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interleukin-33 receptor (sT2) 
Deficiency improves the Outcome  
of Staphylococcus aureus-induced 
septic arthritis
Larissa Staurengo-Ferrari 1, Silvia C. Trevelin2,3, Victor Fattori 1, Daniele C. Nascimento3, 
Kalil A. de Lima3, Jacinta S. Pelayo4, Florêncio Figueiredo5, Rubia Casagrande6,  
Sandra Y. Fukada7, Mauro M. Teixeira8, Thiago M. Cunha3, Foo Y. Liew9, Rene D. Oliveira10, 
Paulo Louzada-Junior10, Fernando Q. Cunha3, José C. Alves-Filho3 and Waldiceu A. Verri1*

1 Departamento de Patologia, Centro de Ciências Biológicas, Universidade Estadual de Londrina, Londrina, Brazil, 
2Cardiovascular Division, British Heart Foundation Centre, King’s College London, London, United Kingdom, 3 Department of 
Pharmacology, Ribeirão Preto Medical School, University of São Paulo, Ribeirão Preto, Brazil, 4 Departamento de 
Microbiologia, Centro de Ciências Biológicas, Universidade Estadual de Londrina, Londrina, Brazil, 5 Laboratory of Pathology, 
Faculty of Medicine, University of Brasilia, Brasilia, Brazil, 6 Department of Pharmaceutical Sciences, Healthy Sciences Centre, 
Londrina State University, Londrina, Brazil, 7 Department of Physics and Chemistry, School of Pharmaceutical Sciences of 
Ribeirão Preto, University of São Paulo, Ribeirão Preto, Brazil, 8 Laboratório de Imunofarmacologia, Departamento de 
Bioquímica e Imunologia, Instituto de Ciencias Biologicas (ICB), Universidade Federal de Minas Gerais, Belo Horizonte, 
Brazil, 9 Division of Immunology, Infection and Inflammation, University of Glasgow, Glasgow, United Kingdom, 10 Division of 
Clinical Immunology, School of Medicine of Ribeirao Preto, University of São Paulo, Ribeirao Preto, Brazil

The ST2 receptor is a member of the Toll/IL-1R superfamily and interleukin-33 (IL-33) 
is its agonist. Recently, it has been demonstrated that IL-33/ST2 axis plays key roles in 
inflammation and immune mediated diseases. Here, we investigated the effect of ST2 
deficiency in Staphylococcus aureus-induced septic arthritis physiopathology. Synovial 
fluid samples from septic arthritis and osteoarthritis individuals were assessed regarding 
IL-33 and soluble (s) ST2 levels. The IL-33 levels in samples from synovial fluid were 
significantly increased, whereas no sST2 levels were detected in patients with septic 
arthritis when compared with osteoarthritis individuals. The intra-articular injection of 
1 × 107 colony-forming unity/10 μl of S. aureus American Type Culture Collection 6538 
in wild-type (WT) mice induced IL-33 and sST2 production with a profile resembling the 
observation in the synovial fluid of septic arthritis patients. Data using WT, and ST2 defi-
cient (−/−) and interferon-γ (IFN-γ)−/− mice showed that ST2 deficiency shifts the immune 
balance toward a type 1 immune response that contributes to eliminating the infection 
due to enhanced microbicide effect via NO production by neutrophils and macrophages. 
In fact, the treatment of ST2−/− bone marrow-derived macrophage cells with anti-IFN-γ 
abrogates the beneficial phenotype in the absence of ST2, which confirms that ST2 
deficiency leads to IFN-γ expression and boosts the bacterial killing activity of macro-
phages against S. aureus. In agreement, WT cells achieved similar immune response to 
ST2 deficiency by IFN-γ treatment. The present results unveil a previously unrecognized 
beneficial effect of ST2 deficiency in S. aureus-induced septic arthritis.

Keywords: interleukin-33, sT2, septic arthritis, Staphylococcus aureus, interferon-γ, nitric oxide, Th1, M1 macrophage
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inTrODUcTiOn

Interleukin-33 (IL-33) is a member of the IL-1 cytokine family 
that can act either as a chromatin-associated nuclear factor or as a 
classic cytokine (1, 2). Once released, IL-33 binds to the heterodi-
meric receptor complex consisting of ST2 and IL-1 receptor acces-
sory protein recruiting typical intracellular proteins of the toll-like 
receptor (TLR)/IL-1 superfamily (3, 4). The transmembrane form 
of ST2, encoded by the ST2 gene is expressed by cells including 
activated Th2 cells (5), mast cells (6), and ILC2 (7). ST2 is alter-
natively spliced to produce a soluble form (sST2), which acts as 
an IL-33 scavenger (8). Antibodies targeting ST2, ST2-Fc fusion 
proteins or ST2 deficient mice contributed to demonstrate that the 
lack of IL-33/ST2 signaling favors the expansion of Th1 cells and 
inhibits Th2 cell-mediated immune responses (5, 8–11).

Conversely, IL-33/ST2 signaling has now emerging pleiotropic 
properties, including type 1 and 3 immunity and regulatory 
 patterns (4, 12). Indeed, IL-33/ST2 has a proinflammatory role 
in Th1 and Th17 immune responses (13, 14). Both, IL-33 and 
ST2 are expressed in the human and mouse model of rheumatoid 
arthritis (RA) synovial tissue, are elevated in the sera and synovial 
fluids of RA patients and manifest correlation with disease pro-
gression (14–18). Endothelial cells and fibroblasts constitutively 
express high levels of IL-33 mRNA and protein, indicating that 
they are a key source of IL-33 in the inflamed synovium (11, 16). 
Thus, IL-33 and ST2 are expressed by joint cells in inflammatory 
conditions.

During infections, IL-33/ST2 signaling plays dual roles 
depending on the organ involved and the Th1/Th2 shifting neces-
sary to better control the infectious foci (4). IL-33 is protective 
during acute phase of sepsis (19), keratitis caused by Pseudomonas 
aeruginosa (20) or Staphylococcus aureus wound infection (21) 
and in parasitic diseases with Trichuris muris (22), Schistosoma 
mansoni (23), or Toxoplasma gondii (24), whereas it is deleteri-
ous during cutaneous and visceral leishmaniasis (10, 25, 26).  
Thus, strategies targeting IL-33/ST2 pathway should account the 
cytokine milieu and disease context.

Septic arthritis is considered as one of the most aggressive 
joint diseases due to its rapidly progressive disease profile, pain, 
severe joint lesion, and dysfunction even with therapy onset 
(27, 28). Patients with underlying joint diseases, such as RA are 
4- to 15-fold more susceptible to septic arthritis than general 
population (29). Joint lesions facilitate bacterial colonization 
together with a reduced immune response due to chronic treat-
ment with disease modifying drugs, corticosteroids and biologic 
therapies that cause patient immune suppression (30–32).  
S. aureus is the most common cause of SA (31). There is evidence 
that both drug resistant S. aureus such as methicillin-resistant  
S. aureus and non-drug resistant S. aureus cause septic arthritis 
(28, 29, 33, 34). The fast development of joint destruction in septic 
arthritis supports the urgent need for development of new treat-
ment strategies against S. aureus arthritis.

As IL-33 and its receptor ST2 have been recognized as an 
important axis in joint inflammation and infectious diseases, we 
therefore, investigated whether ST2 deficiency would influence 
the outcome and contributing mechanisms of this receptor in  
S. aureus-induced septic arthritis.

MaTerials anD MeThODs

animals
Male BALB/c [wild-type (WT)], ST2−/− (BALB/c background), 
C57BL/6 (WT), and interferon-γ (IFN-γ)−/− (C57BL/6 background) 
mice were used in this study. ST2−/− mice were originally obtained 
from Dr. Andrew McKenzie (LMB, Cambridge) (15). IFN-γ−/− mice 
were obtained from Jackson Laboratories (Bar Harbor, ME, USA).

A total of 1,360 mice were used in this study. All mice were 
housed in standard clear plastic cages with free access to water 
and food, and temperature of 23°C  ±  2 at constant humidity. 
A  12/12  h light/dark cycle was used with lights on at 6 a.m. 
and off at 6 p.m. The behavioral tests were performed between 
9 a.m. and 5 p.m. in a temperature-controlled room (23°C ± 2). 
Animal care and handling procedures were in accordance with 
the International Association for Study of Pain guidelines, and all 
protocols were approved by the Ethics Committee of the Londrina 
State University (OF.CIRC.CEUA, process number 20165/2009).

clinical samples
Synovial fluid samples from 4 to 5 individuals with septic arthritis 
and 10 osteoarthritis individuals were collected in order to assess 
IL-33, sST2, and IFN-γ levels using ELISA kits (R&D Systems, 
Minneapolis, MN, USA). All individuals were recruited at the 
Division of Rheumatology, Hospital das Clínicas, Ribeirão 
Preto Medical School (HC-FMRP), São Paulo, Brazil, and were 
informed about the aims of the study and provided written con-
sent before participating. The Human Ethics Committee of the 
FMRP approved this study (Process number 4971/2012).

Mouse Model of S. aureus-induced 
arthritis
Staphylococcus aureus was obtained from American Type Culture 
Collection (ATCC, USA) number 6538. Septic arthritis was 
induced by local injection of 107 colony-forming unity (CFU) of 
S. aureus in 10 µl in sterile PBS into the right knee joints. Intra-
articular (i.a.) injection of 10 µl of sterile saline was used as negative 
control group. To assess the intensity of arthritis, a clinical score 
was carried out using macroscopic inspection of the knee joints 
yielding a score of 0–4 for each limb (0—normal, 1—periarticular 
erythema, 2—articular erythema and edema, 3—function loss 
with difficult locomotion and articular extension, 4—purulent 
process with abscess formation) (28).

assessment of articular hyperalgesia
Articular mechanical hyperalgesia was assessed over 27  days 
post-i.a. infection with S. aureus using an electronic pressure 
meter (IITC 152 Inc., Life Science Instruments California, CA, 
USA) (35). The electronic pressure-meter apparatus automati-
cally recorded the intensity of the force applied when the paw was 
withdrawn. The results were expressed as the flexion-elicited 
withdrawal threshold in grams.

Determination of Knee Joint edema
Knee joint edema was assessed over 27 days post-i.a. infection 
with S. aureus using a digital caliper (Digmatic Caliper, Mitutoyo 
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Corp., Kanagawa, Japan). The results were expressed as the differ-
ence (delta, Δ) between the diameter measured before (basal) and 
after induction of articular infection in millimeter.

Quantification of cytokines
Knee joints were dissected out and frozen with liquid nitrogen. 
Then, samples were homogenized in a buffer containing a 
cocktail of protease inhibitors [NaCl 0.4  M, Tween 20 0.05%, 
bovine albumin 0.5%, phenyl methyl sulphonyl fluoride 0.1 mM, 
benzethonium chloride 0.1  mM, EDTA 10  mM, aprotinin 
20 KI·ml−1 (0.01 mg·ml−1) diluted in phosphate buffer saline pH 
7.4], centrifuged and the supernatants were used to determine the 
levels of sST2, IL-33, TNF-α, IL-1β, IFN-γ, IL-4, IL-5, IL-17, and 
IL-10. The results were expressed as picogram per 100 mg of tis-
sue (36). Supernatants from bone marrow-derived macrophages 
(BMDMs) culture were also collected to determine the levels of 
IL-33 and IFN-γ and the results were expressed as picogram/mil-
liliter. All measurements were performed using ELISA kits from 
R&D Systems (Minneapolis, MN, USA) or eBioscience (San Siego, 
CA, USA). The minimum sensitivity of the kits was ≥0.7 pg/ml.

Determination of Joint leukocyte 
infiltration and Bacterial counts
Knee joints cavities were exposed and washed with the aid of a 
pipette three times with a total volume of 10 µl of sterile saline 
plus 1 mM EDTA. Each washing procedure used approximately 
3.3 µl of saline. The total number of leukocytes was determined 
in a Neubauer chamber diluted in Turk’s solution and differential 
cell counts were performed in Rosenfeld stained slices using a 
light microscope. The results were expressed as the number 
of total of leukocytes, neutrophils, or mononuclear cells × 104 
(mean ± SEM)/per cavity. The same samples were plated on blood 
agar to determine the bacterial load in the joints and the results 
were expressed as CFU per cavity. Additionally, spleen from 
the same animals were explanted and plated on blood agar to 
determine the bacterial load. The results were expressed as CFU 
per spleen.

histological analysis
Whole knee joints were removed and fixed in 4% formaldehyde 
for 2 days before decalcification in 5% formic acid and processing 
for paraffin embedding. Tissue sections (5 µm) were stained with 
hematoxylin and eosin. All the slides were coded and assessed 
in a blinded manner by two observers regarding the degree of 
synovitis (leukocyte infiltration score) and cartilage destruction.

Proteoglycan Quantification assay
Chondroitin sulfate from patella samples was quantitated using 
1,9-dimethyl-methylene blue assay. The glycosaminoglycan 
content of samples was calculated from the standard curve of 
chondroitin sulfate (14).

rT-qPcr
Total RNA was extracted from 1 × 106 S. aureus-infected BMDMs 
[multiplicity of infection (MOI): 3] and from whole knee joint 
samples using TRIzol reagent (Invitrogen). For RT-qPCR, the 

total RNA was extracted with SV Total RNA Isolation System 
Kit (Promega, USA) according to the manufacturer’s instruc-
tions. RT-PCR and qPCR were performed using GoTaq® 2-Step 
RT-qPCR System (Promega) on a StepOnePlus™Real-Time PCR 
System (Applied Biosystems®) using primers for Rankl, Rank, 
Opg, IFN-γ, iNOS, IL-33, and ST2. Raw data were normalized to 
Gadph expression and were analyzed by the 2−(ΔΔCt) method.

Western Blot
A total of 2 × 106 BMDMs were seeded per well and pretreated 
with IFN-γ (100 U/ml, Invitrogen), anti-IFN-γ (10 µg/ml, R&D 
Systems), or medium for 1 h followed by infection with S. aureus 
(MOI = 3) for 18 h. The supernatants were collected to further 
assess the nitrite production. The cell lysates were collected using 
RIPA buffer containing CST—Protease/Phosphatase Inhibitor 
Cocktail (Cell Signaling, USA). Whole knee joint samples using 
RIPA buffer containing Protease/Phosphatase Inhibitor Cocktail 
(Cell Signaling, USA) were also collected. Total protein from 
cells and knee joint samples were quantified and the lysates 
were mixed with 4× Laemmli sample buffer (Sigma-Aldrich). 
Antibody against iNOS (1:10,000, Sigma Chemical Co., St. Louis, 
MO, USA) was used for protein detection after electrophoresis in 
10% SDS-PAGE gel, transference into nitrocellulose membrane 
(Merck Millipore, USA), and blocking. HRP-conjugated sec-
ondary antibody was used (KPL, USA). Immunodetection was 
performed using an enhanced chemiluminescence technique 
(ChemiDoc XRS System, Biorad Laboratories). The membrane 
was stripped and reprobed with β-actin (1:5,000, Sigma Chemical 
Co., St. Louis, MO, USA) as a loading control. Densitometry data 
were measured after normalization to the control (house-keeping 
gene, β-actin) using Scientific Imaging Systems (Image Lab 3.0 
software; Biorad Laboratories, Hercules, CA, USA). Full scan 
of the original uncropped western blot is shown in Figure S4 in 
Supplementary Material.

FiTc-labeling of staphylococci
Staphylococcus aureus ATCC 6538 was grown to mid-log phase 
in fresh Muller–Hinton broth. Bacteria were washed twice with 
sterile PBS and labeled in 0.1 mg/ml FITC (Sigma Chemical Co., 
St. Louis, MO, USA) for 1 h at 37°C with shaking. Prior to use, 
bacteria were washed twice with PBS and re-suspended in Hank’s 
solution (Sigma Chemical Co., St. Louis, MO, USA).

Flow cytometry analysis
Phagocytosis assay and detection of intracellular cytokines was 
performed using an FACS Verse (BD Biosciences, San Diego, 
CA, USA) flow cytometer. Phagocytosis of naïve BMDMs and 
naïve neutrophils was measured using FITC-labeled S. aureus as 
previously described in Ref. (37). In other set of experiments to 
assess the intracellular cytokines, draining popliteal lymph nodes 
(LNs) were collected from naïve and infected mice at indicated 
times post-infection and processed as a pool. Cell suspensions 
obtained (1 × 106 cells) were stained with fluorochrome-conju-
gated antibodies for CD4 (H129.19), IFN-γ (B27), IL-4 (11B11), 
IL-17 (TC11-18H10), or IL-10 (JES5-16E3) from BD Biosciences 
(San Diego, CA, USA). Data were analyzed with FlowJo software 
(TreeStar, Ashland, OR, USA).
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FigUre 1 | Interleukin-33 (IL-33) and sST2 levels in synovial fluid samples of septic arthritis and osteoarthritis patients, and similar profile in mouse septic arthritis. 
(a,B) Synovial fluid samples from patients with septic arthritis and osteoarthritis were collected and processed to determine the levels of IL-33 and sST2 by ELISA. 
(c,D) Staphylococcus aureus or saline (day 0) was injected in in the femur-tibial joint of wild-type and knee joints samples were collected and processed to determine 
the levels of IL-33 and sST2 at indicated points (7–28 days) post S. aureus injection by ELISA. For clinical samples analysis: n = 5 for septic arthritis and n = 10 for 
osteoarthritis patients. *P < 0.05 vs osteoarthritic patients group (a,B). Kruskal–Wallis test followed by Dunn’s test. For mice samples analysis: n = 6 per group, 
representative of two independent experiments. *P < 0.05 vs day 0 of infection (c,D). Two-tailed unpaired Student’s t-test.
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Killing assay
To obtain macrophages (BMDM), cells were differentiated during 
6 days in RPMI medium plus 20% supernatant from L929 cells 
(38). To obtain neutrophils, cells were isolated by Percoll gradient 
(39). BMDM or neutrophils (1 × 106/well) were then pretreated 
with IFN-γ (100 U/ml), anti-IFN-γ (10 µg/ml), or medium for 
1 h followed by infection with S. aureus (MOI = 3). Other wells 
with only bacteria and RPMI medium were prepared as a posi-
tive control. The plates were centrifuged for 3 min at 5,000 rpm 
and returned to the cell incubator for 3 h. The supernatants were 
collected to further assess the nitrite production. Cells were then 
lysed by addition of Triton X-100 0.2%. The lysates were serially 
diluted 1:100,000 in 1 × PBS and plated on blood agar plates and 
incubated overnight at 37°C. The results were expressed as % of 
viable bacteria by comparing with the positive control.

nitrite Determination
Nitrite (NO2

−) accumulation, as an indication of NO produc-
tion was measured using Griess reagent. In this assay, 0.1 ml of 
sample was mixed with 0.1 ml of Griess reagent in a multiwell 
plate, and the absorbance was read at 550 nm 10 min later. Nitrite 
concentrations were determined by reference to a standard curve 
of sodium nitrite (1–200 µmol/l) (40).

Pharmacological Treatment of Mice
In some experiments, infected WT and ST2−/− were treated intra-
peritoneally with 30  mg/kg of aminoguanidine (AMG; Sigma, 
Chemical Co., St. Louis, MO, USA), a selective iNOS inhibitor, 
for 28 consecutive days (once a day). Mice were euthanized at 
the 28th day post-infection, and inflammatory parameters and 
bacterial load in joint and spleen tissues were analyzed.

culture of Macrophages like-cells
Peritoneal cells from naïve and infected mice were cultured in 
RPMI medium for 4 h to allow macrophages to adhere. The float-
ing cells were washed away and the adherent macrophages were 

challenged with lipoteichoic acid (LTA, 10 µg/ml), a TLR2 agonist 
plus IFN-γ (100 U/ml) in RPMI for 24 h at 37°C. The supernatants 
were harvested to assess the NO2

− accumulation.

statistical analysis
Statistical significance was analyzed using PRISM 6.01 (GraphPad 
Software, USA). The data are expressed as the mean  ±  SEM. 
Statistical differences were considered when P < 0.05.

resUlTs

il-33 and ssT2 levels in synovial Fluids 
of septic arthritis and Osteoarthritis 
Patients, and a similar Profile in 
Mouse septic arthritis
First, the IL-33 and sST2 levels in the synovial fluid of patients 
with septic arthritis and osteoarthritis were determined. Clinical 
and demographic characteristics of these patients are presented as 
Table S1 in Supplementary Material. IL-33 levels were higher in the 
synovial fluid of SA patients than in the synovial fluid OA patients 
(Figure 1A). The levels of sST2 were below limit detection in septic 
arthritis patients (Figure 1B). These clinical results indicate that 
there are higher levels of IL-33 in septic arthritis primary foci than 
in osteoarthritis. In mice, the i.a. injection of S. aureus induced the 
increase of IL-33 levels (Figure 1C) and decreased of sST2 levels 
(Figure 1D) in the knee joints that lasted for 28 days compared 
with day 0 (representative group that received only saline). Despite 
the detection of IL-33 in the synovial fluid and knee joints of septic 
arthritis patients and mice, respectively, whether IL-33 and its 
receptor ST2 have a function in disease is unknown.

sT2 receptor Deficiency ameliorates  
S. aureus-induced septic arthritis
Considering that septic arthritis triggered the production of 
IL-33 and reduction of sST2 levels in the synovial fluid of patients 
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FigUre 2 | ST2 deficiency ameliorates Staphylococcus aureus-induced septic arthritis. S. aureus or saline was injected in the femur-tibial joint of wild-type (WT) 
and ST2−/− mice. (a) Mechanical hyperalgesia, (B) articular edema, and (c) clinical score were evaluated over 27 days post-infection. Knee joints were collected  
and processed to determine the levels of (D) TNF-α and (e) IL-1β by ELISA determined at days 7–28 days post-infection. (F) Total leukocytes, (g) neutrophil, and 
(h) mononuclear recruitment to the knee joint were determined at 7–28 days post-infection. Knee joint samples were collected at the 28th day post-infection for 
histological analysis by hematoxylin/eosin stained slices to determine: (i) synovitis score (intensity: 1–4) and (J) cartilage destruction score (intensity: 1–4).  
(K) Representative images of knee joints at 28 post-infection in original magnification ×10. The letter a indicates a heavily inflamed joint with cartilage destruction 
and pannus formation. (F) Proteoglycan content in patella determined at 7–28 days post-infection. For inflammatory parameters and proteoglycan content: n = 6 
per group per in vivo experiment, representative of two independent experiments. *P < 0.05 vs naïve mice group, #P < 0.05 vs WT mice group (a–h,l). One-way 
ANOVA followed by Tukey’s test. For histological analysis: n = 8 per group per experiment, representative of two independent experiments. *P < 0.05 vs naïve 
mice group, #P < 0.05 vs WT mice group (i–K). Kruskal–Wallis test followed by Dunn’s test. Abbreviations: C, cartilage; JC, joint cavity.
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(Figure 1A), we used a model of S. aureus-induced septic arthritis 
in WT (balb/c) and ST2−/− mice to investigate the disease out-
come in the ST2 deficiency scenario. i.a. injection of S. aureus 
increased mechanical hyperalgesia in WT mice as observed by 
reduction in the mechanical threshold when compared with 
naïve mice (Figure  2A). Interestingly, the S. aureus-induced 
hyperalgesia was similar between WT and ST2−/− mice up to 
9 days of infection. However, from 11 days onward, S. aureus-
induced hyperalgesia started to reduce in ST2−/− compared with 
WT mice. This result may have, at least, two explanations; ST2 −/−  
mice respond better than WT against S. aureus infection or by 
lacking ST2, these mice would present a reduction of hyperalgesia 
since IL-33 is a hyperalgesic cytokine (13). Moreover, IL-33 also 
mediates the paw edema induced by carrageenan (41). Indeed, 
WT mice presented increased edema when compared with 
ST2−/− mice (Figure  2B). The reduction of hyperalgesia and 
edema in ST2−/− mice was followed by lower clinical score as well 
(Figure  2C). WT mice also showed increased levels of TNF-α 

and IL-1β after infection (Figures  2D,E, respectively), inflam-
matory cell recruitment to the knee joint (Figures 2F–H), and 
tissue inflammatory cell infiltration demonstrated histologically 
(Figures  2I,K) when compared with ST2−/− mice. Ultimately, 
these features resulted in increased cartilage destruction with 
only parts of cartilage remaining (Figures  2J,K), which was 
confirmed by proteoglycan content loss (Figure 2L). These mor-
phological changes were reduced in ST2−/− mice (Figures 2I–K). 
Further, WT mice presented increased mRNA expression of 
receptor activator of nuclear factor-kappa B ligand (Figure S1A 
in Supplementary Material) and receptor activator of nuclear 
factor-kappa B (Figure S1B in Supplementary Material), and 
reduced mRNA expression of OPG (osteoprotegerin, Figure 
S1C in Supplementary Material), an expression pattern indicat-
ing bone resorption (42). These results indicate that IL-33/ST2 
signaling deficiency ameliorated the clinical features of septic 
arthritis. Therefore, we next examined whether the reduction 
of disease intensity in ST2−/− mice would be related to reducing 
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FigUre 3 | ST2 deficiency enhances neutrophil and macrophages bactericidal activity against Staphylococcus aureus. S. aureus was injected in the femur-tibial 
joint of wild-type (WT) and ST2−/− mice. At indicated points (7–28 days post-infection), (a) knee joints and (B) spleen samples were collected and bacterial counts 
were determined on agar dishes. (c,D) FACS analysis of neutrophils (1 × 106) from WT and ST2−/− naïve mice incubated in vitro with S. aureus  
at a multiplicity of infection (MOI) of 3 to evaluate phagocytosis. (e,F) FACS analysis of naïve bone marrow-derived macrophages (BMDMs) (1 × 106) from WT and 
ST2−/− naïve mice incubated in vitro with S. aureus at a MOI of 3 to evaluate phagocytosis. Microbicidal activity of neutrophils (g) and BMDM (h) from WT and 
ST2−/− naïve mice preincubated with interferon-γ (IFN-γ) (100 IU/ml, 1 h) against S. aureus. All neutrophils were harvested from the bone marrow of mice. N = 6 
wells per group per in vitro experiment, representative of two independent experiments. One-way ANOVA followed by Tukey’s test. #P < 0.05 vs WT mice group 
(a,B). Samples were pooled from 10 mice per group per in vitro experiment, representative of two independent experiments. One-way ANOVA followed by Tukey’s 
test. #P < 0.05 vs WT neutrophils or BMDM group (c–F). *P < 0.05 vs WT group preincubated with only medium (g,h).
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inflammation since IL-33/ST2 signaling triggers inflammatory 
responses, or if ST2 deficiency would enhance the anti-microbial 
response due to boosting the immune response pattern necessary 
to combat S. aureus infection.

sT2 Deficiency enhances neutrophil and 
Macrophages Bactericidal activity against 
S. aureus
Inhibiting IL-33/ST2 signaling reduces inflammation induced by 
carrageenan and LPS, and in RA by targeting neutrophilic influx 
(14, 41, 43, 44). On the other hand, neutrophils have a fundamental 
role in controlling the bacterial load in infections. Indeed, the 
treatment with IL-33 improves the sepsis outcome due to inhibi-
tion of LPS-induced CXCR2 internalization, which maintains the 
neutrophil migration toward the infectious foci (19). To ascertain 
this issue and considering that mice lacking ST2 showed a protec-
tive phenotype against S. aureus local inflammation in septic 
arthritis (Figure 2), first, we evaluated if there was any difference 
in the bacterial load in WT and ST2−/− mice. Bacterial recovery 
showed that WT mice presented detectable S. aureus CFU in both 
the knee joint and the spleen (Figures 3A,B, respectively). On the 

other hand, ST2−/− mice presented reduced CFU number compared 
with WT mice as well as did not present S. aureus in the spleen, 
which indicates that the infection remained local in ST2−/−, but not 
in WT mice (Figure 3B). Given neutrophils and macrophages are 
the initial defenders against S. aureus infection (45), we determined 
if ST2 deficiency would influence neutrophil and macrophage 
phagocytosis and killing of S. aureus. Using FITC-labeled S. aureus, 
we found that both neutrophils (Figures 3C,D) and macrophages 
(BMDMs) (Figures  3E,F) from WT mice presented reduced 
phagocytic capacity when compared with ST2−/− cells. In addition, 
neutrophils and BMDMs from WT mice also partially controlled 
bacterial growth, and, importantly, neutrophils and BMDMs from 
WT mice increased their bacterial killing after stimulation with 
recombinant IFN-γ (Figures  3G,H) in a manner that reached 
the capability of ST2−/− cells. In contrast, the IFN-γ treatment 
of neutrophils and BMDMs from ST2−/− mice did not further 
enhanced their bactericidal effect (Figures 3G,H), possibly because 
this pathway was already being enhanced by ST2 deficiency. Thus, 
these results show that impaired endogenous IL-33/ST2 signaling 
enhances neutrophil and macrophage bacterial killing with a profile 
that can be matched by IFN-γ treatment. Therefore, IFN-γ-related 
mechanisms were investigated in the following experiments (46).
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FigUre 4 | ST2 deficiency enhances NO production by neutrophils and macrophages and reduces Staphylococcus aureus-induced septic arthritis. NO production 
was determined as nitrite concentration by Griess reagent in the culture supernatant of (a) neutrophils and (B) bone marrow-derived macrophages (BMDMs) cells 
from wild-type (WT) or ST2 −/− naïve mice preincubated in vitro with interferon-γ (IFN-γ) (100 IU/ml, 1 h) or medium, followed by incubation with S. aureus, or (c) in 
the culture supernatant of macrophages like-cells isolated from peritoneal cavity of WT or ST2−/− mice with staphylococcal arthritis and challenged with lipoteichoic 
acid (LTA) (10 µg/ml, a toll-like receptor 2 agonist) plus IFN-γ (100 UI/ml) for 48 h. S. aureus or saline (day 0) was injected in the femur-tibial joint of WT and ST2−/− mice 
and knee joint samples were collected and processed to determine: (D) the mRNA and (e) protein expression of iNOS at indicated time points post-infection by qPCR 
and Western Blot, respectively. WT and ST2−/− mice were treated with aminoguanidine (AMG, 30 mg/kg, s.c., 150 µl) or vehicle (saline, 150 µl) over 28 days after i.a. 
S. aureus [107 colony-forming unity (CFU)/10 μl/joint] injection: (F) mechanical hyperalgesia, (g) articular edema, and (h) clinical severity score were evaluated over 
27 days post-bacterial infection. At the 28th day post-infection, (i) leukocyte recruitment to the articular cavity, (J) bacterial counts in knee joint cavity and 
(K) spleen, and (l) proteoglycan content in patella samples were determined. N = 6 per group per in vivo experiment or N = 4 per group for WB analysis and 
samples were pooled from 10 mice per in vitro experiment. *P < 0.05 vs WT neutrophils or BMDM group preincubated with only medium, or vs mice naïve group; 
#P < 0.05 vs WT and ST2−/− neutrophils or BMDM group preincubated with only medium, or vs WT mice group (a–e). *P < 0.05 vs naïve mice group; #P < 0.05 vs 
ST2−/− + saline mice group vs WT + saline mice group; **P < 0.05 WT + AMG mice group vs WT + saline mice group; ##P < 0.05 ST2−/− + AMG mice group vs 
ST2−/− + saline mice group (F–l). Representative of two independent experiments. One-way ANOVA followed by Tukey’s test.

7

Staurengo-Ferrari et al. ST2 Role in Septic Arthritis

Frontiers in Immunology | www.frontiersin.org May 2018 | Volume 9 | Article 962

sT2 Deficiency enhances nO Production 
by neutrophils and Macrophages and 
reduces S. aureus-induced septic 
arthritis
Since one of the IFN-γ mechanisms of bacterial killing is by 
increasing NO production in an iNOS-dependent manner 
(47) and that NO can also drive type 1 response (48–50), it was 
evaluated whether the protective phenotype of ST2 deficiency 
was related to an increase of IFN-γ/iNOS/NO signaling. First, it 

was measured the NO2
− levels in macrophages and neutrophils, 

which is indicative of iNOS activity. We found that neutrophils 
from WT mice presented lower production of NO2

− than neutro-
phils from ST2−/− mice (Figure 4A) as well as IFN-γ enhanced 
the NO2

− production by WT neutrophils, but not ST2−/− neutro-
phils. In accordance, naïve macrophages (BMDMs) infected with  
S. aureus or peritoneal macrophages collected at 7–28 days post  
S. aureus joint infection from WT presented reduced levels 
of NO2

− when compared with ST2−/− cells (Figures  4B,C, 
respectively). Considering neutrophils and macrophages 
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from WT mice presented reduced NO2
− levels compared with 

ST2−/− cells, the iNOS expression was investigated in knee joint 
samples from WT and ST2−/− mice with staphylococcal arthritis. 
Corroborating, both iNOS mRNA expression and protein (day 
21, peak of mRNA expression) were reduced in the knee joints 
from WT mice compared with ST2−/− mice (Figures  4D,E, 
respectively). Thus, to determine the contribution of iNOS to 
IL-33/ST2 signaling role in septic arthritis, WT and ST2−/−mice 
with septic arthritis received daily treatment with AMG, a selec-
tive iNOS inhibitor. Treatment with AMG reverted the protective 
effect of ST2 deficiency and also worsened the phenotype of WT 
mice, as observed by increased hyperalgesia (reduced mechani-
cal threshold, Figure  4F), edema (Figure  4G), and clinical 
score (Figure 4H), when compared with the group that receive 
only vehicle. Similarly, the treatment with AMG in ST2−/− mice 
increased leukocyte recruitment to the knee joint (Figure  4I), 
CFU count in both knee joint (Figure 4J) and spleen (Figure 4K), 
and proteoglycan degradation (Figure 4L) at the 28th day post-
infection (Figures 4I–L). Altogether, these data indicate that ST2 
receptor deficiency ameliorates S. aureus-induced septic arthritis 
by enhancing iNOS expression and thereby increasing NO levels, 
which is an important bactericidal mechanism and inductor of 
type 1 response.

sT2 Deficiency enhances Type 1-Driven 
immune response against S. aureus in 
septic arthritis
Proper Th1 response alongside with antibiotic therapy is funda-
mental to kill S. aureus (47, 51). Previous evidence shows that 
IL-33/ST2 signaling favors the expansion of type 2 cells; how-
ever, there is also evidence that IL-33 enhances type 1 immune 
responses (1, 4). Thus, to further address the mechanism underly-
ing the outcome of ST2 deficiency in septic arthritis, it was next 
performed a flow cytometry gating CD4+IFN-γ+T  cells and 
CD4+IL-4+T cells at the 7th and 14th day post-infection in LNs 
cells. These time points were chosen based on ST2−/−phenotype 
observed during septic arthritis and on the fact that CFU count 
in the joint was higher at the 7th and 14th day post-infection. 
Flow cytometry data show that ST2 expression was essential to 
the development of a Th2 response in septic arthritis (Figures 
S2A,B in Supplementary Material). We showed that ST2−/− mice 
had higher number of gated CD4+IFN-γ+T cells than WT mice 
at days 7 and 14 post-infection (Figures  5A,B). In contrast, 
the S. aureus induced an increase of the percentage of gated 
CD4  +  IL-4  +  T  cells at days 7 and 14 post-infection in WT 
mice, which was reduced by ST2 deficiency (Figures S2A,B in 
Supplementary Material). In line with FACS data, WT mice 
presented reduced amounts of IFN-γ and increased amounts 
of IL-4 in infected joints, which are opposed results compared 
to ST2−/− at all time points evaluated (7–28 days post-infection, 
Figure 5C; Figure S2C in Supplementary Material). This suggests 
that endogenous IL-33 is essential to driving type 2 response in 
septic arthritis which are mediated by IL-4. This axis favored the 
infection progression by counteracting type 1 response. In view of 
Th1 and Th2 response have long been balancing one another (52) 
and that there are similar evidences regarding the relationship 

between Th1 and Th17 (52, 53), we found a lower number of gated 
IL-17+CD4+T cells in LNs from ST2−/− mice compared with WT at 
7th and 14th day post-infection (Figures S2D,E in Supplementary 
Material), which lined up with IL-17 amounts in infected joint 
tissue at all time points evaluated (7–28  days post-infection, 
Figure S2F in Supplementary Material), raising the possibility 
that ST2−/− mice use Th1 cells in lieu of Th17 cells to drive the 
immune response against S. aureus-induced septic arthritis. We 
also found that WT mice presented increased number of CD4+ 
IL-10+ T cells in LNs when compared with ST2−/− mice at the 7th 
day post-infection (Figures S2G,H in Supplementary Material). 
This high IL-10 production in the beginning of infection in WT 
mice possibly favored bacterial growth (54). At the 14th day post-
infection, there was a decrease switch in the number of CD4+ 
IL-10+T+ cells observed in WT and ST2−/− mice with an increase 
in ST2−/− mice (Figures S2G,H in Supplementary Material) 
and it lined up with the IL-10 amounts in infected joints at all 
times points evaluated (7–28 days post-infection, Figure S2I in 
Supplementary Material). Thus, increasing CD4+IL-10+T+ cells 
and IL-10 production at later time points in the course of septic 
arthritis at which the infection was already controlled could be a 
mechanism to reduce joint inflammation in ST2−/− mice.

M1 macrophage polarization can be driven by microbial 
infection and secondarily drive the T helper (Th1) polarization 
under influence of IFN-γ. We observed that S. aureus induced the 
mRNA expression of IL-33 (Figure 5D) and ST2 (Figure 5E) as 
well as IL-33 (Figure 5F) production by BMDM. Therefore, the 
infectious agent induces IL-33 production, which is in line with 
an altered response in the absence of IL-33 receptor, ST2. IFN-γ 
is crucial for NO production and evidence demonstrates that 
BMDM produce IFN-γ and NO in response to L. amazonensis 
(55). In this sense, we found that S. aureus-induced IFN-γ mRNA 
(Figure  5G) and protein (Figure  5H) only in ST2−/− BMDM, 
but not in WT BMDM. This result explains why adding IFN-γ 
to the media could not increase the microbicide activity of 
ST2−/− BMDM (Figure 4B) and suggests that the effect of ST2 
deficiency depends on inducing IFN-γ in BMDM in addition to 
increasing Th1 cell skewing. Corroborating this conclusion, anti-
IFN-γ antibody treatment inhibited the enhanced iNOS mRNA 
expression (Figure 5I), iNOS levels (Figure 5J), NO2

− production 
(Figure 5K), and bacterial killing (Figure 5L) of ST2−/− BMDMs 
compared with WT BMDMs in response to S. aureus. These 
results confirm that the protection against S. aureus conferred by 
ST2 deficiency depends on inducing IFN-γ production. It is likely 
that S. aureus stimulus induces IL-33 that acting via ST2 limits 
IFN-γ production by BMDM functioning as an endogenous 
regulator of anti-bacterial mechanisms, and upon ST2 deficiency, 
IFN-γ can be produced to unleash the full microbicide activity 
of BMDMs.

iFn-γ contributes to the resolution 
of staphylococcal arthritis
Considering the importance of IFN-γ in the bacterial clearance 
and that ST2 deficiency enhances IFN-γ+CD4+T  cells skewing 
and IFN-γ-dependent killing activity of BMDM, it was then 
investigated whether mice lacking IFN-γ presented impaired 
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FigUre 5 | ST2 deficiency enhances type 1-driven immune response against Staphylococcus aureus in septic arthritis S. aureus or saline was injected in in the 
femur-tibial joint of wild-type (WT) and ST2−/− mice. (a) Representative FACS plots and (B) the percentage of interferon-γ (IFN-γ)-producing CD4+T cells 
(CD4+IFNγ+T cells) from lymph node collected at day 7 and 14 post-infection and evaluated by flow cytometry, and (c) IFN-γ concentrations in the knee joints of WT 
and ST2−/− at 7–28 days post-infection determined by ELISA. bone marrow-derived macrophages (BMDMs) (1 × 106) from naïve WT mice were incubated in vitro 
with S. aureus at a multiplicity of infection (MOI) of 3 for 18 h to assess: (D) interleukin-33 (IL-33) mRNA and (e) ST2 mRNA expression by qPCR, (F) IL-33 levels by 
ELISA. BMDMs (1 × 106) from naïve WT and ST2−/− mice incubated in vitro with S. aureus at a MOI of 3 for 18 h to assess: (g) IFN-γ mRNA expression by qPCR 
and (h) IFN-γ levels by ELISA. BMDMs from naïve WT and ST2−/− mice preincubated 1 h in vitro with IFN-γ (100 IU/ml), anti-IFN-γ (10 µg/ml) or medium, followed by 
incubation with S. aureus at a MOI of 3 for 18 h to assess: (i) iNOS mRNA expression by qPCR, (J) iNOS protein expression by Western Blot, and (K) NO 
production determined as nitrite concentration by Griess reagent in the culture supernatant. (l) BMDMs (1 × 106) from naïve WT and ST2−/− mice preincubated 1 h 
in vitro with IFN-γ (100 IU/ml), anti-IFN-γ (10 µg/ml), or medium, followed by incubation with S. aureus at a MOI of 3 for 3 h to assess bactericidal capability of 
BMDMs by Killing assay. N = 5 per group per in vivo experiment. *P < 0.05 vs WT naïve group (B) or vs day 0 of infection (c), #P < 0.05 vs WT mice group (B,c). 
Representative of two independent experiments. One-way ANOVA followed by Tukey’s test. For in vitro experiments: Samples were pooled from 5 mice per group, 
N 5 wells per group per in vitro experiment. *P < 0.05 vs WT medium group (D–F, K) or only bacteria group (l). #P < 0.05 vs WT S. aureus group (g–i) or vs WT 
medium (l), ##P < 0.05 vs WT IFN-γ + S. aureus group and WT S. aureus group (i,K), **P < 0.05 vs ST2−/− S. aureus group and WT IFN-γ + S. aureus group (i–K), 
fP < 0.05 vs ST2−/− S. aureus group (i–l). Representative of two independent experiments. One-way ANOVA followed by Tukey’s test.
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response in septic arthritis and whether this was related to IL-33 
production. Mice lacking IFN-γ presented increased mechani-
cal hyperalgesia and edema in all disease course (Figures 6A,B, 
respectively). The differences in clinical features were more 
prominent from day 13 post-infection as observed by an increase 
in clinical score in IFN-γ−/− when compared with WT mice 
(Figure 6C). IFN-γ−/− mice presented increased leukocyte recruit-
ment inflammatory cell infiltrate with predominance of polymor-
phonuclear leukocytes over mononuclear cells (Figures 6D–F), 
remarkable cartilage destruction, and architecture as confirmed 
by proteoglycan content loss and histopathology (Figures 6F–H).  

