC and AAMR, HC
and ACMR, HC and CAMR, respectively). The expression of IL-33 (0.98
+0.03vs1.71 +0.02, vs 1.38 + 0.02, vs 1.25 + 0.01 for HC vs AAMR, vs
ACMR, vs CAMR, respectively; P = 0.008 by Mann-Whitney U test) and
ST2 (1.33 +0.03 vs 2.05 + 0.06, vs 2.49 + 0.09, vs 2.05 + 0.04 for HC vs
AAMR, vs ACMR, vs CAMR, respectively; P = 0.008 by Mann-Whitney U
test) was upregulated in hPTECs stimulated by serum from patients
inthe rejection groups compared with those from the HC group (Fig. 3B
and C). A statistically significant increase in fibronectin expression was
observed only in the CAMR group (2.10 £ 0.05 vs 2.06 + 0.05, vs 1.72 +
0.04, vs 2.28 + 0.02; P = 0.589, P = 0.002, P = 0.004, in HC vs AAMR, vs
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Fig. 2. Rejection upregulated IL-33 and ST2 expression in kidney tissue. A. IL-33 (brown) expressed in kidney tissues of HC (N = 4), patients with AAMR (N =
9), ACMR (N = 10), and CAMR (N = 9) (Left, x100). Quantification of IL-33 expression in tissues is shown on the right. Kruskal-Wallis test, P < 0.001. B. ST2 (brown)
expressed in kidney tissues of HC (N = 4), patients with AAMR (N = 9), ACMR (N = 10), and CAMR (N = 9) (Left, x200). Quantification of ST2 expression in tissues
is shown on the right. The areas with increased IL-33 and ST2 expression were larger in the rejection groups than in the HC group. The number of areas was higher in
the acute rejection groups than in the chronic rejection groups, but there was no significant difference between the AAMR and ACMR. Kruskal-Wallis test, P < 0.001.
*P < 0.05. **P < 0.005. ***P < 0.001. P-values were calculated using the Mann-Whitney test. HC, healthy control; ACMR, acute cell-mediated rejection; CAMR,

chronic antibody-mediated rejection; AAMR, acute antibody-mediated rejection.

ACMR, vs CAMR, respectively, Fig. 3B and C).

3.5. Anti-ST2 antibody reduced the levels of IL-8, IL-33, and fibronectin,
which are promoted by recipients’ serum in primary cultured human
proximal tubular epithelial cells

In response to anti-ST2 antibody treatment, the primary cultured
hPTECs that had been stimulated by the recipients’ serum exhibited a
decrease in levels of IL-8, a proinflammatory cytokine ((P < 0.001,
Fig. 3A). The mean level of IL-8 extracted in vitro from incubated hPTECs
decreased from 1905 + 66.13 pg/mL to 1482 + 81.81 pg/mL in the
AAMR group (P = 0.043), from 1564 + 155.7 pg/mL to 976.6 + 81.78
pg/mL in the ACMR group (P = 0.043), and from 871.9 + 63.52 pg/mL
to 491.4 + 40.25 pg/mL in the CAMR group (P = 0.043). Fibronectin, IL-
33, and ST2 levels also decreased after anti-ST2 antibody treatment in
all samples (P < 0.001, Fig. 3B and C). Even when each group was
analyzed separately, fibronectin (AAMR, ACMR, CAMR; P = 0.028, P =
0.028, P 0.028, respectively), IL-33 (AAMR, ACMR, CAMR; P = 0.043, P
= 0.043, P 0.043, respectively) and ST2 (AAMR, ACMR, CAMR; P =
0.043, P = 0.043, P 0.043, respectively) levels decreased after anti-ST2

antibody treatment. The Wilcoxon signed rank test was used for pre- and
post-comparison within the groups.