The septic arthritis development pattern was thoroughly different 
comparing WT and IFN-γ−/− mice as observed by the knee joint 
edema and clinical score (Figures 6B,C). In fact, a lower bacterial 
killing was observed resulting in higher CFU counts in the joint and 
spleen of IFN-γ−/− mice compared with WT mice (Figures 6I,J). 
Ultimately, this profile observed in IFN-γ−/− mice was related to 
higher IL-33 production, and lower sST2 levels than WT mice 
(Figures 6K,L). All the parameters were observed up to or in the 
28th day post-infection (Figure 6). Importantly, the same dose of 
S. aureus was used in WT C57BL/6 and WT Balb/c mice to induce 
septic arthritis. Both mouse strains were susceptible to infection; 
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FigUre 6 | Interferon-γ (IFN-γ) contributes to the resolution of staphylococcal arthritis. Staphylococcus aureus or saline was injected in in the femur-tibial joint of 
wild-type (WT) and IFN-γ−/− mice. (a) Mechanical hyperalgesia, (B) articular edema, and (c) clinical score were evaluated over 27 days post-infection. At 28-day 
post-infection, knee joint samples were collected at 28-day post-infection to determine: (D) leukocyte recruitment to the articular cavity, histopathological analysis  
of hematoxylin/eosin stained slices: (e) representative images of knee joints at 28 post-infection in original magnification ×10. The letter a indicates a heavily 
inflamed joint with cartilage destruction and pannus formation, (F) synovitis score (intensity: 1–4), and (g) cartilage destruction score (intensity: 1–4). At 28-day 
post-infection, (h) proteoglycan content in patellas, (i) bacterial counts in knee joint cavity, (J) and were determined, and (K) interleukin-33 (IL-33) and (l) sST2 
concentrations in knee joints were determined by ELISA. Correlation analysis of IL-33 and IFN-γ levels determined by ELISA in synovial fluid samples from patients 
with septic arthritis. For inflammatory parameters and proteoglycan content: n = 6 per group per in vivo experiment, representative of two independent experiments. 
*P < 0.05 vs naïve mice group, #P < 0.05 vs WT mice group (a–D,h–l). One-way ANOVA followed by Tukey’s test. For histological analysis: n = 8 per group per 
experiment, representative of two independent experiments. *P < 0.05 vs naïve mice group, #P < 0.05 vs WT mice group (e–g). Kruskal–Wallis test followed by 
Dunn’s test. Spearman rank correlation test was used for the assessment of correlation (M). Abbreviations: C, cartilage; JC, joint cavity.
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however, there was a clear difference in the disease intensity. The 
C57BL/6 mouse with pronounced type 1 and type 3 immune 
responses presented lessened disease severity that allowed 
observing the disease exacerbation in IFN-γ−/− mouse (Figure 6). 
The WT Balb/c with a more prominent type 2 profile could not 
inhibit bacterial growth. The ST2 deficiency enhanced the type 1 
immune response resembling the WT C57BL/6 profile, indicate 
that IFN-γ deficiency impairs the immune response against S. 
aureus-induced septic arthritis similarly to Balb/c mice expressing 
ST2, which lines up with the data showing that IFN-γ deficiency 
increased IL-33 production. Thus, enhancing IFN-γ is an essential 
mechanism to solve septic arthritis and can be achieved by ST2 
deficiency. Finally, we quantitated IFN-γ in synovial fluid samples 
of patients with septic arthritis and compared with the IL-33 
levels observed in Figure  1A. An inverse relationship between 
the levels of IL-33 and IFN-γ was observed (Figure  6M and  
Figure S3 in Supplementary Material). Making a parallel of the 
data presented in this manuscript and Figure  6M, we would 

suggest that with higher levels of IL-33, lower levels of IFN-γ will 
be observed in the synovial fluid of septic arthritis patients, and 
changing the balance of this relationship may interfere with the 
disease outcome.

DiscUssiOn

The present study demonstrates that the IL-33 receptor, ST2, con-
tributes to the development of S. aureus-induced septic arthritis. 
This contribution is drastic in a manner that ST2 deficiency 
resulted in a better disease outcome. ST2 deficiency increased 
the Th1 skewing and induced IFN-γ production by BMDM that 
presented a boosted response with enhanced bacteria killing via 
NO. Septic arthritis presents severe and permanent joint sequelae 
(29, 31), and the present data suggests that ST2 deficiency amelio-
rates this infections disease.

The knees are the most common joints that are affected in septic 
arthritis in humans (27). The diagnosis of septic arthritis depends 
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on isolating the pathogen from aspirated synovial fluid from knee 
joints (29, 56). We observed that patients have significantly more 
IL-33 and no detectable concentrations of sST2 in their synovial 
fluid compared those of the osteoarthritis patients. In the mouse 
model of septic arthritis, substantial amounts of IL-33 as well as 
markedly reduced sST2 levels were observed in the knee joint. 
Thus, the mouse septic arthritis model replicates this IL-33/
sST2 balance observed in septic arthritis patients. These clinical 
and experimental findings are consistent with the notion that 
the IL-33 levels are tightly regulated by sST2 availability (1, 4, 
11, 57), suggesting that during S. aureus septic arthritis there is an 
enhanced availability and, potentially, activity of IL-33.

Infectious disease is the outcome of an intense crosstalk 
between invading pathogen and host defense armory (58). In 
septic arthritis, the synovial membrane inflammation leads to 
tissue destruction and dysfunction, resulting into significant 
painful condition and morbidity (28, 56, 59). In this context, the 
effect of ST2 deficiency in staphylococcal arthritis was evident 
since the first day after bacteria injection, inducing articular 
hyperalgesia, edema and a focal collection of immune cells that 
secret proinflammatory mediators such as TNF-α and IL-1β, 
which in turn contribute to the knee joint lesion, abscess and 
function loss (28). Indeed, IL-33 can orchestrate the influx of 
neutrophils and other immune cells subsidizing a dysfunctional 
joint inflammation in other arthritis models (13–15, 60). 
Conversely, using ST2 deficient mice, we observed a decrease in 
articular hyperalgesia, clinical score, and all inflammatory profile 
of staphylococcal arthritis over 28 days as result of a better control 
of infection, establishing a relationship between ST2 deficiency 
and intrinsic factors modulating microbicide mechanisms. The 
initial phenotype results could represent a reduction of inflam-
matory response since IL-33 induces hyperalgesia and edema 
(13, 41). Reduced inflammation would result in diminished 
killing of bacteria, which would be in line with evidence that in 
ovalbumin-induced airway inflammation IL-33 does not affect 
NO production from iNOS (61). However, this was not true in 
the present experimental condition since ST2 deficiency resulted 
in a better killing activity and control of staphylococcal arthritis 
avoiding the infection to become systemic. The ST2 deficiency 
allowed an enhancement of a Th1 cells activation of neutrophils 
and macrophages with IFN-γ with enhanced anti-bacterial activ-
ity. Unexpectedly, ST2 deficient macrophages produced IFN-γ for 
an autocrine induction of iNOS expression/NO production and 
killing activity, thus, suggesting that ST2 deficiency also favors an 
M1 macrophage phenotype that contributes to protect the host 
against S. aureus infection. Corroborating these data, an essential 
role for NO and other NO congeners in controlling septic arthritis 
was demonstrated (28, 62).

Extrapolating to others bacterial infections, IL-33/ST2 axis has 
apparent pleiotropic functions shaped by the local microenviron-
ment (4, 19, 21, 38, 63, 64). Our findings appear to contradict the 
reports showing the beneficial role of IL-33 on bacterial infec-
tions, including cutaneous S. aureus infection (21, 63, 64). One 
fundamental explanation is that even before the recognition of 
IL-33, it was demonstrated that ST2 makes a negative-feedback 
control of IL-1RI and TLR signaling via sequestration of MyD88 
and Mal through TIR domain (3, 65). Direct activation of TLRs 

in neutrophils, specifically TLR2 in staphylococcal infections, 
downregulates the expression of chemokine receptor CXCR2 that 
keeps their recruitment to infectious foci. Thus, once at infectious 
focus, neutrophils no longer need to continue migrating, but they 
must solve the infection by producing microbicide molecules such 
as NO (19, 66). Further, NO produced from iNOS also down-
regulates chemokine receptor expression (19,  67). Considering 
that IL-33 interferes with TLR signaling (19), it is reasonable to 
suppose that in ST2−/− mice with septic arthritis, TLR2 signaling 
will be boosted allowing neutrophils and macrophages to produce 
larger amounts of NO via iNOS to eliminate the bacteria. This 
signaling also links innate and Th1-biased adaptive response (65). 
Moreover, acute sepsis also presents differences with septic arthri-
tis that contribute to understand the pleiotropic roles of IL-33. 
Acute sepsis is dependent on innate immune responses, although 
it triggers immune suppression in the patients that survive (38). 
On the other hand, septic arthritis is a disease with extremely 
aggressive acute effects, but also with a chronic temporal profile 
that allows the development of adaptive immune response as 
observed here in. The present data supports that ST2 deficiency 
will allow the development of Th1 adaptive immune response and 
a better control of infection via enhanced IFN-γ production and 
consequent increase microbicide activity of phagocytes.

NO has a selective enhancing effect on the induction and dif-
ferentiation of Th1 but not Th2 cells (49, 68, 69). Th1 cells in a 
feedback loop amplify NO synthesis further via activation of M1 
macrophages by IFN-γ and suppress IL-4 synthesis, leading to 
the production of large amounts of NO that is essential for killing 
pathogens (68). Importantly, a strong Th1 response is desirable for 
effective host defense against S. aureus (63). Conversely, a skew-
ing toward a type 2 immune response is thought to contribute to 
impaired immune defenses in S. aureus-induced septic arthritis 
(70). Consistent with the inability of WT mice in controlling the 
infection, these mice showed Th2 profile in septic arthritis with 
high-IL-4/CD4+T  cell and low-IFN-γ/CD4+T  cell counts. In 
the absence of ST2, the polarization of lymphocytes and type 2 
cytokines production was abolished allowing the skewing toward 
Th1 phenotype. The ST2 deficiency also inhibited Th17 expansion 
and promoted IL-10 production. These data are in agreement that 
IFN-γ production might overlap IL-17 release in septic arthritis 
(71) and that IL-10 was released in order to achieve a state of 
tissue homeostasis in chronic phase of septic arthritis (72).

Concluding, we find a novel endogenous role for the IL-33 
receptor, ST2, in septic arthritis. Abrogating ST2 expression 
enhances the Th0 polarization toward a Th1 phenotype that via 
IFN-γ induces iNOS-derived NO production by macrophages 
and neutrophils improving the killing activity of these innate 
immune cells. Furthermore, ST2 deficient macrophages produce 
IFN-γ that boosts their bactericide armory. Therefore, ST2 defi-
ciency is beneficial in S. aureus-induced septic arthritis.
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Soft tissue sarcoma (STS) is a rare solid malignant cancer, and there are few effective 
treatment options for advanced disease. Cancer immunotherapy is a promising new 
strategy for STS treatment. IL-33 is a candidate cytokine for immunotherapy that can 
activate T  lymphocytes and modulate antitumor immunity in some cancers. However, 
the expression and biological role of IL-33 in STS are poorly understood. In this study, 
we found that the expression of IL-33 and its receptor ST2 was decreased in STS using 
real-time PCR assays. By analyzing sarcoma data from The Cancer Genome Atlas, we 
found that higher transcriptional levels of IL-33 and ST2 were associated with a favorable  
outcome. There were positive correlations between the expression levels of ST2 and 
CD3E, CD4, CD8A, CD45RO, FOXP3, CD11B, CD33, and IFN-γ. Strong positive cor-
relations between the expression of IFN-γ and CD3E and CD8A were also observed. 
Moreover, the expression levels of both IL-33 and ST2 were positively correlated with 
those of CD3E, CD8A, and chemokines that recruit CD8+ T cells, indicating that the 
IL-33/ST2 axis may play an important role in recruiting and promoting the immune 
response of type 1-polarized CD8+ T cells in STS. Meanwhile, we also found that the 
expression of IL-33 was negatively correlated with that of TGF-β1 and chemokines that 
recruit regulatory T  cells (Tregs) and myeloid-derived suppressor cells (MDSCs), indi-
cating that the IL-33/ST2 axis may also contribute to antagonizing Tregs, MDSCs, and 
TGF-β1-mediated immunosuppression in STS. The correlations between the IL-33/ST2 
axis and CD8+ T cells and IFN-γ, as well as Tregs, MDSCs, and TGF-β1 were validated 
by additional analyses using three other independent GEO datasets of sarcoma. Our 
results implicate the possible role of the IL-33/ST2 axis in modulating antitumor immunity 
in STS. IL-33 may not only serve as a useful prognostic biomarker for STS but also as 
a potential therapeutic target for STS immunotherapy and worth further investigation.

Keywords: il-33, sT2, soft tissue sarcoma, iFn-γ, TgF-β1
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inTrODUcTiOn

Soft tissue sarcoma (STS) is a rare solid malignancy derived from 
mesenchymal tissues that accounts for approximately 1% of all 
cancers in adult patients (1). The pathogenesis of STS is poorly 
understood, and there are few effective treatment options for 
advanced disease. At present, despite the combination of surgery, 
chemotherapy, radiotherapy, and other systemic treatment, the 
overall 5-year survival rate of STS patients is only 50–60% (2). 
Recently, immunotherapy has emerged as a promising new treat-
ment for cancer. For example, blockade of immune checkpoints 
has shown remarkable success in the treatment of melanoma, lung 
cancer, and colorectal cancer (3–5). Immunotherapy also offers 
new strategies for STS treatment. However, many mechanisms 
responsible for the failure of antitumor immunity, including 
active immunosuppression by the tumor microenvironment and 
insufficient immune stimulatory signals, have not yet been fully 
elucidated in STS, which limits the development of immuno-
therapy for STS.

IL-33 is a nuclear cytokine from the IL-1 cytokine family, and 
its role in immune moderation has been widely studied (6, 7). 
IL-33 is constitutively expressed in epithelial barrier tissues and 
lymphoid organs and functions as an alarmin (6, 8, 9). At the 
site of inflammation and damage, IL-33 is rapidly released from 
producing cells and activates the downstream NF-κB and MAPK 
pathways via a heteromeric receptor that consists of ST2 (also 
known as IL1RL1) and IL-1R accessory protein (IL-1RAcP) (10), 
thereby regulating the transcription of a variety of chemokines 
and cytokines and recruiting local immune cells to the site of 
inflammation and injury (9). IL-33 has been well established as a 
pleiotropic cytokine that regulates T helper 2 (Th2) cells, Th17/1 
cells, and regulatory T cells (Tregs)-mediated immune responses 
(11–14). Recently, evidence has also shown that IL-33 can play 
an antitumor role by promoting the immune response of natural 
killer cells (NKs) and CD8+ T cells and enhancing IFN-γ produc-
tion (15–17), which suggests that IL-33 is a potent cytokine for 
reversing the immunosuppressive tumor microenvironment and 
promoting antitumor immunity (16, 18). By analyzing publicly 
available tumor data from The Cancer Genome Atlas (TCGA), we 
found that IL-33 and ST2 mRNA is widely expressed in sarcoma, 
indicating that the IL-33/ST2 axis may play an important role in 
regulating antitumor immunity in STS. However, no reports cur-
rently define the role of the IL-33/ST2 axis in STS. Therefore, we 
analyzed the expression of IL-33/ST2 axis-related genes and clinical 
survival data of sarcoma from TCGA and GEO, hoping to provide 
clues as to whether IL-33 can modulate antitumor immunity and 
reverse the immunosuppressive tumor microenvironment in STS.

In the current study, we found that the mRNA expression 
of IL-33 and ST2 was decreased in STS. TCGA data analysis 
indicated that higher transcriptional levels of IL-33 and ST2 in 
STS were associated with a favorable outcome. By analyzing sar-
coma data of TCGA and GEO, we found that the transcriptional 
levels of IL-33 and ST2 were positively correlated with those of 
CD3E, CD8A, IFN-γ, and chemokines that recruit CD8+ T cells, 
indicating that the IL-33/ST2 axis may play an important role 
in promoting the recruitment of CD8+ T  cells and enhancing 
IFN-γ production in STS. We also found that the transcriptional 

level of IL-33 was negatively correlated with that of TGF-β1, an 
immunosuppressive cytokine, and chemokines that recruit Tregs 
and myeloid-derived suppressor cells (MDSCs), indicating that 
the IL-33/ST2 axis may also contribute to inhibiting the produc-
tion of TGF-β1 and reducing the infiltration of Tregs and MDSCs 
in STS. Our results implicate the possible role of the IL-33/ST2 
axis in the modulation of antitumor immunity in STS. IL-33 may 
serve as a useful prognostic biomarker for STS and a potential 
immunotherapeutic target for STS.

MaTerials anD MeThODs

human sarcoma specimens
A total of 18 pairs of sarcoma and adjacent tissue specimens 
used for real-time PCR assays of IL-33 and ST2 expression were 
collected from Sun Yat-sen University Cancer Center (SYSUCC), 
Guangzhou, China. Each biopsy specimen was immersed in 
RNAlater reagent overnight at 4°C and then preserved at −80°C 
until RNA extraction. Ethical approval was given by the Institu-
tional Research Medical Ethics Committee of Sun Yat-sen University 
Cancer Center, and written informed consent was obtained from 
patients for the use of their clinical tissues in this study.

rna extraction, reverse Transcription, 
and real-Time Pcr
Total RNA was extracted from sarcoma specimens using TRIZOL 
reagent (Sigma-Aldrich, St. Louis, MO, USA) according to the 
manufacturer’s instructions. The RNA concentration and quantity 
were determined using a NanoDrop spectrophotometer (ND-
1000, Thermo Scientific, USA). The first-strand cDNA was syn-
thesized from 1  µg of total RNA using Superscript III Reverse 
Transcriptase (Invitrogen, Carlsbad, CA, USA). The expression of 
IL-33 and ST2 was detected using real-time PCR according to the 
protocol supplied by the manufacturer (Bio-Rad, CA, USA), and 
amplification was monitored with iQTM SYBR Green Supermix 
(Bio-Rad, CA, USA) according to the manufacturer’s instruc-
tions. The following primers were used for SYBR Green qPCR:

IL-33-forward: 5′-GTGACGGTGTTGATGGTAAGAT-3′
IL-33-reverse: 5′-AGCTCCACAGAGTGTTCCTTG-3′
ST2-forward: 5′-AGAAATCGTGTGTTTGCCTCA-3′
ST2-reverse: 5′-TCCAGTCCTATTGAATGTGGGA-3′
β-actin-forward: 5′-CGCGAGAAGATGACCCAGAT-3′
β-actin-reverse: 5′-GGGCATACCCCTCGTAGATG-3′

The expression data were normalized to the geometric mean of 
the housekeeping gene β-actin to control the variability in expres-
sion levels and calculated as 2−ΔCT [ΔCT  =  (CT of gene)  −  (CT 
of β-actin)], where CT represents the threshold cycle for each 
transcript.

Tcga sarcoma samples
Gene level 3 TCGA mRNA expression data were downloaded 
from the publicly accessible TCGA portal.1 Informed consent 

1 https://portal.gdc.cancer.gov/ (Accessed: March 24, 2016).
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TaBle 1 | Summary of the three GEO data series used in this study.

Data set Microarray 
platform

sarcoma 
samples

Publication

GSE2719 GPL96 39 Cancer Res 2005; PMID: 5994966
J Surg Res 2006; PMID: 16603191

GSE6481 GPL96 105 Mod Pathol 2007; PMID: 17464315

GSE967 GPL91 23 Int J Cancer 2004; PMID: 15146558
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was provided by patients participating in TCGA program based 
on the guidelines from the TCGA Ethics, Law and Policy Group. 
The mRNA data were normalized by the RSEM algorithm and 
included 261 sarcoma patient samples. TCGA survival data with 
matched mRNA expression data from sarcoma were downloaded 
from OncoLnc.2 A heat map of the transcriptional expression data 
was generated with novel HemI software (Heatmap Illustrator, 
version 1.0) (19).

geO Data series of sarcoma
The datasets of transcriptome profiling by microarray were 
searched on GEO Profiles3 with the keywords “sarcoma il33” 
and limited the Organism to be “Homo sapiens.” Finally, three 
microarray datasets of sarcoma (GSE2719, GSE6481, and GSE 
967) were screened and downloaded for analysis. Summary of the 
three selected GEO data series is shown in Table 1.

statistics
All of the statistical analyses were performed using SPSS stan-
dard version 16.0 (SPSS Inc., Chicago, IL, USA) and GraphPad 
Prism version 5.0 (GraphPad Software, San Diego, CA, USA). 
A paired t-test was used when two paired measurements were 
analyzed. The correlation between gene expression levels was 
analyzed by Pearson correlation test. Survival analysis was per-
formed by Kaplan–Meier and Log-rank test. P-values less than 
0.05 were considered statistically significant.

resUlTs

higher expression levels of il-33 and sT2 
are associated With a Favorable 
Prognosis in sTs
To evaluate the expression of IL-33 and ST2 in STS, we examined 
18 pairs of sarcoma and adjacent normal tissue specimens for 
IL-33 and ST2 expression using real-time PCR assays. We found 
that the expression levels of IL-33 and ST2 were decreased in 
tumor tissues compared with adjacent normal tissues (Figure 1A). 
Furthermore, we analyzed transcriptome sequencing and sur-
vival data from sarcoma from the TCGA and found that both 
IL-33 and ST2 expression were associated with the prognosis of 
sarcomas. Patients with higher transcriptional levels of IL-33 and 
ST2 have a more favorable prognosis (Figure 1B). These results 
indicate that IL-33 and ST2 are involved in the progression of STS 
and may serve as useful prognostic biomarkers for STS.

2 http://www.oncolnc.org/ (Accessed: November 30, 2016).
3 https://www.ncbi.nlm.nih.gov/geoprofiles/ (Accessed: February 10, 2017).

il-33 and sT2 are Positively correlated 
With the expression of Different immune 
cell subpopulation-specific genes in sTs
We analyzed the immunological components in the tumor micro-
environment of STS and found that the components of the 
antitumor immune response in STS were mainly CD3E/CD4/
CD8A-labeled T  cells, CD57-labeled NK  cells, and CD45RO-
labeled memory T cells that can secrete IFN-γ. The components 
that inhibited the immune response were primarily FOXP3-
labeled Tregs and CD11B/CD33-labeled MDSCs, as well as 
IL-10, IL-6, TGF-β1, and other immunosuppressive cytokines 
(Figure  2A). In particular, the expression of TGF-β1 was very 
high. It is likely that TGF-β1 is the major immunosuppressive 
cytokine in the tumor microenvironment of STS. Meanwhile, the 
expression levels of IL-17A, IL-2, and the Th2 cytokines IL-4, IL-5, 
and IL-13 were almost undetectable (Figure 2A), indicating that 
the Th17 and Th2 immune responses were almost ineffective in 
STS. It has been reported that Th1, CD8+ T  cells, NKs, Tregs, 
and MDSCs can express ST2 (7, 9, 16, 20), and IL-33 can directly 
regulate the immune function of these cells through ST2. To 
determine in which of the above cells the IL-33/ST2 axis may play 
a role in STS, we performed a series of correlation analyses. By 
analyzing TCGA data, we found that there were positive correla-
tions between the expression of ST2 and CD3E, CD4, CD8A, and 
CD45RO (Figure 2B). Weak correlations between the expression 
of IL-33 and CD3E, CD8A, and CD45RO were also observed 
(Figure 2C). There were also positive correlations between the 
expression of ST2 and FOXP3, CD11B, and CD33 (Figure 2D). 
The correlations between the expression of ST2 and CD4, CD8A, 
and CD33, and between IL-33 and CD8A and CD45RO were then 
validated by analysis using GSE2719 or GSE 967 GEO datasets of 
sarcoma (Figures  2B–D). However, there was no correlation 
between the expression of ST2 and CD57 or between IL-33 and 
CD57 (data not shown). Taken together, these results indicate 
that the IL-33/ST2 axis may regulate the immune function of Th1, 
CD8+ T cells, and memory T cells, as well as Tregs and MDSCs in 
the tumor microenvironment of STS.

sT2 is Positively correlated With  
the expression of iFn-γ in sTs
IFN-γ is an important cytokine in antitumor responses (16). 
We further explored whether the IL-33/ST2 axis is associated 
with the production of IFN-γ in STS. Correlation analyses using 
sarcoma data of TCGA showed that the expression of IFN-γ was 
positively correlated with that of CD4 and CD45RO, but strong 
positive correlations were observed with CD3E and CD8A 
expression (Figure 3A). This suggests that CD3E/CD8A-labeled 
T  cells may be the major cells that secrete IFN-γ in STS. The 
correlations between the expression of IFN-γ and CD3E, CD8A, 
and CD45RO were then validated by analysis using GSE2719 or 
GSE967 datasets of sarcoma (Figure  3A). Moreover, we found 
that the expression of ST2 was positively correlated with that of 
IFN-γ (Figure 3B). Positive correlation between the expression 
of IFN-γ and IL-33 was also observed by analysis using GSE2719 
dataset (Figure 3B). Combined with the results indicating that 
the expression of ST2 is positively correlated with that of CD3E, 

21

https://www.frontiersin.org/Immunology/
https://www.frontiersin.org
https://www.frontiersin.org/Immunology/archive
http://www.oncolnc.org/
https://www.ncbi.nlm.nih.gov/geoprofiles/


FigUre 1 | Expression and prognostic significance of IL-33 and ST2 in soft tissue sarcoma. (a) The expression of IL-33 and ST2 in tumor tissues was lower than 
those in adjacent normal tissues. A total of 18 pairs of sarcoma and adjacent normal tissue specimens were collected and used for real-time PCR assays for IL-33 
and ST2 expression. The expression data were normalized to the geometric mean of the housekeeping gene β-actin. *P < 0.05, **P < 0.01 using paired t-test. 
(B) Higher transcriptional levels of IL-33 and ST2 were associated with a better outcome. Transcriptional sequencing and survival data from patients with soft tissue 
sarcoma were obtained from the publicly accessible The Cancer Genome Atlas portal, and overall survival analysis was evaluated by Kaplan–Meier and Log-rank test.
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CD4, CD8A, and CD45RO (Figure 2A), it is easy to deduce that 
the IL-33/ST2 axis may promote T cells, especially CD8+ T cells, 
to produce IFN-γ in STS.

il-33 and sT2 are Positively correlated 
With the expression of chemokines  
That recruit cD8+ T cells in sTs
It has been reported that the chemokine CCL5 and its receptor 
CCR5, as well as CXCL9, CXCL10, CXCL11, and their recep-
tor CXCR3, are involved in recruiting CD8+ T cells in the tumor 
microenvironment (21–23). Here, correlation analyses of TCGA 
data showed that the expression levels of CCL5 and CCR5, as well 
as CXCL9, CXCL10, CXCL11, and CXCR3, had strong correlations 
with those of CD3E and CD8A (Figure 4A). The correlations were 
then validated by analysis using GSE2719 and GSE6481 datasets of 
sarcoma (Figure 4A). Moreover, the expression levels of both ST2 
and IL-33 were found to be positively correlated with those of CCL5, 
CCR5, CXCL9, CXCL10, CXCL11, and CXCR3 (Figure 4B). These 
results suggest that the IL-33/ST2 axis may recruit CD8+ T cells into 
cancer lesions by promoting the release of multiple chemokines in 
the tumor microenvironment of STS.

il-33 is negatively correlated With the 
expression of TgF-β1 and chemokines 
That recruit Tregs and MDscs in sTs
To determine whether the IL-33/ST2 axis is also involved in the 
regulation of immunosuppressive cells and cytokines, we per-
formed a series of correlation analyses. It has been reported that 
the chemokine CCL20 and its receptor CCR6 recruit Tregs into the 

inflammation site (24, 25), while CXCL5 and its receptor CXCR2 
recruit MDSCs and promote TGF-β1 secretion (26, 27). Here, 
by analyzing TCGA data, we found that the expression levels of 
CCL20 and CCR6 were positively correlated with those of CD4 
and FOXP3 (Figure 5A), while CXCL5 and CXCR2 levels were 
positively correlated with those of CD11B and CD33 in STS 
(Figure 5B). As shown in Figure 2A, TGF-β1 is highly expressed in 
STS. We found that there was a weak positive correlation between 
the expression of TGFB1 and FOXP3 but obvious positive correla-
tions between the expression of TGFB1 and CD11B and CD33 
(Figure  5C), indicating that CD11B/CD33-expressing MDSCs 
may be the main cells, which secrete TGF-β1. Furthermore, posi-
tive correlations were observed between the expression of TGFB1 
and CCL20, CXCL5, and CXCR2 (Figure 5D). At the same time, 
we found that IL-33 was negatively correlated with the expression 
of the chemokines CCL20 and CXCL5, as well as with TGF-β1 
(Figures 5E,F). The negative correlations between the expression 
of IL-33 and CCL20 and TGFB1 were then validated by analysis 
using GSE6481 or GSE967 datasets of sarcoma (Figures  5E,F). 
These results suggest that the IL-33/ST2 axis may also inhibit 
the production of TGF-β1 and reduce the infiltration of Tregs 
and MDSCs by inhibiting the expression of chemokines such as 
CCL20 and CXCL5 in the tumor microenvironment of STS, thus 
contribute to antagonizing Tregs, MDSCs, and TGF-β1-mediated 
immunosuppression.

DiscUssiOn

Cancer immunotherapy opens up new avenues of treatment for 
many types of cancers, including STS. At present, a number of 
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FigUre 3 | Correlation between the expression of ST2 and IFN-γ in soft tissue sarcoma. (a) Positive correlations between the transcriptional levels of IFN-γ and 
CD3E, CD4, CD8A, and CD45RO by analyzing sarcoma data of The Cancer Genome Atlas, GSE2719, and GSE967. (B) Positive correlations between the 
transcriptional levels of IFN-γ and ST2, IL-33. The correlation between gene expression levels was analyzed by Pearson correlation test.

FigUre 2 | Correlation between the expression of ST2 and different immune cell subpopulation-specific genes in soft tissue sarcoma (STS). (a) The 
transcriptional expression of antitumor and pro-tumor immune components in the tumor microenvironment of STS. The transcriptome sequencing data 
(sample number = 261) were obtained from the publicly accessible The Cancer Genome Atlas (TCGA) portal, and the heat map was generated with novel 
HemI software (Heatmap Illustrator, version 1.0). CD3E and CD4 were used to label T cells; CD8A labeled cytotoxic T lymphocytes; CD45RO labeled memory 
T cells; CD57 labeled activated T cells and NK cells; FOXP3 labeled Tregs; and CD11B and CD33 labeled myeloid-derived suppressor cells. These data are in 
descending order according to the level of CD3E expression. Highly expressed samples are in red, and samples with lower expression are in blue. (B) Positive 
correlations between the transcriptional levels of ST2 and CD3E, CD4, CD8A, and CD45RO by analyzing sarcoma data of TCGA, GSE2719 (sample 
number = 39) and GSE967 (sample number = 23). (c) Positive correlations between the transcriptional levels of IL-33 and CD3E, CD8A, and CD45RO.  
(D) Positive correlations between the transcriptional levels of ST2 and FOXP3, CD11B, and CD33. The correlation between gene expression levels was 
analyzed by Pearson correlation test.
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immunotherapy clinical trials for STS are ongoing, including 
treatment with anti-PD-1 antibody (28) and adoptive transfer of 
T cells targeting NY-ESO-1 antigen (29). However, despite some 
achievements in cancer immunotherapy, patients with STS have a 
low response rate. In a Phase I clinical trial using a SYT-SSX pep-
tide vaccine in patients with synovial sarcoma, peptide-specific 
CD8 cytotoxic T lymphocytes were successfully induced in 4 of 
6 patients, but suppression of tumor progression only occurred 
in one patient (30). In another small clinical trial investigating 
the clinical activity of the anti-CTLA4 antibody Ipilimumab in 
patients with synovial sarcoma expressing NY-ESO-1 antigens, 
only 1 of the 6 patients showed remission (31).

The major obstacle to immunotherapy is immunosuppression 
in the tumor microenvironment. Immunosuppression includes 
the accumulation of Tregs and MDSCs as well as the pro-
duction of various immunosuppressive cytokines in the tumor 

microenvironment (32). The type I immune responses mediated 
by Th1, CD8+ T, NK, NKT, and γδ T cells that produce IFN-γ are 
considered to be the basis of antitumor immune responses (33). 
However, immunosuppression in the tumor microenvironment 
results in these immune cells being in a dysfunctional immune 
state, which eventually leads to the immune escape of tumor cells 
(32, 34). Therefore, reversing immunosuppression in the tumor 
microenvironment is a crucial step toward the success of cancer 
immunotherapy.

Cytokines have been shown to activate immune responses and 
have antitumor effects. A variety of cytokines have been approved 
as drugs for the treatment of cancer patients, including IL-2, 
IFN-γ, and GM-CSF (35, 36). Recently, studies have shown 
that IL-33 also has antitumor activity in some cancers, such as 
melanoma and breast cancer (15–17). IL-33 could be released 
by damaged or dead tumor cells and act on immune cells that 
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FigUre 4 | Correlation between the expression of ST2/IL-33 and chemokines that recruit CD8+ T cells in soft tissue sarcoma. (a) Positive correlations between  
the transcriptional levels of CD3E/CD8A and CCL5 and its receptor CCR5, and between CD3E/CD8A and CXCL9/10/11 and their receptor CXCR3 by analyzing 
sarcoma data of The Cancer Genome Atlas (TCGA), GSE2719, and GSE6481 (sample number = 105). (B) Positive correlations between the transcriptional levels  
of ST2/IL-33 and CCL5 and its receptor CCR5, and between ST2/IL-33 and CXCL9/10/11 and their receptor CXCR3 by analyzing sarcoma data of TCGA, 
GSE2719, GSE6481, and GSE967. The correlation between gene expression levels was analyzed by Pearson correlation test.
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FigUre 5 | Correlation between the expression of IL-33 and TGF-β1, chemokines that recruit Tregs and myeloid-derived suppressor cells in soft tissue sarcoma. 
(a) Positive correlations between the transcriptional levels of CCL20 and its receptor CCR6 and CD4/FOXP3. (B) Positive correlations between the transcriptional 
levels of CXCL5 and its receptor CXCR2 and CD11B/CD33. (c) Positive correlations between the transcriptional levels of TGFB1 and CD4/FOXP3 and CD11B/
CD33. (D) Positive correlations between the transcriptional levels of TGFB1 and CCL20, CXCL5, and CXCR2. Above analyses were performed using data from  
The Cancer Genome Atlas (TCGA). (e) Negative correlations between the transcriptional levels of IL-33 and the chemokines CCL20 and CXCL5 by analyzing 
sarcoma data of TCGA and GSE6481. (F) Negative correlation between the transcriptional levels of IL-33 and TGFB1 by analyzing sarcoma data of TCGA and 
GSE967. The correlation between gene expression levels was analyzed by Pearson correlation test.
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express ST2 in a paracrine or autocrine manner (37). In this study, 
we found that the expression of IL-33 and ST2 were decreased in 
STS. Furthermore, we found that both IL-33 and ST2 expression 
were associated with the prognosis of sarcomas; patients with 
higher transcriptional levels of IL-33 and ST2 have a more favora-
ble prognosis. These results indicate that IL-33 may be released 
from sarcoma cells and regulate the antitumor immunity during 
the progression of STS.

It has been reported that the antitumor effect of IL-33 is mainly 
achieved by promoting the production of IFN-γ by NK and CD8+ 
T  cells (15–17). In addition, IL-33 can also promote NK and 
NKT cells to produce IFN-γ (13, 38). IL-33 is also able to recruit 
large amounts of type 2 innate lymphoid cells to the tumor lesions 
and inhibit tumor growth (39). Thus, IL-33 is a potent pleiotropic 
cytokine that reverses immunosuppression in the tumor micro-
environment. Here, we found that the expression level of IFN-γ 
was positively correlated with those of CD4 and CD45RO, but 
strong positive correlations were observed with the levels of 
CD3E and CD8A, indicating that CD3E/CD8A-labeled T  cells 

may be the major cells that secrete IFN-γ in STS. Additionally, 
there was a positive correlation between the expression of ST2 
and IFN-γ. Combined with the results indicating that the expres-
sion levels of both ST2 and IL-33 were positively correlated with 
those of CD3E, CD8A, and CD45RO, it is easy to deduce that 
the IL-33/ST2 axis may promote T cells, especially CD8+ T cells, 
to produce IFN-γ in STS. Furthermore, both the expression of 
ST2 and IL-33 were found to be positively correlated with that 
of CCL5 and its receptor CCR5, as well as with the expression 
of CXCL9, CXCL10, CXCL11, and their receptor CXCR3. All of 
these chemokines have been reported to recruit CD8+ T cells to 
the site of inflammation and participate in antitumor immune 
responses (21–23). Taken together, these results suggest that the 
IL-33/ST2 axis may enhance the antitumor immunity by promot-
ing the recruitment recruitment of type 1-polarized CD8+ T cells 
into tumor lesions in STS.

However, it has also been reported that IL-33 can promote 
the accumulation of ST2+ Tregs in tumor lesions and exhibits an 
immunosuppressive effect (16); IL-33 can also promote MDSCs to 
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accumulate in the tumor and secrete a large amount of immuno-
suppressive cytokines, such as TGF-β1, resulting in tumor 
metastasis (40). In this study, we found that there were positive 
correlations between the expression of ST2 and FOXP3, CD11B, 
and CD33, indicating that the IL-33/ST2 axis may also regulate 
the function of Tregs and MDSCs in the tumor microenviron-
ment of STS. TGF-β1 is highly expressed in STS; it is likely that 
TGF-β1 is the major immunosuppressive cytokine in the STS 
tumor microenvironment. We also found that there were obvi-
ous positive correlations between the expression levels of TGFB1 
and CD11B and CD33, indicating that CD11B/CD33-labeled 
MDSCs may be the main cells that secrete TGF-β1 in STS. It 
has been reported that the CCL20-CCR6 axis recruits Tregs 
(24, 25) and the CXCL5-CXCR2 axis can recruit MDSCs (26, 27) 
into the inflammation site. Here, we found that the expression 
levels of CCL20 and CCR6 were positively correlated with those 
of FOXP3, while CXCL5 and CXCR2 were positively correlated 
with CD11B and CD33. Furthermore, positive correlations were 
observed between the expression levels of TGFB1 and CCL20 and 
CXCL5. The above results indicate that TGF-β1 may play a major 
immunosuppressive role in STS. However, we found that IL-33 
was negatively correlated with the expression of the chemokines 
CCL20 and CXCL5, as well as with TGF-β1, in STS, suggesting 
that the IL-33/ST2 axis may reverse immunosuppression mainly 
by reducing the infiltration of Tregs and MDSCs and inhibiting 
the production of TGF-β1 in the STS tumor microenvironment. 
The regulatory effect of IL-33 on TGF-β1 is controversial. Some 

studies have shown that IL-33 induces the production of TGF-β 
by eosinophils and M2 macrophages (41, 42), and some studies 
have reported that treatment with anti-IL-33 antibody or sST2 in 
allergic asthma did not change the level of TGF-β1 (43). Whether 
IL-33 inhibits TGF-β1 production in the STS microenvironment 
and the mechanism involved remain to be confirmed.

In summary, we found that the mRNA expression of IL-33 
and ST2 was decreased in STS. TCGA data analysis indicated 
that higher transcriptional levels of IL-33 and ST2 in STS were 
associated with a favorable outcome. Integrated analysis of TCGA 
and GEO sarcoma datasets implicated the possible role of the 
IL-33/ST2 axis in STS. IL-33/ST2 may play an important role in 
the modulation of antitumor immunity in STS by promoting the 
recruitment of CD8+ T cells and enhancing IFN-γ production, 
as well as by antagonizing Tregs, MDSCs, and TGF-β1-mediated 
immunosuppression (Figure  6). Our study suggests that IL-33 
may not only serve as a useful prognostic biomarker for STS but 
also as a potential immunotherapeutic target for STS. However, 
further in vivo and in vitro experiments are required to validate 
the possible antitumor effect of the IL-33/ST2 axis on STS.

eThics sTaTeMenT

This study was carried out in accordance with the recommenda-
tions of ICH-QCP guidelines, Institutional Research Medical 
Ethics Committee of Sun Yat-sen University Cancer Center. The 
protocal was approved by the Institutional Research Medical 

FigUre 6 | The possible role of the IL-33/ST2 axis in modulating antitumor immunity in soft tissue sarcoma (STS). During the development of STS, IL-33 is released 
from damaged or dead sarcoma cells into the tumor microenvironment, and enhances the recruitment of CD8+ T cells into tumor lesion by promoting the release of 
multiple chemokines such as CCL5, CXCL9, CXCL10, and CXCL11, and promotes CD8+ T cells to produce IFN-γ, thereby playing an important role in the 
modulation of antitumor immunity in STS. Meanwhile, IL-33/ST2 axis reduces the infiltration of Tregs and myeloid-derived suppressor cells via inhibiting the 
production of chemokines CCL20 and CXCL5, and suppresses the secretion of TGF-β1, and thus contributes to antagonizing the immunosuppression in STS.
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The thymic stromal lymphopoietin (TSLP)/TSLP receptor (TSLPR) axis is involved in multiple 
inflammatory immune diseases, including coronary artery disease (CAD). To explore the 
causal relationship between this axis and CAD, we performed a three-stage case-control 
association analysis with 3,628 CAD cases and 3,776 controls using common variants in 
the genes TSLP, interleukin 7 receptor (IL7R), and TSLPR. Three common variants in the 
TSLP/TSLPR axis were significantly associated with CAD in a Chinese Han population 
[rs3806933T in TSLP, Padj = 4.35 × 10−5, odds ratio (OR) = 1.18; rs6897932T in IL7R, 
Padj = 1.13 × 10−7, OR = 1.31; g.19646A>GA in TSLPR, Padj = 2.04 × 10−6, OR = 1.20]. 
Reporter gene analysis demonstrated that rs3806933 and rs6897932 could influence 
TSLP and IL7R expression, respectively. Furthermore, the “T” allele of rs3806933 might 
increase plasma TSLP levels (R2 = 0.175, P < 0.01). In a stepwise procedure, the risk for 
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CAD increased by nearly fivefold compared with the maximum effect of any single variant 
(Padj = 6.99 × 10−4, OR = 4.85). In addition, the epistatic interaction between TSLP and 
IL33 produced a nearly threefold increase in the risk of CAD in the combined model of 
rs3806933TT-rs7025417TT (Padj = 3.67 × 10−4, OR = 2.98). Our study illustrates that the 
TSLP/TSLPR axis might be involved in the pathogenesis of CAD through upregulation of 
mRNA or protein expression of the referenced genes and might have additive effects on 
the CAD risk when combined with IL-33 signaling.

Keywords: thymic stromal lymphopoietin/TslP receptor, il-33, epistatic, coronary artery disease, genetic 
regulation

inTrODUcTiOn

Genetic factors have been demonstrated to be equally important 
as environmental factors in the pathogenesis of coronary artery 
disease (CAD). Based on family and twin studies, researchers have 
estimated that the heritability of CAD is between 40 and 60% (1). 
Much progress has been made in this area. Currently, about 95 
common risk variants of CAD have been detected by genome-
wide association studies (GWASs), and a total of 202 independent 
signals in 109 risk loci have been discovered using genome-wide 
complex trait analysis software, which together explain more than 
28% of the estimated heritability of CAD (2–5). The remaining 
unexplained heritability may be due to many reasons, including 
that the diverse characteristics of the commercial chips used in 
GWASs, the problem of genome-wide statistical significance 
level, epistatic interactions (epistasis), epigenetic influences, 
etc. (6, 7). Therefore, identification of causal genes or SNPs for 
complex diseases such as CAD by functional studies has become 
a hotspot for research worldwide.

The thymic stromal lymphopoietin (TSLP)/TSLP receptor 
(TSLPR) axis plays an important role in the regulation of a broad 
spectrum of inflammatory immune response-related diseases, 
including asthma and CAD. The key proteins of this axis are as 
follows: TSLP, a four-helix bundle cytokine targeting a variety of 
inflammatory immune cells, such as dendritic cells (DCs), B cells, 
mast cells, regulatory T cells, and CD4+ and CD8+ T cells (8–12); 
and the TSLPR complex, which consists of the IL-7 receptor alpha 
(IL-7Rα) and the unique TSLPR subunit (TSLPR; also known as 
CRLF2) (13–15). Under the stimulation of oxidized low-density 
lipoprotein (ox-LDL), human umbilical vein endothelial cells 
and vascular smooth muscle cells release large amounts of TSLP, 
which might activate DCs and then accelerate the development 
of atherosclerosis (16). TSLPR may also be expressed on human 
platelets and plays a role in the activation of platelets in acute 
coronary syndrome (17). Most recently, Li et al. identified that 
variants in TSLP might be involved in the development of asthma 

Abbreviations: TSLP, thymic stromal lymphopoietin; TSLPR, thymic stromal lym-
phopoietin receptor; IL7R, interleukin 7 receptor; CAD, coronary artery disease; 
GWAS, genome-wide association studies; Tregs, regulatory T cells; DCs, dendritic 
cells; IL-7Rα, IL-7 receptor alpha; ApoE KO, ApoE knockout mice; BMI, body mass 
index; ELISA, enzyme-linked immunosorbent assay; HWE, Hardy–Weinberg 
equilibrium; LD, linkage disequilibrium; MAF, minor allele frequency; OR, odds 
ratio; CI, confidence interval; GRS, genetic risk score.

via regulation of the expression of TSLP (18). These results indi-
cated that it is likely that causal SNPs or genes in the TSLP/TSLPR 
axis for CAD also exist. However, previous reports that addressed 
the role of the TSLP/TSLPR axis in CAD and atherosclerosis have 
yielded inconsistent results. In in vitro experiments, Lin et al. and 
Zhao et al. reported that TSLP can induce Th17 cell differentia-
tion (16, 19). However, until now, the effects of Th17 cells and 
IL-17 on atherosclerosis remain unclear (20). In in vivo experi-
ments with ApoE−/− mice, Yu et al. found that the aortic root of 
mice treated with TSLP and TSLP-expressing DCs developed 
fewer atherosclerotic plaques than did control mice, suggesting a 
protective role for TSLP in CAD progression (21). However, more 
recently, Wu et al. reported that fewer arterial lesions developed 
in TSLPR-chain deficient ApoE-double knockout mice (ApoE-
TSLPR DKO) than that did in ApoE knockout mice, indicating 
that the TSLP/TSLPR axis might promote the development of 
CAD (22).

Therefore, we performed the following studies to uncover 
the potential causal genes for the influence of the TSLP/TSLPR 
axis in the pathogenesis of CAD: (1) selecting all the tag SNPs 
covering the key genes of the TSLP/TSLPR axis; (2) performing a 
three-stage case-control genetic association study for CAD based 
on Chinese Han population with a large sample size; the selected 
tag SNPs were tested in stage 1 discovery study and then the 
positive associations from stage 1 discovery study were further 
tested in stage 2 validation study and stage 3 replication study;  
(3) testing correlations between the significant variants for CAD 
and the expression levels of their genes, by a reporter gene analysis 
or a circulation level study; and (4) constructing the interaction 
model and detecting the effect size of the causal variants in the 
contribution to the development of CAD.

Though common variants themselves may have very low 
effects on the pathogenesis of diseases, the epistasis (epistatic gene 
interaction) between common variants in the genes regulated by 
each other might have quite different functions in populations 
with different genetic backgrounds, thereby leading to a quite dif-
ferent effect size or direction on the risk of the diseases. In 2013, 
we reported that variants in the IL-33 signaling pathway might 
influence the development of CAD by regulating the expression 
levels of key genes of the pathway (23). The Framingham Heart 
Study identified that five missense variants in the IL1RL1 gene, 
which encodes the receptor of IL-33, might influence the circula-
tion level of soluble ST2 (sST2). The exact mechanism might be 
that the missense variants in IL1RL1 regulate the expression of 
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FigUre 1 | Linkage disequilibrium (LD) blocks of thymic stromal lymphopoietin (TSLP) and interleukin 7 receptor (IL7R) and TSLP receptor (TSLPR). The LD blocks 
of (a) TSLP and (B) IL7R were constructed based on the HapMap CHB and JPT datasets, and the LD blocks of (c) TSLPR were constructed based on the data 
obtained by direct DNA sequencing of all the exons, the 500 bp of the 5′ flanking region and the intron–exon junctions of the gene TSLPR in 50 coronary artery 
disease cases and 50 healthy controls. The selected tag SNPs were marked with rectangular boxes. Each diamond represents the LD degree between the SNPs. 
The color indicates the D′ (a redder color represents a higher D′) and the numbers within the diamonds are the r2 values.
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IL33 and the interaction between IL-33 and its receptor ST2L, 
and then significantly increase the circulating level of sST2 (24). 
Other studies found that the TSLP and IL-33 signaling pathways 
might interact with each other in Th2 cell-mediated inflamma-
tory responses (25–27).

These results indicated that variations in genes in the IL-33 
and TSLP signaling pathways might contribute to epistatic 
interactions and then affect the develop of conditions such as 
CAD. In the present study, we investigated the potential epistatic 
interaction between IL33 and TSLP in the pathogenesis of CAD.

MaTerials anD MeThODs

study Populations
The total sample size was 7,404, with 3,628 CAD cases and 3,776 
controls (GeneID database) (23, 28–30). The discovery cohort in 
stage 1 was composed of 1,345 cases and 1,156 controls (total of 
2,501 subjects). The validation cohort in stage 2 was composed 
of 1,347 cases and 1,156 controls (total of 2,503 subjects). The 
replication cohort in stage 3 was composed of 936 cases and 1,464 
controls (total of 2,400 subjects). The inclusion and exclusion  
criteria for the CAD patients and controls were described previ-
ously (23, 28–30).

This study followed the guidelines set forth by the Declaration 
of Helsinki and passed the review of the Ethics Committee of 
Tongji Medical College, and Huazhong University of Science 

and Technology. All study participants have signed a written 
informed consent form.

genetic analysis
DNA samples were obtained using a Wizard Genomic DNA 
Purification Kit (Promega Corporation, Madison, WI, USA). 
A High-Resolution Melt system with Rotor-gene 6000 software 
(Corbett Life Science) was used for genotyping, which was 
validated by direct DNA sequencing analysis (23, 28–30). Two 
positive controls for each genotype were included in each run. For 
each SNP, a total of 48 cases and controls were randomly selected 
for verification of genotyping results using direct DNA sequenc-
ing analysis. Two principals were applied to select the tag SNPs  
(23, 28–30): (1) the threshold of r2 or D′ was more than 0.8 between 
the SNPs [Haploview (v.4.2), based on HapMap CHB and JPT 
datasets for TSLP and interleukin 7 receptor (IL7R) (v.3, release 2)  
or on direct sequencing data for TSLPR]; (2) the threshold of the 
minor allele frequency was greater than 0.05. Tag SNPs, such as 
rs3806933 and rs2289276 in TSLP and rs1494558, rs1494555, 
rs7737000, and rs6897932 in IL7R were selected (Figures 1A,B). 
For TSLPR, we detected the common variants by direct DNA 
sequencing of all the exons, the 500 bp of the 5′ flanking region 
and the intron–exon junctions of the gene in 50 CAD cases and 
50 healthy controls. Among the identified 18 variants (Table S1 in 
Supplementary Material), 4 variants (rs150166261, rs36133495, 
rs36177645, and g.19646A>G) in TSLPR were selected for the 
association analysis (Figure 1C).
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TaBle 1 | Clinical characteristics of the studied Chinese Han population.

characteristics stage 1-discovery P stage 2-validation P stage 3-replication P combined P

caD control caD control caD control caD control

Subject numbers 1,345 1,156 – 1,347 1,156 – 936 1,464 – 3,628 3,776 –
Age (years) 67.8 ± 11.4 59.2 ± 9.94 0.00 63.1 ± 11.8 61.0 ± 10.6 0.00 60.7 ± 10.4 58.1 ± 11.6 0.00 64.2 ± 11.7 59.3 ± 10.9 0.00
Gender (male, %) 58.8 61.9 0.11 73.6 53.9 0.00 54.2 66.7 0.00 63.1 61.3 0.12
Smoking (%) 23.0 22.1 0.59 31.3 14.1 0.00 36.1 25.4 0.00 29.4 20.9 0.00
BMI (kg/m2) 24.4 ± 0.35 24.0 ± 1.92 0.00 24.4 ± 1.28 23.9 ± 1.25 0.00 25.0 ± 2.17 24.3 ± 0.68 0.00 24.6 ± 1.39 24.1 ± 1.35 0.00
Hypertension (%) 75.2 54.4 0.00 68.0 22.5 0.00 61.4 42.1 0.00 69.0 39.9 0.00
DM (%) 29.4 24.0 0.00 22.6 8.13 0.00 15.0 7.58 0.00 23.2 12.8 0.00
Tch (mmol/L) 4.39 ± 1.01 4.28 ± 0.74 0.00 4.51 ± 1.05 4.23 ± 0.76 0.00 4.60 ± 1.19 4.39 ± 0.24 0.00 4.49 ± 1.07 4.31 ± 0.61 0.00
TG (mmol/L) 1.56 ± 1.07 1.50 ± 0.65 0.14 1.78 ± 1.04 1.48 ± 0.67 0.00 1.82 ± 1.30 1.51 ± 0.50 0.00 1.71 ± 1.13 1.50 ± 0.60 0.00
HDL-c (mmol/L) 1.11 ± 0.27 1.18 ± 0.22 0.00 1.12 ± 0.26 1.18 ± 0.20 0.00 1.19 ± 0.36 1.26 ± 0.07 0.00 1.13 ± 0.29 1.21 ± 0.18 0.00
LDL-c (mmol/L) 2.62 ± 0.83 2.46 ± 0.64 0.00 2.64 ± 0.80 2.42 ± 0.66 0.00 2.59 ± 0.67 2.41 ± 0.25 0.00 2.62 ± 0.78 2.43 ± 0.53 0.00

The data are presented as mean ± SD or percentages.
CAD, coronary artery disease; BMI, body mass index; DM, diabetes mellitus; Tch, total cholesterol; TG, triglyceride; HDL-c, high-density lipoprotein cholesterol; LDL-c, low-density 
lipoprotein cholesterol.
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reporter gene assay
We performed the reporter gene assay to investigate whether 
the variants could regulate their gene expression. For the pro-
moter variant rs3806933 in TSLP, two plasmids of TSLP-C and 
TSLP-T were generated with the pGL3-basic vector (23). In 
addition, 500 ng of each plasmid, along with 50 ng of a pRL-TK 
vector (Promega), were transfected into the human embryonic 
kidney 293 (American Type Culture Collection) cell line using 
Lipofectamine™ 2000 reagent (Invitrogen). Then, we measured 
the firefly luciferase activity using a Dual Luciferase Reporter 
Assay Kit (Promega) at 48 h after transfection. Three independent 
experiments were carried out with the empty pGL3-basic vector, 
and each was carried out in triplicate. For rs6897932 in IL7R 
and g.19646A>G in TSLPR, the reporter gene assay experiments 
were carried out with the pGL3-control vector (Promega) in the 
human HELA cell line, and three independent experiments were 
performed.

Plasma level of TslP in caD Patients
A total of 336 CAD patients were selected from the replication 
cohort for analysis of the association between rs3806933 geno-
types and the plasma level of TSLP. The plasma samples were 
frozen at –80°C and tested in less than 2  months for TSLP 
concentration with an enzyme-linked immunosorbent assay kit 
(eBioscience Inc.).

genetic risk score (grs) analysis
Genetic risk scores were analyzed using a Cox regression model 
(SPSS version 17.0, SPSS, Inc., Chicago, IL, USA), adjusting for 
the conventional risk factors of CAD to obtain survival forecasts 
and calculate the C indices. GRS1 comprised SNP rs3806933 
of TSLP; GRS2 comprised SNP rs7025417 of IL33; and GRS3 
comprised the both SNPs rs3806933 of TSLP and rs7025417  
of IL33.

statistical analysis
All the control cohorts were examined using the Hardy–
Weinberg equilibrium (HWE) test (PLINK version 1.06). The 

allelic and genotypic association analyses were performed using 
chi-square tests with Pearson’s 2  ×  2 and 2  ×  3 contingency 
tables (SPSS version 17.0). Under the genotypic model, the 
interaction analysis was carried out by a logistic association 
analysis with the conventional risk factors for CAD as covari-
ates (23). Statistical power analyses were performed with a free 
power and sample size calculation program (PS v.3.0.12) for 
single gene association analysis and a free software QANTO 
(QANTO V.1.2.4) for interaction analysis (23). The difference 
in the luciferase activity among the reference plasmids was 
analyzed using the ANOVA test. The correlations among the 
rs3806933 genotypes and TSLP plasma concentrations were 
studied by linear regression analysis and the ANOVA test. The 
terminology of P < 0.01 in the text, figures, and figure legends 
indicates statistical significance.

resUlTs

Population characteristics
The CAD patients were more likely to have hypertension and dia-
betes mellitus than the control subjects. Moreover, in all studied 
populations, the age, body mass index (BMI), total cholesterol, 
and low-density lipoprotein cholesterol levels were much higher 
in CAD patients than in controls, and the high-density lipopro-
tein cholesterol level was significantly lower in CAD patients than 
in controls (Table 1).

The statistic power for all the variants selected in this study was 
more than 80% with an effect size of 1.2 (HapMap CHB + JPT 
data). The statistical power was also more than 70% for the two 
interaction analyses (rs3806933T in TSLP and rs6897932T in IL7R, 
rs3806933T in TSLP and rs7025417T in IL33 under the genotypic 
model) (23).

association analysis Between Variants  
in TslP, il7r, and TslPr and caD
All selected variants passed the HWE test (P > 0.001). In stage 1, 
the allelic frequencies of rs3806933T in TSLP, rs6897932T in IL7R, 
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TaBle 2 | Allelic association analysis of rs3806933 in TSLP, rs6897932 in IL7R, and g.19646A>G in TSLPR with CAD in the studied Chinese Han population.

gene, snP (allele) Population N Frequency Phwe Pobs Padj Or (95%ci)

cases controls cases controls

TSLP, rs3806933T Discovery 1,207 1,104 0.354 0.317 0.673 8.27 × 10−3 3.01 × 10−2 1.17 (1.02–1.34)
Validation 1,213 1,104 0.353 0.316 0.710 7.50 × 10−3 7.51 × 10−4 1.30 (1.11–1.50)
Replication 919 1,361 0.392 0.344 0.332 9.78 × 10−4 8.89 × 10−3 1.20 (1.05–1.37)
Combined 3,339 3,569 0.364 0.327 0.273 4.69 × 10−6 4.35 × 10−5 1.18 (1.09–1.27)

IL7R, rs6897932T Discovery 1,219 1,149 0.188 0.149 0.577 3.47 × 10−4 9.64 × 10−3 1.26 (1.06–1.51)
Validation 1,223 1,150 0.188 0.150 0.598 3.58 × 10−4 5.13 × 10−4 1.40 (1.16–1.69)
Replication 888 1,462 0.169 0.131 0.682 3.25 × 10−4 1.71 × 10−3 1.33 (1.11–1.60)
Combined 3,330 3,761 0.183 0.142 0.367 3.80 × 10−11 1.13 × 10−7 1.31 (1.19–1.45)

TSLPR, g.19646A>GA Discovery 1,345 1,156 0.405 0.361 0.169 1.41 × 10−3 2.78 × 10−3 1.22 (1.07–1.39)
Validation 1,347 1,156 0.405 0.362 0.167 2.06 × 10−3 1.52 × 10−2 1.19 (1.03–1.36)
Replication 936 1,464 0.413 0.368 0.336 1.89 × 10−3 6.17 × 10−3 1.20 (1.05–1.37)
Combined 3,628 3,776 0.407 0.364 0.359 8.57 × 10−8 2.04 × 10−6 1.20 (1.11–1.29)

Phwe, P value from Hardy–Weinberg equilibrium tests; Pobs, observed P value; Padj, P value adjusted by covariates; OR, odds ratio after adjustment; TSLP, thymic stromal 
lymphopoietin; IL7R, interleukin 7 receptor; TSLPR, TSLP receptor; CAD, coronary artery disease; CI, confidence interval.
In the combined cohorts: 3,339 CAD cases and 3,569 controls were genotyped successfully for rs3806933; 3,330 CAD cases and 3,761 controls were genotyped successfully for 
rs6897932; 3,628 CAD cases and 3,776 controls were genotyped successfully for g.19646A>G.
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and g.19646A>GA in TSLPR were significantly different between 
cases and controls [rs3806933T in TSLP, Padj = 3.01 × 10−2, odds 
ratio (OR)  =  1.17, 95% confidence interval (CI): 1.02–1.34; 
rs6897932T in IL7R, Padj  =  9.64  ×  10−3, OR  =  1.26, 95%CI: 
1.06–1.51; g.19646A>GA in TSLPR, Padj = 2.78 × 10−3, OR = 1.22, 
95%CI: 1.07–1.39] after adjustment for the conventional risk fac-
tors (Table 2), however, those results did not pass the Bonferroni 
correction. In stage 2, the rs3806933T allele of TSLP, rs6897932T 
allele of IL7R, and g.19646A>GA allele of TSLPR also conferred 
significant risk for CAD (rs3806933T in TSLP, Padj = 7.51 × 10−4, 
OR  =  1.30, 95%CI: 1.11–1.50; rs6897932T in IL7R, 
Padj = 5.13 × 10−4, OR = 1.40, 95%CI: 1.16–1.69; g.19646A>GA 
in TSLPR, Padj = 1.52 × 10−2, OR = 1.19, 95%CI: 1.03–1.36) in 
the validation cohort, which passed Bonferroni correction. In 
stage 3, the associations between the three variants and CAD 
were confirmed in the replication cohorts (rs3806933T in TSLP, 
Padj = 8.89 × 10−3, OR = 1.20, 95%CI: 1.05–1.37; rs6897932T in IL7R, 
Padj = 1.71 × 10−3, OR = 1.33, 95%CI: 1.11–1.60; g.19646A>GA in 
TSLPR, Padj = 6.17 × 10−3, OR = 1.20, 95%CI: 1.05–1.37; Table 2), 
which also passed Bonferroni correction.

Combining the three cohorts together, a meta-analysis with 
3,628 CAD cases and 3,776 controls was performed. In the 
combined cohorts: 3,339 CAD cases and 3,569 controls were 
genotyped successfully for rs3806933; 3,330 CAD cases and 
3,761 controls were genotyped successfully for rs6897932; 3,628 
CAD cases and 3,776 controls were genotyped successfully for 
g.19646A>G. The above three variants all were significantly asso-
ciated with CAD in the combined cohort (rs3806933T in TSLP, 
Padj  =  4.35  ×  10−5, OR  =  1.18, 95%CI: 1.09–1.27; rs6897932T 
in IL7R, Padj  =  1.13  ×  10−7, OR  =  1.31, 95%CI: 1.19–1.45; 
g.19646A>GA in TSLPR, Padj = 2.04 × 10−6, OR = 1.20, 95%CI: 
1.11–1.29) after adjustment for covariates of CAD, which passed 
Bonferroni correction (Table  2). Significant genotypic asso-
ciation results for the three variants above (rs3806933T in TSLP, 
rs6897932T in IL7R, g.19646A>GA in TSLPR) were also identi-
fied for CAD in the combined cohort under an additive model 

after applying Bonferroni correction (Table S2 in Supplementary 
Material).

The allelic association results between rs2289276 in TSLP, 
rs7737000, rs1494555, and rs1494558 in IL7R, and rs150166261, 
rs36133495, and rs36177645 in TSLPR and CAD were not sig-
nificant with adjusted P values of more than 0.05 in the first stage 
(Table S3 in Supplementary Material). The genotypic association 
results also were not significant with adjusted P values of more 
than 0.05 under any one of the three models (additive, dominant, 
and recessive) for these variants (Table S4 in Supplementary 
Material). Therefore, we discarded these variants in the next two 
stages.

reporter gene analysis
Rs3806933 was located in the promoter region of TSLP which 
might regulate the expression of TSLP. Using luciferase assay, we 
found that compared to the empty pGL3-basic vector group, the 
luciferase activity increased in both the construct TSLP-T and 
construct TSLP-C groups, and the luciferase activity increased 
more for the construct TSLP-T than for TSLP-C (P  <  0.01; 
Figure  2A). These results indicated that rs3806933T might 
increase the expression of TSLP. Rs6897932, located within the 
alternatively spliced exon 6 of IL7R, had a functional effect on 
gene expression. Luciferase activity in the construct IL7R-T and 
construct IL7R-C group were decreased than that in the empty 
pGL3-control vector group, and plasmid with the risk allele of 
rs6897932 in IL7R (IL7R-T) showed considerably lower luciferase 
activity than the plasmid IL7R-C (P < 0.01; Figure 2B), which 
suggested that rs6897932T might decrease the expression of 
IL7R. These results were validated in another two independent 
experiments. In addition, we did not find significantly different 
luciferase activity between the two plasmids for g.19646A>G in 
TSLPR (TSLPR-G and TSLPR-A; P ≥ 0.05; data not shown). It 
was concluded that the allele changes of rs3806933 in TSLP and 
rs6897932 in IL7R could both regulate the expression of their 
genes, whereas g.19646A>G in TSLPR might not.
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FigUre 3 | Analysis of circulating thymic stromal lymphopoietin (TSLP) level. (a) Association analysis between the circulating level of TSLP and the rs3806933 
genotypes in a linear regression model; (B) Comparisons among every pair of the three genotypes, via the ANOVA test. The terminology of P < 0.01 indicates 
statistical significance. A broken line indicates the median value of 12.03 pg/mL of TSLP levels that were detectable in coronary artery disease patients.  
The extremes in the Box Graph analysis of panel (B) have been removed to avoid the interference.

FigUre 2 | Reporter gene analysis for thymic stromal lymphopoietin (TSLP) (a) and interleukin 7 receptor (IL7R) (B). Luciferase activity was tested by means  
of cellular extracts. Mean ± SD of the relative luciferase activity is shown. The difference in the luciferase activity among the reference plasmids was analyzed using 
the ANOVA test. The terminology of P < 0.01 indicates statistical significance.
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association of rs3806933 genotypes With 
Plasma TslP concentration
Among the 336 CAD patients, the detection rate of plasma TSLP 
concentrations was 70.5% (median, 12.03  pg/mL; range, 1.28–
187.04 pg/mL). All the detectable samples were included in this 
study. Linear regression analysis revealed a significant association 
between the rs3806933 genotypes and the plasma TSLP levels in 
the subjects with a detectable TSLP level (n = 237, R2 = 0.175, 
P < 0.01; Figure 3A). This trend was confirmed by the ANOVA 
test for the contrast among each pair of the three genotypes 
(P < 0.01; Figure 3B). These results indicated that the circulating 

level of TSLP could be regulated by the variant rs3806933 in TSLP 
and as the number of risk allele “T” of rs3806933 increased, the 
circulating level of TSLP increased.

interaction association analysis Between 
rs3806933 in TSLP and rs6897932 in IL7R 
in the combined chinese han Population
Because rs3806933 in TSLP and rs6897932 in IL7R have been 
suggested to be functional variants by previous studies (31–33), 
we performed an interaction analysis between these two vari-
ants under the genotypic model in the combined Chinese Han 
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TaBle 3 | Interaction analysis between rs3806933 in thymic stromal lymphopoietin and rs6897932 in interleukin 7 receptor under the genotypic model in the combined 
population.

Population (n, case/control) Types case (%) control (%) Padj Odds ratio (95% confidence interval)

Combined (2,879/3,249) TT/TT 24 (0.83) 8 (0.25) 6.99 × 10−4 4.85 (1.95–12.2)
TT/CT 129 (4.48) 92 (2.83) 6.06 × 10−5 1.88 (1.38–2.57)
TT/CC 280 (9.73) 253 (7.79) 4.07 × 10−4 1.47 (1.19–1.81)
CT/TT 48 (1.67) 30 (0.92) 6.94 × 10−3 2.03 (1.21–3.39)
CT/CT 319 (11.1) 346 (10.6) 3.32 × 10−2 1.24 (1.02–1.50)
CT/CC 862 (29.9) 1,029 (31.7) 2.92 × 10−2 0.86 (0.74–0.98)
CC/TT 41 (1.42) 32 (0.98) 3.50 × 10−2 1.73 (1.04–2.87)
CC/CT 350 (12.2) 338 (10.4) 2.68 × 10−4 1.43 (1.18–1.74)
CC/CC 826 (28.7) 1,121 (34.5) – 1
ADD/ADD – – 5.97 × 10−10 –

Padj, P value after adjustment for covariates, such as age, gender, smoking, body mass index, hypertension, diabetes mellitus, total cholesterol, triglyceride, high-density lipoprotein 
cholesterol, and low-density lipoprotein cholesterol; Additive model, rs3806933_CC/CT/TT, rs6897932_CC/CT/TT.

TaBle 4 | Interaction analysis between rs3806933 in thymic stromal lymphopoietin (TSLP) and rs7025417 in IL33 under the genotypic model in the combined 
population.

Population (n, case/control) Types case (%) control (%) Padj Or (95% ci)

Combined (1,736/1,093) TT/TT 83 (4.78) 22 (2.01) 3.67 × 10−4 2.98 (1.63–5.43)
TT/CT 132 (7.60) 61 (5.58) 1.17 × 10−2 1.82 (1.14–2.89)
TT/CC 40 (2.30) 27 (2.47) 6.52 × 10−1 0.86 (0.45–1.66)
CT/TT 232 (13.4) 106 (9.70) 9.29 × 10−3 1.71 (1.14–2.56)
CT/CT 373 (21.5) 283 (25.9) 4.74 × 10−1 0.88 (0.62–1.25)
CT/CC 111 (6.39) 79 (7.23) 1.59 × 10−1 0.72 (0.46–1.14)
CC/TT 222 (12.8) 104 (9.52) 3.25 × 10−3 1.84 (1.23–2.76)
CC/CT 426 (24.5) 306 (28.0) 2.67 × 10−1 0.82 (0.58–1.17)
CC/CC 117 (6.74) 105 (9.61) – 1
ADD/ADD – – 1.98 × 10−3 –

Padj, P value adjusted for age, gender, body mass index, hypertension, diabetes mellitus, smoking, total cholesterol, triglyceride, high-density lipoprotein cholesterol, and low-density 
lipoprotein cholesterol; OR, odds ratio after the adjustment; CI, confidence interval. Additive model, rs3806933_CC/CT/TT, rs7025417_CC/CT/TT.
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population. In the combined cohort, 2,879 CAD cases and 3,249 
controls were genotyped successfully for both rs3806933 and 
rs6897932. The interaction analysis showed a considerably lower 
P value (5.97 × 10−10) in association with CAD than the single 
variants did (Table 3). The combination genotype of “rs3806933_
TT/rs6897932_TT” with the largest effect size provided a nearly  
fivefold increase in the risk for CAD (Padj = 6.99 × 10−4, OR = 4.85, 
95%CI: 1.95–12.2; Table 3).

interaction association analysis Between 
rs3806933 in TSLP and rs7025417 in IL33 
in the combined chinese han Population
Thymic stromal lymphopoietin and IL-33 might interact with 
each other in immune inflammatory diseases. However, in CAD, 
this has not been studied yet. It was interesting that in 2013 
we found the IL-33–ST2L pathway is causally involved in the 
development of CAD (23). Considering that most of the same 
samples were used in the two studies, we further performed an 
interaction analysis between rs3806933 in TSLP and rs7025417 
in IL33 under the genotypic model in the same population. In 
the combined cohort, 1,736 CAD cases and 1,093 controls were 
genotyped successfully for both rs3806933 and rs7025417. The 
interaction analysis of the two SNPs (rs3806933 in TSLP and 
rs7025417 in IL33) indicated significant associations with a  

P value of 3.67 × 10−4 for the type of rs3806933_TT/rs7025417_
TT, which provided a nearly threefold increase in the risk of CAD 
(OR = 2.98, 95%CI: 1.63–5.43; Table 4; Figure 4).

grs analysis
In addition, we analyzed the GRSs based on the SNPs in TSLP 
and IL33 (GRS3, rs3806933 and rs7025417) or only an SNP in the 
single gene (GRS1, rs3806933 in TSLP; GRS2, rs7025417 in IL33) 
by a Cox regression model. Our results showed that, after adjust-
ing for the conventional risk factors of CAD, GRS3 increased the 
C index by 3.1% as compared to GRS1 and by 0.3% as compared 
to GRS2 (Table 5).

DiscUssiOn

In this study, we discovered that rs3806933 in TSLP, rs6897932 
in IL7R, and g.19646A>G in TSLPR were significantly associated 
with the pathogenesis of CAD in the Chinese Han population. In 
addition, we confirmed that rs3806933 in TSLP and rs6897932 in 
IL7R could influence the expression of their genes as evidenced 
by a reporter gene analysis or protein circulation level study. We 
also found that the interaction between rs3806933 in TSLP and 
rs6897932 in IL7R contributed to CAD with the highest risk 
effect. Interestingly, the significant association result from the 
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TaBle 5 | Comparison of the GRSs for prediction of CAD in the combined population.

grs c index (95%ci) P comparison with grs1 c index change comparison with grs2 c index change

GRS1 (TSLP) 0.526 (0.50–0.55) 1.99 × 10−2 NA −0.028
GRS2 (IL33) 0.554 (0.53–0.58) 1.06 × 10−6 0.028 NA
GRS3 (TSLP-IL33) 0.557 (0.54–0.58) 2.55 × 10−7 0.031 0.003

GRS, genetic risk score; GRS1, genetic risk score based on rs3806933 in TSLP; GRS2, genetic risk score based on rs7025417 in IL33; GRS3, genetic risk score based on 
rs3806933 in TSLP and rs7025417 in IL33; TSLP, thymic stromal lymphopoietin; CAD, coronary artery disease; CI, confidence interval.

FigUre 4 | Comparison of odds ratio (OR) values for the interaction analysis between rs3806933 in thymic stromal lymphopoietin (TSLP) and rs7025417 in IL33. 
OR values with a 95% confidence interval (CI) for the combinations under the genotypic model.
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interaction analysis between rs3806933 in TSLP and rs7025417 
in IL33 indicated that the two genes of TSLP and IL33 might 
confer an epistatic effect in the development of CAD.

In 1994, Friend et al. first discovered the murine TSLP as a new 
growth factor that could regulate the B and T lineage cells (34). 
In 2001, Reche et al. scanned the human genome database and 
identified its human homolog TSLP (35). Although the human 
and murine TSLP share only 43% amino acid homology, they 
have similar biological functions (9, 36). Multiple inflammatory 
cells, such as DCs and mast cell lines, express TSLP; TSLP can also 
impact a wide range of inflammatory cell lines, such as basophils, 
eosinophils, CD4+, CD8+, NK T cells, and B cells (37–39). Studies 
have reported that TSLP played important roles in inflamma-
tory diseases, including asthma and Behçet’s disease (40, 41). 

The functional TSLP receptor (TSLPR subunit and IL-7Rα) is 
mainly expressed on monocytes and DCs, and occasionally on 
lymphocytes (33, 42). These studies demonstrated that the TSLP/
TSLPR axis is involved in the immune system, which prompted 
us to investigate the role of this axis in CAD.

In our study, we discovered three genetic risk variants 
(rs3806933 in TSLP and rs6897932 in IL7R and g.19646A>G in 
TSLPR) for CAD. Furthermore, reporter gene analysis showed 
that rs3806933 in TSLP and rs6897932 in IL7R could regulate 
the mRNA expression of their respective genes. In addition, the 
circulating level study also confirmed that the variant rs3806933 
in TSLP could influence the circulating level of TSLP protein. 
These results indicate that variants in the TSLP/TSLPR axis might 
affect the risk of CAD through upregulating mRNA or protein 
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expression, and the variants or key genes are likely to be causal 
risk factors for CAD.

In 2000, Pandey et  al. and Park et  al. demonstrated that 
IL-7Rα, in combination with TSLPR, can increase the binding 
affinity of TSLP for its receptors, which might promote the 
downstream signaling of TSLP, thus improving its biological 
efficacy (14, 15). In 2007, Gregory et  al. and Lundmark et  al. 
both independently demonstrated that rs6897932 in IL7R could 
increase the ratio of membrane-bound IL-7Rα to soluble IL-7Rα 
by decreasing the amount of soluble IL-7Rα protein (32, 33). 
In 2009, Harada et al. demonstrated that rs3806933, which is in 
the promoter region of TSLP, can influence the binding activity  
of the transcription factor activating protein-1 and thereby regu-
late the expression of TSLP (31). In the present study, we con-
firmed the functional roles of rs3806933 in TSLP and rs6897932 
in IL7R by reporter gene analysis and a circulating level study, 
which indicated that the two variants could regulate the expres-
sion of their respective genes. As the effect of the common single 
variant is too small to be of clinical significance, we performed 
the gene–gene interaction analysis and found that the OR values 
for the combined types of rs3806933 in TSLP and rs6897932 in 
IL7R were much higher than those for the individual types for 
the associations with CAD. Therefore, we hypothesized that the 
two variants (rs3806933 in TSLP and rs6897932 in IL7R) might 
interact with each other in a biologically relevant way and the 
crosstalk between TSLP and IL-7Rα might greatly enhance the 
risk of CAD.

A previous CAD GWAS meta-analysis showed that rs3806933 
in TSLP is moderately associated with CAD and rs6897932 in IL7R 
is not associated with CAD in the European ancestry (43). Here, 
we found that rs3806933 in TSLP and rs6897932 in IL7R might 
be the specific cis-expression quantitative trait loci (eQTLs) for 
CAD in our Chinese Han population. This inconsistency between 
the results may be explained by the heterogeneity of the eQTL in 
different diseases or populations with different ancestries (44). 
Further functional studies for CAD in the Chinese Han popula-
tion are warranted to confirm our results.

In classical Mendelian genetics, some variants may influence 
the effects of other variants, such as “stopping” or “standing above,”  
and are defined as epistatic (45). Though they exist in different 
pathways, these variants might interact with each other in some 
diseases, in which their pathways are both involved. In general, 
the specific composition of the alleles with an epistatic effect is 
determined specifically by the disease’s phenotype, and accumu-
lating evidence (45) has demonstrated the epistatic effect of these 
related variants in complex diseases.

In 2013, we reported that variants in the IL-33 signaling 
pathway might influence the development of CAD by regulating 
the expression of key genes of the pathway and then influenced 
the risk of CAD (23). IL-33 was a strong inducer of Th2 responses 
and TSLP also engaged in the process of Th2 inflammation (46). 
In recent years, more and more studies have indicated that the 
TSLP and IL-33 signaling pathways might interact with each 
other in Th2 cell-mediated inflammatory responses (25–27). In 
2015, Li et al. found that the promoter variant rs992969 in IL33 
could increase the gene protein expression and eosinophil counts 
in human bronchial epithelial biopsy (BEC) and then influence 

the risk of asthma (18). In the same year, Liao et al. studied the 
cross-regulation between the IL-33 and TSLP signaling pathways 
in human nasal epithelial cells and discovered that IL-33 could 
induce the expression of TSLP/TSLPR/IL-7Rα, and conversely, 
TSLP could induce the expression of IL-33 receptors, such as 
ST2L, thereby upregulating the IL-33-induced TSLP expression 
(47). The positive feedback loop between IL-33 and TSLP and 
their receptors might facilitate the Th2-skewed inflammation 
in eosinophilic chronic rhinosinusitis with nasal polyps (47). 
However, in atherosclerosis, the role of Th2 inflammation was 
still confused yet: when targeted deletion of Th2 cytokine, IL-5, 
atherosclerosis progression was accelerated, which proposed an 
athero-protective role of Th2 inflammation (48); when targeted 
deletion of Th2 cytokine, IL-4, the ApoE−/− mice and LDLR−/− 
mice developed less severe atherosclerotic, which implied a 
proatherogenic function of Th2 inflammation (49, 50). In this 
study, we not only demonstrated that variants in the TSLP/TSLPR 
axis regulated the expression of the key genes and influenced the 
risk of CAD but also discovered that the effect of the interac-
tion between variants in TSLP and IL33 was much higher than 
those of the single genes. Considering our findings together, 
we hypothesized that variants in the TSLP/TSLPR axis might 
regulate the expression of the key genes in the pathways as well as 
the cytokines and their receptors involved in the development of 
CAD by a positive feedback effect, which could also be called an 
epistatic effect. This positive feedback loop among IL-33, TSLP, 
and their receptors might increase CAD risk through facilitating 
the Th2-skewed inflammation. Further functional studies are 
needed to confirm our hypothesis.

In conclusion, this study indicated that the TSLP/TSLPR 
axis might affect the CAD risk through upregulating the refer-
ence genes’ mRNA expression or protein secretion, and the 
TSLP and IL-33 signaling pathways might have an epistatic 
effect on the risk of CAD. These results might provide a novel 
point of view for the prevention and treatment of CAD based 
on targeting the mechanisms of the epistatic effect between the 
related cytokines.

DaTa aVailaBiliTY

We declare that all the data supporting the findings of this 
study are available within the article and the Supplementary 
Information files and can be obtained from the corresponding 
authors upon reasonable request.

eThics sTaTeMenT

This study followed the guidelines set forth by the Declaration 
of Helsinki and passed the review of the Ethics Committee of 
Tongji Medical College, and Huazhong University of Science and 
Technology. All study participants signed a written informed 
consent form.

aUThOr cOnTriBUTiOns

Conceived and designed the experiments: XT and XC. Per-
formed the experiments and analyzed the data: S-FN, L-FZ, 

38

https://www.frontiersin.org/Immunology/
https://www.frontiersin.org
https://www.frontiersin.org/Immunology/archive


10

Nie et al. IL-33 and TSLP in CAD

Frontiers in Immunology | www.frontiersin.org August 2018 | Volume 9 | Article 1775

and QF. Contributed reagents/materials/analysis tools: S-FN, 
L-FZ, QF, Y-HL, H-SZ, Q-WC, FW, T-TT, NX, C-QX, J-YZ, 
Y-ZL, W-JZ, Z-PZ, JJ, Y-YL, TX, DW, C-CW, J-JF, H-BX, JY, QY, 
P-YW, S-HT, Q-LL, Q-XL, JQ, BL, GW, Y-XW, YY, X-PY, YH, 
QW, XC, and XT. Wrote the paper: S-FN. All authors reviewed 
the manuscript.

acKnOWleDgMenTs

We are very grateful to all participations and supporters of this 
study and to all members of the GeneID team and laboratory of 
CX for their assistance.