3.6. Anti-ST2 antibody decreased the MLR and chemotaxis in an in-vitro
mouse transplant model

Treatment with the anti-ST2 antibody downregulated the MLR
(Fig. 4A) and IL-8 levels (Fig. 4B) in a dose-dependent manner in vitro,
ranging from O pg/mL to 1 pg/mL. The decrease in MLR (P = 0.043) and
IL-8 (P = 0.043) levels was statistically significant at high concentra-
tions (1 pg/mL). In addition, the anti-ST2 antibody significantly abro-
gated recombinant IL-33-induced chemotaxis in an in-vitro mouse
transplant model (P = 0.028, Fig. 5A). High dose anti-ST2 antibody
treatment also led to decreased expression of IL-33 (P = 0.028, Fig. 5B),
and tubular injury markers, KIM1 and NGAL (P = 0.028 and P = 0.028,
Fig. 5C). Treatment with 1 pg/mL of anti-ST2 antibody increased mRNA
expression of IL-8 and E-cadherin, a cell junction marker (P = 0.028 and
P = 0.028, Fig. 5C). The effect of anti-ST2 antibody was statistically
significant at high concentrations. The Wilcoxon signed rank test was
used for pre- and post-comparison within the groups.
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Fig. 3. Anti-ST2 monoclonal antibody reduced fibrosis and IL-33 expression in hPTECs. A. hPTECs were incubated for 48 h with the serum of HC, patients with
AAMR, ACMR, and CAMR followed by an analysis of cytokine IL-8 expression in the media. Cytokine IL-8 expression was increased in hPTECs (N = 5 in each group)
stimulated with serums of AAMR, ACMR, CAMR groups compared to in those with serum of HC group. Following anti-ST2 antibody treatment, the mean level (pq/
mL) of IL-8 decreased from 1905 to 1482 in the AAMR group, from 1564 to 977 in the ACMR group, and from 872 to 491 in the CAMR group. B. Densitometric
analysis of Western blot analysis data of hPTECs under the same conditions. The expressions of ST2, IL-33, and fibronectin were significantly elevated in the AAMR,
ACMR, and CAMR groups compared with that in the healthy control group and were significantly attenuated upon anti-ST2 antibody treatment. C. Quantifications of
fibronectin/B-actin (N = 6 in each group), IL-33/f-actin (N = 5 in each group), and ST2/f-actin (N = 5 in each group) in Western blot analysis were decreased in the
AAMR, ACMR, and CAMR groups upon anti-ST2 antibody treatment. *P < 0.05. **P < 0.005. ***P < 0.001. P-values were calculated using Mann-Whitney test. “P <
0.05. ##P < 0.005. #*##P < 0.001. P-values were calculated using wilcoxon signed rank test between each pair of value. HC, healthy control; ACMR, acute cell-
mediated rejection; CAMR, chronic antibody-mediated rejection; AAMR, acute antibody-mediated rejection; hPTECs, human proximal tubular epithelial cells.
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4. Discussion

In this study, we found that IL-33 and ST2 levels were upregulated
during renal allograft rejection. In addition, the expression levels of IL-
33 and ST2 in kidney tissue were higher in acute rejection compared to
those in chronic rejection; however, there was no difference between
ACMR and AAMR. Proinflammatory cytokine IL-8 was also activated in
renal allograft rejection. This was effectively reversed upon anti-ST2
antibody treatment.

Kidney transplantation is the best available treatment option for end-

(0.5 pg/ml)(1 pg/ml)

stage renal disease. Despite marked improvements in grafts and recip-
ient survival, the long-term success rate of kidney transplantation is
limited by acute or chronic allograft rejection due to patient immune
response [28]. Allograft rejection after transplantation is primarily
mediated by T helper (Th) cells, and the Th1/Th2 balance is regarded as
the major mechanism of rejection [29]. Therefore, the development of
immunosuppressants has focused on the pathways targeting Thl and
Th2 [30]. IL-33 has gained attention as a potential target to modulate
immune response when it was shown to participate in the development
of Th2-mediated response [31,32]. It is now widely accepted that IL-33
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contributes to Thl-driven pathologies [33,34].

Recent studies have shown that IL-33 and its receptor, ST2, are
biomarkers in allograft rejection. In 2011, Pascual-Figal et al. [19]
showed that high level of ST2 is indicative of acute cardiac allograft
rejection. Other studies have shown that the ST2 level correlates with
acute rejection or inflammation in pediatric heart and small bowel
transplantation [18,21]. On the other hands, Li et al. suggested that graft
IL-33 protects against chronic rejection by regulating macrophages in
heart transplantation [35]. However, only a few studies have investi-
gated the role of IL-33/ST2 in kidney transplantation. Renal ischemic
injury is one of the most important risks during kidney transplantation.
Thierry et al. [36] demonstrated that both serum and urine IL-33 levels
are elevated after renal transplantation and that invariant natural killer
T cells are potential targets of IL-33 in renal ischemic injury. Chronic
allograft dysfunction results in long-term graft failure. A study of 64
renal transplant recipients revealed that serum IL-33 levels are signifi-
cantly higher and correlated with elevated production of Th2 cytokines
and CD4" T cells in patients with chronic allograft dysfunction
compared to recipients with stable allograft function [20]. In patients
experiencing chronic kidney allograft dysfunction, elevated I1-33 levels
promote the epithelial-to-mesenchymal transition of human kidney cells
[71.

To our knowledge, our study is the first to demonstrate that IL-33 and
ST2 levels in kidney tissue are increased during renal allograft rejection.
ST2 expression was significantly increased in the rejection group
compared to the control groups, and the addition of serum from re-
cipients with rejection to hPTECs induced an increased inflammatory
response. The degree of response was particularly apparent in cases of
acute rejection compared to chronic rejection. We obtained the same
results not only when using the sera of recipients with rejection but also
when using pure recombinant IL-33 in primary cultured hPTECs. Unlike
serum sST2 level was significantly higher in CAMR than in control
groups, sST2 level was not statistically different between acute rejection
group and RC. Serum IL-33 level was too low to analyze in all group.
Recent study proposed the role of IL-33 in homeostasis and inflamma-
tion [37]. IL-33/ST2 act locally in a cell- and tissue-specific manner in
the early homeostasis stage, but IL-33 may exceed sST2 capacity to
suppress systemic IL-33 effect in chronic damage and lead to systemic
effects. Therefore, the reason for the large variation in individual serum
sST2 concentrations during acute rejection is may be related to the
timeline of IL-33/ST2 pathway.