FUnDing

This work was supported by grants from the National Natural 
Science Foundation of China [No. 81525003, 81720108005 and 
91639301 to XC; 91439109 and 81270163 to XT; 81500186 to 
S-FN; 81400364 to NX; 81200177 and 81670361 to T-TT].

sUPPleMenTarY MaTerial

The Supplementary Material for this article can be found online at 
https://www.frontiersin.org/articles/10.3389/fimmu.2018.01775/
full#supplementary-material.

reFerences

1. Vinkhuyzen AA, Wray NR, Yang J, Goddard ME, Visscher PM. Estimation 
and partition of heritability in human populations using whole-genome 
analysis methods. Annu Rev Genet (2013) 47:75–95. doi:10.1146/annurev- 
genet-111212-133258 

2. Klarin D, Zhu QM, Emdin CA, Chaffin M, Horner S, McMillan BJ, et  al. 
Genetic analysis in UK Biobank links insulin resistance and transendothelial 
migration pathways to coronary artery disease. Nat Genet (2017) 49:1392–7. 
doi:10.1038/ng.3914 

3. Howson JMM, Zhao W, Barnes DR, Ho WK, Young R, Paul DS, et al. Fifteen 
new risk loci for coronary artery disease highlight arterial-wall-specific 
mechanisms. Nat Genet (2017) 49:1113–9. doi:10.1038/ng.3874 

4. Nelson CP, Goel A, Butterworth AS, Kanoni S, Webb TR, Marouli E, et al. 
Association analyses based on false discovery rate implicate new loci for 
coronary artery disease. Nat Genet (2017) 49:1385–91. doi:10.1038/ng.3913 

5. McPherson R, Tybjaerg-Hansen A. Genetics of coronary artery disease. Circ 
Res (2016) 118:564–78. doi:10.1161/CIRCRESAHA.115.306566 

6. Visscher PM, Brown MA, McCarthy MI, Yang J. Five years of GWAS discov-
ery. Am J Hum Genet (2012) 90:7–24. doi:10.1016/j.ajhg.2011.11.029 

7. Manolio TA, Collins FS, Cox NJ, Goldstein DB, Hindorff LA, Hunter DJ, 
et  al. Finding the missing heritability of complex diseases. Nature (2009) 
461:747–53. doi:10.1038/nature08494 

8. Ziegler SF, Artis D. Sensing the outside world: TSLP regulates barrier  
immunity. Nat Immunol (2010) 11:289–93. doi:10.1038/ni.1852 

9. Miazgowicz MM, Headley MB, Larson RP, Ziegler SF. Thymic stromal lymph-
opoietin and the pathophysiology of atopic disease. Expert Rev Clin Immunol 
(2009) 5:547–56. doi:10.1586/eci.09.45 

10. Astrakhan A, Omori M, Nguyen T, Becker-Herman S, Iseki M, Aye T, et al. 
Local increase in thymic stromal lymphopoietin induces systemic alterations 
in B cell development. Nat Immunol (2007) 8:522–31. doi:10.1038/ni1452 

11. Ziegler SF, Liu YJ. Thymic stromal lymphopoietin in normal and pathogenic 
T cell development and function. Nat Immunol (2006) 7:709–14. doi:10.1038/
ni1360 

12. Watanabe N, Hanabuchi S, Soumelis V, Yuan W, Ho S, de Waal Malefyt R,  
et  al. Human thymic stromal lymphopoietin promotes dendritic cell- 
mediated CD4+ T cell homeostatic expansion. Nat Immunol (2004) 5:426–34. 
doi:10.1038/ni1048 

13. Quentmeier H, Drexler HG, Fleckenstein D, Zaborski M, Armstrong A, 
Sims JE, et al. Cloning of human thymic stromal lymphopoietin (TSLP) and 
signaling mechanisms leading to proliferation. Leukemia (2001) 15:1286–92. 
doi:10.1038/sj.leu.2402175 

14. Pandey A, Ozaki K, Baumann H, Levin SD, Puel A, Farr AG, et al. Cloning of 
a receptor subunit required for signaling by thymic stromal lymphopoietin. 
Nat Immunol (2000) 1:59–64. doi:10.1038/76923 

15. Park LS, Martin U, Garka K, Gliniak B, Di Santo JP, Muller W, et al. Cloning 
of the murine thymic stromal lymphopoietin (TSLP) receptor: formation of 
a functional heteromeric complex requires interleukin 7 receptor. J Exp Med 
(2000) 192:659–70. doi:10.1084/jem.192.5.659 

16. Lin J, Chang W, Dong J, Zhang F, Mohabeer N, Kushwaha KK, et  al. 
Thymic stromal lymphopoietin over-expressed in human atherosclerosis: 

potential role in Th17 differentiation. Cell Physiol Biochem (2013) 31:305–18. 
doi:10.1159/000343369 

17. Wang B, Peng Y, Dong J, Lin J, Wu C, Su Y, et al. Human platelets express 
functional thymic stromal lymphopoietin receptors: a potential role in 
platelet activation in acute coronary syndrome. Cell Physiol Biochem (2013) 
32:1741–50. doi:10.1159/000356608 

18. Li X, Hastie AT, Hawkins GA, Moore WC, Ampleford EJ, Milosevic J, et al. 
eQTL of bronchial epithelial cells and bronchial alveolar lavage deciphers 
GWAS-identified asthma genes. Allergy (2015) 70:1309–18. doi:10.1111/
all.12683 

19. Zhao H, Li M, Wang L, Su Y, Fang H, Lin J, et al. Angiotensin II induces TSLP 
via an AT1 receptor/NF-KappaB pathway, promoting Th17 differentiation. 
Cell Physiol Biochem (2012) 30:1383–97. doi:10.1159/000343327 

20. Taleb S, Tedgui A, Mallat Z. IL-17 and Th17 cells in atherosclerosis: subtle and 
contextual roles. Arterioscler Thromb Vasc Biol (2015) 35:258–64. doi:10.1161/
ATVBAHA.114.303567 

21. Yu K, Zhu P, Dong Q, Zhong Y, Zhu Z, Lin Y, et al. Thymic stromal lympho-
poietin attenuates the development of atherosclerosis in ApoE-/- mice. J Am 
Heart Assoc (2013) 2:e000391. doi:10.1161/JAHA.113.000391 

22. Wu C, He S, Peng Y, Kushwaha KK, Lin J, Dong J, et al. TSLPR deficiency 
attenuates atherosclerotic lesion development associated with the inhibition 
of TH17 cells and the promotion of regulator T cells in ApoE-deficient mice. 
J Mol Cell Cardiol (2014) 76:33–45. doi:10.1016/j.yjmcc 

23. Tu X, Nie S, Liao Y, Zhang H, Fan Q, Xu C, et al. The IL-33-ST2L pathway 
is associated with coronary artery disease in a Chinese Han population.  
Am J Hum Genet (2013) 93:652–60. doi:10.1016/j.ajhg.2013.08.009 

24. Byers DE, Alexander-Brett J, Patel AC, Agapov E, Dang-Vu G, Jin X, et  al. 
Long-term IL-33-producing epithelial progenitor cells in chronic obstructive 
lung disease. J Clin Invest (2013) 9:3967–82. doi:10.1172/JCI65570 

25. Akasaki S, Matsushita K, Kato Y, Fukuoka A, Iwasaki N, Nakahira M, et al. 
Murine allergicrhinitis and nasal Th2 activation are mediated via TSLP- and 
IL-33-signaling pathways. Int Immunol (2016) 28:65–76. doi:10.1093/intimm/
dxv055 

26. Iijima K, Kobayashi T, Hara K, Kephart GM, Ziegler SF, McKenzie AN, 
et al. IL-33 and thymic stromal lymphopoietin mediate immune pathology 
in response to chronic airborne allergen exposure. J Immunol (2014) 
193:1549–59. doi:10.4049/jimmunol 

27. Sugita J, Asada Y, Ishida W, Iwamoto S, Sudo K, Suto H, et al. Contributions 
of interleukin-33 and TSLP in a papain-soaked contact lens-induced mouse 
conjunctival inflammation model. Immun Inflamm Dis (2017) 5:515–25. 
doi:10.1002/iid3.189 

28. Wang F, Xu C, He Q, Cai J, Li X, Wang D, et al. Genome-wide association 
identifies a susceptibility locus for coronary artery disease in the Chinese Han 
population. Nat Genet (2011) 43:345–9. doi:10.1038/ng.783 

29. Cheng X, Shi L, Nie S, Wang F, Li X, Xu C, et al. The same chromosome 
9p21.3 locus is associated with type 2 diabetes and coronary artery disease 
in a Chinese Han population. Diabetes (2011) 60:680–4. doi:10.2337/
db10-0185 

30. Fan Q, Nie S, Li S, Liao Y, Zhang H, Zha L, et  al. Analysis of the genetic 
association between IL27 variants and coronary artery disease in a Chinese 
Han population. Sci Rep (2016) 6:25782. doi:10.1038/srep25782 

39

https://www.frontiersin.org/Immunology/
https://www.frontiersin.org
https://www.frontiersin.org/Immunology/archive
https://www.frontiersin.org/articles/10.3389/fimmu.2018.01775/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fimmu.2018.01775/full#supplementary-material
https://doi.org/10.1146/annurev-genet-111212-133258
https://doi.org/10.1146/annurev-genet-111212-133258
https://doi.org/10.1038/ng.3914
https://doi.org/10.1038/ng.3874
https://doi.org/10.1038/ng.3913
https://doi.org/10.1161/CIRCRESAHA.115.306566
https://doi.org/10.1016/j.ajhg.2011.11.029
https://doi.org/10.1038/nature08494
https://doi.org/10.1038/ni.1852
https://doi.org/10.1586/eci.09.45
https://doi.org/10.1038/ni1452
https://doi.org/10.1038/ni1360
https://doi.org/10.1038/ni1360
https://doi.org/10.1038/ni1048
https://doi.org/10.1038/sj.leu.2402175
https://doi.org/10.1038/76923
https://doi.org/10.1084/jem.192.5.659
https://doi.org/10.1159/000343369
https://doi.org/10.1159/000356608
https://doi.org/10.1111/all.12683
https://doi.org/10.1111/all.12683
https://doi.org/10.1159/000343327
https://doi.org/10.1161/ATVBAHA.114.303567
https://doi.org/10.1161/ATVBAHA.114.303567
https://doi.org/10.1161/JAHA.113.000391
https://doi.org/10.1016/j.yjmcc
https://doi.org/10.1016/j.ajhg.2013.08.009
https://doi.org/10.1172/JCI65570
https://doi.org/10.1093/intimm/dxv055
https://doi.org/10.1093/intimm/dxv055
https://doi.org/10.4049/jimmunol
https://doi.org/10.1002/iid3.189
https://doi.org/10.1038/ng.783
https://doi.org/10.2337/db10-0185
https://doi.org/10.2337/db10-0185
https://doi.org/10.1038/srep25782


11

Nie et al. IL-33 and TSLP in CAD

Frontiers in Immunology | www.frontiersin.org August 2018 | Volume 9 | Article 1775

31. Harada M, Hirota T, Jodo AI, Doi S, Kameda M, Fujita K, et al. Functional 
analysis of the thymic stromal lymphopoietin variants in human bronchial 
epithelial cells. Am J Respir Cell Mol Biol (2009) 40:368–74. doi:10.1165/
rcmb.2008-0041OC 

32. Gregory SG, Schmidt S, Seth P, Oksenberg JR, Hart J, Prokop A, et  al. 
Interleukin 7 receptor alpha chain (IL7R) shows allelic and functional asso-
ciation with multiple sclerosis. Nat Genet (2007) 39:1083–91. doi:10.1038/
ng2103 

33. Lundmark F, Duvefelt K, Iacobaeus E, Kockum I, Wallström E, Khademi M, 
et al. Variation in interleukin 7 receptor alpha chain (IL7R) influences risk of 
multiple sclerosis. Nat Genet (2007) 39:1108–13. doi:10.1038/ng2106 

34. Friend SL, Hosier S, Nelson A, Foxworthe D, Williams DE, Farr A, et  al. 
A thymic stromal cell line supports in  vitro development of surface IgM+ 
B cells and produces a novel growth factor affecting B and T lineage cells. Exp 
Hematol (1994) 22:321–8. 

35. Reche PA, Soumelis V, Gorman DM, Clifford T, Liu Mr, Travis M, et  al. 
Human thymic stromal lymphopoietin preferentially stimulates myeloid cells. 
J Immunol (2001) 167:336–43. doi:10.4049/jimmunol.167.1.336 

36. Sims JE, Williams DE, Morrissey PJ, Garka K, Foxworthe D, Price V, et al. 
Molecular cloning and biological characterization of a novel murine lym-
phoid growth factor. J Exp Med (2000) 192:671–80. doi:10.1084/jem.192.5.671 

37. Soumelis V, Reche PA, Kanzler H, Yuan W, Edward G, Homey B, et al. Human 
epithelial cells trigger dendritic cell mediated allergic inflammation by pro-
ducing TSLP. Nat Immunol (2002) 3:673–80. doi:10.1038/ni805 

38. Kashyap M, Rochman Y, Spolski R, Samsel L, Leonard WJ. Thymic stromal 
lymphopoietin is produced by dendritic cells. J Immunol (2011) 187:1207–11. 
doi:10.4049/jimmunol.1100355 

39. Kuan EL, Ziegler SF. Thymic stromal lymphopoietin and cancer. J Immunol 
(2014) 193:4283–8. doi:10.4049/jimmunol.1400864 

40. Burkard-Mandel L, O’Neill R, Colligan S, Seshadri M, Abrams SI. Tumor-
derived thymic stromal lymphopoietin enhances lung metastasis through 
an alveolar macrophage-dependent mechanism. Oncoimmunology (2018) 
7(5):e1419115. doi:10.1080/2162402X.2017.1419115 

41. Lopalco G, Lucherini OM, Lopalco A, Venerito V, Fabiani C, Frediani B, et al. 
Cytokine signatures in mucocutaneous and ocular Behçet’s disease. Front 
Immunol (2017) 8(8):200. doi:10.3389/fimmu.2017.00200 

42. Zhang W, Wang J, Wang Q, Chen G, Zhang J, Chen T, et  al. Identification 
of a novel type I cytokine receptor CRL2 preferentially expressed by human 
dendritic cells and activated monocytes. Biochem Biophys Res Commun (2001) 
281:878–83. doi:10.1006/bbrc.2001.4432 

43. Deloukas P, Kanoni S, Willenborg C, Farrall M, Assimes TL, Thompson JR, 
et  al. Large-scale association analysis identifies new risk loci for coronary 
artery disease. Nat Genet (2013) 45:25–33. doi:10.1038/ng.2480 

44. Westra HJ, Peters MJ, Esko T, Yaghootkar H, Schurmann C, Kettunen J, et al. 
Systematic identification of trans eQTLs as putative drivers of known disease 
associations. Nat Genet (2013) 45:1238–43. doi:10.1038/ng.2756 

45. Phillips PC. Epistasis – the essential role of gene interactions in the structure 
and evolution of genetic systems. Nat Rev Genet (2008) 9:855–67. doi:10.1038/
nrg245 

46. Sun L, Chen C, Wu J, Dai C, Wu X. TSLP-activated dendritic cells induce 
T helper type 2 inflammation in Aspergillus fumigatus keratitis. Exp Eye Res 
(2018) 171:120–30. doi:10.1016/j.exer.2018.03.014 

47. Liao B, Cao PP, Zeng M, Zhen Z, Wang H, Zhang YN, et al. Interaction of 
thymic stromal lymphopoietin, IL-33, and their receptors in epithelial cells 
in eosinophilic chronic rhinosinusitis with nasal polyps. Allergy (2015) 70: 
1169–80. doi:10.1111/all.12667 

48. Binder CJ, Hartvigsen K, Chang MK, Miller M, Broide D, Palinski W, et al. IL-5 
links adaptive and natural immunity specifc for epitopes of oxidized LDL and 
protects from atherosclerosis. J Clin Invest (2004) 114:427–37. doi:10.1172/
JCI20479 

49. Davenport P, Tipping PG. The role of interleukin-4 and interleukin-12 in  
the progression of atherosclerosis in apolipoprotein E-deficient mice. Am 
J Pathol (2003) 163:1117–25. doi:10.1016/S0002-9440(10)63471-2 

50. King VL, Szilvassy SJ, Daugherty A. Interleukin-4 deficiency decreases ath-
erosclerotic lesion formation in a site-specific manner in female LDL 
receptor-/- mice. Arterioscler Thromb Vasc Biol (2002) 22:456–61. doi:10.1161/
hq0302.104905 

Conflict of Interest Statement: The authors declare that the research was con-
ducted in the absence of any commercial or financial relationships that could be 
construed as a potential conflict of interest.

Copyright © 2018 Nie, Zha, Fan, Liao, Zhang, Chen, Wang, Tang, Xia, Xu, Zhang, Lu, 
Zeng, Jiao, Li, Xie, Zhang, Wang, Wang, Fa, Xiong, Ye, Yang, Wang, Tian, Lv, Li, Qian, 
Li, Wu, Wu, Yang, Yang, Hu, Wang, Cheng and Tu. This is an open-access article 
distributed under the terms of the Creative Commons Attribution License (CC BY).  
The use, distribution or reproduction in other forums is permitted, provided the 
original author(s) and the copyright owner(s) are credited and that the original 
publication in this journal is cited, in accordance with accepted academic practice. No 
use, distribution or reproduction is permitted which does not comply with these terms.

40

https://www.frontiersin.org/Immunology/
https://www.frontiersin.org
https://www.frontiersin.org/Immunology/archive
https://doi.org/10.1165/rcmb.2008-0041OC
https://doi.org/10.1165/rcmb.2008-0041OC
https://doi.org/10.1038/ng2103
https://doi.org/10.1038/ng2103
https://doi.org/10.1038/ng2106
https://doi.org/10.4049/jimmunol.167.1.336
https://doi.org/10.1084/jem.192.5.671
https://doi.org/10.1038/ni805
https://doi.org/10.4049/jimmunol.1100355
https://doi.org/10.4049/jimmunol.1400864
https://doi.org/10.1080/2162402X.2017.1419115
https://doi.org/10.3389/fimmu.2017.00200
https://doi.org/10.1006/bbrc.2001.4432
https://doi.org/10.1038/ng.2480
https://doi.org/10.1038/ng.2756
https://doi.org/10.1038/nrg245
https://doi.org/10.1038/nrg245
https://doi.org/10.1016/j.exer.2018.03.014
https://doi.org/10.1111/all.12667
https://doi.org/10.1172/JCI20479
https://doi.org/10.1172/JCI20479
https://doi.org/10.1016/S0002-9440(10)63471-2
https://doi.org/10.1161/hq0302.104905
https://doi.org/10.1161/hq0302.104905
https://creativecommons.org/licenses/by/4.0/


August 2018 | Volume 9 | Article 18951

Original research
published: 16 August 2018

doi: 10.3389/fimmu.2018.01895

Frontiers in Immunology | www.frontiersin.org

Edited by: 
Fang-Ping Huang,  

University of Hong Kong,  
Hong Kong

Reviewed by: 
Yusei Ohshima,  

University of Fukui, Japan  
Mohan Maddur,  

Pfizer, United States  
John F. Alcorn,  

University of Pittsburgh,  
United States

*Correspondence:
John W. Upham 

j.upham@uq.edu.au

†These authors have contributed 
equally to this work.

Specialty section: 
This article was submitted to 

Cytokines and Soluble  
Mediators in Immunity,  
a section of the journal  

Frontiers in Immunology

Received: 21 May 2018
Accepted: 31 July 2018

Published: 16 August 2018

Citation: 
Jurak LM, Xi Y, Landgraf M, 

Carroll ML, Murray L and Upham JW 
(2018) Interleukin 33 Selectively 

Augments Rhinovirus-Induced Type 2 
Immune Responses in Asthmatic but 

not Healthy People. 
Front. Immunol. 9:1895. 

doi: 10.3389/fimmu.2018.01895
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responses in asthmatic but not 
healthy People
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John W. Upham1,2*

1 Lung and Allergy Research Centre, Diamantina Institute, University of Queensland, Woolloongabba, QLD, Australia, 
2 Department of Respiratory Medicine, Princess Alexandra Hospital, Brisbane, QLD, Australia

Interleukin- 33 (IL-33) is an epithelial-derived cytokine that initiates type 2 immune 
responses to allergens, though whether IL-33 has the ability to modify responses 
to respiratory viral infections remains unclear. This study aimed to investigate the 
effects of IL-33 on rhinovirus (RV)-induced immune responses by circulating leu-
kocytes from people with allergic asthma, and how this response may differ from 
non-allergic controls. Our experimental approach involved co-exposing peripheral 
blood mononuclear cells to IL-33 and RV in order to model how the functions of 
virus-responsive lymphocytes could be modified after recruitment to an airway envi-
ronment enriched in IL-33. In the current study, IL-33 enhanced RV-induced IL-5 and 
IL-13 release by cells from people with allergic asthma, but had no effect on IL-5 and 
IL-13 production by cells from healthy donors. In asthmatic individuals, IL-33 also 
enhanced mRNA and surface protein expression of ST2 (the IL-33 receptor IL1RL1), 
while soluble ST2 concentrations were low. In contrast, IL-33 had no effect on mRNA 
and surface expression of ST2 in healthy individuals. In people with allergic asthma, 
RV-activated ST2+ innate lymphoid cells (ST2+ILC) were the predominant source of 
IL-33 augmented IL-13 release. In contrast, RV-activated natural killer cells (NK cells) 
were the predominant source of IL-33 augmented IFNγ release in healthy individuals. 
This suggests that the effects of IL-33 on the cellular immune response to RV differ 
between asthmatic and healthy individuals. These findings provide a mechanism by 
which RV infections and IL-33 might interact in asthmatic individuals to exacerbate 
type 2 immune responses and allergic airway inflammation.

Keywords: asthma, il-33, rhinovirus, type 2 immunity, sT2, innate lymphoid cells

inTrODUcTiOn

Acute exacerbations make a major contribution to the burden of asthma, with respiratory viral 
infections, in particular, rhinoviruses (RV), triggering most exacerbations. However, the under-
lying mechanisms by which RV trigger serious asthma exacerbations are not well understood. 
Even though RV is usually confined to epithelial cells lining the upper respiratory tract and may 
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sometimes involve the lower respiratory tract, there is strong 
evidence that systemic immune function plays an important 
role in host defense against RV infections. High titers of specific 
neutralizing antibodies are protective against experimental RV 
infections (1). Moreover, the capacity of circulating T-cells to 
proliferate and produce IFNγ and IL-10 after RV stimulation 
in  vitro is inversely associated with viral load during an RV 
infection (2). More recently, a large birth cohort study has 
shown that RV-activated blood mononuclear cells exhibit vary-
ing cytokine response patterns in vitro that are associated with 
different clinical outcomes (3).

Viruses typically trigger a type 1 (Th1) immune response 
in most individuals, yet, they are a common trigger of asthma 
exacerbations, a disease in which type 2 (Th2) immune responses 
are often prominent, with type 2 innate lymphoid cells (ILC2), 
allergen activated Th2 cells, mast cells, and eosinophils all play-
ing key roles. Increased capacity for type 2 cytokine production 
in asthmatic individuals is linked to more severe virus-induced 
asthma symptoms and airway eosinophilia following experi-
mental RV challenge (4). Moreover, immune responses to RV in 
asthma are somewhat Th1 deficient and may be skewed toward 
a Th2 response (5, 6).

Interleukin- 33 (IL-33) is a strong inducer of Th2 immune 
responses. Recent studies in mice and humans have implicated 
the importance of IL-33 in the development of Th2 inflam-
mation during RV infection (6, 7), thus providing a possible 
mechanistic link between viral infections and eosinophilic 
inflammation. Asthma is associated with variants in the genes 
encoding IL-33 and its receptor ST2 (also known as ST2L and 
IL1RL1) (8, 9). The IL-33 receptor itself comprises two proteins 
ST2 and IL-1RacP. IL-33 binds to ST2 causing a conformational 
change that enables it to interact with IL-1RacP (10). Epithelial 
cells and macrophages release IL-33, which activate Th2 cells, 
ILC2 cells, and other immune cells via ST2, thereby amplifying 
type 2 immune responses (11). However, ST2 can also exist as a 
soluble receptor (sST2), which has the ability to neutralize the 
effects of IL-33 (12). Although, viral infections such as influenza 
can induce IL-33 release in murine lungs (13), it is not clear 
whether IL-33 can modify cellular responses directed against 
respiratory viruses.

A study of experimental RV infection in asthma showed 
that virus-induced IL-33 release correlated with high IL-5 and 
IL-13 concentrations in the airway (6). However, RV infection 
induced similar IL-33 release in asthmatic and control subjects, 
suggesting that virus-induced IL-33 release per  se may not 
be sufficient to discriminate between asthmatic and healthy 
responses to RV (6). More recently, Werder et al. (14) showed 
that during RV infection of mice with allergic airways disease, 
RV has the ability to amplify inflammation through IL-33 (14). 
Whether IL-33 can modify cellular responses to respiratory 
viruses in humans is unknown.

Thus, the objective of the current study was to examine the 
effects of IL-33 on RV-induced cellular immune responses in vitro 
and to determine whether this differs in asthmatic and healthy 
individuals. Our approach sought to model how virus-responsive 
lymphocyte function could be modified after recruitment to an 
airway environment enriched in IL-33.

MaTerials anD MeThODs

Patients
The Metro South Human Research Ethics Committee approved 
this study (Ethics approval number 2008000037) and written 
informed consent was obtained from all participants. A detail 
questionnaire documented respiratory symptoms, prior diag-
noses, and medication use. Healthy subjects had no symptoms 
or prior diagnosis of respiratory disease. Asthma diagnoses had 
been confirmed by a physician, and symptoms had occurred 
within the last 12 months. Current smokers and those with res-
piratory infection within the preceding 4 weeks were excluded. 
Allergic sensitization was assessed by skin prick test using a 
panel of common aeroallergens (grass pollens, house dust mite, 
domestic animals, and molds). Those asthmatics taking inhaled 
corticosteroids were asked to withhold these for 24  h prior to 
blood collection.

isolation of Peripheral Blood Mononuclear 
cells (PBMcs)
Peripheral blood mononuclear cells were isolated from venous 
blood and cultured as described (15). PBMCs were exposed to 
recombinant IL-33 (Preprotech) or media for 6 h prior to addi-
tion of RV strain 16 (multiplicity of infection = 1). Cultures were 
incubated at 37°C with 5% CO2 for 5  days (a time dominated 
by antigen specific recall responses). On the basis of initial dose 
response experiments, IL-33 was used at 10 ng/mL for all subse-
quent experiments.

Quantitative real-Time Pcr
Total RNA was extracted from cell pellets obtained from 
5-day cultures, using RNeasy micro RNA kit (Qiagen, Hilden, 
Germany). The ratio of absorbance at 260 and 280  nm of 
RNA was measured using Nanodrop (Thermo Scientific, 
Waltham, MA, USA). RNA was immediately converted to 
complimentary DNA (cDNA) using cDNA synthesis Kit 
(Bioline, Alexandria, NSW, Australia) and cycling conditions 
as per the manufactures instructions. Quantitative real-time 
polymerase chain reaction (qRT-PCR) contained three 
volumes of SYBER green master mix (Bioline, Alexandria, 
NSW, Australia), two volumes of cDNA, and 0.6 volumes of 
standard primers specific for membrane bound ST2 (Forward 
primer: 5′-GGAAAAAACGCAAACCTA-3′, Reverse primer: 
5′-GGCCTCAATCCAGAACATTTT-3′) and IL-1RAcP 
(Forward primer: 5′-CTGAGGATCTCAAGCGCAGCTA-3′, 
Reverse primer: 5′-AGCAGGACTGTGGCTCCAAAAC-3′) as 
indicated. The qRT-PCR cycle consisted of an initial incubation 
at 95°C for 2 min followed by a subsequent 40 cycles of dena-
turation and annealing at 95°C for 5 s and 60°C for 10 s. Each 
reaction was conducted in duplicate, using a Roche light cycler 
480 real-time PCR system (Roche, North Ryde, Australia). 
Analysis was conducted using light cycler 480 software 1.5.0. 
Genes of interest were calculated in relation to the reference 
gene glyceraldehyde 3-phosphate dehydrogenase (GAPDH) 
using the delta–delta Ct method. Gene expression was normal-
ized to a corresponding control sample for each donor.
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elisa
Cell free supernatants were collected and stored at −20°C until 
required. The concentration of IL-5, IL 13, IFNγ (BD Biosciences, 
Franklin Lakes, NJ, USA), and soluble ST2 (R&D systems, 
Minneapolis, MN, USA) were performed using commercially 
available ELISA kits, according to the manufacturer’s instruc-
tions. Results are presented as amount of cytokine in cell-free 
supernatants. For soluble ST2 ELISA, the limit of detection for 
the assay was 31.3 pg/mL. In samples in which the concentra-
tion was below the lower limit of detection, it was not possible to 
determine whether the true value was 0, so, the concentration was 
arbitrarily assigned to be half the lower limit of detection.

Flow cytometry
In this study, flow cytometry was used to evaluate (1) the expres-
sion of ST2 on ILCs and T-cells; and (2) the effect of IL-33 on 
RV-activated immune cells (ST2+ ILCs, T cells, and NK cells) and 
the production of type 1 and type 2 cytokines in human PBMC. 
For cells undergoing intracellular cytokine staining, cells were 
incubated in the presence of Brefedlin A for 4 h prior to staining. 
Cell pellets were then harvested from 5-day cultures and washed 
twice with PBS and labeled with live/dead (L/D) aqua viability 
dye (Thermo Scientific, Waltham, MA, USA) for discrimination 
of dead cells. Cells were then stained with the following com-
binations of surface antibodies: (1) Lin-1-FITC (CD3/CD14/
CD16/CD19/CD20/CD56), CD45-APC-H7, CD127-PEcy7, 
and ST2-PE; (2) CD3-APCcy7, CD4-FITC; or (3) CD56-AF488, 
for 30 min on ice and protected from light. Following surface 
staining, cells were then fixed and permeabilized using Fixation/
Permeabilization solution kit (BD bioscience cat#554715). 
Cells were then intracellularly stained with IL-13-BV421 and 
IFNγ-PerCPcy5.5 for 30  min at room temperature, protected 
from light. Cells were fixed in 2% paraformaldehyde. Data 
were acquired using an LSRFortessa X-20 (BD Bioscience, 
San Jose, CA, USA) collecting 200,000 total events. Data were 
analyzed using FlowJo Tree star software (Version 7.6.1). Cell 
types have been defined as following: T cells (CD3+ CD4+), and 
NK cells (CD56+). In some experiments, NK cells were further 
defined as CD56+, CD3 negative. ST2+ILCs were defined as 
LIN1−FcεR1−CD45+ CD127+ ST2+ as previously described (16, 
17). Information about the gating strategy and antibodies used 
in this work have been described in Figure S1 and Table S1 in 
Supplementary Material.

statistical analysis
Results were analyzed in Graphpad prism using ANOVA with 
Bonferroni correction, together with two-way comparisons used 
paired and unpaired t-tests where appropriate. Data are shown as 
mean ± SEM. Differences were regarded as statistically significant 
at p ≤ 0.05.

resUlTs

clinical characteristics
Participants were between 18 and 53 years of age and comprised 
18 people with mild/moderate asthma and 22 non-asthmatic 

volunteers. Based on skin-prick testing, people with asthma had 
a greater prevalence of allergic sensitization than non-asthmatic 
donors (66 versus 36%, respectively), though this difference was 
not statistically significant as determined by χ2 analysis. Serum 
total IgE concentrations were significantly higher in the asthmatic 
group than in the non-asthmatic group (mean values = 361 and 
194 IU/L, respectively; p < 0.0125).

effects of il-33 Pre-exposure on rV-
induced Type 1 and 2 cytokine release
The effect of IL-33 on RV-induced type 1 and 2 cytokine release 
was evaluated 5 days post stimulation. In people with asthma, 
IL-33 pre-exposure led to significantly higher RV-induced (in 
red) IL-5 (Figure  1A) and IL-13 (Figure  1B) release (in red) 
compared to RV alone (in green) (p  =  0.02 and p  =  0.003 
respectively). IL-33 alone (in blue) also induced IL-13 release in 
asthmatic individuals, which increased further in the presence 
of RV. Though IL-5 and IL-13 secretion tended to be higher in 
those with asthma than in healthy subjects, these differences 
were not statistically significant. In contrast, IL-33 pre-exposure 
had no significant effects on RV-induced IL-5 and IL-13 release 
by cells from healthy donors.

IFNγ release at day 5 post RV stimulation showed a very differ-
ent response pattern (Figure 1C). RV-induced IFNγ release was 
lower in cells from asthmatics than in healthy donors (p = 0.03) 
and was not altered by IL-33 pre-exposure. In contrast, IL-33 pre-
exposure led to significantly higher RV-induced IFNγ release by 
cells from healthy donors (p = 0.001).

effects of il-33 on Membrane-Bound sT2 
(il1-rl1) and soluble sT2 (ssT2) in 
asthmatic and healthy individuals
The IL-33 membrane-bound receptor comprises two proteins, 
ST2 and its accessory receptor IL-1RAcP. However, ST2 can 
also exist as a soluble form named sST2. We, therefore, sought 
to determine whether IL-33 modulates ST2 and IL-1RAcP on 
RV-activated cells. Expression of ST2 and IL-1RAcP were assessed 
using qRT-PCR (Figure 2A). Overall, cellular ST2 expression was 
higher in asthmatic than healthy individuals (Figure  2A, left). 
RV-induced ST2 expression was significantly higher in cells from 
asthmatic donors than in cells from healthy donors (in blue). Pre-
exposure to IL-33 followed by RV (IL-33 + RV) (in red) further 
augmented the difference in ST2 expression between asthmatic 
and healthy donors. In cells from asthmatics, IL-33 + RV stimu-
lation lead to a ninefold increase in ST2 expression, which was 
significantly higher than cells exposed to RV alone. In cells from 
healthy donors, RV and IL-33 (alone and in combination) had 
no significant effects on ST2 expression. In contrast, IL-1RAcP 
expression was similar in cells from asthmatic and healthy 
individuals. Similarly, RV and IL-33 did not modify IL-1RAcP 
expression (Figure 2A, right).

To further investigate the increased ST2 mRNA expression 
in asthmatic cells stimulated with IL-33 + RV, cell surface ST2 
protein expression was assessed using flow cytometry, with a 
combination of surface antigens specific for innate lymphoid 
cells (ILC) (Figure 2B) and conventional T-cells (Figure S3 in 
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FigUre 1 | Effects of IL-33 on rhinovirus (RV)-induced type 1 and 2 cytokine release. PBMCs from people with allergic asthma (n = 14) and non-allergic healthy 
controls (n = 22) were pre-exposed to media or IL-33 for 6 h and then cultured in the absence or presence of RV for 5 days. IL-5 (a), IL-13 (B), and IFNγ  
(c) production have been measured by ELISA. Data are expressed as mean (±SEM). Abbreviations: PBMC, peripheral blood mononuclear cells; IL-33, interleukin 
33; RV, rhinovirus 16; ns, not significant. *p < 0.05, **p < 0.01, ***p < 0.001.
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Supplementary Material). Consistent with our qRT-PCR data, 
the frequency of ST2+ILC was generally higher in asthmatic 
donors in comparison to healthy donors when stimulated 
under the same conditions (Figure 2, left). In asthmatic donors, 
IL-33  +  RV caused a greater increase in the frequency of 
ST2+ILC than RV and IL-33 individually (Figure 2B, right). In 
healthy donors, IL-33, RV, and IL-33 + RV had no effect on ST2+ 
ILC. Only a small proportion of unstimulated ILCs and T-cells 
were ST2+, and there was no significant difference between cells 
from asthmatic and healthy donors (Figure  2B, Figure S3 in 
Supplementary Material). IL-33, RV, and IL-33  +  RV had no 
appreciable effect on the proportion of ST2+ expressing T cells 
(Figure S3 in Supplementary Material).

Soluble ST2 (sST2) concentrations were measured from 
cell-free supernatants from 5-day PBMC cultures by ELISA 
(Figure  2C). In asthmatic individuals, the concentration of 
sST2 was significantly lower in IL-33 and IL-33 + RV stimulated 
cells than in unstimulated cells. There was a trend for lower sST2 
concentrations with RV alone, but this was not statistically 
significant (Figure  2C). In contrast, both IL-33 and RV had 
minimal effects on sST2 concentrations in healthy individuals in 
comparison to unstimulated cells (Figure 2C). Interestingly, we 
found that IL-33 pre-exposure can further dampen RV-induced 
sST2 response, and this was observed in both asthmatic and 
healthy PBMC.

Which cells are Producing Type 1 and 
Type 2 cytokines in Peripheral Blood?
We next sought to determine which leukocyte subsets respond 
to IL-33 and RV by producing type 1 and type 2 cytokines. Flow 
cytometry was used to determine the proportion of IL-13 or 
IFNγ producing ST2+ILC, CD56+ cells, and T-cells (Figures  3 
and 4). ST2+ILC were the main IL-13 producers in asthmatic 
individuals (Figure  3). IL-33 alone significantly increased the 
frequency of IL-13 producing ST2+ ILC in asthmatic individu-
als in comparison to healthy. There was a trend toward a higher 
frequency of IL-13 producing ST2+ILC in asthmatic donors in 
comparison to healthy donors when stimulated with RV alone 
and in combination with IL-33. However, this trend was not 
significant (Figure  3). In contrast, IL-33 pre-exposure had no 
significant effect on the frequency of IL-13 producing NK cells or 
T-cells in asthmatic and healthy individuals (Figure 3).

CD56+ cells were the predominant IFNγ-producing cells in 
both healthy and asthmatic donors (Figure 4), and this was most 
pronounced in unstimulated samples and those stimulated with 
IL-33  +  RV (Figure  4B). Small numbers of IFNγ producing 
ST2+ILC and T-cells were observed; however, there was little 
evidence that this was modified by IL-33 or RV (Figure 4). While 
CD56 can be expressed by both NK cells and conventional T-cells, 
it seems that the great majority of IFNγ producing CD56+ cells 
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FigUre 3 | Evaluation of IL-13-producing ST2+ILC, CD56+, and CD3+ T cells in human PBMC. IL-13-producing cell subsets were evaluated using flow cytometry 
(a–c). Raw dot plots representative of IL-13 + ST2 + ILC from 8 asthmatic and 6 healthy donors. PBMCs from people with allergic asthma and non-allergic healthy 
controls were pre-exposed to media or IL-33 for 6 h and then cultured in the absence or presence of RV for 5 days (D). Abbreviations: PBMC, peripheral blood 
mononuclear cells; IL-33, interleukin 33; RV, rhinovirus 16, ST2+ILCs, ST2+ innate lymphoid cells. *p ≤ 0.05 and **p ≤ 0.01.

FigUre 2 | Effects of IL-33 on membrane-bound ST2 and soluble ST2 (sST2) in asthmatic and healthy individuals. PBMCs from patients with allergic asthma (n = 12) or 
non-allergic healthy controls (n = 16) were exposed to IL-33 or media for 6 h and then cultured in the absence or presence of RV for 5 days. (a) Relative expression of 
ST2 and IL-1RAcP was assessed by qRT-PCR using primer pairs corresponding to each receptor and normalized to the house-keeping gene GAPDH. Basal expression 
is represented by a broken line. (B) The frequency of ST2L+ ILC were then assessed by flow cytometry. ILCs were defined as Lin−FcεR1−CD45+CD127+ and then 
assessed for ST2. Raw dot plots representative of ST2+ ILC from asthmatic and healthy donors. Data are presented as mean (±SEM) from 8 asthmatic and 6 healthy 
donors. (c) Soluble ST2 concentration was determined from cells free supernatants by ELISA. Data are expressed as mean (±SEM) from duplicate measurements. 
Abbreviations: PBMC, peripheral blood mononuclear cells; IL-33, interleukin 33; RV, rhinovirus 16; ST2+ ILC2, ST2+ innate lymphoid cells; qRT-PCR, quantitative real-time 
polymerase chain reaction; GAPDH, glyceraldehyde 3-phosphate dehydrogenase. *p < 0.05, **p < 0.01.
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(Figure 4; Figure S4 in Supplementary Material) were NK cells 
rather than CD56+ CD3+ T-cells, as very few IFNγ-producing 
CD3+ T-cells were identified. Moreover, additional experiments 
performed in a subset of participants identified that CD56+ cells 
lacking CD3, CD14, and CD19 were the predominant source of 
IFNγ under the various stimuli used in our experiments (Figure 
S4 in Supplementary Material).

DiscUssiOn

This study demonstrates that IL-33 has distinct effects on the 
in  vitro cellular response to RV in asthmatic and healthy indi-
viduals. In asthmatics, IL-33 augments type 2 inflammatory 
responses to RV, but has little effect on type 1 immune responses. 
In healthy individuals, IL-33 enhances RV-induced type 1 
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FigUre 4 | Evaluation of IFNγ-producing ST2+ILC, CD56+, and CD3+ T cells in human PBMC. IFN-γ-producing cell subsets were evaluated using flow cytometry 
(a–c). Raw dot plots representative of IFN-γ+CD56+ cells from 8 asthmatic and 6 healthy donors. PBMCs from people with allergic asthma and non-allergic healthy 
controls were pre-exposed to media or IL-33 for 6 h and then cultured in the absence or presence of RV for 5 days (D). Abbreviations: PBMC, peripheral blood 
mononuclear cells; IL-33, interleukin 33; RV, rhinovirus 16; ST2+ILCs, ST2+ innate lymphoid cells. *p ≤ 0.05 and **p ≤ 0.01.
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immune response, but has no effect on type 2 responses. This is 
associated with differential regulation of the IL-33 receptor, with 
higher stimulated ST2 expression in cells from asthmatic than 
in cells from healthy individuals. In contrast, unstimulated ST2 
expression and ST2 surface staining was similar in asthmatic and 
healthy participants. Our findings provide a possible mechanism 
by which IL-33 release amplifies eosinophilic inflammation in 
asthmatic individuals, yet has what appears to be a protective role 
in healthy individuals.

Given that ST2 was initially thought to be restricted to Th2 
cells (18), it is surprising that circulating immune cells from both 
asthmatic and healthy individuals have a similar ability to respond 
to IL-33. More recent studies have identified that ST2 is more 
widely expressed on other immune cells (19). New evidence has 
emerged that Th1 effector cells can transiently express ST2 during 

experimental viral infection and that Th1 effector cell differentia-
tion and cytokine production is dependent on the IL-33/ST2 axis 
(20). This provides a plausible mechanism by which IL-33 was 
able to augment IFNγ release by RV-activated cells from healthy 
donors in the current study. Supporting this concept, our gene 
expression data show that cells from healthy donors express ST2 
(Figure 2A).

Previous investigators have examined IL-33 receptor 
expression in asthma. Traister and colleagues demonstrated 
high airway epithelial ST2 expression in severe asthma, and 
importantly, linked ST2 expression to exacerbation risk and 
markers of type 2 inflammation (21). The IL-33 receptor is 
highly complex, as the IL1RL1 gene is comprised of two splice 
variants that have opposing functional effects. The membrane 
bound form, ST2, which helps drive Th2 inflammation, and a 
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soluble form sST2, which acts as a decoy receptor and neutral-
izes the effect of IL-33 (12).

Our study for the first time simultaneously compared the 
relative balance of membrane bound ST2 and sST2 in asthmatic 
and healthy individuals, and how this is regulated in vitro by 
IL-33 and RV in the setting of asthma. In those with asthma, 
IL-33 pre-exposure and RV stimulation augmented ST2 mRNA 
expression and elevated the frequency of ST2+ILC, whereas 
sST2 production was low. In healthy subjects, IL-33 had little 
effect on RV-induced ST2 mRNA and frequency of membrane 
bound ST2 on ILCs and T-cells, whereas sST2 was readily 
detected. This skewed expression of each splice variant may 
partially explain why IL-33 has the ability to amplify type 2 
responses during viral infection in asthmatic individuals while 
having a protective role in healthy individuals. However, the 
underlying reason as to why one splice variant is translated over 
another remains unknown. Genome wide association studies 
have identified single nucleotide polymorphisms (SNPs) in 
the IL1RL1 gene that are associated with asthma (21–23). 
Furthermore, SNPs located in the promoter region, have been 
linked to higher transcriptional activity of the IL1RL1 gene 
(22), while non-synonymous SNPs in the coding region of this 
gene alters the ability of IL-33 to bind to its receptor (22). It is, 
therefore, possible that in those with asthma, one or more of 
these SNPs may be responsible for the translation of one splice 
variant over the other.

Jackson and colleagues recently demonstrated that 
RV-infected epithelial cells release IL-33 that induces peripheral 
blood naïve T-cells and ILC2 cells to produce type 2 cytokines 
under conditions of polyclonal activation (6). Our observations 
extend these findings to show that IL-33 can also enhance 
virus-specific type 2 cytokine release. We previously reported 
that RV-activated memory T-cells are responsible for much 
of the IFNγ and IL-13 production in healthy individuals (24). 
In contrast, the current study employed recently developed 
tools for accurately identifying human ILCs. We show herein 
that in those with asthma, ST2+ILC are in fact the main IL-13 
producers, rather than conventional T-cells. ILC2 are commonly 
identified with either ST2 or the prostaglandin D2 receptor, 
CRTH2 (17). Therefore, we used CRTH2 to further characterize 
this population. As per Smith and colleagues (17), we found that 
a large proportion of these cells also express this marker (data 
not shown) and believe this population to be ILC2. Consistent 
with this observation, ILC2 have been shown to be the primary 
producers of IL-13 in the context of IL-33 in the asthmatic 
airway (25).

Although the different experimental stimuli induced only 
subtle changes in the frequency of cells producing type 1 and 
2 cytokines (Figures 3 and 4) between asthmatic and healthy 
individuals, it seems likely that greater difference would have 
occurred at earlier time points, especially as we observed that 
IL-33 + RV induced a marked increase in secreted type 1 and 
2 cytokines in cultured supernatant between asthmatic and 
non-asthmatics, respectively (Figure 1). Functional studies in 
mice show that IL-13+ ST2+ ILC2 are most prominent between 
6 and 10  days post infection (26, 27). However, this varies 
between models. In humans, it is unclear when the frequency of 

IL-13+ILC2 peaks during RV Infection. In contrast, differences 
in IFNγ release in cultured supernatants between asthmatic 
and non-asthmatic donors can be detected as early as 48 h post 
infection (28). Therefore, greater differences in IFNγ+ cells in 
healthy individuals may be observed at this time point. Future 
studies should assess how ILC2, NK cells, and T-cells interact 
over time to amplify type 1 or type 2 cytokines in the context 
of RV infection. Our preliminary experiments indicated that 
numbers of ST2+ ILC and NK cells were similar in asthmatic 
and healthy participants (Figure S2 in Supplementary Material). 
However, it would be premature to read too much into these 
observations, which require confirmation in a much larger 
study.

Due to their substantial role in development of type 2 immune 
responses in allergic asthma, it is surprising that ST2+ILC have the 
ability to produce IFNγ in response to IL-33 in healthy individu-
als. Although, it has been suggested that ILC2 have a protective 
role in vivo (29), no clear link has been established between this 
subset and type 1 cytokine production. However, new evidence 
in humans has emerged that ILC2 from non-allergic donors 
express higher levels of NKG7, SOC1, and TBX21. These genes 
are known to suppress type 2 associated transcriptional programs 
(30). Furthermore, low SOC1 gene expression in the airways of 
severe asthmatics has been shown to be inversely associated with 
airway eosinophilia (31).

Another novel finding to emerge from this study is that RV 
and IL-33 act together to augment NK  cell IFNγ production. 
Although T cells are also thought to produce IFNγ subsequent 
experiments showed little evidence of T  cell involvement 
(Figure S5 in Supplementary Material). Interestingly, a recent 
study has shown that IL-33 exposed NK cells have the ability 
to negatively regulate ILC2s in mice via an IFNγ-dependent 
mechanism (32). Although our study supports that of Bi et al. 
(32), the possibility also exists that ILC2s are regulated by 
another pathway that then supports more favorable conditions 
for IFNγ production. In line with this concept, IFNα production 
from plasmacytoid dendritic cells in the context of IL-33 has 
also been shown to suppress proliferation of ILC2 and alleviate 
airway hyperreactivity (33). Future studies should also assess 
the extent to which IFNα and IFNγ influence ILC2 proliferation 
during experimental RV infection in the context of IL-33. This 
would provide a greater understanding into the mechanisms 
that regulate ILC2.

There are a number of limitations of the study that must be 
acknowledged. We studied a population of mild to moderate 
allergic asthmatics, and future studies will need to examine 
if IL-33 has similar effects across a broader range of asthma 
phenotypes and degrees of asthma severity. Second, although 
people with asthma had a greater prevalence of allergic sensi-
tization than non-asthmatic donors, our study was not large 
enough to determine if our findings are confounded by atopy. 
In addition, we do not know if the effects of IL-33 on circulat-
ing cells also holds true for resident lymphocytes within the 
airway, and this needs to be examined in future studies. We do 
believe, however, that our in vitro experiments provide insight 
into the likely effects of airway IL-33 on lymphocyte popula-
tions that have recently migrated into the airway mucosa, with 
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responsiveness to IL-33 differing between lymphocytes from 
asthmatic and healthy individuals. Interestingly, findings 
from a large birth cohort study indicate that variations in 
RV-activated PBMC cytokine responses are associated with 
different clinical outcomes (3). Future studies should also 
directly examine interaction between lymphocyte populations 
and airway epithelial cells, and the extent to which this involves 
IL-33. Finally, there is evidence in asthma that Treg cells are 
dysfunctional (34) and though we saw only minimal effects 
of IL-33 on Treg (data not shown), our functional analysis was 
restricted to a small range of cytokines, and so this needs to be 
examined further.

In summary, these findings suggest that the effects of IL-33 
on the cellular response to RV differ in asthmatic and healthy 
individuals, thus providing a potential mechanism by which RV 
infection in a high IL-33 tissue microenvironment can induce 
immunopathology in asthma but not in healthy people.
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Interleukin-33 (IL-33) plays multiple roles in tissue homeostasis, prevention of parasitic

infection, and induction of allergic inflammation. Especially, IL-33-ST2 (IL-1RL1) axis has

been regarded as the villain in allergic diseases such as asthma and atopic dermatitis

and in autoimmune diseases such as rheumatoid arthritis. Indeed, a number of studies

have indicated that IL-33 produced by endothelial cells and epithelial cells plays a critical

role in the activation and expansion of group 2 innate lymphoid cells (ILC2s) which

cause allergic inflammation by producing large amounts of IL-5 and IL-13. However,

mechanisms that antagonize IL-33-ST2-mediated allergic responses remain largely

unknown. Recently, several groups including our group have demonstrated cellular and

molecular mechanisms that could suppress excessive activation of ILC2s by the IL-33-

ST2 axis. In this review, we summarize recent progress in the regulatory mechanisms of

IL-33-ST2-mediated allergic responses. Selective targeting of the IL-33-ST2 axis would

be a promising strategy in the treatment of allergic diseases.
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INTRODUCTION

Interleukin-33 (IL-33) is a member of the IL-1 cytokine family and mainly expressed in non-
hematopoietic cells such as endothelial cells, epithelial cells, fibroblast-like cells, andmyofibroblasts
during homeostasis and in response to inflammation (1–5). IL-33 functions on target cells by
binding to a heterodimeric receptor composed of suppression of tumorigenicity 2 (ST2, also known
as IL-1RL1) and co-receptor, IL-1 receptor accessory protein (IL-1RAcP) (6, 7). Triggering of
ST2/IL-1RAcP by IL-33 activates intracellular signaling pathways, which is initiated by homotypic
protein-protein interactions with the adaptor molecule MyD88 and the further recruitment of
IRAKs and TRAF6, leading to the expression of several inflammatory mediators through the
activation of nuclear factor-κB (NF-κB) and mitogen-activated protein kinase (MAPK) pathways
(8, 9). IL-33 activates a variety of tissue-resident immune cells that express ST2, including group 2
innate lymphoid cells (ILC2s), mast cells, Th2 cells, regulatory T cells (Tregs), natural killer (NK)
cells, eosinophils, basophils, dendritic cells, and alternatively activated macrophages (10–12).

Regarding in vivo relevance of IL-33-ST2 axis, it has been shown that bronchial epithelium
is an important reservoir of IL-33 in the lung and that IL-33 expression is elevated in the
airways of bronchial asthma along with disease severity (13). It has also been shown that
increased IL-33 expression is associated with enhanced reticular basement membrane thickness
in endobronchial tissues in children with severe therapy-resistant asthma (14). In addition, it has
been reported that airway remodeling is absent in ST2−/− mice in house dust mite (HDM)-induced
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neonatal asthma models (14). Moreover, IL-33 expression is not
affected by steroid treatment in neonatal HDM-treated mice
and in endobronchial tissues from children with severe therapy-
resistant asthma (14). These findings suggest that IL-33-ST2 axis
causes refractoriness in the allergic asthma.

Recently, numerous studies analyzing patient samples and
murine models have revealed that ILC2s produce large
amounts of IL-5 and IL-13 in response to IL-33 and IL-
25 and that the activation of ILC2s by IL-33-ST2-mediated
signaling contributes to anti-helminth responses and to the
development of various allergic diseases such as asthma, atopic
dermatitis, allergic rhinitis, and chronic rhinosinusitis (10–12,
15, 16). Furthermore, IL-33-ST2-mediated signaling seems to be
involved in the development and exacerbation of non-allergic
inflammatory conditions including arthritis, chronic obstructive
pulmonary disease (COPD) with cigarette smoke, experimental
autoimmune encephalomyelitis (EAE), periodontitis, and retina
inflammation inmurinemodels (12), although it remains unclear
whether IL-33-ST2-ILC2s axis is involved in the pathogenesis
of corresponding diseases in humans. Because IL-33-ST2-
mediated signaling seems critical for the induction of excessive
inflammatory responses in many conditions, it would be worthy
of further investigation elucidating regulatory mechanisms
against IL-33-ST2-mediated signaling to develop therapeutic
strategies for these inflammatory diseases. In this review, we
summarize recent progress in the regulatory mechanisms for IL-
33-ST2-mediated allergic inflammation. Comprehensive reviews
of the biology of IL-33 and its involvement in non-allergic
conditions including autoimmune diseases and cancer have
recently be described elsewhere (5, 9, 12).

REGULATORY MECHANISMS OF IL-33
EXPRESSION AND ITS INTERACTION
WITH ST2

Bioactivity of IL-33-ST2 pathways is regulated by several distinct
mechanisms (Figure 1). It has been shown thatmany of the single
nucleotide polymorphisms (SNPs) in the human IL-33 gene
associated with asthma are located in the promoter and intron
1, both of which are important for gene expression (17). Imai et
al. have shown that keratinocyte-specific over-expression of IL-33
results in the spontaneous development of an atopic dermatitis
(AD)-like skin disease, along with the activation of ST2+ ILC2s
(18). In addition, transgenic mice expressing IL-33 by a keratin
14 promoter spontaneously developed keratoconjunctivitis (19).
These findings suggest that the expression level of IL-33 is
critical for the induction of allergic inflammation and thus the
suppression of IL-33 expression seems to be a good therapeutic
strategy for the treatment of allergic diseases. In this regard, we
have recently reported that IL-22, which belongs to the IL-10
family of cytokines, induces the expression of Reg3γ from lung
epithelial cells in mice and that Reg3γ suppresses HDM-induced
IL-33 expression and accumulation of ILC2s in the lung (20)
(Figure 1). These results indicate that the IL-22-Reg3γ pathway
is one of endogenous mechanisms that inhibit IL-33 expression.

TGF-β is also shown to inhibit IL-33 expression in lung epithelial
cells (21).

Recent studies indicate that microRNAs (miRNAs) also play
pivotal roles in the regulation of the IL-33-ST2 axis. miRNAs
are short noncoding RNAs that regulate the expression of
various cytokines and pathogen recognition receptors at post-
transcriptional levels by binding to the 3′-untranslated region
(UTR) (22, 23). Regarding the regulation of IL-33 expression,
Tang et al. have reported that miR-200b and miR-200c are
significantly reduced in asthmatic patients and the induction
of miR-200b and miR-200c decreases IL-33 expression in lung
epithelial cells by binding 3′UTR of IL-33 mRNA (24). miR-
487b has also been shown to suppress IL-33 expression in bone
marrow-derived macrophages (25) and lung epithelial cells (26).
On the other hand, RNA binding protein Mex-3B upregulates
IL-33 expression by inhibitingmiR-487b-3p-mediated repression
of IL-33 (26). Additionally, it has been shown that miR-155−/−

mice exhibit impaired IL-33 levels in lung in response to
allergen challenge, suggesting the involvement of miR-155 in
the induction of IL-33 expression (27). These findings indicate
that multiple miRNAs are involved in the regulation of IL-33
expression during allergic responses.

The bioactivity of IL-33 is also regulated by posttranslational
modification of IL-33 (5) (Figure 2). IL-33 is known to
accumulate in the nucleus of producing cells by binding to
histones and chromatin (1, 3, 28, 29). The N-terminal domain
of IL-33 contains a chromatin-binding motif and a predicted
nuclear localization sequence (28, 29). Importantly, the deletion
of N-terminal domain containing a chromatin-binding motif has
been shown to lead to early lethality in mice by constitutive
secretion of IL-33 in serum, which causes severe multi-organ
inflammation with infiltration of various immune cells including
eosinophils, monocytes, neutrophils, and macrophages (30).
These findings indicate that sequestration of IL-33 in the
nucleus of IL-33-producing (or necrotic) cells is important to
avoid the constitutive release of IL-33 and subsequent systemic
inflammation. Interestingly, Osbourn et al. have recently shown
that a product secreted by the parasiteHeligmosomoides polygyrus
(H. polygyrus Alarmin Release Inhibitor; HpARI) binds to IL-33
and also to nuclear DNA via its N-terminal complement control
protein module pair (CCP1/2), tethering active IL-33 within
necrotic cells, preventing its release, and inhibiting initiation of
allergic responses (31). These findings suggest that H. polygyrus
may escape from IL-33-mediated anti-parasitic responses via the
production of HpARI.

It has also been reported that processing of IL-33 by proteases
is crucial to regulate the bioactivity of IL-33 (Figure 2). IL-
33 is cleaved by caspase-3 and caspase-7 during apoptosis,
which generate two inactive IL-33 products (32–34). In addition,
caspase-1 has been shown to cleave and inactivate IL-33 (32, 35,
36). Consistently, the administration of IL-33 greatly enhanced
HDM-induced eosinophilic inflammation in caspase-1-deficient
mice as compared with that in wild-type (WT) mice (36).
Interestingly, cleaved chitin by acidic mammalian chitinase
(AMCase) promotes the inactivation of IL-33 by inducing the
activation of caspase-1 and subsequent activation of caspase-7,
whereas uncleaved chitin promotes the release of IL-33 (35–37).
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FIGURE 1 | The inhibitory effects of cytokines on IL-33-ST2-ILC2 axis. Th1 cell-related cytokines such as IFN-γ and IL-27 inhibit IL-33-induced cytokine production

and proliferation of ILC2s in a STAT1-dependent manner. T-bet expressed in ILC2s suppresses IL-9 production and subsequent expansion of ILC2s. IL-22 produced

by CD4+ T cells suppresses IL-33 production from lung epithelial cells through Reg3γ induction. IL-2 produced by IL-33-stimulated mast cells promotes the

expansion of Tregs, which suppress ILC2-mediated inflammation through the production of IL-10 and TGF-β. ICOS-ICOSL-mediated cell contact is also involved in

Treg-mediated ILC2 suppression. In addition, IFN-γ produced by NK cells inhibits cytokine production and function of ILC2s. Moreover, IL-10-producing ILCregs

could be a suppresser of IL-33-ST2-ILC2-mediated inflammation. EXTL3, exostatin-like 3; ICOS, inducible T-cell costimulator; ICOSL, inducible T-cell costimulator

ligand; ILC2, group 2 innate lymphoid cells; ILCreg, regulatory innate lymphoid cell. NK cell, natural killer cell; Reg3γ, regenerating islet-derived protein 3 gamma;

STAT1, signal transducer and activator or transcription 1; STAT3, signal transducer and activator or transcription 3; ST2, suppression of tumorigenicity 2; T-bet, T-box

transcription factor expressed in T-cells; Treg, regulatory T cell.

Moreover, Cayrol et al. have recently shown that full-length IL-
33 is cleaved by proteases derived from various environmental
allergens such as fungi, HDM, cockroaches, and pollens and that
the cleaved short mature forms of IL-33 are potent inducers of
allergic airway inflammation (38). These findings suggest that the
bioactivity of IL-33 is intricately regulated by endogenous and
exogenous proteases.

The bioactivity of IL-33 is also controlled by the regulation
of IL-33 binding to the receptor (Figure 2). IL-33 is shown to
be rapidly inactivated in the extracellular lung environment by
the oxidation of four critical cysteine residues and the formation
of two disulfide bridges in the IL-1-like cytokine domain,
resulting in an extensive conformational change that leads to the
disruption of ST2 binding site (39). On the other hand, soluble
spliced variant of ST2 (sST2), which directly binds to IL-33 and
inhibits IL-33 bioactivity as a decoy receptor (40–42) is highly
produced by mast cells and Th2 cells in asthmatic patients (40).

IL-33-ST2 signaling is also inhibited by SIGIRR (single
immunoglobulin IL-1R-relatedmolecule) which forms a complex

with ST2 upon IL-33 stimulation (43). FBXL19, an orphan
member of the Skp1-Cullin-F-box family of E3 ubiquitin ligases,
selectively binds to ST2 to induce polyubiquitination and
subsequent degradation of ST2 (44). Interestingly, IL-33 itself
diminishes ST2 expression in mouse lung epithelial cells (MLE12
cells) in an FBXL19-dependent manner as one of negative
feedback mechanisms (44).

REGULATORY MECHANISMS OF
IL-33-ST2-ILC2 AXIS

Recent studies have shown that IL-33-ST2-ILC2s axis is inhibited
by several distinct mechanisms (Figure 1). It has been reported
that pro-inflammatory cytokines such as type 1 interferons
and Th1 cell-inducing cytokines such as IFN-γ and IL-27
inhibit IL-33-ST2-ILC2s axis in vivo as well as in vitro. Type
1 interferons including IFN-β suppress the proliferation and
cytokine production of IL-33-activatedmurine and human ILC2s
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FIGURE 2 | Molecular mechanisms that affect IL-33 bioactivity. Nuclear localization of IL-33 by binding to histone and chromatin is essential for the suppression of

IL-33 bioactivity. At cell necrosis, active IL-33 is released from the nuclei of producing cells. Released active IL-33 is abrogated by several mechanisms such as

inhibition by decoy receptor sST2 and inactivation by the conformational change. In addition, active IL-33 is cleaved and inactivated by caspases such as caspase-3

and caspase-7 during apoptosis of producing cells. HpARI secreted by H. polygylus inhibits the release of IL-33 by binding directly to active IL-33 and nuclear DNA,

tethering active IL-33 within necrotic cells. HpARI also prevents binding of active IL-33 to ST2. HpARI, Heligmosomooides polygyrus alarmin release inhibitor; NFκB,

nuclear factor-kappa B. sST2, soluble suppression of tumorigenicity 2.

in a manner dependent on interferon-stimulated gene factor
3 (ISGF3) (45). Both IFN-γ and IL-27 have also been shown
to inhibit cytokine production by ILC2s in IL-33-injected mice
in a STAT1-dependent manner (45–48). In addition, STAT1-
deficient mice have been shown to exhibit significantly increased
IL-33 expression as compared with WT mice during respiratory
syncytial virus (RSV) infection (49).

Both IFN-γ and IL-27 induce the expression of T-bet, a
master regulator of Th1 cells (50), in CD4+ T cells in a STAT1-
dependent manner (51, 52). In this regard, we found that T-
bet is expressed in lung ILC2s upon IFN-γ stimulation and
that T-bet inhibits IL-33-induced accumulation of ILC2s in the
lung and subsequent eosinophilic airway inflammation (16).
Importantly, IL-9 production is significantly enhanced in T-
bet−/− ILC2s and the neutralization of IL-9 markedly attenuates
IL-33-induced eosinophilic airway inflammation in T-bet−/−

mice (16). These results indicate that T-bet expressed in ILC2s
plays an inhibitory role in IL-33-ST2-induced accumulation of
lung ILC2s by inhibiting IL-9 production, consistent with a
previous report showing that IL-9 promotes cell survival of ILC2s
in an autocrine mechanism (53).

Regarding the other extracellular factors involved in
the regulation of IL-33 bioactivity, it has been shown that
prostaglandin D2 (PGD2) in combination with IL-33 stimulates
IL-13 secretion and ST2 expression in human ILC2s through
CRTH2 (chemoattractant receptor-homologous molecule
expressed on Th2 cells) (54, 55). On the other hand, lipoxin A4

(LXA4), which is a natural pro-resolving ligand for ALX/FPR2
receptors, decreases cytokine production by ILC2s in response
to PGD2 and IL-33 (56). PGE2 and PGI2 have also been shown
to exhibit a profound inhibitory effect on IL-33-mediated ILC2
expansion and cytokine production in mice and humans (57–
59). Mechanistic studies revealed that PGE2- EP4 (E-prostanoid
4)-cyclic AMP signaling leads to the suppression of GATA3
and ST2 expression in ILC2s (59). These reports suggest that
lipid mediators also seem to be critical factors for modulation of
IL-33-ST2-ILC2 axis.

In addition, Laffont et al. have reported that androgen
receptor-mediated signaling decreases the numbers of ILC2
progenitors in bone marrow and suppresses IL-33-induced
ILC2-mediated airway inflammation (60). Moreover, upon IL-
33 administration, the number of ILC2s is significantly increased
in gonadectomized male mice as compared to sham-operated
male mice (61). Consistently, testosterone attenuates alternaria
extract-induced cytokine expression of ILC2s and eosinophils
infiltration by decreasing the numbers of lung ILC2s (61). These
results indicate that the imbalance in sexual hormones could
be involved in the regulation of IL-33-mediated inflammatory
diseases.

Recently, Moriyama et al. have reported that murine ILC2s
express high levels of β2-adrenergic receptor (β2AR) (62) and the
treatment with β2AR agonist (salmeterol) inhibits IL-33-induced
IL-5 and IL-13 production of ILC2s, suggesting that the IL-33-
ST2-ILC2 axis could be regulated by nervous systems including
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β2AR signaling (63). Moreover, Thio et al. have shown that
butyrate inhibits IL-33-induced GATA3 expression and cytokine
production in ILC2s (64). On the other hand, Suzuki et al. have
shown that IL-33 enhances the expression of Spred1 (sprouty-
related Ena/VASP homology 1 domain-containing protein) in
ILC2s, which negatively regulates ILC2 expansion and cytokine
production by suppressing the Ras-ERK pathway (65).

IMMUNE CELL POPULATIONS INVOLVED
IN THE REGULATION OF IL-33-ST2-ILC2
AXIS

Several cell types have been shown to regulate IL-33-ST2-
ILC2 axis (Figure 1) in allergy. Roy et al. have shown that
chymase derived from mast cells degrades IL-33 and that IL-
33-induced TNF-α response is enhanced in chymase-deficient
mice compared with WTmice (66). Moreover, it has been shown
that IL-2 produced by IL-33-stimulated mast cells promotes
the expansion of IL-10-producing CD4+ CD25+ Foxp3+ Tregs,
thereby suppressing the development of IL-33-induced airway
eosinophilia (67). These findings suggest that mast cells suppress
IL-33-ST2-mediated inflammation through at least two distinct
mechanisms. On the other hand, Rigas et al. have shown
that iTregs attenuate IL-33-induced airway hyperreactivity by
inhibiting IL-5 and IL-13 production from ILC2s and that
the interaction of inducible T-cell costimulator ligand (ICOSL)
on ILC2s with ICOS on Tregs is required for Treg-mediated
suppression of ILC2 function (68). IFN-γ-producing NK cells
also inhibit the cytokine expression and function of ILC2s (69).

More recently, Wang et al. have demonstrated that a
regulatory subpopulation of ILCs (called ILCregs), which
produce IL-10 and TGF-β, exists in murine and human intestine
(70) and that ILCregs suppress intestinal inflammation driven
by ILC1s and ILC3s via the secretion of IL-10 (70). Although
it is reported that ILCregs isolated from the intestine do not
suppress IL-33-induced IL-5 and IL-13 production from ILC2s
(60), it remains unclear whether ILCregs are involved in the
down-regulation of ILC2-mediated allergic responses in vivo.

POTENTIAL CLINICAL APPLICATIONS OF
IL-33-ST2 AXIS INHIBITION FOR
ALLERGIC DISEASES

Regarding the IL-33-ST2 axis in human allergic diseases,
genome-wide association studies have clarified that a variety
of SNPs in IL33 gene and IL1RL1 (ST2) gene are associated
with asthma susceptibility (17). Additionally, Savenije et
al. have reported that SNPs of IL1RAP and TRAF6, a
downstream molecule of the IL-33-ST2 pathway, are associated
with a phenotype of intermediate-onset wheeze, which is
closely associated with sensitization (71), suggesting that
polymorphisms of genes involved in IL-33-ST2 axis are
associated with onset of asthma in childhood. Consistently, it
has been shown that serum sST2 levels correlate well with the

severity of asthma exacerbation (72). Moreover, a rare loss of
functionmutation in IL-33 gene has been shown to cause reduced
numbers of eosinophils in blood and to protect against asthma
(73). These finding suggest that the IL-33-ST2 axis seems to be a
rational target in the treatment of allergic diseases.

Based on these findings, biologics including three anti-IL-
33 monoclonal antibodies (ANB020; AnaptysBio, AMG282;
Genentech, and REGN3500; Regeneron Pharmaceuticals) and an
anti-ST2 monoclonal antibody (GSK3772847; GlaxoSmithKline)
have already been under development and clinical trials have
commenced (http://www.clinicaltrials.gov/). A phase 2 study of
ANB020 for peanut allergy have been completed, and subjects are
currently being recruited in phase 2 trials for severe eosinophilic
asthma and atopic dermatitis. Phase 1 trials of AMG282 for
mild atopic asthma and chronic rhinosinusitis with nasal polyps
have also been completed. In addition, REGN3500 is being
examined for asthma in a phase 1 trial. ST2 -targeting therapies
with GSK3772847 for asthma are also currently in clinical trials.
Because it is currently difficult to delete ILC2s in vivo, the
neutralization of IL-33-ST2 pathway is a practical approach to
regulate IL-33-ST2-ILC2 axis for the treatment of refractory
allergic diseases.

CONCLUSION

In the past two decades, IL-33 has been regarded as an
important initiator of immune responses. Additionally, recent
studies have provided strong evidence that IL-33-ST2-ILC2s
axis is one of central pathways in the pathogenesis of allergic
inflammation. Accordingly, biologics targeting IL-33-ST2-ILC2
axis have already been under development. In addition, recent
studies have shown that IL-33-ST2-ILC2s axis is negatively
regulated by both cell intrinsic and extrinsic mechanisms. Given
that IL-33-ST2-ILC2s axis seems to be deeply involved in the
initiation phase of allergic diseases, these studies on the inhibitory
mechanisms have yielded critical insights into the pathogenic
mechanism underlying the onset of allergic diseases. Although
further studies are needed to address how IL-33-ST2-ILC2s axis
is negatively regulated in pathological situations in more detail,
selective targeting of IL-33-ST2-ILC2s axis would be a promising
strategy for the treatment of allergic diseases.
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Interleukin 33 (IL-33) is highly expressed in barrier sites, acting via the suppression of

tumorigenicity 2 receptor (ST2). IL-33/ST2 axis has long been known to play a pivotal

role in immunity and cell homeostasis by promoting wound healing and tissue repair.

However, it is also involved in the loss of balance between extensive inflammation

and tissue regeneration lead to remodeling, the hallmark of fibrosis. The aim of the

current review is to critically evaluate the available evidence regarding the role of the

IL-33/ST2 axis in organ fibrosis. The role of the axis in tissue remodeling is better

understood considering its crucial role reported in organ development and regeneration.

Generally, the IL-33/ST2 signaling pathway hasmainly anti-inflammatory/anti-proliferative

effects; however, chronic tissue injury is responsible for pro-fibrogenetic responses.

Regarding pulmonary fibrosis mature IL-33 enhances pro-fibrogenic type 2 cytokine

production in an ST2- and macrophage-dependent manner, while full-length IL-33 is also

implicated in the pulmonary fibrotic process in an ST2-independent, Th2-independent

fashion. In liver fibrosis, evidence indicate that when acute and massive liver damage

occurs, the release of IL-33 might act as an activator of tissue-protective mechanisms,

while in cases of chronic injury IL-33 plays the role of a hepatic fibrotic factor. IL-33

signaling has also been involved in the pathogenesis of acute and chronic pancreatitis.

Moreover, IL-33 could be used as an early marker for ulcer-associated activated

fibroblasts and myofibroblast trans-differentiation; thus one cannot rule out its potential

role in inflammatory bowel disease-associated fibrosis. Similarly, the upregulation of

the IL-33/ST2 axismay contribute to tubular cell injury and fibrosis via epithelial to

mesenchymal transition (EMT) of various cell types in the kidneys. Of note, IL-33 exerts

a cardioprotective role via ST2 signaling, while soluble ST2 has been demonstrated

as a marker of myocardial fibrosis. Finally, IL-33 is a crucial cytokine in skin pathology

responsible for abnormal fibroblast proliferation, leukocyte infiltration and morphologic

differentiation of human endothelial cells. Overall, emerging data support a novel

contribution of the IL-33/ST2 pathway in tissue fibrosis and highlight the significant role

of the Th2 pattern of immune response in the pathophysiology of organ fibrosis.

Keywords: epithelial cells, inflammation, Interleukin-33, myofibroblasts, organ fibrosis, ST2, tissue remodeling
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INTRODUCTION

Interleukin (IL) 33 was first described in 1999 as a protein
(DV27) overexpressed in vasospastic cerebral arteries in a
canine subarachnoid hemorrhage model (1). Later, in 2003, it
was characterized at the molecular level as a nuclear factor
abundantly expressed in human high endothelial venule cells
(2). The mechanisms mediating its effects were elucidated
by Schmitz et al., as well as Dinarello, that identified
IL-33 as a cytokine of the IL-1 superfamily (3, 4). Its
name was given due to its adherence to the style of the
IL-1 superfamily nomenclature, indicating that IL-33 was
not merely a functional copy of IL-1α and IL-1β proteins
(3, 4). The role of IL-33 as an alarmin was established
participating in tissue homeostasis, signaling via the IL-1
receptor-related suppression of tumorigenicity 2 receptor (ST2),
and inducing T helper type 2 (Th2) immune responses (3,
4).

Normally human IL-33 is mainly expressed and stored in
the nucleus of endothelial and epithelial cells (5). IL-33 is a
dual-function cytokine: the full-length IL-33 protein (flIL-33)
serves as an intranuclear gene regulator, and the mature IL-33
(mIL-33) serves as an extracellular cytokine upon release from
damaged or necrotic cells (6). IL-33 is passively and rapidly
released from damaged cells, as a tissue-barrier component in
response to stimuli or cell injury. However, it can also be actively
secreted by immune cells. The abundant basal IL-33 expression
in tissues can be further increased during inflammation (7).
Notably, it has been documented that the fraction of IL-33

Abbreviations: AP, acute pancreatitis; ASCF, American College of Cardiology
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Kidney Disease; CXCL, Chemokine (C-X-C motif) Ligand; DAMPs, Damage
Associated Molecular Patterns; ECM, Extracellular Matrix; EGFR, Epidermal
Growth Factor Receptor; EMT, Epithelial to Mesenchymal Transition; ERK,
Extracellular Signal-Regulated Kinase, eSOD, Erythrocyte Superoxide Dismutase;
ESRD, End-Stage Renal Disease; Fbln1, fibulin-1; Fli1, Friend Leukemia Virus
Integration; flIL-33, full-length Interleukin 33; FoxO3a, Forkhead box O3a; Gal-
3, Galectin-3; GFLs, glial cell-line derived neurotrophic factor family ligands;
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Shock Protein; IBD, Inflammatory Bowel Disease; IL, Interleukin; IL-13Ra1, IL-13
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γ; IPF, Idiopathic Pulmonary Fibrosis; IRI, Ischemia-Reperfusion Injury; JNK, Jun
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Protein-1; MEK, Mitogen-Activated Protein Kinase\ERK kinase; mIL-33, mature
Interleukin 33; MMP, Matrix Metalloproteinase; MyD88, Myeloid Differentiation
primary response 88; NAFLD, Non-alcoholic Fatty Liver Disease; NK cells,
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Department; PSCs, Pancreatic Stellate Cells; RAG, Recombination-Activating
Gene; SEMFs, Subepithelial Myofibroblasts; SLE, Systemic Lupus Erythematosus;
SSc, Systemic Sclerosis; STAT6, Signal Transducer and Activator of Transcription
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produced by tissues rather than that provided by immune
cells, is necessary for Th2-induced airway inflammation (8).
An inflammatory microenvironment may exacerbate disease-
associated functions of IL-33 through the generation of highly
active mature forms (9). Neutrophil serine proteases such as
cathepsin G and elastase which secreted during inflammation
have been shown to regulate IL-33 activity, by processing flIL-
33 and generate biologically highly active mature forms of IL-33,
in vivo (10). Furthermore, serine proteases secreted by activated
mast cells (chymase and tryptase) generate mIL-33 with potent
activity on lymphoid cell type 2 ILC2s (11). On the contrary, it
is still unknown whether and which endogenous proteases have
a similar capacity (7). It has only been reported an endogenous
calcium-dependent caspase which is called calpain that mediates
pro-IL-33 cleavage and mIL-33 production. Calpain is secreted
when the cells are severely damaged by external stimulation
such as inflammatory stimuli; and subsequently, the level of
intracellular calcium ion is raised by an influx of extracellular
ion or a release from an intracellular store (7, 12). Although
both flIL-33 and mIL-33 can bind to and signal through ST2,
mIL-33 exhibit 10-fold higher affinity and bioactivity than flIL-33
(6, 10).

Conversely, the ST2 receptor is predominantly expressed
by immune cells involved in innate immunity, including mast
cells, ILC2s, macrophages, dendritic cells (DCs), eosinophils,
basophils, natural killer cells (NK cells). Furthermore, ST2 is
expressed by cells participating in adaptive immunity such as
CD4+, CD8+ T cells, and T-regulatory cells (Tregs) (13, 14).

In humans, there are three ST2 isoforms. IL-33 signals
via the ST2L receptor which has a membrane-bound
domain, an extracellular segment composed of three linked
immunoglobulin-like motifs, and a cytosolic Toll/interleukin-1
receptor domain. The soluble ST2 (sST2) isoform lacks the
transmembrane and cytoplasmic domains and includes a unique
nine amino-acid C-terminal sequence, constitutes a decoy
receptor that does not signal. The ST2V isoform which is
characterized by the absence of an immunoglobulin-like motif
and alternative splicing of the C-terminal portion of ST2 is
thought to be a form which is primarily found in gastrointestinal
tissues (15, 16).

The IL-33/ST2 axis has been widely studied in respiratory,
digestive, urogenital, heart and liver pathologies and the
abundance of literature suggests a pivotal role of this pathway in
the pathogenesis of an increasing number of diseases (Table 1).
Emerging data have shown that IL-33/ST2 axis is involved in
a variety of biological processes such as the development and
regulation of immune responses, restoration of normal tissue
homeostasis by promoting wound healing and repair. However,
the IL-33/ST2 signaling pathway is involved in the loss of balance
between extensive inflammation and tissue regeneration lead to
remodeling that constitutes the hallmark of fibrosis (14, 72).

Despite the burden of human organ fibrosis, there are still
many things unknown regarding the underlyingmechanisms. On
this note, it has been supported that the IL-33/ST2 axis exerts
anti-inflammatory and anti-proliferative effects in many diseases;
however, it has also been shown that results in fibrotic effects in
others. Although several lines of evidence demonstrate that there
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TABLE 1 | The main roles of IL-33 in organ fibrosis.

Fibrotic disease IL-33 sources Role of IL-33 IL-33/ST2 Axis References

PULMONARY FIBROSIS

IPF Airway epithelial cells

Endothelial cells

Fibroblasts

Myofibroblasts

Innate immune cells

Pro-fibrogenetic role mIL-33: ST2-, Th2-, and

macrophage-dependent fashion

(17, 18)

SSc-related fibrosis
(19)

BLM-induced fibrosis
(6, 20–23)

flIL-33: ST2-independent,

Th2-independent fashion

LIVER FIBROSIS

Cirrhosis Hepatocytes

Hepatic stellate cells

Pro-fibrogenetic role ST2-, Th2-, ILC2s-dependent fashion (20, 24–28)

Viral hepatitis (29)

Primary biliary cirrhosis (30, 31)

NASH (32, 33)

PANCREATIC FIBROSIS

Acute and chronic

pancreatitis

Pancreatic cancer

Pancreatic stellate cells

Pancreatic myofibroblasts

Pancreatic acinar cells

Pro-inflammatory role

Pro-fibrogenetic role

ST2- dependent fashion

Proliferation and migration of

pancreatic myofibroblasts

(18, 34–37)

Murine autoimmune

pancreatitis

Human IgG4-related

AIP

Plasmacytoid dendritic cells Pro-inflammatory role

Pro-fibrogenetic role

ST2- dependent fashion (38)

INTESTINE FIBROSIS

IBD

(UC

Pediatric Crohn’s ileitis)

Colonic subepithelial

myofibroblasts

Stromal cells

Epithelial cells

Pericryptal fibroblasts

Pro-inflammatory role

Pro-fibrogenetic role

ST2-, Th2- dependent fashion (39–47)

RENAL FIBROSIS

Transplanted kidney

interstitial fibrosis

Peritubular capillary

endothelial cells

Human kidney cells

Pro-inflammatory role

Pro-fibrogenetic role

Renal tubular Epithelial

to Mesenchymal

Transition

ST2-, Th2-, ILC2s- dependent

fashion

(48–51)

IRI-induced renal

fibrosis

(52–54)

Diabetic kidney disease

SLE, SSc associated

Kidney fibrosis

(19, 55, 56)

HEART FIBROSIS

Heart failure

Myocardial infarction

Post-implantation

Cardiac fibroblasts

Cardiomyocytes

Cardioprotective

effects

Anti-hypertrophic

effects

Anti-fibrotic effects

ST2-, Th2- dependent fashion (57–64)

SKIN FIBROSIS

Cutaneous fibrosis

Irradiation-induced

fibrosis

Dermal fibroblasts Pro-fibrogenetic role

Pro-inflammatory role

Morphologic

differentiation of human

endothelial cells

Eosinophil-mediated Th2 immune

responses

ST2-, Th2- Tregs-dependent fashion

(3, 65–67)

SSc-associated fibrosis (19, 68–70)

BLM-induced skin

fibrosis

(71)

BLM, Bleomycin; EMT, Epithelial to Mesenchymal Transition; flIL-33, full-length Interleukin 33; IBD, Inflammatory Bowel Disease; IL-33, Interleukin 33; ILC2s, Innate Lymphoid Cell type

2; IPF, Idiopathic Pulmonary Fibrosis; IRI, Ischemia-Reperfusion Injury; mIL-33, mature Interleukin 33; NASH, Non-alcoholic Steatohepatitis; SLE, Systemic Lupus Erythematosus; SSc,

Systemic Sclerosis; ST2, Suppression of Tumorigenicity 2; Th2, T helper type 2; UC, Ulcerative Colitis.
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is a potential role of IL-33/ST2 in remodeling and differentiation
processes in, there is still room for better understanding.
The aim of this review is to critically evaluate the available
evidence regarding the role of the IL-33/ST2 axis in organ
fibrosis.

IL33/ST2 AXIS PARTICIPATES IN THE
TH2-MEDIATED INFLAMMATORY
RESPONSE AND EXACERBATES TISSUE
REMODELING

Acute wounds initiate an early inflammatory response, directing
the subsequent phases of healing (73). However, the triggers
of inflammation and wound repair upon injury are still
unclear (73). IL-33 has been found to participate in the early
inflammatory process as other members of the IL-1 family do
(73). More specifically, increased mRNA and protein expression
after scratching in vivo have been demonstrated; suggesting
a role for IL-33 in wound healing (74). Furthermore, ST2
receptor signaling improves wound closure by promoting
the transition of macrophages from an inflammatory to a
non-inflammatory state during healing, supporting epidermal
closure, angiogenesis, and reduced scarring (73). During wound
healing extracellular mIL-33 interacts with the ST2L receptor
and the complex of IL-33/ST2L activates myeloid differentiation
primary response 88 (MyD88) intracellular cascades that
drive production of type 2 cytokines (such as IL-13) from
polarized Th2 cells (73). Besides, it has been suggested that
proteolytically uncleaved, flIL-33, which remains predominantly
intracellular and intranuclear, promotes inflammation in
an ST2-independent fashion through regulation of gene
expression (75).

The key role of the IL-33/ST2 axis in tissue remodeling
is better understood considering the crucial role of immune
responses during tissue regeneration. Of note, increased
production of epithelial IL-33 could lead to accumulation
of innate type 2 cells during the alveolar period of lung
development; that is when the lung is maximally remodeled
(76). IL-33 promotes ILC2s function that enhance tissue healing,
remodeling, and homeostasis in the post-partum period. More
convincingly, studies in adult murine models showed that IL-33
activates lung ILC2s and renders them resistant to interferon-
γ (IFN-γ)-mediated suppression of IL-5 and IL-13 production
(22). Th2 cytokines such as IL-13 are crucial mediators of
inflammation and remodeling (22). In addition, IL-33 activates
alternatively activated M2 macrophages that control tissue
remodeling during lung postnatal branching morphogenesis
(77).

In other words, type 2 immunity influences lung development
and/or remodeling while the spontaneous activation of type
2 cells in the embryonic period have been found to require
extracellular IL-33 and ST2 signaling (76, 78). Meanwhile, IL-33
contributes to the development of type 2 immune environment in
lungs at a young age as it lowers the threshold for innate immune
responses to allergens (76).

IL-33/ST2 AXIS IN PULMONARY FIBROSIS

Pulmonary fibrosis is a non-neoplastic pulmonary disease that
is primarily caused by an uncontrolled wound-healing response.
Idiopathic pulmonary fibrosis (IPF) is a highly lethal pathological
entity of unknown etiology that is characterized by inflammation,
fibroblast accumulation, and excessive collagen deposition.
Importantly, IL-33 mRNA and protein levels have been found
significantly increased in the bronchoalveolar lavage (BAL) fluids
of patients with IPF (17) and systemic sclerosis (SSc)-related
fibrosis as compared to healthy controls (19). Furthermore, the
expression of IL-33 mRNA was also enhanced in IPF lung tissue
(23).

IL-33 is also elevated in the bleomycin (BLM)-induced
murine model of lung injury and fibrosis (20, 21, 23). The
lungs of BLM-treated mice showed a substantial accumulation
of IL-33-positive cells (20, 21, 23). Specifically, it has been
documented that IL-33 and BLM result in synergistic effects on
pulmonary fibrosis in vivo (6). In detail, mIL-33 production is
induced in macrophages by BLM (6, 20, 21, 23). Subsequently,
IL-33 enhances the polarization of macrophages toward an
M2 phenotype (6, 79, 80). It is well established that the
pro-fibrogenic activity of IL-33 is mainly attributed to its
involvement in M2 macrophage polarization, as macrophages
with alternative activation, rather than classical activation, serve
to accelerate pulmonary fibrosis (6, 79, 80). A clear link
between biologic splice variants of IL-33 (mIL-33) and a Th2
innate immune response has been demonstrated (80). Mature
forms of IL-33 have been reported to drive production of
extremely high levels of Th2 cytokines such as IL-13 (80).
Furthermore, M2 macrophages are polarized by IL-13, and they
further promote a Th2 reaction through the IL-13 and the
transforming growth factor β (TGF-β) production, vice versa
(20–23).