The IL-33/ST2 pathway was found to dominantly stimulate a type 2
response by modulating ST2+ cells, such as ILC2 or Th cells. Therefore,
it is more closely related to cell-mediated rejection than antibody-
mediated rejection [38]. However, ST2 expression levels in this study
exhibited no significant difference between the AAMR and ACMR
groups. IL-33 is involved in the immune response targeting not only T
cells but also B cells and antigen-presenting cells, among others [38].
Therefore, IL-33/ST2 expression could be as highly correlated with
AAMR as ACMR. Another possibility is that it might be difficult to
distinguish between AAMR and severe ACMR; the two processes might
also coexist. In addition, in up to 25% of the cases in which allograft
dysfunction was attributed, at least in part, to AAMR, the histological
findings suggest only cellular-mediated rejection or acute tubular injury
[39].

The present study revealed that in hPTECs, the inflammatory
response was stimulated upon recombinant IL-33 and reduced upon
anti-ST2 antibody treatment. In vitro studies validated that anti-ST2
antibody treatment relieves the MLR, as a process of T cell activation
and proliferation, and chemotaxis [40]. Together, our findings indicate
an influential role for the IL-33/ST2 pathway in allograft rejection. This
emerging concept can be applied for the development of novel thera-
peutic strategies for renal allograft rejection, which is a major risk factor
for graft failure. Our findings also indicated the therapeutic potential of
anti-ST2 antibody treatment in reducing acute rejection.

The role of IL-33 in certain autoimmune, allergic, and cardiovascular

Experimental Cell Research 405 (2021) 112705

diseases has been confirmed. However, its effect can be either pro- or
anti-inflammatory, depending on the disease and the disease model [31,
33,41-43]. Soluble ST2 acts as a decoy receptor for IL-33 [44], attenu-
ating the Th2 inflammatory response by preventing IL-33 from binding
to mST2, which is involved in several T cell-mediated diseases [45]. In
our study, serum sST2 and tissue ST2 levels were elevated in recipients
with rejection. However, it was not possible to determine whether sST2
or mST2 levels were elevated in the kidney tissue with rejection, or to
distinguish which type of ST2 was blocked by the anti-ST2 antibody.

Increased levels of the proinflammatory cytokines IL-33 and ST2
were previously found in both ACMR and ABMR [18]. We found that the
expression of the proinflammatory cytokine IL-8 was associated with
IL-33 and ST2 levels. IL-8 is produced in CD4" T cells and is a proin-
flammatory and cytotoxic cytokine. IL-8 is a diagnostic marker in renal
allograft rejection [46-48]. In this study, IL-8 was stimulated by the
serum of recipients with rejection, and in vivo experiments revealed that
IL-8 levels decreased in a dose-dependent manner after treatment with
the anti-ST2 antibody. Thus, alternations in the levels of IL-33/ST2 were
associated with the IL-8 response. Further studies on the relationship
between IL-8 and the IL-33/ST2 pathway in renal allograft rejection are
required.

NGAL, a protein belonging to the lipocalin superfamily, initially
found in activated neutrophils, is expressed in several cell types,
including kidney tubules [49]. An increase in NGAL production, and its
subsequent release from tubular cells in response to insults, has been
used to predict acute kidney injury (AKI). In the context of renal
transplants, delayed graft function, defined as the need for dialysis
during the first-week post-transplant, can be viewed as a form of AKI
following kidney transplantation, and is associated with increased sus-
ceptibility to acute and chronic rejection and a poor long-term outcome
[50,51]. Recent studies have shown that urinary NGAL and plasma
NGAL may be markers of graft function recovery in the early
post-transplantation period [52-54]. NGAL is involved in cellular im-
munity, where it induces immune tolerance by upregulating human
leukocyte antigen-G expression and expansion of T-regulatory cells in
healthy donors. This provides the basis for further studies to evaluate its
possible role in immunomodulation and tolerance induction in trans-
plant recipients [55].

5. Conclusion

In conclusion, we demonstrated that the expression of IL-33/ST2 in
the kidney proximal tubule epithelial cells can be robustly activated in
response to renal allograft rejection and hence acts as a biomarker for
acute graft rejection. IL-33 and its receptor, ST2, are potent mediators of
rejection and increase proinflammatory cytokine production after kid-
ney transplantation. Treatment with an anti-ST2 antibody ameliorates
acute responses and could be a potential therapeutic strategy for renal
allograft rejection. Further studies using different ST2 subsets blocked
by the anti-ST2 antibody are needed to improve our understanding of
the relationship between IL-33/ST2 and renal allograft rejection.
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