Several studies have demonstrated the importance of Th2
cells in fibrosis since IL-4, IL-5, and IL-13 have been causally
linked to fibrosis (80). In detail, IPF fibroblasts are hyper-
responsive to cytokines such as IL-13, at the same time,
fibroblasts and innate immune cells are important sources of
IL-33 (80). Enhanced production of TGF-β and IL-13 are
essential for the development of pulmonary fibrosis by inducing
myofibroblast differentiation and stimulating the production
of extracellular matrix components, such as collagen (79, 80).
Therefore, these data support that precise control of alveolar
TGF-β activation and IL-13 are essential for alveolar homeostasis
(79).

Previous work has shown that deficiency of the Akt2 isoform
resulted in M2 macrophages polarization producing IL-13 and
TGF-β and in the expansion of IL-13 recruiting ILC2s (6). Thus,
Akt2 regulates pulmonary fibrosis by up-regulating the pro-
fibrotic TGF-β and IL-13 production by macrophages (81). It is
likely that the induction of IL-13 precedes and is essential for the
subsequent enhanced M2 macrophage polarization by IL-33 (6).
Moreover, it has been shown that in response to IL-33 treatment,
Akt2−/−macrophages displayed decreased production of IL-13
and TGF-β1 and attenuated phosphorylation of transcription
factor Forkhead box O3a (FoxO3a) to stop acting as a trigger for
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apoptosis (81). Inhibition of Akt2 marked as a potential strategy
for treating IPF (81).

Interestingly, BLM can also induce fIL-33 secretion from
airway epithelial cells and alveolar macrophages in an ST2-
independent, Th2-independent fashion, likely through cytokine
regulation of several non-Th2 cytokines, such as TGF-β, IL-6,
and monocyte chemoattractant protein-1 (MCP-1) and possibly
by engaging heat shock protein (HSP) 70 (6). flIL-33 can then
be processed into various mature forms of IL-33 by neutrophil
proteases. mIL-33 subsequently stimulate macrophages and
ILC2s to produce IL-13 (75). On the other hand, this response
may be mediated only by nuclear-located fIIL-33 affecting gene
expression. Collectively, these data suggest that flIL-33 is also
potentially implicated in the pulmonary fibrotic process (6,
75).

ST2 is mainly expressed in endothelial and type II alveolar
epithelial cells as well as innate immune cells such as
macrophages and ILC2s in the lungs. sST2 levels were also
found increased in serum and BAL of acute exacerbation of IPF
and BLM-induced lung fibrosis, respectively (82). ST2 mRNA
expression has been reported to be increased in the BLM-induced
lung fibrosis model in vivo, as well as in a human lung fibroblast
and a human type II alveolar epithelial cell line, possibly reflecting
the development of a type 2 pattern of inflammatory process in
the fibrotic lung tissue (82, 83).

Li et al. reported that ST2 deficiency or administration of
an anti-IL-33 antibody were able to attenuate bone marrow
(BM)-induced pulmonary fibrosis (6). Similarly, intranasal
administration of a lentivirus for epithelial over-expression
of sST2 has been reported to attenuate pulmonary fibrotic
change by inhibiting the expression of pro-inflammatory and
pro-fibrotic mediators, such as IL-13, IL-33, and TGF-β1
along with improved survival rates in BLM-treated mice
(20).

Increased numbers of lung ILC2s have also been implicated
in BLM-induced fibrosis in the mouse (6). Especially, BM-
derived ST2-expressive ILC2s have been recently reported to be
recruited to the fibrotic lung through the IL-33/ST2 pathway
and contributed to fibroblast activation perhaps via transforming
TGF-β (84). Furthermore, adoptive ILC2 transfer into recipient
mice enhances lung fibrosis, whereas blocking IL-33 or ST2
deficiency diminish fibrosis. The increase in IL-33 responsive
ILC2s is not unique to animal models of pulmonary fibrosis since
they are also increased in SSc, correlating with the extent of
fibrosis. ILC2s are also present in the IPF lung tissue and BAL,
wherein they are associated with upregulated expression of lung
IL-33.

Even in cases of asthma, experimental results showed that
direct murine airway exposure to IL-33 could induce local
fibrotic changes. IL-33/ST2 axis is thought to at least partially
mediate the fibroblast function and local expression of matrix
metalloproteinases (MMPs) and their inhibitors as well as other
fibrosis-related proteins (85). Additionally, IL-33 is probably
related to prostaglandin E2 (PGE2) production, stimulating
mast cells to produce a large quantity of PGE2 demonstrating
potent anti-fibrotic activity in the IPF lung (17, 86). IL-33 can
regulate deposition of extracellular matrix (ECM) and promote

the process of pulmonary fibrosis by inducing the imbalance
betweenMMP9 and tissue inhibitor of MMP9 (TIMP-1) (17, 86).

Finally, fibulin-1 (Fbln1), an important ECM component
involved in a matrix organization and wound repair, has
been found to predict disease progression in IPF patients
(87). Genetically inhibited Fbln1 has been associated with
reduced levels of pro-inflammatory cytokines such as IL-33 and
pulmonary inflammatory cells in a murine COPD model (87).

Hence, IL-33 is thought to be a novel cytokine that promotes
the initiation and progression of pulmonary fibrosis by recruiting
and directing inflammatory cell function and enhancing pro-
fibrogenic cytokine production in an ST2- and macrophage-
dependent manner (6, 79, 80). However, fIL-33 secretion from
airway epithelial cells and alveolar macrophages acts in an ST2-
independent, Th2-independent fashion in the fibrotic process.
The over-expression of sST2 decoy receptor or any other
exogenous inhibition of IL-33/ST2L signaling result in markedly
lower levels of IL-33 and other pro-inflammatory and pro-
fibrotic mediators thus attenuate the fibrotic process.

IL-33/ST2 AXIS IN LIVER FIBROSIS

Liver fibrosis is a reversible wound healing response to acute or
chronic hepatocellular injury from various etiologies, including
viral infection, cholestasis, metabolic diseases, and alcohol abuse.
It has been suggested that damage associated molecular patterns
(DAMPs) act as molecular links between hepatocyte death
and liver fibrogenesis (27). Evidence indicates that when acute
and massive liver damage occurs, the release of IL-33 by
injured hepatocytes might act as an activator of tissue-protective
mechanisms, while in cases of chronic injury IL-33 plays the role
of a hepatic fibrotic factor (27). For instance, melatonin which
exerts cytoprotective effects via inhibition of oxidative stress and
apoptosis in liver ischemia-reperfusion injury (IRI) has been
proposed to inhibit liver fibrosis through suppressing necroptotic
DAMPs signaling cascades, such as the IL-33 signaling pathway
(88).

IL-33/ST2 axis has been implicated in several hepatic diseases,
such as cirrhosis, virus infection, fatty liver disease and toxic liver
damage leading further to liver fibrosis (24, 27–29). Indeed, IL-
33 has shown potential liver fibrosis promoting effect (24, 32).
It has been found that in murine and human fibrotic livers, IL-
33 levels as well as the mRNA expression of both IL-33 and
ST2, are higher as compared to healthy liver (24, 28). Their
expression is significantly increased along with the severity of
fibrosis, especially in cirrhotic livers (33). Likewise in patients
with primary biliary cirrhosis, an autoimmune liver disease that
could result in liver failure, and hepatoma carcinoma, the serum
IL-33 levels were positively correlated with disease severity (30,
31).

The role of ST2 has also been highlighted in liver fibrosis.
It has been documented that liver injury, inflammatory cell
infiltration, and fibrosis are reduced in the absence of the
receptor ST2L (24). Furthermore, it has been found that ST2L
deficient mice did not increase collagen production when
challenged with carbon tetrachloride, an organic compound
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with pro-fibrotic effects (24, 28). Similarly, the absence of ST2L
prevented liver inflammation both in the acute and chronic
phases, with attenuated activation of mitogen-activated protein
kinase (MEK)\extracellular signal-regulated kinase(ERK)/p38-
mitogen-activated protein kinase (MAPK) signaling cascade(25,
32).

Besides, sST2 has been regarded as a circulating biomarker to
reflect IL-33 activation and fibrosis in patients with liver diseases.
In fact, sST2 serum levels differ between hepatitis B virus-infected
patients were dependent on the severity of hepatic fibrosis (89).
Especially, the plasma levels of sST2 were found to be associated
with mortality in patients with HBV-related acute-on-chronic
liver failure (89). Notably, in a murine liver fibrosis model, the
antibody blockade of sST2 enhances the severity of fibrosis (89).

It has been reported that the major source of IL-33 in
fibrotic livers is the hepatic stellate cells (HSCs) that have
also been suggested to be the leading producers of ECM
proteins (25, 27, 32). Injury-associated immunological processes
supporting trans-differentiation of quiescent HSC to fibrogenic
myofibroblasts in the course of liver injury are particularly
important in fibrosis (90). Moreover, an ST2 expression has
been observed on the membrane of HSCs (32). However, other
data derived from murine and human studies demonstrated
that hepatocytes are the primary sources of IL-33 both in the
fibrotic liver and in healthy liver (27, 32). More specifically,
IL-33 release as a DAMP upon hepatocyte damage may have
a direct effect on HSCs that increases secretion of cytokines
and production of collagen (27, 32). Besides, another study
showed that activation of HSCs was decreased in ST2-deficient
liver fibrosis mice (24). IL-33-mediated Th2 immune response
promotes HSCs proliferation, TGF-β synthesis, and fibrogenesis
(27). As in lung tissue, Th2 pro-fibrotic cytokines production
such as IL-4, IL-5, and IL-13 are known to play a critical role
in liver fibrosis (27). On the other hand, Th1 cytokines lead to
a rapid and intense inflammatory response while causing little
fibrosis.

Interestingly, vector-encoded overexpression of IL-33 was
sufficient to induce fibrosis in the liver without administration
of chemicals, demonstrating the pro-fibrotic role of IL-33,
predominantly exerted through the IL-13 induction (27). In
particular, IL-13 could initiate activation and differentiation of
HSCs by enhancing TGF-β signaling through IL-4Rα and signal
transducer and activator of transcription 6 (STAT6) in HSCs,
promoting liver fibrosis (28). Some other data suggest that IL-
13, rather than TGF-β, primarily activates HSCs in liver fibrosis
(32). Furthermore, the IL-33/ST2/IL-13 pathway is thought to be
Galectin-3 (Gal-3) dependent (91–93). Gal-3 has been found to
attenuate steatosis while promoting liver injury, inflammation
and fibrosis in an obesogenic mouse model of non-alcoholic
steatohepatitis (NASH) (91–93). Therefore, Gal-3 inhibitors have
been suggested to protect against fibrotic disorders (91, 92).

More convincingly, the stimulation of in vitro activated HSCs
with recombinant IL-33 (rIL-33) induced the MAPK pathways
that were found to be mediated by ERK, Jun N-terminal kinase
(JNK) and p38 protein kinases (32). Moreover, HSCs activated
by rIL-33 in vitro, released IL-6, TGF-β, and resulted in the
stimulation of α-smooth muscle actin (a-SMA) and collagen

expression (32). These data suggest a direct fibrogenic role of
IL-33 in HSCs, which is potentially synergistic with its effects
on ILC2s (26, 28). Hence, another mechanism proposed to be
involved in liver fibrosis is through the activation of ILC2s via the
ST2 signaling pathway, resulting again in a release of several Th2
cytokines (30, 33, 94). IL-33 induces the activation and expansion
of ILC2s to express IL-13 and IL-5, which subsequently causesM2
macrophage and eosinophil accumulation and regulates ST2+

Tregs homeostasis in liver adipose tissue through attenuating
adipose tissue inflammation (95–97). In fact, the upregulation
of IL-33 was positively correlated with an increase of ILC2s
(32, 98). Activated ILC2-derived IL-13 initiated activation and
differentiation of HSCs via the IL-4Rα-STAT6 transcription
factor-dependent pathway, as previously described (28).

Non-alcoholic Fatty Liver Disease (NAFLD) which comprises
simple steatosis, NASH, cirrhosis and possibly liver carcinoma, is
potentially related to a severe form of the fibrotic liver disease;
however, how fat deposition renders hepatocytes susceptibility
to inflammatory, lipid and oxidative stress mediators is still
unidentified. In obesity, immune cells infiltrating the visceral
adipose tissue mediate chronic low-grade inflammation that
plays a critical role in the pathogenesis of NAFLD (99). It
has been demonstrated that administration of rIL-33 aggravates
liver fibrosis in an ST2-dependent manner during experimental
NAFLD, which is further shown by a substantial reduction of
experimentally-induced liver fibrosis in mice lacking IL-33 (28,
33).

In NASH, through secreted cytokines, intrahepatic innate
and adaptive immune cells sustain chronic inflammation
and induce trans-differentiation of HSCs into myofibroblasts,
which are critical cells for liver fibrosis (90). Remarkably, IL-
33 treatment has been proposed to attenuate diet-induced
hepatic steatosis on the one hand, but aggravate hepatic
fibrosis in an ST2-dependent manner on the other hand
(33). These findings provide evidence for a dual role of
the IL-33/ST2 axis in diet-induced NASH in mice. Similarly,
additional results were recently obtained showing that injury-
induced endogenous IL-33 release is sufficient to cause
inflammation and fibrosis in the bile duct ligated mouse
model, which is not further enhanced by rIL-33 (32). More
contradictory data reported that IL-33 deficiency in mice does
not lessen liver fibrosis during diet-induced steatohepatitis
(100).

Hence, in liver fibrosis, evidence indicate that when acute and
massive liver damage occurs, the release of IL-33 might act as
an activator of tissue-protective mechanisms, while in cases of
chronic injury IL-33 shows a significant liver fibrosis promoting
effect in an ST2-, Th2- dependent fashion across the entire
spectrum of liver pathology.

IL-33/ST2 AXIS IN ANCREATIC FIBROSIS

Pancreatic fibrosis is one of the characteristic histopathological
findings in cases of chronic pancreatitis. The fibrosis develops as
a result of abnormal activation of stromal cells and deposition
of ECM proteins. Identification of essential regulators of
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pancreatic fibrosis, mainly the pancreatic stellate cells (PSCs),
has contributed significantly to the understanding of the cellular
and molecular basis of these pathogenic processes (101). There
is accumulating evidence that PSCs play a key role in the
development of pancreatic fibrosis in chronic pancreatitis and
pancreatic cancer (34, 102). Additionally, IL-33 is a novel
factor involved in the pathogenesis of chronic pancreatitis and
possibly pancreatic cancer. In addition, IL-33 has been found to
exacerbate acute pancreatic (AP) inflammation in mice (35).

IL-33 is expressed in the nucleus of activated PSCs. Baseline
IL-33 expression was reported to be low in quiescent rat PSCs
but increased upon cellular activation with mediators such as
IL-1b, tumor necrosis factor a (TNF-a), lipopolysaccharide
(LPS), platelet-derived growth factor (PDGF)-BB (36).
In detail, IL-1b induces IL-33 expression via activation
of the nuclear factor (NF)-kβ and ERK pathways and
partially through p38 MAPK, whereas PDGF-BB induces
IL-33 expression primarily via activating the ERK signaling
pathway (18).

It has been recently proposed that IL-33 induction is
associated with the transformation to an α-SMA positive PSCs
myofibroblastic phenotype. However, treatment of PSCs with
rIL-33 did not stimulate any specific phenotype, while a reduction
of IL-33 expression resulted in decreased proliferation of PSCs
in response to PDGF-BB. Pancreatic myofibroblasts responded
to IL-33 by the expression of pro-inflammatory mediators, and
increased proliferation and migration, thus playing a crucial
role in the progression of pancreatic fibrosis (103). Vice versa,
pancreaticmyofibroblasts express and secretemodest levels of IL-
33 mRNA and protein, respectively. Expression of the ST2 was
detected in PSCs and pancreatic myofibroblasts (36).

Moreover, Watanabe et al. found that IL-33 secretion by
pancreatic acinar cells under the influence of type I IFN
plays a significant role in the development of pancreatic
fibrosis occurring in a model of conventional pancreatitis
(38). Furthermore, substance P released by pancreatic acinar
cells was shown to synergize IL-33 and augment mast cell
activation that subsequently regulates the release of several
inflammatory mediators in the initiation and progression of AP
(35). Remarkably, a triangular link between the cytokine IL-
33, pancreatic acinar cells, and mast cells in the development
and progression of AP exists (35, 37). Recently Leema G
et al. investigated the protective effects of scopoletin, a
coumarin compound with anti-inflammatory activities on AP
and associated lung injury in mice and found an anti-
inflammatory effect by down-regulating substance P signaling via
Nf-κB pathway (104).

Besides, activation of plasmacytoid dendritic cells (pDCs)
producing IFN-α and IL-33 plays a pivotal role in the chronic
fibro-inflammatory responses underlying murine autoimmune
pancreatitis (AIP) and human IgG4-related AIP (38).

Watanabe et al. also suggested the possibility that microbe-
associated molecular patterns act as pDC activators in AIP,
indicating that this form of pancreatic inflammation is initiated
and/or driven by gut bacterial components (38). However,
further studies defining the gut microbiome in AIP, as well as
the demonstration that gut bacteria are translocated into the

circulation and can thus contact pancreatic cells, will be required
to fully establish this concept (38).

Therefore, IL-33 is considered to be a novel factor implicated
in the pathogenesis of acute and chronic pancreatitis and
potentially in tissue fibrosis. Specifically, the expression of the
ST2 in PSCs, pancreatic myofibroblasts, and pDCs implying a
role for IL-33 signaling within the pancreas in an autocrine,
and/or paracrine fashion.

IL-33/ST2 AXIS IN INTESTINAL FIBROSIS

IL-33/ST2 axis seems to represent an important mediator
in intestinal fibrosis. Normal epithelium and stroma of the
intestine express large amounts of IL-33 and ST2 during the
homeostatic turnover of the intestinal mucosa (39). It has
been demonstrated that intestinal baseline IL-33 expression
was present in pericryptal fibroblasts and was increased
during infection (105). A role for IL-33/ST2 signaling in
the differentiation of stem cells in organoid culture was also
elucidated (105).

IL-33 has been associated with areas of compromised barrier
function and plays a critical role in maintaining normal gut
homeostasis (44). Uncontrolled IL-33 expansion potentially
leads to barrier dysfunction of epithelium, chronic relapsing
inflammation, and fibrotic lesions (41–43). Additionally, IL-33
induces enteric glia to secrete glial cell-line derived neurotrophic
factor family ligands (GFLs) that play an essential role in
intestinal epithelial barrier homeostasis by maintaining tight
junctions and negatively regulating local inflammatory response
(106, 107). Moreover, IL-33 influences the enteric nervous system
to induce intestine hypermotility t to expel invading parasites
from the intestine, while is an important regulator of the gut
microbiome (108, 109).

Within the gut mucosa, colonic subepithelial myofibroblasts
SEMFs are primary sources of IL33, particularly in ulcerated
lesions from patients with ulcerative colitis (UC) and induce
potent Th2 immune responses (45, 46). The localization of IL-33-
producing SEMFs in mucosal ulcerations suggests a significant
role of the cytokine in wound healing. Actually, it could be used
as an early marker for ulcer-associated activated fibroblasts and
myofibroblasts trans-differentiation. Overall, one cannot rule out
the potential role of IL-33 in gut-associated fibrosis, particularly
in the setting of turnover of chronic tissue damage and repair,
characteristics of inflammatory bowel disease (IBD) (45, 46).

The IL-33 expression is enhanced specifically in inflamed
mucosa in UC, while exogenous IL-33 treatment in mice,
modulated higher colonic mucin release (45, 46). Moreover, IL-
33 mRNA levels have been associated with UC disease activity
(18, 44, 47). Sponheim et al. found that a feature of IBD-
associated mRNA IL-33 expression is the accumulation of both
fibroblasts and myofibroblasts in UC lesions. In ulcerations,
the fibroblast marker HSP47, platelet-derived growth factor
receptor (PDGFR) β, and in part the SEMFs marker α-SMA
were expressed (46). Epidermal growth factor has also been
demonstrated to contribute to increased IL-33 production and
ST2 expression (110).
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Epithelial-IL-33 was also increased in pediatric Crohn’s ileitis
and strongly associated with clinical and histopathological
findings, ileal eosinophilia, and complicated fibrostenotic disease
(40). Furthermore, neutralization of IL-33 interferes with the
massive influx of eosinophils into the gut mucosa and potently
decreases fibrogenic gene expression and fibrosis (111).

sST2 constitutes a marker of IBD severity, found to be
significantly increased in both the gut mucosa and the serum
in both patients and experimental models of IBD. However, in
IBD patients, ST2L mRNA expression remained similar to that of
healthy controls (14, 44).

IL-33 promotes ILC2s in the gut to produce the growth
factor amphiregulin (AREG) that binds to the epidermal
growth factor receptor (EGFR) which are responsible for
tissue repair during inflammation and restoration of mucosal
integrity (42, 112). Disruption of the AREG/EGFR signaling
pathway is involved in human patients and murine models
of IBD (113, 114). On the other hand, IL-33 stimulation of
ILC2s could be beneficial in intestinal inflammation outside
the setting of infection for instance in cases of helminth
intestinal infection (115). ATP released by parasite-infected
cells stimulates local mast cells to produce IL-33, which
then activates IL-13-producing ILC2s necessary for helminth
expulsion (115).

The role of the IL-33 is not limited to Th2 responses but
could also amplify Th1-mediated inflammation (41). IL-33 is
an activator of Tregs, activation of which appears to be a
compensatory mechanism for intestinal inflammation (112, 116).
Colonic Tregs preferentially express ST2. Signaling through
ST2/IL-33 promotes both Treg accumulation and maintenance
in the gut, enhancing their protective function (117).

The role of IL-33 in colitis as well as in colon cancer is
controversial, being very dependent on the timing of alarmin
activation or expression relative to the damaging insult (41,
118). Regarding the colon cancer, on the one hand, it has been
supported that IL-33 promotes an IFN-γ-mediated immune
protective mechanism that helps guard against the development
of sporadic colon cancer that links to inflammation (39). IL-33
inhibits colon cancer growth by suppressing cellular proliferation
and promoting apoptosis (119). Interestingly, IL-33 has been
found to potently induce a neutralizing ant-IL-13 receptor that
plays an important protective role in cases of mucosal damage
(120–122). Conversely, Zhang et al., found that tumor-derived
IL-33 following the activation of tumor cells by pro-inflammatory
cytokines such as IL-13, modulates the tumor microenvironment
to potently promote colon carcinogenesis and liver metastasis in
murine models (123). Furthermore, IL-33 stimulation of human
colonic SEMFs has been found to induce the expression of
growth factors associated with intestinal tumor progression and
extracellular matrix components (124). Similarly, experimental
studies in a murine model showed that overexpression of
IL-33 promoted the expansion of ST2+Tregs, increased Th2
cytokine milieu, and induced M2 macrophages in the gut,
thereby increasing tumor development (125). Furthermore,
lower expression of ST2L has been reported in human colon
tumors. ST2L expression was negatively associated with the
higher tumor grade (126). Inhibition of the IL-33/ST2 pathway

may limit mucositis and thus improve the effectiveness of
chemotherapy (127).

It is ambiguous if IL-33 is a consequence of intestinal
inflammation or if IL-33 is a critical instigator in promoting an
inflammatory response. Taken together, there is clear evidence
that IL-33/ST2 axis participates in maintaining normal gut
homeostasis, particularly in promoting mucosal wound healing
and repair. When deregulated, this important ligand-binding
pair can also play a critical role in the progression of chronic
inflammation and fibrosis, leading to gastrointestinal-related
disorders such as IBD as well as colon cancer.

IL-33/ST2 AXIS IN RENAL FIBROSIS

Renal fibrosis is characterized by progressive connective tissue
expansion through kidney parenchyma, leading to detrimental
renal function deterioration (128, 129). Almost all the cell
types in the kidneys participate in the pathogenesis of renal
fibrosis, illustrating the complexity of this process (48, 51, 52).
Specifically, a study by Manetti et al. found that nuclear IL-
33 expression in the fibrotic kidneys of patients with SSc was
absent in the endothelial cells of peritubular capillaries while ST2
has been expressed abundantly in kidney glomeruli, tubules, and
peritubular capillaries (19). Conversely, in control human kidney
(HK) specimens, IL-33 was found to be constitutively expressed
in peritubular capillary endothelial cells (49). The levels of IL-33
and sST2 were relevant to the progressive deterioration of kidney
function while a significant correlation between the serum level
of sST2 and disease severity has been shown (50).

Epithelial to Mesenchymal Transition (EMT) of podocytes,
tubular epithelial cells, and circulating fibrocytes which are
transformed to mesenchymal fibroblasts migrating to adjacent
interstitial parenchyma constitutes the principal mechanism of
renal fibrosis (129, 130). Other key events in tubulointerstitial
fibrosis that also take place in the glomeruli after injury are
glomerular infiltration of inflammatory cells and myofibroblastic
activation of the mesangial cells (129, 131–133).

Emerging evidence supported that the renal tubular EMT is
a remarkable process in the pathogenesis of renal interstitial
fibrosis, mediated by IL-33 (50). IL-33 has been found to
participate in transplanted kidney interstitial fibrosis promoting
EMTofHK-2 cells in a dose- and time-dependentmanner, via the
activation of the p38 MAPK signaling pathway (129). These data
suggest that therapies are targeting a reduction in IL-33 levels or
on the downregulation of the p38MAPK signaling axis may be an
effective strategy in the prevention of kidney interstitial fibrosis
(129).

IL-33 is also a marker of IRI that contributes to innate
immune cell recruitment and development of renal graft
damage associated with renal transplantation in humans (53).
Furthermore, it plays a significant role in the pathogenesis of
IRI-induced renal fibrosis through regulating myeloid fibroblast
accumulation, inflammatory cell infiltration, and cytokine and
chemokine expression (52, 53). Th2- cytokines, including IL-4,
IL-5, and IL-13, all induced by IL-33, play an essential role in the
renal fibrotic disease (52, 53).
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Experimental data revealed that IL-33-treated IRI mice had
increased levels of IL-4 and IL-13 in serum and renal tissue as well
as more ILC2s, Tregs, and anti-inflammatory M2 macrophages,
as compared to control-treated IRI mice (54). Furthermore, it
has been reported that depletion of ILC2s substantially abolished
the protective effect of IL-33 on renal IRI (54). Conversely,
adoptive transfer of ex vivo-expanded ILC2 prevented renal
injury in mice subjected to IRI. Besides, treatment of mice
with IL-33 or ILC2 after IRI had a protective effect associated
with induction of M2 macrophages in kidney and required
the ILC2 production of amphiregulin (54). Interestingly, mice
treated with sST2 exhibited less severe renal dysfunction and
fibrosis in response to IRI compared with vehicle-treated mice
(54). Furthermore, inhibition of IL-33 suppressed BM-derived
fibroblast accumulation and myofibroblast formation in the
kidneys after IRI stress, which was associated with less expression
of ECM proteins (54). Hence, IL-33 signaling in ILC2s plays a
critical role in the pathogenesis of IRI–induced renal fibrosis
and treatment with IL-33 inhibitor reduced pro-inflammatory
cytokine and chemokine levels in the kidneys of mice following
IRI insult (54).

Furthermore, it is increasingly recognized that episodes of
acute kidney injury (AKI) increase the susceptibility of chronic
kidney disease (CKD) and end-stage renal disease (ESRD) that
are characterized by organ fibrogenesis (134, 135). It has been
found that the administration of rIL-33 exacerbated cisplatin-
induced AKI by acting as a pro-inflammatory cytokine (49).
In a cisplatin-induced mouse AKI model, IL-33 was reported
to promote AKI through CD4+ T cell-mediated production
of chemokine (C-X-C motif) ligand (CXCL) 1, which could
exacerbate the renal damage. In addition, high expression levels
of IL-33 have been observed in LPS-induced acute glomerular
injury (49, 136).

Additionally, IL-33 released from necrotic cells has been
implicated in autophagy, which can balance increased apoptosis
secondary to contrast-induced nephropathy in diabetic kidney
disease (55). Another study also reported that IL-33 contributes
to kidney fibrosis associated with systemic lupus erythematosus
(SLE).

Thus, emerging data indicate that the upregulation of the IL-
33/ST2 signaling pathway may promote tubular cell injury and
fibrosis predominantly via EMT in the kidneys (56).

IL-33/ST2 AXIS IN HEART FIBROSIS

Heart failure (HF) and cardiac fibrosis are associated with IL-
33 mainly in cases of a mechanical strain of cardiac fibroblasts
(57, 64). IL-33 demonstrates anti-hypertrophic and anti-fibrotic
effects on cardiomyocytes, transduced by ST2L. In 2007, Sanada
et al. first documented that IL-33 prevents cardiomyocyte
apoptosis, reduces infarct size, fibrosis, and apoptosis through
induction of anti-apoptotic proteins after ischemia-reperfusion
in rats and improves cardiac function and survival after
myocardial infarction (57). IL-33 correlated with the expression
kinetics of the anti-apoptotic gene B-cell lymphoma 2 (Bcl-
2), which is in agreement with its anti-apoptotic role (58).

Thereafter, multiple experimental studies have also illustrated
that IL-33 attenuates cardiac fibrosis induced by the increased
cardiovascular load, showing that IL-33 directly inhibits pro-
fibrotic activities of cardiac fibroblasts (58, 59, 137). Treatment
of rat cardiac fibroblasts with IL-33 was also found to impair
the migratory activity of fibroblasts or their precursors into
the stressed myocardium (57, 138). IL-33 levels were found
to be significantly elevated upon a cyclic stretch of cardiac
fibroblasts in vitro, and the administration of IL-33 was shown
to inhibit myocyte amino acid incorporation and growth thus
protecting against cardiac hypertrophy (57). IL-33 protected
cardiomyocytes from hypoxia-induced apoptosis in vitro, and
this effect was partially inhibited by sST2, highlighting the critical
role of IL-33 in regulating cardiac myocyte function and its
protective role in cardiac fibrotic diseases (58).

Others have reported that ablation of IL-33 gene caused
exaggerated cardiac remodeling in both ischemic and non-
ischemic HF, It leads to cardiomyocyte hypertrophy and cardiac
fibrosis upon mechanical stress, impaired cardiac function, and
survival (60). Furthermore, it has been recently shown that IL-
33 acts by reducing a form of erythrocyte superoxide dismutase
(eSOD) production, thus eSOD is found decreased in chronic
HF (61). eSOD is a protective enzyme against oxidative stress
in chronic HF (61). Alternatively, the in vitro administration of
IL-33 significantly decreased cardiac interstitial fibrosis in wild-
type mice underwent transaortic constriction surgery to increase
cardiovascular load (57).

Of note, the aforementioned IL-33 benefits were absent in
mice with deletion of the ST2 gene, so these data indicate that IL-
33 exerts its cardioprotective role only through the ST2 receptor
signaling. Moreover, the microRNA-587b has been proposed to
ameliorate cell apoptosis, inflammatory reaction of myocarditis,
and fibrosis through inhibition of the IL-33/ST2 pathway by
suppressing IL-33 (139).

In contrast, sST2 disrupts the cardioprotective effects of
IL-33 by sequestering its availability for binding with the
transmembrane receptor ST2L. sST2 has been demonstrated
as a marker of myocardial fibrosis and HF progression. Both
cardiac fibroblasts and cardiomyocytes express IL-33 and sST2,
and expression levels are increased as a response to myocardial
stress (15). This issue is supported from a clinical perspective,
given that sST2 concentrations have repeatedly been found
high in patients with acute myocardial infarction and acute
HF and correlate with parameters of infarct magnitude, cardiac
dysfunction, hemodynamic impairment, and neurohormonal
derangement (15). Based on the above sST2 is thought to be
a biomarker for poor outcome in patients with cardiovascular
disease (140–142). Moreover, cardiogenic shock and increased C-
reactive protein levels are associated with higher sST2 levels. The
PRIDE (Pro-Brain Natriuretic Peptide Investigation of Dyspnea
in the Emergency Department) study highlighted the potential
applications of sST2 in acute HF (143). Thereafter, several studies
that followed emphasized on its diagnostic and prognostic utility
(144–146). sST2may also identify patients who benefitmost from
cardiac resynchronization therapy defibrillators (147), titration of
beta blockers (62) and angiotensin-converting enzyme inhibitors
(148). Weir et al. showed that sST2 could predict functional
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recovery and left ventricle remodeling during the post-infarction
period (149). The sST2 levels were positively correlated with
the degree of cardiac fibrosis (150). Along these lines, it has
been recently observed that left ventricular assist device (LVAD)
resulted in a significant drop in sST2 levels with normalization
within 3 months post-implantation, thus lessened heart fibrosis
and inflammation (151).

According to the above-mentioned studies, recently, a highly
sensitive ELISA for sST2 (Presage ST2) as well as a rapid
quantitative lateral flow immunoassay for measurement of sST2
in human plasma has been developed, allowing for point-of-care
testing (142). The first one was approved by regulatory agencies
both in Europe and the United States for prognostication in
HF. The second one (Aspect-PLUS ST2 test, Critical Diagnostics,
San Diego, CA, USA) has received regulatory approval in
Europe, but it has yet to be approved by the Food and
Drug Administration in the United States (142). The American
College of Cardiology Foundation/American Heart Association
(ACCF/AHA) guidelines of 2013 have incorporated sST2 as a
relevant marker of fibrosis. They recommend it for additive risk
stratification in patients with acutely decompensated HF (level of
evidence A) or chronic HF (level of evidence B) (63).

Additionally, themetabolic activity of epicardial adipose tissue
has been recently associated with a decrease in the IL-33 levels,
thus was closely related to the development of cardiac fibrosis at
1-year post-myocardial infraction (150).

Moreover, Gal-3 has been associated with left ventricular
remodeling along with an increased risk of incident HF
and mortality (152). It has been reported that Gal-3
promotes myocardial fibrosis, whereas myocardial fibrosis
and hypertrophy are prevented through interaction between
IL-33 and sST2 (57).

Hence, IL-33 demonstrates cardioprotective, anti-
hypertrophic and anti-fibrotic effects on cardiomyocytes,
transduced by ST2L, and disturbing by sST2.

IL-33/ST2 AXIS IN SKIN FIBROSIS

IL-33 is released by dermal fibroblasts (3). It has been
documented that the IL-33/ST2 signaling is associated with
abnormal fibroblast proliferation, leukocyte infiltration and
morphologic differentiation of human endothelial cells, resulting
in increased endothelial permeability, consistently with increased
angiogenesis and ECM deposition in vivo (65).

IL-33 has been reported to be a crucial signaling cytokine in
skin pathology by inducing IL-13-dependent cutaneous fibrosis
mechanism, required both eosinophils and recombination-
activating gene (RAG)-dependent lymphocytes. Eosinophils
contribute to tissue remodeling and fibrosis (65). It is known that
in skin diseases, eosinophil expresses a broad spectrum of Th2
cytokines such as IL-4, IL-5, IL-13, and C-C motif chemokine-11
(CCL11/eotaxin) (66). The different cytokine expression patterns
suggest distinct functional roles of eosinophils in various diseases
that might be related to host defense, immunomodulation,
fibrosis, and/or tumor development (67).

More convincingly, in cutaneous fibrosis, the injection of rIL-
33 induces collagen production via ST2-dependent recruitment
of BM-derived eosinophils that further secrete IL-13 in response
to IL-33 stimulation (22, 65). IL-33 has also been proposed
as a critical molecule operating in eosinophil-mediated fibrosis
in the high-dose-per fraction irradiated skin (66). In detail,
vascular endothelial cells damaged by high-dose radiation secrete
IL-33, which may stimulate fibrotic responses via eosinophil
recruitment and eosinophil-mediated Th2 immune responses.

Rankin et al. demonstrated that IL-33 induces cutaneous
fibrosis and intense inflammation that are associated with large
numbers of CD3+ cells and F4/80+ myeloid cells, except
infiltrating eosinophils (22). Additionally, IL-33 was also shown
to induce several others cytokines such as IL-4, IL-5, tissue
inhibitor of metalloproteinases 1 (TIMP1), MMP12, andMMP13
gene expression; however, it did not induce the expression of
TGF-β1 which participated with varying degrees in fibrogenesis
(22).

As far as SSc is concerned the most severe variant is
characterized by aggressive skin fibrosis (68). These patients
experience a low health-related quality of life that is directly
related to the extent of the dermal fibrosis (68). Serum levels
of IL-33 are elevated in SSc, even more pronounced in diffuse
cutaneous SSc than in limited cutaneous SSc; thus these levels
are positively correlated with the total fibrotic skin score. In
other words, serum IL-33 levels are likely to reflect the degree of
endothelial damage in patients with SSc (68).

IL-33 might mediate very early pathogenic events of SSc
through recruitment and stimulation of ST2-expressing cells
(immune cells and fibroblast/myofibroblast) (68). Other studies
reported that increased circulating levels of IL-33 in SSc
correlate with early disease stage and microvascular involvement
being a serum marker for vascular abnormalities in SSc (69).
IL-33 induces migration of Th2 lymphocytes and enhances
Th2 cytokine production. Remarkably, owing to the Th2-type
signature, there are elevated levels of both IL-4 and IL-13 in
SSc patient’s sera (67), while SSc patients exhibit substantial Th2
cytokine production in cultures of CD4+ T lymphocytes isolated
from their affected skin (153). It is likely that the signaling
mechanism in the dermal fibroblasts mediated by IL-13 is STAT6
(67, 154, 155).

A recent study demonstrated that the rs7044343
polymorphism of the IL-33 gene was associated with
susceptibility to SSc in a Turkish population. No similar
studies were found in the literature (156).

Conversely, sST2 constitutes a potential marker for disease
progression in limited cutaneous SSc with disease duration over
9 years. On the contrary, sST2 was not elevated in healthy
controls or SSc patients with early skin involvement or disease
duration shorter than 9 years (157). Furthermore, sST2 serum
levels were lowered by iloprost (prostacyclin) treatment (157).
The question remains why sST2 is elevated in limited cutaneous
SSc and not in diffuse cutaneous SSc patients. Diffuse cutaneous
SSc and limited cutaneous SSc may be two pathophysiologically
different diseases rather than two subtypes of one disease showing
significant differences of organ involvement, disease progression
and significantly different chemokine levels between two entities
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(158, 159). Accordingly, sST2 could be a marker for pathological
alterations and higher sST2 in limited cutaneous SSc could be
partially beneficial by blocking the high inflammatory capacity
of IL-33 by neutralizing its bioactivity.

In addition, evidence is presented to support the high tissue-
localized expression of IL-33 in patients with SSc, as well as
IL-33-dependant skin-localized Tregs trans-differentiation into
Th2-like cells, combined with expression of the ST2 receptor on
Tregs. In other words, IL-33 might be an important stimulator
of tissue-localized loss of normal Tregs function (70). Moreover,
friend leukemia virus integration 1 (Fli1) -a predisposing factor
of SSc- haploinsufficiency increases Th2- and Th17-like Tregs
proportions in BLM-induced pro-fibrotic skin condition, in
which IL-33-producing dermal fibroblasts contribute to Th2-like
Tregs trans-differentiation (71).

Consequently, IL-33 is a crucial cytokine in skin pathology
responsible for abnormal fibroblast proliferation, leukocyte
infiltration and morphologic differentiation of human
endothelial cells, leading to fibrotic skin conditions.

CONCLUSION

In this review, we spotlight the distinctive contribution of IL-
33/ST2 signaling in organ fibrosis as well as the significant role
of the Th2 pattern of immune response in the pathophysiology
of organ fibrosis. The IL-33/ST2 axis widely participates in the

fibrotic process of many vital organs, demonstrating clear direct
effects on wound healing and remodeling. Generally, the IL-
33/ST2 signaling pathway has mainly anti-inflammatory/anti-
proliferative effects. However, chronic tissue injury is responsible
for pro-inflammatory/pro-fibrogenetic responses. At the basal
level, both flIL-33 and mIL-33 forms have been reported to
contribute to fibrogenesis. The axis influences the capacity
of various cells to trans-differentiate into extracellular matrix-
secreting activated myofibroblasts which constitute the main
cell population of fibrosis, in an organ-specific underlying
mechanism. Furthermore, the IL-33/ST2 axis is involved
in angiogenesis, production of matrix components, ECM
deposition. Importantly, elevated levels of IL-33 and/or sST2
constitute markers of dysfunction and severity in many fibrotic
diseases. IL-33/ST2 axis seems to be a promising therapeutic
target in fibrosis constitutes, therefore, a critical area for further
investigation.
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Interleukin-33 (IL-33), considered as an alarmin released upon tissue stress or damage,

is a member of the IL-1 family and binds the ST2 receptor. First described as a potent

initiator of type 2 immune responses through the activation of T helper 2 (TH2) cells

and mast cells, IL-33 is now also known as an effective stimulator of TH1 immune cells,

natural killer (NK) cells, iNKT cells, and CD8T lymphocytes. Moreover, IL-33 was shown

to play an important role in several cancers due to its pro and anti-tumorigenic functions.

Currently, IL-33 is a possible inducer and prognostic marker of cancer development

with a direct effect on tumor cells promoting tumorigenesis, proliferation, survival, and

metastasis. IL-33 also promotes tumor growth and metastasis by remodeling the tumor

microenvironment (TME) and inducing angiogenesis. IL-33 favors tumor progression

through the immune system by inducing M2 macrophage polarization and tumor

infiltration, and upon activation of immunosuppressive cells such as myeloid-derived

suppressor cells (MDSC) or regulatory T cells. The anti-tumor functions of IL-33 also

depend on infiltrated immune cells displaying TH1 responses. This review therefore

summarizes the dual role of this cytokine in cancer and suggests that new proposals

for IL-33-based cancer immunotherapies should be considered with caution.
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INTRODUCTION

Cancer development depends on hallmarks such as self-sufficient proliferation, escape to anti-
apoptotic signals, resistance to apoptosis, immune evasion, infinite replication, nurture of
vascularization, and ability for invasion and metastasis (1). However, these hallmarks do not
only concern the cancer cell but also the tumor microenvironment (TME) which is essential
for tumorigenesis. The TME consists of fibroblasts, endothelial cells, immune cells, pericytes,
and smooth muscle cells which are recruited by cancer cells as non-malignant cells but then
modified to take part in tumor development (2–4). Besides cellular components, acellular
components such as matrix, chemokines, and cytokines are also essential for tumor development
(4). Cytokines as central mediators, favor the interaction between cells in the inflammatory tumor
microenvironment (5). Amongst these cytokines, Interleukin-33 (IL-33), a member of the IL-1
superfamily of cytokines (6), is well-known now to have an important role in innate and adaptive
immunity through its contribution to tissue homeostasis and responses to stress such as tumor
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development. IL-33 is constitutively expressed at high levels in
the nucleus of human and mouse tissue lining and in various
cell types including vascular endothelium (7), endothelial cells
of endothelial venules (HEVs) (8, 9) and epithelial cells in
barrier tissues that are exposed to the environment such as
bronchial epithelial cells (10), keratinocytes, epithelial cells of
the stomach, and salivary glands (7). Fibroblastic reticular cells
(FRCs) in lymphoid tissues and cells of the central nervous
system represent a major source of IL-33 (7, 11). IL-33 was
first described in HEV as an intracellular nuclear factor with
transcriptional regulatory properties (8). It was then shown
that IL-33 binds a heterodimer formed by the specific ST2
receptor and a co-receptor, the IL-1 receptor accessory protein
(6, 12). To exert its cytokine activity and alert the immune
system, IL-33 is not secreted extracellularly like a conventional
cytokine but after cell injury following cell stress or damage
(11, 13–16). Full-length IL-33 is thus considered as an alarmin
produced as a result of an injury to the central nervous system
(15), a mechanical stress (17, 18), necroptosis (19) but also
in pathological wound repair and fibrosis (20–22). The IL-
33/ST2 axis is also associated with many inflammatory diseases
such as asthma (23–25), rheumatoid arthritis, psoriatic arthritis
or osteoarthritis (26), pulmonary fibrosis (27) or dermatitis
and allergic contact dermatitis (28, 29). Many publications
have summarized the important role of IL-33 in these diverse
inflammatory diseases (30–34). IL-33/ST2 signaling is transduced
by MyD88 and the kinase-4 associated to the ST2 receptor, which
is a downstream adaptor protein, shared with other IL-1 family
members and Toll-like receptors (35). Moreover, the soluble
form of ST2 (sST2) produced from 3′-UTR promoter or splice
variants mRNA, can be a decoy receptor for IL-33 (36–38). IL-
33 was first described as a potent initiator of type 2 immune
responses through the activation of many cell types, including the
TH2 subset of helper cells, type 2 innate lymphoid cells (ILC2s),
mast cells, basophils, eosinophils, and myeloid cells such as
myeloid-derived antigen-presenting cells including macrophages
and dendritic cells (DCs) (6, 35, 39–45). Furthermore, IL-33-
exposed DCs or mast cells also selectively support FOXP3+

regulatory T cell (Treg cells) expansion through IL-33-induced
secretion of IL-2 (40, 41) and favor TH17 cell differentiation
through IL-1β and IL-6 secretion (46). IL-33 was detected in the
serum of patients with TH1/TH17 mediated diseases (47, 48).
However, besides this pro-inflammatory function of IL-33, its
protective role in atherosclerosis, obesity, type2 diabetes and
cardiac remodeling also holds an important place (16, 49–51).
Moreover, IL-33 can also activate type 1 immune responses via
TNF-α and IFN-γ expression by CD8T lymphocytes, natural
killer (NK) cells or iNKT cells. The latter can be stimulated
by IL-33 upon its ligation to their cell surface ST2 receptors
(13, 52–55). Finally, several studies have shown an important
involvement of IL-33 in several types of cancer with pro or
anti-tumorigenic functions depending on the immune status
of the tumor. The goal of this review is to summarize the
hallmarks of IL-33 in cancer, both in terms of its pro-tumorigenic
function targeting resident TH2 immune cells of the TME, and
as a tumor suppressor molecule activating the competent TH1
immune cells.

These properties therefore position IL-33 as a possible inducer
and prognostic marker of cancer development, as reviewed here.

IL-33 AS A MARKER FOR GOOD OR POOR
PROGNOSIS

IL-33 has been shown to be a promising biomarker in
several types of cancer for tumor detection and as a predictor of
prognosis and therapeutic response. Recently, IL-33 was shown
to be correlated with a bad prognosis in several types of cancer,
although in some cases IL-33 behaves as a tumor suppressor by
inducing an immune response. In terms of bad prognosis, high
levels of IL-33 were detected in the serum and tumors of patients
with glioma (56), gastric cancer (57), hepatocellular carcinoma
(58), uterine leiomyoma (59), lung cancer (60), colorectal cancer
(61), head and neck squamous cell carcinoma (62), and breast
cancer (63), when compared to corresponding healthy tissues.
The Cancer Genome Atlas Pan-Cancer analysis project showed
and declared that the level of IL-33 expression is altered in only
3% of∼580 tumors and that the most common genetic alteration
is the deletion of the IL-33 gene (64).

Lu and collaborators detected “significantly higher IL-33
expression in glioma tissues than in normal brain tissues
through immune-histochemical (IHC) analysis” (56). High IL-33
expression in glioma was correlated with shorter overall survival
(OS) and progression-free survival (PFS) (56). In women, IL-33
highly promotes epithelial cell proliferation and tumorigenesis in
breast cancer, since IL-33 increases Cancer Osaka Thyroid (COT)
phosphorylation via ST2-COT interaction in normal epithelial
and breast cancer cells. This induces the activation of MEK-
ERK, JNK-cJun, and STAT3 signaling pathways, both leading to
cell proliferation (65). The expression levels of IL-33 and ST2
proteins were also positively correlated with the expression of
Ki-67 in epithelial ovarian cancer tumors and at the metastatic
site, and negatively correlated with the patient survival time
(66). High expression of IL-33, assessed by IHC staining, was
associated with advanced stage clear-cell renal carcinoma and
abnormally high amounts of serum IL-33 was detected in patients
with hepatocellular carcinoma or gastric cancer. Hence, IL-33
is correlated with a bad prognosis in these types of cancer (57,
58, 67). sST2 was also described as a negative prognostic marker
when its serum concentration was associated with OS of patients
with hepatocellular carcinoma (68). Nevertheless, this soluble
IL-33 receptor can also be associated with a good prognosis
in colorectal cancer, as the trapping of soluble IL-33 in the
TME inhibits cancer growth and metastases (69). Moreover, the
level of IL-33 protein has been inversely correlated with tumor
grade and size in patients with pulmonary adenocarcinoma,
showing an association of low IL-33 expression level with a
poor prognosis (70–72). Likewise, a genome-wide association
study unveiled a correlation between high IL-33 expression and
a good prognosis in patients with osteosarcoma (73). However,
if IL-33 can have a pro-tumor effect by directly targeting cancer
cells, the tumor suppressor functions displayed by IL-33 are
indirectly promulgated by immune surveillance as we will show
hereafter.
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IL-33 AS A PRO-TUMORIGENIC CYTOKINE
THROUGH ACTIONS ON CANCER CELLS
AND TME

As described above, IL-33 is considered as a prognostic
biomarker when expressed in tumors. This intratumoral IL-33 is
expressed by cancer cells as well as by other cell components of
the TME. For instance, in patients with head and neck squamous
cell carcinoma and oral squamous cell carcinoma, intratumoral
IL-33 has been shown to be expressed in cancer-associated
fibroblasts (CAF) (62, 74). This infiltrating IL-33 has a direct pro-
tumorigenic effect on cancer cells and indirect effects on cellular
components of the TME.

In the first case, Wang and collaborators showed that the
IL-33/ST2 pathway up-regulated membrane glucose transporter
1 in non-small-cell lung cancer cells, enhancing their glucose
uptake and glycolysis, thus favoring in vitro outgrowth
of human lung cancer and its metastasis in a mouse
model (60). By in vitro and in vivo experiments, IL-33
was also shown to be able to promote growth, invasion
and migration of gastric cancer and colorectal cancer cells
due to the autocrine secretion of several metalloproteases
(MMP3, MMP9, MMP2), IL-6 and CXCR4 via the ST2-ERK1/2
pathway (61, 75). Moreover, IL-33 directly targets colon cancer
cells and breast cancer cells via JNK-cJun activation, which
promotes cell proliferation and therefore tumor growth (65,
76).

The impact of IL-33 on the TME encompasses angiogenesis,
matrix remodeling and cytokine/growth factor production
by non-epithelial cell components. The IL-33/ST2 signaling
pathway, favoring pro-angiogenic VEGF expression in tumor
cells and reducing tumor necrosis, is highly involved in
mammary tumor growth (77). Concerning matrix modeling,
human subepithelial myofibroblasts stimulated in vitro with IL-
33 induced the expression of extracellular matrix components
and growth factors associated with intestinal tumor progression
(78). IL-33-stimulated cancer cells produce cytokines, and TME
infiltrating immune cells are also involved in the expression
of IL-6 in response to IL-33/ST2 signaling. Likewise, IL-33
stimulates the secretion of cytokines and growth factors in
bone marrow myeloid and non-hematopoietic cells, resulting in
myeloproliferation of neoplasms (79, 80). Indeed, suppression
of IL-33 or high expression of sST2 suppresses IL-33-induced
angiogenesis, TH2 responses, macrophage infiltration and M2
macrophage polarization. This negatively regulates tumor growth
and metastatic spread of colorectal cancer, for instance through
the modification of the TME (69). IL-33 in the TME recruits
macrophages and stimulates their production of PGE2, and
in turn, macrophage-derived PGE2 stimulates colon tumor
development (76). The recruitment of macrophages in the TME
might account for the stimulation of CCL2 expression by IL-
33-stimulated cancer cells that express ST2, such as human
colon cancer cells (81). After recruitment, macrophages are
directly induced by IL-33 to be polarized in M2 tumor associated
macrophages (TAM) in the TME. Such TAMs are then able
to produce IL-10, VEGF, IL-6, and MMP9 which promote
proliferation and invasiveness of cancer cells (82–84). Yang and

collaborators showed that TAM are recruited by IL-33 in the
TME, and IL-33-stimulated TAM can increase intravasation of
tumor cells into the circulation at the early stages of metastasis
(85). Even in the brain, IL-33 in the TME induces growth
of glioma cells and facilitates microglia/macrophage infiltration
(86). IL-33-stimulated macrophages are also activated to produce
G-CSF, which in turn, boost myeloid-derived suppressor cells
(MDSC) from the pro-tumoral TME (87). Indeed, MDSC
contribute to tumor-mediated immune escape by suppressing
antitumor immune responses. IL-33 released in tumor tissues
in breast and colorectal cancer mouse models and in breast
cancer patients, has been shown to facilitate MDSC expansion,
recruitment and survival in the TME. This role could be due
to the induction of an autocrine secretion of GM-CSF (88–
90). Interestingly, another study showed that IL-33 does not
affect the number of MDSC but can significantly reduce the
differentiation of lineage-negative bone marrow progenitor cells
into granulocytic MDSC in tumor-bearing mice. Moreover
in the same study, IL-33-treated MDSC were shown to be
less immunosuppressive, with a reduced capacity to inhibit
T cell proliferation and IFN-γ production, production of
reactive oxygen species and their capacity to induce Treg

differentiation and expansion (91). IL-33 has a direct effect on
Treg cells expressing surface ST2. Indeed, these lymphocytes
are constitutively abundant in the intestine and able to prevent
dysregulated inflammatory responses to self and environmental
stimuli. IL-33 is constitutively expressed in epithelial cells at
barrier sites. High levels of IL-33 were also observed in inflamed
lesions of patients with inflammatory bowel disease, supporting
its role in disease pathogenesis (92, 93). In inflammatory
conditions, IL-33 signaling in Treg cells enhances transforming
growth factor (TGF)-β1-mediated differentiation. Alternatively,
IL-33 may provide a signal necessary for inducing their
accumulation and maintenance in inflamed tissues (94). Local
accumulation of Treg cells has been described in intestinal
tumors preventing tumor clearance in mouse models and in
patients. This role may be associated with a reduction of E-
cadherin expression, increased β-catenin signaling and IL-33
production by malignant and injured epithelial cells (95). In
tumors with low levels of infiltrating Treg cells, administration
of IL-33 accelerates tumor growth and occurrence of liver
and lung metastasis in breast cancer mouse models, and these
models display an intratumoral accumulation of MDSC and
Treg cells, as compared to untreated mice (90). Moreover,
IL-33 blockade, in addition to abrogating the polarization of
TAM, reduces the accumulation of Treg cells in lung tumors
of human lung preclinical mouse models (82). However, as
inflammation contributes to tumorigenesis, the accumulation
of Treg in inflammatory zones must contain inflammation and
therefore tumorigenesis. Treg may promote or inhibit tumor
development depending on the context, revealing the complex
relationship between inflammation, and cancer development.
Furthermore, mast cells which also express ST2 receptors and
respond to cell injury via IL-33 released from necrotic cells, can
secrete leukotrienes and cytokines to initiate pro-inflammatory
responses (96). In a colorectal cancer mouse model, IL-33
deficiency reduced mast cell accumulation in tumors. This
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deficiency further inhibited the expression of mast cell-derived
proteases and cytokines that promote polyposis (78, 96–98).
Generally, mast cells accumulate in inflamed gut and in colorectal
tumors, and their presence is correlated with a poor prognosis
and low overall survival (99, 100). In skin cancers, dermal mast
cells are able to respond to UVB-induced IL-33 by releasing IL-
10 to protect skin homeostasis after excessive UVB exposure.
However, IL-10 may contribute to skin cancer development, as
IL-10-deficient mice do not develop skin tumors upon UVB
exposure (101, 102).

DIRECT OR INDIRECT EFFECTS OF IL-33
AS A TUMOR SUPPRESSOR

Alongside its pro-tumorigenic role, IL-33 can also behave as a
tumor suppressor. Only one study has shown a direct anti-tumor
effect of this cytokine with the in vitro inhibition of proliferation
and induction of apoptosis of MIA PaCa-2, a pancreatic cancer
cell line (103). However, its anti-tumor functions were largely
associated with the activation of immune effector cells able
to lead to tumor clearance. All immune cells express the ST2
receptor and are able to respond to IL-33 stimulation. IL-33
has a significant role in cancer immune-surveillance in primary
prostate and lung tumors, which can be lost during the metastatic
transition inducing immune escape. The correlation between
IL-33 and HLA expression in human tumors using RNA-
sequencing data of resected prostate tumors was recently shown.
The down-regulation of IL-33 during the metastatic process
ultimately decreases the functionality of HLA-I and reduces
immune-surveillance favoring tumor development (104). In a
multivariable analysis, the infiltration of human hepatocellular
carcinomas (HCC) by cells expressing IL-33 and by CD8+ T cells
was associated with prolonged patient survival. These results led
to propose an HCC immune score identifying high- vs. low-risk
patients with different gene expression profiles (105). Injection
of IL-33 into established murine melanoma or acute myeloid
leukemia models inhibits tumor growth in a CD8+ T cell-
dependent manner prolonging the survival of mice. In the first
model, the reduction of tumor growth delay was correlated with
intratumoral accumulation of CD8+ T cells, and a decrease in the
number of immunosuppressive myeloid cells (106). In the second
model, the anti-leukemia activity was associated with increased
expansion and IFN-γ production of leukemia-reactive CD8+ T
cells (107). Moreover, the correlation between decreased IFN-γ
secretion and colon cancer aggressiveness, suggests that IL-33
signaling defects may impair the generation of IFN-γ-mediated
immunity (108). In soft tissue sarcoma, higher transcriptional
levels of IL-33 were also associated with a good prognosis. The
expression of IL-33 has also been negatively correlated with
the expression of chemokines, such as TGF-β, recruiting Treg

and MDSC, and positively correlated with the expression of
chemokines that recruit CD8+ T cells which promote anti-
tumor immune responses especially through INF-γ production
(109).

It has been shown that IFN-γ-producing cells present in
tumors associated with an IL-33 antitumor effect, were CD8+ T

cells and NK cells. Indeed, IL-33 expression in several cancers
affects the number of CD8+ T cells and NK cells in tumor
tissues and the production of IFN-γ/TNF-α, thereby favoring
tumor eradication through tumor cell cytolysis (110, 111). This
was also shown with the reduction of tumor metastasis in
B16 melanoma and Lewis lung carcinoma metastatic models
thanks to the transgenic expression of IL-33. In these transgenic
mice models, tumor infiltration and CD8+ T lymphocyte and
NK cell cytotoxicity was significantly increased compared to
non-transgenic mice. Moreover, treatment with recombinant
IL-33 increased CD8+ T lymphocyte and NK cell cytotoxicity
in vitro (112). CD8+ T cells are also indirectly stimulated
by IL-33 through DC. DC maturation is promoted by IL-
33 which increases their cross presentation ability particularly
during the anti-leukemia or anti-melanoma immune response
(107, 113). As mentioned in the introduction, IL-33-activated
DC are also able to promote the differentiation of TH17
cells which play an important role in cancer development.
TH17 are T helper lymphocytes secreting IL-17 and other
inflammatory cytokines, but can also display immunosuppressive
activities, therefore mediating context dependent pro- or anti-
tumor responses (114, 115). However, there are no published
studies mentioning a direct relationship between TH17 cells
and IL-33 in cancers. TH17 cells expressing the ST2 receptor
were found to accumulate in the small intestine in bowel
diseases where intestinal epithelial cells are the providing source
of IL-33, we can therefore stipulate that these cells could
play a role in digestive cancers. TH17 cells could have an
anti-tumor function with the production of pro-inflammatory
cytokines (116) or a pro-tumor role when they can acquire a
regulatory phenotype with immunosuppressive properties upon
IL-33 activation (117). Furthermore, DC can also drive TH9
cell dependent anti-tumor responses through the expression of
Ox40L when activated by IL-33 and stimulated by dectin-1
signaling (118–120).

Finally, the ILC2s which support type 2 immune responses by
producing IL-5 and IL-13 in response to IL-33 could also have
an antitumor function. Indeed, their tissue-repair function can
induce cholangiocarcinoma and liver metastasis (121). ILC2s can
also be mobilized from the lung and other tissues thanks to IL-
33, to penetrate tumors, mediate immune-surveillance with DC,
and promote adaptive cytolytic T cell responses and attraction
(122, 123).

CONCLUDING REMARKS

IL-33 therefore appears as a pro-tumorigenic cytokine that can
also limit tumor growth through the activation of antitumor
immunity. These opposing roles in tumorigenesis, as shown
in this review, greatly depend on the IL-33/ST2 signaling in
different immune cells. IL-33 is able to promote inflammatory
events which contribute to tumorigenesis whilst activating anti-
tumor immune responses. The different events promoted by IL-
33 activation of various immune cells which can be found in
the TME are summarized in the Figure 1. Depending on the
tumor context, IL-33 produced in the TME can activate diverse
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FIGURE 1 | Dual role of Il-33 in cancer. IL-33 released in the TME is able to stimulate cancer cells (tum), fibroblasts (Fibro), and different immune cells (Macrophages,

TAM, MDSC, mast cells, Treg, Dendritic Cells, TH17, TH9, ILC2, iNKT, CD8
+ T cells, and Natural Killer cells) which are activated to produce molecules involved in

pro-tumor (green) or anti-tumor (blue) processes leading to the development or to the regression of the tumor. Some cytokines produced by pro-tumor cells such as

MDSC or TAM, are also able to produce cytokines which inhibit anti-tumor cells such as all the TH1 cells.

immune cells which are able to promote a pro-tumor effect
such as TAM, MDSC, fibroblasts, mast cells, Treg and DC, or
to prevent tumor development such as NK cells, CD8+ T cells,
iNKT, ILC2, TH9, and TH17. All these cell types produce specific
cytokines, chemokines, and other molecules. These conclusions
are supported by Wasmer and Krebs’ review who demonstrated
the multiple functions of IL-33 in different cancer types
(124). As many cytokines with immunomodulatory properties,
IL-33 has been considered for anticancer immunotherapies.
However, knowing its dual role, therapeutic manipulation of
this cytokine should be considered with caution. The majority
of the studies mentioned propose cancer immunotherapy
strategies based on exogenous IL-33 administration. These IL-
33 adjuvanted vaccines aim at activating the immune cells

involved in the immune response (106, 107, 125–128). IL-33
could also indirectly activate effector T cells. For instance, a
replicating viral vector system used in cancer immunotherapy
which delivers tumor-associated antigens to DC for efficient
cytotoxic T cells priming, depends on IL-33 signaling (129). IL-
33 could likewise increase T cell activation to promote graft-
vs.-leukemia (GVL) reactions while decreasing fatal graft-vs.-
host- disease (GVHD) (130). Possibly however, ST2 blockade
might preserve GVL activity by blocking Treg controlling
GVHD (131). Indeed, considering the immunosuppressive pro-
tumorigenic role of IL-33, others have proposed to block IL-
33 as a novel anticancer strategy (62, 65, 69, 76, 82, 88). In
the future, IL-33 targeting in cancer immunotherapies should
be considered with caution, especially taking into account the
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intricate dual role of this cytokine in cancer as shown in this
review.
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Interleukin-33 (IL-33) is a IL-1 family member of cytokines exerting pleiotropic activities.

In the steady-state, IL-33 is expressed in the nucleus of epithelial, endothelial, and

fibroblast-like cells acting as a nuclear protein. In response to tissue damage, infections

or necrosis IL-33 is released in the extracellular space, where it functions as an alarmin

for the immune system. Its specific receptor ST2 is expressed by a variety of immune cell

types, resulting in the stimulation of a wide range of immune reactions. Recent evidences

suggest that different IL-33 isoforms exist, in virtue of proteolytic cleavage or alternative

mRNA splicing, with potentially different biological activity and functions. Although initially

studied in the context of allergy, infection, and inflammation, over the past decade

IL-33 has gained much attention in cancer immunology. Increasing evidences indicate

that IL-33 may have opposing functions, promoting, or dampening tumor immunity,

depending on the tumor type, site of expression, and local concentration. In this review

we will cover the biological functions of IL-33 on various immune cell subsets (e.g.,

T cells, NK, Treg cells, ILC2, eosinophils, neutrophils, basophils, mast cells, DCs, and

macrophages) that affect anti-tumor immune responses in experimental and clinical

cancers. We will also discuss the possible implications of diverse IL-33 mutations and

isoforms in the anti-tumor activity of the cytokine and as possible clinical biomarkers.

Keywords: IL-33, cancer, immune cell subsets, tumor immunology, IL-33 isoforms

INTRODUCTION TO IL-33 BIOLOGY

Interleukin-33 (IL-33) is a cytokine member of IL-1 family, including IL-1α, IL-1β, IL-18, and IL-
1Ra that are related to each other by receptor structure and signal transduction pathways. These
cytokines share a conserved structure of β-trefoil fold comprised of 12 anti-parallel β-strands
that are arranged in a three-fold symmetric pattern. The β-barrel core motif is packed by various
amounts of helices in each cytokine structure (1). IL-33 was initially described in 2003 by Girard’s
group as a nuclear protein abundantly expressed in high endothelial venules (HEVs), specialized
blood vessels that mediate the entry of lymphocytes into lymphoid organs and therefore named
“nuclear factor from high endothelial venules” (NF-HEV) (2).
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It is now known that IL-33 is a chromatin-associated nuclear
cytokine in vivo through chromatin-binding motif within its N-
terminal nuclear domain, suggesting that nuclear localization
and binding to histones are important for IL-33 function and
regulation (3). Nuclear IL-33 can function as a transcriptional
repressor when overexpressed in transfected cells, although there
is still no direct evidence that endogenous nuclear IL-33 regulates
gene or protein expression (4). IL-33 is constitutively expressed in
different human and mouse tissues in the steady-state, including
epithelial, endothelial, fibroblast-like cells, and myofibroblasts
and its expression can be increased during inflammation (2, 5).
After cell stress or necrosis, IL-33 is released into the extracellular
space and functions as an endogenous danger signal that alerts
the immune system of tissue damage during trauma or infection.
Indeed, IL-33 is considered an “alarmin” able to activate different
actors of the innate immune system, mediating a variety of
immune reactions including anti-cancer immune responses (6).
Here, we will review the biological role of IL-33 affecting immune
responses with particular emphasis on anti-tumor immunity.

IL-33 Isoforms
Similar to IL-1β and IL-18, IL-33 is synthesized in a full-length
form (amino acids 1–270) that is found in the nucleus, in the
cytosol and outside the cell. As IL-1β and IL-18, IL-33 is cleaved
intracellularly by the enzyme caspase-1 before release outside
the cell. This process requires the NLRP3 inflammasome, which
can be activated in response to endogenous and exogenous
danger signals. This NLRP3 inflammasome leads to Caspase-
1 activation and, in turn, to IL-33 processing and release
(7). When cells undergo necrosis or injury, full-length IL-33
is released in the extracellular space where it is cleaved by
inflammatory proteases. During apoptosis, a process that does
not trigger inflammation in vivo, IL-33 is cleaved and inactivated
by endogenous caspases (8–10). Processing by apoptotic caspases
is an important regulatory mechanism that limits or suppresses
the pro-inflammatory properties of IL-33 during homeostatic
cell turnover. Another regulatory mechanism limiting IL-33
activity is oxidation. Extracellular IL-33 is susceptible to cysteine
oxidation that leads to the formation of disulphide bridges,
resulting in conformational changes that inhibit the binding to
ST2 receptor, thus rapidly inactivating IL-33 following allergen
exposure (11).

Recent studies have demonstrated the existence of several
human full-length active mRNA splice variants dependent on
both the cell type expressing IL-33 and the pathological condition
and triggered by diverse stimulations during immune responses
(12–14). Of note, inflammatory proteases from neutrophils
(proteinase 3, elastase, and cathepsin G) (15), mast cells
(chymase, tryptase, and granzyme B) (16), and environmental
allergens (17) can process full-length IL-33 into shorter mature
forms (18–21 kDa) whose biological activity is 10- to 30-fold
more potent than the full-length form (see Figure 1). The mature
form does not translocate into the nucleus because it lacks
the nuclear localization signal found in full-length IL-33 (18,
19). Proteolytic cleavage of IL-33 was shown to induce allergic
inflammation in vivo (17) highlighting a novel mechanism by
which inflammatory and environmental proteases can amplify

allergic inflammation. Of interest, isoform variants as well as
cleavage by endogenous and exogenous proteases has been
described also for other epithelial-derived cytokines, such as
thymic stromal lymphopoietin (TSLP), resulting in pleiotropic
functions in health and disease (20). Although both isoforms
are biologically active the relative importance of full length and
mature IL-33 forms in vivo remains unclear (2, 21). In a mouse
model of lung delivery of recombinant adenoviruses encoding
IL-33 isoforms the full-length IL-33 induced inflammation in
an ST2-independent fashion, but not pulmonary eosinophilia,
goblet cell hyperplasia, or Th2 skewing, whereas mature IL-33
induced ST2-dependent Th2-associated effects. Both isoforms
had similar effects on gene expression, suggesting that the
different effects are due to differential utilization of the ST2
receptor (22). In addition, in a mouse model of DNA cancer
vaccine, delivery of either full-length or mature IL-33 as an
immunoadjuvant induced potent Th1 and cytotoxic T cell (CTL)-
associated anti-tumor immunity and complete regression of
established TC-1 tumor in mice. Interestingly, the full-length IL-
33 was more potent than mature IL-33 in expanding the humoral
immune response (23).

The IL-33/ST2 Axis
IL-33 exert its cytokine activity through binding to its primary
specific receptor ST2, which is dependent on the co-receptor, IL-
1 receptor accessory protein (IL-1RAcP), and the adaptor protein
MyD88 for signaling (24). The crystal structure of IL-33 with ST2
has revealed that surface charge complementarity is crucial for
specific binding (25). The gene that encodes for ST2 produces its
transmembrane receptor but also produces a soluble form of ST2
(sST2), which acts as a binding decoy for IL-33 and thus down-
modulates IL-33 activity during inflammatory responses, such
as in experimental allergic asthma (26) and collagen-induced
arthritis (27). Most hematopoietic cells express ST2. ILC2s, some
Treg cells, and mast cells are the primary tissue-resident cells
that constitutively express high levels of ST2, implying that these
cells are initial targets of IL-33 (3). Non-hematopoietic cells,
including endothelial cells, epithelial cells, and fibroblasts, are
reported to express ST2 and respond to IL-33, although the
in vivo consequences of signaling in these populations are less
well-characterized.

In hematopoietic cells, IL-33 acts primarily on immune
cells associated with type 2 and regulatory immune responses,
including ILC2s, Th2 cells, eosinophils, mast cells, and basophils,
as well as subsets of dendritic cells, myeloid-derived suppressor
cells, and Tregs (28). However, it is now clear that the action
of IL-33 is not limited to the activation of type-2 immune
responses. Indeed, recent studies have revealed important roles
of IL-33 in the activation of immune cells involved in type-1
immunity, such as Th1 cells, NK cells, CD8+ T cells, neutrophils,
macrophages, B cells, and NKT cells (19, 29, 30). This pleiotropic
nature of IL-33 (Figure 2) is likely to explain why IL-33 has been
implicated in a wide variety of non-allergic diseases, including
infectious diseases (fungal, helminth, protozoa, bacterial, and
viral infection), cardiovascular diseases, chronic obstructive
pulmonary disease (COPD), fibrotic diseases, musculoskeletal
diseases, inflammatory bowel diseases, diseases of the central
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FIGURE 1 | Mechanisms and effects of the enzyme-specific IL-33 cleavage. Biological events such as apoptotic stress, Inflammation, and necrosis can differentially

generate various IL-33 protein variants with high biological activity or no activity depending on the enzyme produced by the cells. Apoptotic cells enable the

production and release of caspases 3 and 7, that cleaves IL-33 in the caspase site (CS) generating inactive fragments of IL-33 by disruption of some IL-1 like

functional domains close to CS. The insurgence of inflammation or necrosis process leads to the local recruitment of mast cells and neutrophils, the main effectors of

inflammatory processes. When these cells reach the inflammed site, they produce, and release enzymes that cleave the IL-33 protein at the Inflammatory site (IS)

inside the central region. These cleavage-specific enzymes allow the production and release of highly active forms of IL-33, capable to stably bind the ST2 receptor

(ST2) on a plethora of ST2-expressing cells. In other cases this active IL-33 does bind to the soluble form of its receptor (sST2), which acts as a decoy receptor. In this

latter event the effect of IL-33 will be suppressed by the formation of an sST2/IL-33 decoy complex. When no apoptotic nor inflammatory enzymes are produced, an

uncleaved form of IL-33 is released, with a very low biological activity compared to that showed by IL-33 cleavage products originated by neutrophil and mast

cell-derived enzymatic cutting. When the IL-33 is cleaved by certain environmental allergens, their enzymatic activity at the IS site gives rise to multiple peptide

products sharing the whole IL-1 like region of IL-33, that does retain the ability to bind ST2. The IL-33 cleavage products herein shown are all equipped with the ST2

binding sequence (inside the IL-1 like region). The secondary fragments lacking the ST2 binding sequence and generated during the cleavage reaction are not

depicted and have no effect on IL-33/ST2 binding.

nervous system (Alzheimer), graft vs. host disease (GVHD),
obesity, diabetes, and cancer (3).

IMMUNE CELL TARGETS OF IL-33
AFFECTING TUMOR-IMMUNE
RESPONSES

CD4+ Th Cells
Naïve CD4+ T helper cells constitutively express ST2 and
stimulation with IL-33 skews their differentiation toward a Th2

phenotype. CD4+ T cells are needed in the effector phase of a
protective antitumor immune response against tumors lacking
MHC class II (31). However, human CD4+ T cells can suppress
tumors expressing adequate levels of MHC class II and self-
antigens on their surface, through secretion of IFN-γ or direct
tumor killing (32). Interestingly, Villareal et al. demonstrated
that IL-33 can be an effective adjuvant when combined with an
HPV16 E6/E7-encoded DNA vaccine, enhancing both antigen
specific CD4+ and CD8+ IFN-γ+ T cells, and antigen specific
IgG concentration in the serum, leading to regression of
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FIGURE 2 | Stimulation of immune cells by IL-33. IL-33 is secreted by epithelial, endothelial, or fibroblasts in response to various stimuli, including infection or cell

stress causing injury. IL-33 exerts its biological activities through binding to its specific receptor ST2 expressed by most hematopoietic cells. IL-33/ST2 can stimulate a

variety of immune cell reactions, including: an atypical Th2-type of immune response through production of IL-5 and IL-13 by ILC2 and Th2 cells; IFNγ production by

NK, NKT, and Th1 cells; CD107a exposure and IFNγ production by activated CD8T cells; in vivo expansion of ST2+ Treg cells B and Breg cells; release of

inflammatory cytokines (e.g., IL-1β, IL-6, TNFα) by DC, macrophages and mast cells; M2 macrophage polarization; degranulation of mast cells, basophils, and

eosinophils; neutrophil migration; phenotypic, and functional activation of DC and eosinophils. There is some evidence that activated DCs, macrophages, and perhaps

mast cells can produce IL-33.

established TC-1 tumor in mice (23). In accordance with
this study, Mousa Komai-Koma et al. showed that IL-33 may
promote CD4+ T helper 1 (Th1) differentiation by a mechanism
depending on IL-12 and ST2. IL-33 and IL-12 synergistically
increase both ST2 and IL-12R expression in early activated
CD4+ T cells. These data indicate that IL-33 promotes Th1 cell
development, while it is ineffective on mature Th1 cells (33). A
possible explanation for such differences is that ST2 expression
is induced only in early-TCR activated naïve CD4+ T cells
and is then gradually inhibited when Th1 cells fully mature.
Although the signaling pathway by which IL-33 enhances Th1
polarization is still unknown, it is likely that IL-33 inducing Th1
or Th2response depends on the cytokine milieu, in particular
the balance of IL-12 and IL-4 levels in vivo (33). Of note, IL-33
also promotes the differentiation of IL-9-producing Th cells (34)
which exert potent antitumor immune responses in vivo (35, 36).

CD4+ Treg Cells
ST2/IL-33 signaling is known to expand suppressive CD4+

Foxp3+ GATA3+ Treg cells in vivo and in vitro (37). IL-
33-expanded Tregs express ST2 and can be found in several

immune and non-immune tissues exerting potent suppressor
function in a variety of pathological conditions, such as
autoimmunity, inflammation, transplantation, and allergy (38).
ST2+ Treg expansion can be mediated by IL-33 signaling in
DCs, through production of IL-2, which selectively expands
ST2+ Tregs (39). In the intestine, particularly rich in ST2+

Treg cells, IL-33 signaling stimulates transforming growth
factor (TGF)-β1-mediated differentiation of Treg cells and
provides a signal for Treg-cell accumulation and maintenance
in inflamed tissues (40). In ApcMin/+ mice, epithelial-derived
IL-33 promoted the expansion of ST2+ Treg cells in the colon
correlating with increased tumor burden (41, 42). A similar
observation was recently reported in the CT26 adenocarcinoma
model, where rIL-33 administration to tumor-bearing mice
promoted, while IL-33 blockade reduced, the expansion of
ST2+ Treg cells in tumor tissue and spleen (43). Moreover,
IL-33 blockade reduced accumulation of Treg cells in tumor
microenvironment and inhibited tumor growth in a preclinical
model of human non-small-cell lung cancer (NSCLC) xenografts
(44). In contrast, some studies have reported inhibitory effects
of IL-33/ST2 on Treg cells expansion. In a melanoma mouse
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model, IL-33 was shown to inhibit Treg infiltration in the tumor
microenvironment indirectly, through stimulation of MDSCs,
which had reduced capacity to induce the differentiation or
expansion of Treg cells in vitro (45). A recent study using
reciprocal bone marrow chimeras in a mouse model of sporadic
colon cancer, genetic ablation of ST2 in both hematopoietic
and non-hematopoietic compartments leads to increased tumor-
infiltrating ST2+ Foxp3+ Tregs and enhanced colon tumor
development (46).

CD8+ T Cells
Unlike CD4+ T cells, only effector CD8+ T cells or polarized
Tc1 cells, but not naïve and early activated CD8+ T cells, express
ST2 (47). High expression of ST2 in CD8+ T cells cultured
in Tc1 polarizing conditions is regulated by T-bet, a master
transcription regulator of Th1 effector functions. Moreover, it
was shown that IL-12 and IL-33 synergistically increased T-
bet and Blimp1, transcription factors critical for effector fate
of CD8+ T cell (47). Recent studies from transplantable solid
tumor models have indicated a direct role of exogenous IL-33
in promoting antitumor CD8+ T cell immunity using either IL-
33 transgenic mice (48), IL-33 DNA as vaccine adjuvant (23),
or IL-33 expressing tumor cells (49). Systemic administration of
rIL-33 in melanoma tumor bearing mice, promoted expansion,
increased tumor infiltration and effector function of antigen-
specific CD8+ IFN-γ+ T cells by both a direct or DCs-
mediated effect (50). In the aggressive C1498 acute myeloid
leukemia (AML) model, IL-33 treatment significantly increased
the percentage of effector memory liver CD8+ T cells leading
to delayed leukemia development and improved overall survival
(51). This finding suggest a role of exogenous IL-33 in promoting
rapid expansion of the effector memory CD8+ T cell pool,
consistent with the results from solid tumor models (23, 48).
In this study the increased CD8+ T cells activation level up-
regulates PD-1/PD-L1 expression in vivo, therefore combination
of PD-1 blockade and IL-33 treatment further improves survival
of leukemia-bearing mice (51).

Type-2 Innate Lymphoid Cells
Innate lymphoid cells (ILCs), belonging to the family of innate
cells, are characterized by classic lymphoid cell morphology,
but lack lineage-specific markers and somatically rearranged
antigen receptors. Based on the expression of transcription
factors, phenotypic markers, and effector cytokine production
profiles, ILCs have been divided into three distinct subclasses:
group 1 ILCs, group 2 ILCs, and group 3 ILCs (52). ILC are
derived from a common lymphoid progenitor and possess a wide
range of cell surface markers, many of which have only recently
been elucidated (53). ILC2, originally identified in the mouse
and human mesenteric lymph nodes as lineage marker negative,
c-kit+, Sca-1+, IL-7Ra+, and ST2+ cells (54), were also found
in lung, skin, and gut, while only a small number of circulating
ILC2s can be detected in blood (55). They are involved in
tissue repair (56), anti-helminth immunity (57), and allergic
inflammation (58).These cells are dependent on transcription
factor GATA-binding protein 3 for their development and
maintenance (59). Activation of ILC2s by alarmins (IL-25, IL-33,

and TSLP) secreted by epithelial cells upon cellular stress and
tissue damage (55, 60), produce IL-5, IL-13 (54), IL-4, IL-6, IL-9,
and amphiregulin which induce Th2 differentiation (61). This
group of innate cells was often observed to infiltrate tumors in
humans, but their role seems more frequently associated with
cancer progression than restriction. Clinical studies suggested
that increased numbers of ILC2s in peripheral blood of patients
with gastric cancer, could contribute by cytokines they secrete
to the immunosuppressive environment maintained by CD4+ T
helper 2 (Th2), myeloid-derived suppressor cells (MDSC), and
macrophages (62). ILC2s might also induce immune suppression
via secretion of amphiregulin (63), which enhances Treg activity
in vivo and can thereby inhibit antitumor immune responses
induced by DC vaccination (64). The anti-tumoral activity of
ILC2 was described for the first time by Ikutani et al. in a mouse
model of lung metastatic melanoma. Following tumor induction,
administration of rIL-33 induced the development of IL-5-
producing ILC2, which recruited and maintained eosinophils
responsible for tumor cell death and tumormetastasis prevention
(65). Overexpression of IL-33 in several tumor cell lines induced
high numbers of ILC2s, when transplanted in mice, with
potent anti-tumoral activity. The latter study suggests that local
production of IL-33 induces ILC2 to release CXCR2 ligands able
to sustain the expression of CXCR2 on tumor cells and induce
their apoptosis (66).

NK and NKT Cells
IL-33 directly activates both human (19) and mouse (30) NKT
and NK cells inducing IFN-γ production via cooperation with
IL-12, thus contributing to establish Th-1 immunity. During
viral infection, IL-33/ST2 axis amplifies the expansion of NK
cells and enhances host defense (67, 68). The role of IL-
33 on NKT in cancer immunity is unknown. In contrast, a
number of reports have analyzed the effects of IL-33 on NK cell
expansion and/or activation in tumor-bearing mice. In mouse
experimental metastasis models of B16 melanoma and Lewis
lung carcinoma, transgenic expression of IL-33 in the host
promoted the recruitment of cytotoxic NK cells to the pulmonary
site that inhibited metastasis formation (48). In vitro, IL-33
directly activated NK cell cytotoxicity, stimulated NF-κB and
up-regulated CD69 expression (48). Furthermore, B16 and 4T1
tumor cells overexpressing IL-33 implanted into syngeneic mice
induced IFN-γ+ NK cells in tumor tissue that mediated IL-
33 anti-tumoral effect (49). Similarly, increased frequencies of
CD107a+IFN-γ+ NK cells were observed following exogenous
administration of IL-33 in spleens and tumors of B16 melanoma-
bearingmice (69). In contrast with these reports, previous studies
in 4T1 breast cancer model showed that IL-33/ST2 signaling
impairs NK cell activation. ST2-deficient mice bearing 4T1
tumors exhibited increased numbers of activated NK cells (IFN-
γ+ CD27high CD11bhigh, CD69+ KLRG−) and NK cytotoxic
activity, with respect to wild-type (WT) counterparts. In vivo
depletion of NK cells accelerated 4T1 tumor growth in ST2−/−

mice (70). Moreover, exogenous administration of IL-33 to
WT 4T1 tumor-bearing mice decreased NK cell activation
and cytotoxicity and promoted tumor progression (71), thus
suggesting a detrimental role for IL-33 in NK cell-dependent
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anti-tumor responses. These contrasting results suggest that IL-
33 may exert opposing effects on NK cells within the tumor
microenvironment depending on the levels of IL-33 expressed
and on the primary target cells.

Macrophages
Several lines of evidence indicate that IL-33 amplifies the
expression of M2 markers on macrophages in vitro and
in vivo, thus promoting the suppressor function of tumor-
associated macrophages (TAMs). Blockade of IL-33 abrogates
the polarization of TAMs into (alternatively activated) M2
macrophages in a model of human non-small-cell lung cancer
(44). Expression of IL-33 was found to stimulate the recruitment
of M2-like macrophages into the cancer microenvironment in
mouse models of colon (41, 72–74) and breast cancer (71)
correlating with tumor progression. Of note, IL-33 stimulated
macrophages to produce prostaglandin E2, which supported
colon cancer stemness (73). Furthermore, in mouse tumor
xenografts IL-33 was shown to promote metastasis through
recruitment of M2-like TAMs (75). Recently, it was shown in the
mouse monocyte/macrophage line RAW264.7 that IL-33 directly
induces MMP-9 expression, which facilitates tumor progression,
invasion, and angiogenesis (76). These observations indicate that
IL-33/ST2 signaling on macrophages promotes M2 polarization,
immunosuppression, and tumor progression.

Dendritic Cells
Although dendritic cells (DCs) express low levels of ST2 on
their cell surfaces, they respond to IL-33 by up-regulating
MHC-II, CD40, CD80, CD86, OX40L, CCR7, and by increasing
production of several cytokines (IL-4, IL-5, IL-13, TNF-α, and IL-
1β) and chemokines (CCL17 and CCL22) (77–80). In addition,
IL-33-activated DCs promote an atypical Th2-type of immune
response inducing IL-5- and IL-13-producing CD4+ T cells
in vitro and in vivo (77, 79), which can be further amplified
during allergic inflammatory response via ST2 (78, 81). In vivo,
IL-33 exposure induces DC recruitment and activation in the
lung (78, 79). IL-33 promotes the expansion of DCs from
bone marrow (BM), by stimulating the secretion of basophils-
derived GM-CSF. However, such IL-33 differentiated BM-DCs
expressed low levels of MHC-II but high PD-L1 and PD-L2
immune checkpoints on the surface, and displayed reduced
capacity to prime naïve T cells (82). In support of this potential
tolerogenic effect, IL-33 has been shown to promote IL-2
secretion by murine DCs, thus supporting the in vitro and in
vivo expansion of ST2-expressing Treg cells (39). In mice bearing
4T1 breast cancer IL-33 administration increased the percentage
of splenic CD11c+ DCs expressing IL-10 (71). In contrast, in a
murine AML model, systemic IL-33 administration promoted
DC activation and “licensing” for cross-priming of tumor-
reactive CD8+ T cells (51). Likewise, in EG7 lymphoma, B16,
and inducible BrafV600EPTEN melanoma models exogenous IL-
33 activated myeloid DCs within the tumor microenvironment
increasing antigen cross-presentation and restoring anti-tumor
T cell activity in a ST2, MyD88, and STAT1-dependent manner
(50). On the whole, these results suggest that IL-33 depending
on the context can stimulate DC antigen presentation and, thus,

anti-tumor immune responses, or induce tolerogenic features,
thus supporting tumor growth.

Myeloid-Derived Suppressor Cells
Myeloid-derived suppressor cells (MDSCs) are closely related to
granulocytes and monocytes but differ from them in that they
are absent in healthy individuals but expand under pathological
conditions, such as cancer, exerting potent immune suppressive
role (83). Several reports described the ability of IL-33 to
expand MDSCs in vivo during tumorigenesis. In 4T1 breast
cancer model, IL-33 has been reported to promote MDSC
expansion (71). Exogenous administration of IL-33 increased
intratumoral and systemic accumulation of CD11b+ Gr-1+

MDSCs that expressed TGF-β1 and IL-13α1R with higher
incidence of monocytic vs. granulocytic MDSCs. Fittingly,
absence of IL-33/ST2 signaling reduced the accumulation,
proliferation, and immunosuppressive ability of MDSCs in
tumor-bearing mice (71, 84). Moreover, IL-33 upregulated in
MDSCs the expression and activity of arginase-1 in vitro and
activated NF-κB and MAPK signaling in vivo, which augment
their immunosuppressive ability (84). Conversely, in vitro IL-
33 was shown to negatively regulate MDSC development
from BM progenitor cells inhibiting the differentiation of
granulocytic MDSCs (G-MDSCs), but not of monocytic MDSCs
(M-MDSCs). In addition, IL-33-treated BM-derived MDSCs
exhibited diminished immunosuppressive capacity, reduced
inhibition on T-cell proliferation and IFN-γ production, and
diminished production of ROS (45). In B16 melanoma mouse
models, IL-33 administration was shown to decrease MDSCs
accumulation in the spleen and tumor microenvironment (45,
69). These evidences indicate that IL-33 may promote or halt
MDSCs expansion depending on the tumor type.

Neutrophils
IL-33 directly acts on murine neutrophils in the lungs (85).
Indeed, IL-33-treated neutrophils produced IL-4, IL-5, IL-9, and
IL-13 and displayed a distinct gene expression profile in contrast
to resting and lipopolysaccharide (LPS)-treated neutrophils.
These neutrophils were found in the lungs of ovalbumin
(OVA)-induced mouse model of asthma. Adoptive transfer of
IL-33-driven neutrophils significantly worsened the severity of
the disease in this model (86). In vitro, IL-33 promoted IL-4, IL-5,
IL-9, and IL-13 expression in murine neutrophils in time- and
dose- dependent manner. IL-33-induced neutrophils expressed
high levels of CXCR1, CCR1, IL-1R2, and CXCR2 mRNAs
compared with LPS-induced neutrophils. In a mouse model
of choriomeningitis virus-induced hepatitis, IL-33 promoted
neutrophil recruitment in the liver and dampened liver injury
by limiting T-cell activation. Liver neutrophils displayed an
immunosuppressive phenotype, characterized by high levels
of arginase-1, iNOS and IL-10 (87). Thus, IL-33 may promote
inflammatory or regulatory neutrophils, depending on the
pathological condition. Little is known about the effects of
IL-33 on neutrophils in tumor immunity. In a mouse model
of ectopic CT26 colon carcinoma, systemic chemotherapy with
irinotecan induced intestinal mucositis, associated with the
induction of IL-33, and increased neutrophil accumulation
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in the intestine. Supernatants from intestine explants treated
with irinotecan enhanced migration of neutrophils in vitro in
an IL-33/CXCL1/2/CXCR2-dependent manner. Importantly,
IL-33 blockade reduced mucositis and enabled prolonged
irinotecan treatment of ectopic colon carcinoma leading to a
beneficial outcome of the chemotherapy. These results suggest
that inhibition of the IL-33/ST2 pathway may represent a novel
approach to limit mucositis and improve the effectiveness of
chemotherapy (88).

Eosinophils
Administration of IL-33 in mice causes massive tissue infiltration
of eosinophils and elevations of typical type 2 cytokines such
as IL-5, IL-9, and IL-13, contributing to allergy and fibrosis
(89). These responses also occurred in RAG knockout mice,
suggesting that innate cells, particularly IL-5 producing ILC2s,
were the direct target of IL-33 (54). However, IL-33 is now
known to act directly on eosinophils leading to upregulation of
CCR3, CD69, and CD11b, production of chemokines (CCL17,
CXCL2, CXCL3, and CXCL10), and cytokines (IL-6, IL-13, GM-
CSF) (90). IL-33 sustained eosinophil survival in vivo in a ST2-
dependent manner and via autocrinous production of GM-CSF.
Moreover, IL-33 and GM-CSF promoted the production of IL-
4 and IL-13 by eosinophils, which in turn favored macrophage
polarization toward M2 phenotype (91). In a murine model of
melanoma, in vivo expansion of innate IL-5–producing ILC2
cells following systemic IL-33 injection played an important
role for eosinophil recruitment and metastasis control. Innate
IL-5-producing cells were increased in response to tumor
invasion, and their regulation of eosinophils is critical to halt
tumor metastasis (65). We reported that in transplantable
B16 melanoma models, IL-33 restricted tumor growth and
inhibited lung metastasis through recruitment and activation of
eosinophils. Indeed, ST2-deficient mice presented an increased
metastatic load and reduced lung eosinophilia compared to
wild type mice. Depletion of eosinophils completely abolished
the anti-tumor effects of IL-33 administration (69). Kim et al.
also reported substantial expansion of intratumoral eosinophils
in mice transplanted with IL-33-expressing tumor cells (EL4,
CT26, and B16); however, their role in IL-33-induced anti-tumor
effects was not addressed (66). In our study, IL-33 expanded
eosinophils expressed T cell-attracting chemokines and induced
NK and CD8+ T cell-recruitment at the subcutaneous tumor site,
but not at the lung metastatic site. In addition, IL-33 activated
eosinophils in vitro enhancing CD11b, CD69, and granzyme B
expression and activating cytotoxic functions against melanoma
cells (69). These findings suggest that depending on the tumor
site, eosinophils may play an accessory role, supporting the
recruitment of tumor-reactive CD8+ T cells (92), or a direct
cytotoxic effect against tumor cells. Indeed, IL-33 can potently
activate human eosinophils, enhancing adhesion, promoting
survival, and inducing ROS production and degranulation (93,
94). Of note, degranulation of eosinophils has been shown in vivo
in proximity of tumors (95, 96) and after in vitro stimulation,
resulting in efficient killing of target mouse (97) and human
(98) tumor cells, highlighting the tumoricidal properties of
eosinophils (99).

Mast Cells
IL-33 activates its receptor complex (ST2: IL-1RAcP) on human
mast cells (100) and basophils (19). IL-33 synergizes with IgE-
and non-IgE-dependent stimuli to release cytokines from human
mast cells (101). Similarly, IL-33 augments substance P-induced
vascular endothelial growth factor (VEGF) production from
human mast cell lines (102). The latter findings are clinically
relevant because VEGFs produced by humanmast cells (103) and
basophils (104) play an important role in chronic inflammation
and in tumor growth (105). We have demonstrated that IL-
33 up-regulated the Fcγ receptor type IIa and synergistically
enhanced immune complex-triggered activation of human mast
cells (106). Collectively, these findings demonstrate that IL-
33 can synergistically potentiate the immunologic and non-
immunologic release of mediators from human and rodent mast
cells. Single cell analysis demonstrated that IL-33 increased both
the number of degranulating and chemokine-producing mast
cells and the magnitude of individual mast cell response (107).
The relevance of IL-33-mediated mast cell response has been
found also in vivo in several pathological conditions, including
cancer. Mast cells and basophils are known to infiltrate several
types of tumors but, due to the wide range of mediators they
release, it is difficult to define their specific pro- or anti-tumoral
activity (103). Mast cell activation by IL-33 may occur in a
number of tumor types. In skin cancers, mast cells accumulated
with IL-33 expressing fibroblasts in UV-exposed murine skin
samples (108). In the ApcMin/+ mouse model, IL-33 deficiency
reduced tumor burden (109, 110) and decreased mast cell
density in polyps as well as suppressed the gene expression
of mast cell-derived proteases and cytokines that promote
angiogenesis, Treg function, and MDSC recruitment within the
tumor microenvironment (111–113).

Basophils
Human basophils constitutively express ST2 which is induced by
IL-3 (114, 115). Although IL-33 alone failed to directly induce
degranulation of human basophils, it exerted priming effects.
It enhanced degranulation and IL-4 production in response
to IgE cross-linking (114). By contrast, IL-33 alone activated
unprimedmurine basophils in vitro (116). Recently, Rivellese and
collaborators, using highly purified human basophils, elegantly
demonstrated that IL-33 alone induces the release of low
but detectable amounts of IL-4 (117). IL-33 synergistically
potentiated IL-4 production induced by IL-3 or anti-IgE.
Interestingly, IL-33 did not induce basophil degranulation, as
evaluated by the membrane expression of CD63, but significantly
enhanced IgE-mediated histamine release. Collectively, these
findings indicate that IL-33 can activate human basophils
presumably through the engagement of ST2. Furthermore,
IL-33 can enhance IL-3- and anti-IgE-mediated basophil
degranulation, histamine secretion, and cytokine production.
The role of basophils in anti-cancer immunity is poorly
characterized and the effects of IL-33 in stimulating or regulating
basophils responses in cancer are unknown. In mouse models of
melanoma, Sektioglu et al. reported that intratumoral basophils
enhanced CD8+ T cell infiltration via production of the
chemokines CCL3 and CCL4, contributing to tumor rejection
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following Treg cell depletion (118). Recently, low circulating
eosinophils and basophils were associated with poor prognosis
in CRC patients (119). Moreover, basophils in tumor-draining
lymph nodes of bothmice and pancreatic ductal adenocarcinoma
patients correlated with Th2 responses in tumors and poor
prognosis (120).

ROLE OF IL-33 IN CANCER: EVIDENCES
FROM EXPERIMENTAL TUMOR MODELS

Accumulating evidences indicate that the axis IL-33/ST2 plays a
role in tumor immunity. However, both pro-tumoral and anti-
tumoral functions have been reported and the current literature
suggest that IL-33 may differently affect tumor immunity
depending on the tumor type, immune cell targets and on
cooperating microenvironmental factors (121).

Breast Cancer
The majority of reports point to a pro-tumoral role of IL-
33 in breast cancer models. In mice, the IL-33/ST2 axis was
shown to promote the growth and lung and liver metastases of
4T1mammary tumors facilitating the intratumoral accumulation
of immunosuppressive myeloid (Gr-1+ TGF-β1+ MDSC, IL-
10-expressing CD11c+ DCs, and alternatively activated M2
macrophages), ILC2, and Treg cells, while dampening the
expansion of activated NK cells (70, 71, 84). Lukic group
demonstrated that IL-33/ST2 axis promotes the expression of
pro-angiogenic VEGF in tumor cells and attenuates tumor
necrosis, thus facilitating mammary tumor growth (122). In
contrast, another study reported that transgenic overexpression
of IL-33 in 4T1 breast cancer cells reduces tumor growth and
metastasis in vivo (49). In vitro, IL-33 acts as a critical tumor
promoter during epithelial cell transformation and sustains
breast cancer tumorigenesis (123). Recently, it has been reported
that IL-33 overexpression in human ER-positive breast cancer
cells results in resistance to tamoxifen-induced tumor growth
inhibition, by promoting cancer stem cell properties (124).
These findings indicate that in breast cancer IL-33/ST2 exert
both intrinsic and extrinsic pro-tumoral function favoring
tumorigenesis and stemness and reducing anti-tumor immunity.

Colorectal Cancer
Anumber of evidences frommousemodels point to an important
role of the IL-33/ST2 axis in promoting colorectal cancer
(CRC) tumorigenesis, progression and malignancy (125). In
the ApcMin/+ mouse model for human familial adenomatous
polyposis, abrogation of the IL-33/ST2 axis by knockout of
IL-33 (109) or ST2 (41, 110) inhibits proliferation, induces
apoptosis, and suppresses angiogenesis, thus decreasing tumor
number and size. Accordingly, overexpression of IL-33 in MC-
38 mouse CRC cells results in increased in vitro proliferation
and enhanced tumor growth and liver metastasis after orthotopic
transplant in syngeneic mice through tumor-derived IL-33-
induced recruitment of CD11b+ GR1+ and CD11b+ F4/80+

myeloid cells and angiogenesis (126). In addition, expression
of IL-33 in human CRC cells promoted their growth and
metastasis in vivo and reduced the survival of recipient nudemice

(127). Likewise, IL-33/ST2 signaling in CRC tissues promoted
the malignant growth and metastatic spread of CRC through
modification of the tumor microenvironment (72). In a recent
study, it was shown that IL-33 overexpression or exogenous
administration of IL-33 to human or murine colon cancer cells
enhanced cell growth in vivo and promoted colon cancer cell
stemness through an immune-associated mechanism (73). In
contrast, some studies have reported an anti-tumoral function
of IL-33 in CRC models. Abrogation of ST2 signaling in CT26
mouse adenocarcinoma cells enhanced tumor development after
subcutaneous transplant into syngeneic BALB/c mice (74). In
the azoxymethane (AOM)/dextran sodium sulfate (DSS) model,
IL-33-deficient mice were shown to be highly susceptible to
cancer-associated colitis showing increased tumor number, size,
and grade, due to a protective function of IL-33 in regulating
an IgA-microbiota axis in the intestine (128). Fittingly, in a
mouse model of sporadic colon cancer tumorigenesis in the
absence of preexisting inflammation lack of IL-33 signaling
enhanced colon tumorigenesis, while IL-33 treatment reduced
tumor growth in the transplantable MC38 model, via IFN-γ-
mediated antitumor immune response (46). These evidences
suggest that in the absence of preexisting chronic or acute
inflammation the homeostatic release of IL-33 by dying colon
epithelial cells protects against the initiation and development of
sporadic colon cancer.

Lung Cancer
The IL-33/ST2 axis plays a critical role in various inflammatory
lung diseases, including asthma and fibrosis (129). However, few
studies have investigated the contribution of this pathway to lung
cancer. Akimoto et al. reported that ST2 expression in human
and murine lung cancer is inversely correlated with metastatic
potential (130). Exposure to IL-33 enhanced oncotic cell death of
ST2+ low-metastatic Lewis lung carcinoma cells, but not of ST2−

high-metastatic cells, thus suggesting that IL-33 enhances lung
cancer progression by selecting for malignant cells. Moreover,
in vitro stimulation with IL-33 promoted the migration and
invasiveness of human lung A549 cells (131) and enhanced the
growth and metastasis of primary non-small-cell lung cancer
(NSCLC) cells after xenotransplant into immunodeficient mice
(132). Vice versa, IL-33 blockade efficiently inhibited tumor
growth of patient-derived NSCLC xenografts, abrogating M2
polarization of macrophages, and reducing the accumulation of
Treg cells within the tumor microenvironment (44). In mouse
lung tumor models stable transfection of IL-33 gene into tumor
cells inhibited tumor growth and metastatic spread in vivo (49,
133). Of note, IL-33 expressing metastatic A9 lung cancer cells,
a TC1-derived cell line with spontaneous down-regulation of
MHC-I, restored MHC-I expression and immune recognition
in mice (133). Although these evidences indicate that IL-33/ST2
expression in lung tissue or cancer cells fuels tumor growth, the
contribution of IL-33 to anti-tumor adaptive immune responses
against this cancer remains to be established.

Melanoma
Accumulating evidences indicate that in melanoma models IL-
33 exert anti-tumoral and anti-metastatic effects by conditioning
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the local immune environment. Systemic injections of IL-33
significantly inhibit tumor growth in mice bearing subcutaneous
B16.F10 melanomas (50, 69) and in BRAFV600EPTEN-inducible
melanomamodel (50). Dominguez et al. reported that IL-33 both
directly stimulated CD8+ T cell expansion and IFN-γ production
and activated myeloid dendritic cells (mDCs) increasing antigen
cross-presentation. Of note, combination therapy with rIL-33
and agonistic anti-CD40 antibodies demonstrated synergistic
anti-tumoral activity in this model (50). Using subcutaneous
and experimental metastasis B16 melanoma models, we recently
demonstrated that IL-33 inhibits melanoma tumor growth
and pulmonary metastasis in vivo in an eosinophil-dependent
manner (69). In a previous study, it was shown that IL-33
transgenic mice inhibit tumor metastasis in the B16 melanoma
model (48). Likewise, transgenic expression of a secretable
mature form of IL-33 by plasmid DNA in B16 tumor cells
reduced tumor growth and metastasis in vivo (49). In these
models, both NK and CD8+ T cells were required for the
anti-tumoral effect of IL-33. Instead, Kim et al. showed
that subcutaneous injection of adenoviral vector-transfected
B16 melanoma cells engineered to secrete IL-33 did not
develop palpable tumors in mice, in a CD8+ T- and NK-
independent manner, through expansion of CXCR2 ligands-
secreting intratumoral ILC2 (66). Ex vivo explanted IL-33-
expressing B16 tumors exhibited higher reactive oxygen species
(ROS) levels and increased CXCR2 expression and apoptosis
thus suggesting a role for IL-33 in creating a hypoxic tumor
microenvironment supporting ILC2-induced apoptosis (66).
The explanation for such diverse immune-mediated anti-tumor
mechanisms needs further investigations, although it is plausible
that different local concentrations of IL-33 within the tumor
microenvironment may stimulate different responses.

Other Tumors
IL-33 has been reported to exert an anti-tumoral role in
other tumor models. In a human papilloma virus (HPV)-
associated model for cancer immunotherapy IL-33 was shown
to act as a potent vaccine adjuvant augmenting Th1 and
CD8+ T-cell responses, inducing anti-tumor immunity in vivo
(23). Enforced expression of IL-33 in a large collection of
murine tumor cell lines, including CT26 colon carcinoma,
EL4 lymphoma, B16 melanoma, Lewis lung carcinoma (LLC),
A9, and 4T1 lung cancer, results in reduced tumor growth
in vivo (49, 66, 133). In a murine acute myeloid leukemia
(AML) model administration of IL-33 significantly inhibited
leukemia growth and improved mice survival rate in a CD8+

T cell dependent manner (51). Notably, combination of PD-
1 checkpoint blockade with IL-33 further prolonged mice
survival, and induced complete leukemia regression in 50%
of animals. The latter report represents the first evidence
for combining IL-33 with immunotherapy targeting immune
checkpoint inhibitors. Recently, administration of rhIL-33
was shown to expand Vγ9 T cells improving the therapeutic
response to phosphoantigen in preventing tumor growth in a
humanized mouse lymphoma model (134). Pro-tumoral effects
were observed in several other types of experimental cancers
(135). In an organotypic culture model, carcinoma-associated

fibroblasts (CAFs) were found to express high levels of IL-33
which promoted cancer invasive behavior of head and neck
squamous cell carcinoma (HNSCC) cells (136). In gastric cancer,
IL-33 exerted a pro-tumorigenic function inducing cancer cell
invasion by stimulating the secretion ofMMP-3 and IL-6 via ST2-
ERK1/2 pathway (137) and activation of the JNK pathway (138)
conferring chemotherapy resistance in vitro. Finally, in mouse
models of cholangiocarcinoma (CCA), a malignant neoplasm
of the biliary-duct system, administration of IL-33 was found
to increase biliary tumorigenesis through an increase of IL-6
expression in tumor tissue (139) and to enhance cholangiocyte
proliferation, by increasing the numbers of IL-13-producing
ILC2s (140). The effects of IL-33 in experimental cancers are
summarized in Table 1.

IL-33/ST2 AS A BIOMARKER PREDICTIVE
OF CANCER PROGRESSION AND
PATIENTS SURVIVAL

The recent literature regarding IL-33 involvement in
tumorigenesis is controversial, since IL-33 seems to have
dual, pro-inflammatory or protective, roles depending on
the cellular and cytokine context. Some studies have shown
a positive correlation between IL-33 expression in tumor
tissue and a favorable prognosis in cancer patients. For
example expression levels of IL-33 and ST2 were significantly
down-regulated in both adenocarcinoma and squamous cell
carcinoma of lung tissues when compared to adjacent normal
lung controls (141). Furthermore, plasma IL-33 levels were
elevated during the early stage of lung cancer and decreased with
advanced cancer stages, probably due to lung volume reduction
containing bronchial epithelium and vascular endothelium as
sources of IL-33 (142). The observed decreases indicate that
the expression levels of IL-33 are inversely associated with
lung cancer progression (143). Of interest, in hepatocellular
carcinoma resected tissues expression of IL-33 by intratumoral
effector memory CD62L−KLRG1+CD107a+ CD8+ T cells
was shown to be a prognostic marker for increased patients
survival (144). Serum levels of IL-33 were significantly higher
in patients with breast cancer compared to patients with benign
breast diseases, so the local expression of IL-33 may be a
marker for differentiating malignant from normal/benign tissues
(145, 146). IL-33 expression in adjacent tissues also tends to be
higher compared to normal tissues, suggesting that adjacent
non-cancerous tissues may be similarly relevant to cancers in
terms of anti-tumor immunity. Local IL-33 expression may
also increase intratumoral accumulation of immunosuppressive
lymphoid cells in patients with breast cancer (145, 146).
Plasma sST2 levels and nuclear IL-33 expression were found
to be increased in endothelial cells in bone marrow biopsies
from patients with myeloproliferative neoplasms, whereas
low/undetectable levels were found in healthy donors (147).
It has been proposed that IL-33 induces the production of
cytokines and growth factors that promote myelopoiesis and
facilitates the development of leukemia by inducing and/or
enhancing the proliferation of hematopoietic progenitors in the
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TABLE 1 | Role of IL-33 in experimental tumors.

Role Cancer type Species Reported effects References

Pro-tumoral Breast Mouse IL-33/ST2 favors accumulation of immunosuppressive myeloid cells, Tregs, and ILCs.

Increases tumor pro-angiogenic VEGF.

(70, 71, 84, 122)

Human IL-33/ST2 promotes epithelial cell transformation and breast tumorigenesis. Confers breast

cancer endocrine resistance and cancer stem cell properties.

(123, 124)

CRC Mouse IL-33/ST2 increases polyposis in ApcMin/+ mice. Enhances tumor proliferation, growth, and

angiogenesis. Promotes accumulaion of immunosuppressive myeloid cells.

(41, 72, 73, 109, 110,

126)

Human IL-33/ST2 expression increases tumor growth and metastasis in nude mice, tumor

recruitment of prostaglandin E2-producing macrophages, and M2 polarization. Promotes

colon cancer cell stemness.

(72, 73, 127)

Lung (NSCLC) Human ST2 increases tumor invasiveness and metastatic potential by selection of malignant cells.

IL-33 blockade suppresses tumor growth and metastasis in nude mice, M2 polarization, and

Treg accumulation.

(44, 130–132)

Gastric Human IL-33 induces cancer cell invasion and confers chemotherapy resistance in vitro. (137, 138)

HNSCC Human IL-33 expression in CAFs promotes cancer invasive behavior. (136)

CCA Mouse IL-33 increases biliary tumorigenesis in mice via IL-6. It induces cholangiocyte proliferation

mediated by ILC2s.

(139, 140)

Anti-tumoral Melanoma Mouse Transgenic host or tumoral expression or IL-33 administration inhibits tumor growth and

pulmonary metastasis, via stimulation of NK, CD8+ T cells, DCs, ILC2s, and eosinophils.

(48–50, 66, 69)

Lung Mouse IL-33 expression in lung cancer cells reduces tumor growth in vivo, restores MHC-I expression

and immunovisibility.

(49, 133)

CRC Mouse IL-33/ST2 signaling negatively correlates with tumor progression of CT26 and MC38 tumors.

IL-33 induced IFNγ-mediated antitumor immune response. In a model of DSS-induced colitis

IL-33 exerts a protective function regulating in testinal IgA-microbiota axis.

(46, 74, 128)

AML Mouse IL-33 inhibits leukemia growth, improves mice survival rate through CD8+ T cells and

synergizes with PD-1 blockade to promote tumor rejection.

(51)

Lymphoma Mouse IL-33 expands anti-lymphoma Vγ9 T cells and improves the therapeutic response to

phosphoantigen.

(134)

CRC, colorectal cancer; NSCLC, non-small cell lung cancer; HNSCC, head and neck squamous cell carcinoma; CCA, cholangiocarcinoma; AML, acute myeloid leukemia; CAF, cancer

associated fibroblasts.

bone marrow microenvironment from patients with chronic
myeloid leukemia (147).

In other clinical conditions, increased IL-33 expression was
inversely correlated with the overall survival of cancer patients.
Serum IL-33 levels were increased in renal cell carcinoma
(RCC) patients compared to healthy volunteers (148). Such
over-expression was associated with advanced tumor-lymph
node-metastasis (TNM) stage, resulting in reduced survival and
increased risk of recurrence in patients. Mechanistically, it has
been shown that IL-33 enhances RCC cell growth in vivo and
prevents chemotherapy-induced tumor apoptosis in vitro via
JNK signaling activation in tumor cells (149). Similarly, both IL-
33 and ST2 were up-regulated in ovarian tumors compared to
normal ovary and ovarian benign tumors, and the expression
levels were further increased in tumor tissues at the metastatic
site (150). It has been proposed that IL-33/ST2 axis promotes
ovarian cancer migration and metastasis through regulation of
ERK and JNK signaling pathways (151). Furthermore, most
head and neck squamous cell carcinoma (HNSCC) cases with
a low invasion pattern grading score (IPGS) showed low or
no expression of IL-33, whereas most HNSCC cases with high
IPGS displayed abundant expression of IL-33 in CAFs and
in cancer cells. This observation suggests a paracrine effect
of IL-33 as a result of the crosstalk between tumor cells
and surrounding stromal cells. Hence, CAFs overexpressing

IL-33 promote the induction of epithelial-to-mesenchymal trans-
differentiation, eventually leading to tumor progression and
poor prognosis (136). Higher IL-33 expression was described
in glioma tissue compared to normal brain tissues at both
transcriptional and translational levels (152, 153). It has been
proposed that IL-33 stimulates cell migration through the
expression of matrix metalloproteinases (MMP2/MMP9) via the
ST2/ NF-κB pathway, thereby promoting cell invasion and tumor
growth (154). Higher expression of IL-33 and total ST2 (ST2L and
sST2) have also been reported in colorectal cancer (CRC) tissues
compared to adjacent normal tissues (127). This observation
could be explained considering that inflammatory cytokines are
important components of the CRCmicroenvironment and colon
cancer progression is closely related to chronic inflammation.
Increased IL-33 expression is observed in poorly differentiated
human CRC cells, which is associated with poor survival in
patients with metastatic colon cancer (73).

The relation between IL-33 and sST2 serum levels and the
survival of patients suffering from liver cirrhosis (LC) and
hepatocellular carcinoma (HCC) has not been determined yet.
No significant difference in IL-33 serum levels was found in
HCC compared to LC. IL-33 levels did not correlate with overall
survival or liver function parameters, whereas sST2 levels were
significantly elevated in LC and HCC patients, compared to
healthy subjects, and were associated with overall survival of
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HCC. Therefore, its function remains to be clarified (155).
Similarly, IL-33 protein levels were significantly lower in gastric
cancer tissues than adjacent tissues. These levels were associated
to the depth of tumor invasion and the morphology of the tumor,
suggesting that IL-33 is involved in the process of inflammatory
reaction in the development of gastric cancer, while it is not
significantly associated with the overall survival of these patients
(156).

ANALYSIS OF IL-33 MUTATIONS AND
ISOFORMS IN CANCER

IL-33 gene undergoes a certain number of somatic mutations
during tumorigenesis. Depending on the exact location in the
gene (and protein), the mutation may be putative of some
key functional aberrancies that influence the IL-33 global

functional properties (Figure 3). In general, IL-33 mutations
occurred with very low frequencies in all tumors examined
(0.072–1.391%). However, some mutations may putatively have
a key impact on the functionality of IL-33. IL-33 protein is
equipped with three main regions (Nuclear, Central, IL-1-like)
with three specific binding and cleavage sequences in each of
these domains (Figure 3). For example, there are 15 unique
mutations in skin cancer patients, with a missense mutation
(M52I at nucleotide 6250538 of the chromosome 9) targeting
the chromatin binding site (R1). We hypothesize that this
amino acid change potentially breaks the ability of IL-33 to
bind DNA and thus to exert its regulatory functions. There
are additionally 11 unique somatic missense mutations all
affecting the IL-1-like domain of the protein (but outside the
R3 sequence), that can putatively compromise the IL-33 binding
ability to its specific receptor ST2 (3, 157). Another tumor that
displays a mutation affecting the ability of IL-33 to bind the

FIGURE 3 | Distribution of unique somatic IL-33 gene mutations in tumors and in the domain regions of the IL-33 protein. (A) IL-33 gene mutations in each tumor

have been obtained by inferring the publicly available cBioPortal database for analysis of large-scale cancer genomics data sets (http://www.cbioportal.org/). For each

tumor type the number of mutations (n) and the total number of sample patients is depicted. The IL-33 gene mutation positions are aligned to the three principal

regions of the IL-33 protein. R1, Chromatin binding domain (M45XLRSGXXI53); R2, Cleavage site for inflammatory Proteases

(T90VECFAFGISGVQKYTRALHDSS112); R3, Cleavage site for caspase 3 and caspase 7 (D175GVDG179). Some missense (red text) and truncation (black text)

mutations are depicted. (B) Somatic IL-33 gene mutation frequencies calculated by data analyzed in (A) and indicated for each tumor type.
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FIGURE 4 | Distribution of IL-33 RNA transcript variants in tumor samples compared to normal tissues. (A) Schematic representation of the chromosome location

(red box and text) of the IL-33 gene (upper panel) with the location of exons present in each indicated transcript variant (lower panel). Data are obtained by ENSEMBL

genome browser (https://www.ensembl.org/). There are 3 isoforms of IL-33 gene, which are: NM_001199640 (CDDS56563.1), NM_001199641 (CDDS56564.1),

NM_033439 (CDDS6468.1). (B) Expression of the IL-33 transcript variants indicated in (A) for each tumor compared to the normal tissues. Expression data (T.P.M,

transcript per million) are obtained by interrogating the public database for Isoform expression resource analysis (Isoexpresso, http://wiki.tgilab.org/ISOexpresso/main.

php). IL-33 transcript variant expression data are not available for skin, blood, brain, and ovarian cancers/normal tissues within Isoexpresso database. The

predominant forms for brain and ovarian tumors are variants 1 whereas the predominant form expressed in skin tumors is the transcript variant 3 (resource:

Mammalian Transcriptomic Database, http://mtd.cbi.ac.cn/).

chromatin is the uterine cancer with the R48H amino acid
change (Figure 3). Interestingly, the mutations E121K, H221Y,
S225F, and H246Y, all occurring in the IL-1-like domain, are
classified as deleterious in terms of IL-33 functional changes for
skin cancers as evidenced by the cBioPortal database. Some of
these mutations, like the amino acid change H221Y, are also
shared with other tumors such as bladder cancer, thus denoting
their significance. There is only one somatic missense alteration
(G176S) occurring inside the R3 region, shared by colon and
blood cancer patients (Figure 3). These mutations can putatively
disrupt the cleavage site for caspase 3 and 7, thus increasing
the IL-33 resistance to these proteases with key consequences in
skin tumor survival and progression. Mutations in the cleavage
site for inflammatory proteases (R2) occur only in colon and
uterine tumors, with the A95V amino acid change (colon) and

two mutations in uterine tumor (missense V101L and truncation
S111).

As mentioned above, the IL-33 gene is equipped with a
splicing system generating three different variants of the IL-
33 protein (Figure 4A). The first isoform variant is composed
by 7 exons, whereas the variants 2 and 3 contain 6 and 4
exons, respectively. The role and the extent of expression of each
isoform in cancer is still a field of debate. Nevertheless, public
databases such as IsoExpresso are now available, containing
expression data of isoforms associated to thousands of human
genes involved in cancer progression (158). We then extracted
data about the expression of IL-33 isoform variants in different
types of tumors and the normal counterparts (Figure 4B). The
IsoExpresso database revealed a differential expression across
the lesions and normal tissues or across the isoform variants
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of IL-33. Thyroid, liver, breast, and bladder cancers display
a change in isoform expression when compared to normal
counterparts. Indeed, variants 2 and 3 are highly expressed in
these tumors compared to expression levels observed in normal
tissues (Figure 4B). Of note, bladder cancer presents a splice site
mutation (X157, Figure 3), and the presence of this mutation
may probably be associated to the observed expression shift of the
IL-33 isoform variants in this type of cancer (Figure 4). Indeed,
in the tumor lesions the mainly expressed isoforms are variant
2 and 3, whereas the normal tissues express the variant 1 only
(Figure 4B). This strongly suggests that this mutation affects the
disappearing of IL-33 exon 4 (Figure 4A). In contrast, uterine
tumor has been associated with a splice mutation (X115, close
to the S111 truncation, Figure 3) not affecting the expression of
IL-33 splice variants (Figure 4B).

CONCLUDING REMARKS

The role of IL-33 in tumorigenesis and cancer immunity
remains controversial. The current literature indicate that IL-
33 expression can be regulated during the progression of
distinct types of cancers and that IL-33/ST2 signaling within
the tumor microenvironment may differently contribute to
tumorigenesis, promoting antitumor responses or mediating
tumor growth or metastasis, depending on the nature of the
malignant tissue. Further studies are needed to elucidate the role
of this pathway at specific time points during cancer development
as a possible diagnostic/prognostic marker for patients and
to clarify whether IL-33/ST2 blockade may represent a valid
approach for adjuvant therapies of established IL-33-dependent
tumors.

It has been suggested that IL-33 has opposing effects in tumor
immunity depending on its local concentration (121). In this
respect, the tumor histotype may crucially determine the amount
of IL-33 expressed. In addition, the presence of different IL-
33 isoforms may play a crucial role. Thus, it may be possible
that under steady-state conditions the homeostatic release of
IL-33 by apoptotic epithelial cells may be regulated by caspase

cleavage, thus limiting excessive inflammation. We envisage that,
as in several chronic inflammatory diseases, also in tumors IL-
33 could exist in several different forms as a result of post-
translational processes, including intracellular and extracellular
modification, or as a result of mRNA alternative splicing. There
is compelling evidence that different forms and cleavage products
of IL-33 can exert dissimilar biological activities. Unfortunately,
the identification and the concentrations of the different forms
of IL-33 in different tumors is largely unknown. Future studies
should characterize the different forms of IL-33 in human
and experimental tumors. Moreover, the mutation level of
IL-33 gene observed in human solid tumors (Figure 3) may
be associated with different isoforms and distinct stimulated
antitumor immune responses. Lastly, since the new frontier
of cancer immunotherapy is the employment of immune
checkpoint inhibitors (i.e., against PD-1, PD-L1, CTLA-4) further
studies are needed to clarify whether IL-33 conditioning may
increase the therapeutic response to checkpoint blockade in
cancer patients.
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Interleukin-33 (IL-33), a member of the IL-1 superfamily, functions as a traditional

cytokine and nuclear factor. It is proposed to have an “alarmin” role. IL-33 mediates

biological effects by interacting with the ST2 receptor and IL-1 receptor accessory

protein, particularly in innate immune cells and T helper 2 cells. Recent articles have

described IL-33 as an emerging pro-fibrotic cytokine in the immune system as well as

a novel potential target for systemic sclerosis. Here, we review the available information

and focus on the pleiotropic expression and pathogenesis of IL-33 in systemic sclerosis,

as well as the feasibility of using IL-33 in clinical applications.

Keywords: interleukin-33, ST2, systemic sclerosis, pathogenesis, fibrosis

INTRODUCTION

Systemic sclerosis (scleroderma, SSc) is a heterogeneous autoimmune disease of unknown etiology,
clinically characterized with obliterative microvasculopathy, inflammation, and extensive fibrosis
of the skin andmultiple organ systems and serologically characterized by the presence of circulating
specific autoantibodies. SSc has the highest cause-specific mortality among connective tissue
diseases (1, 2), and pulmonary artery hypertension and interstitial lung disease (ILD) are the
leading causes of death (3, 4). Therapeutic interventions for SSc mainly involve the comprehensive
administration of glucocorticoids and immunosuppressants and targeted treatment. To date, no
effective medical intervention has been developed to control and reverse the progression of this
fibrotic disease (5). Thus, effective and safe targeted therapies for SSc-related fibrosis are urgently
needed. In the pathogenesis of SSc, endothelial damage may be a primary event. SSc also exhibits
complex interactions during the transition from fibroblasts to myofibroblasts and non-infective
inflammation or autoimmunity.

Interleukin (IL)-33 belongs to the IL-1 superfamily and is widely expressed throughout the
human body. During cell damage or tissue injury, IL-33 is released into the extracellular space,
wherein it produces endogenous danger signals to alert adjacent cells. This function deems IL-33
as an alarmin. IL-33 also functions as a nuclear factor regulating gene transcription in cytokine-
expressing or cytokine-responsive cells (6). IL-33 is known to play crucial roles in inflammation.
However, recent studies indicated that IL-33 participates in the development and progression of
fibrotic diseases and SSc. Here, we review the profibrotic roles of IL-33 and its related mechanisms
and discuss its potential application in the treatment of SSc.

BIOLOGICAL CHARACTERISTICS OF IL-33

IL-33, also known as IL-1F11, is a member of the IL-1 superfamily (7) and exhibits dual
functionality (8). This cytokine was first identified as a nuclear factor in high endothelial venules
in 2003 (9) but was renamed as IL-33 when a study in 2005 demonstrated its role as a specific
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Graphical Abstract | Expression and Pathogenesis of interleukin (IL)-33 in Systemic sclerosis (SSc). IL-33-producing cells (mainly endothelial cells, epithelial cells,

fibroblasts, monocytes, macrophages, and erythroid progenitor cells) secrete IL-33 into the extracellular environment. Full-length IL-33 is transformed into mature

IL-33 through cleavage by inflammatory proteases (such as cathepsin-G and elastase). The formation of the IL-33/ST2 longer transmembrane form (ST2L)/IL-1

receptor accessory protein complex in ST2+ immune cell membranes results in the activation of nuclear factor-κB transcription factors through the MyD88,

IL-1R-associated kinase (IRAK), and tumor necrosis factor receptor associated factor 6 (TRAF6) signaling pathways, leading to the induction of inflammation and

profibrosis in pathological cells. IL-33 also functions as a nuclear factor to regulate gene transcription in cytokine-expressing or cytokine-responsive cells. Moreover,

sST2 acts as a decoy receptor for IL-33 (full-length IL-33 or mature IL-33), and CNTO-7160 (the first monoclonal anti-ST2 antibody) was designed as a new IL-33

inhibitor. Both of these molecules block the downstream signaling of IL-33.

extracellular ligand for the orphan IL-1 receptor family member
ST2 (also known as IL-1RL1, DER4, T1, and FIT-1). ST2
is a member of the Toll-like receptor (TLR)/IL-1 receptor
superfamily (10), which has two main isoforms, namely, a short
soluble form (sST2) and longer transmembrane form (ST2L),
with four isoforms in total, including ST2V and ST2LV (11). The
mRNA encoding sST2 is a secretory sequence that is generated
by alternative splicing and lacks the sequence encoding the
transmembrane domain of ST2L (12).

Abbreviations: ST2L, ST2 longer transmembrane form; sST2, soluble ST2; ILC2,
type 2 innate lymphoid cell; Treg, regulatory T cell; DC, dendritic cell; Th1, T
helper 1 cell; CD8+ T cell, CD8-positive T cell; iNK T cell, invariant natural killer
T cell; NK cell, natural killer cell; SSc, systemic sclerosis; IRAK, IL-1R-associated
kinase; TRAF6, tumor necrosis factor receptor associated factor 6; IL, interleukin;
ILD, interstitial lung disease; IL-1RAcP, IL-1 receptor accessory protein; NF-
κB, nuclear factor-κB; MAPK, mitogen-activated protein kinase; IPF, idiopathic
pulmonary fibrosis; TGF, transforming growth factor; TLR, Toll-like receptor; IFN,
interferon; IRF-7, IFN regulatory factor 7.

The IL-33 gene is located on human chromosome 9 (or
chromosome 19 in mice) and is transcribed from seven coding
exons. The protein is synthesized as a 31-kDa pro-IL-331−−270

(full-length IL-33). Following synthesis, IL-33 is transported
into the nucleus as a nuclear factor. Similar to the IL-1 family
members IL-1β and IL-18, IL-33 lacks the classic signal sequence
necessary for the transport by the endoplasmic reticulum/Golgi
secretion pathway (13). Upon natural secretion from pathological
cells undergoing necrosis or necroptosis, the full-length IL-33 is
cleaved by caspase-3 and caspase-7 to activate apoptotic pathways
in the cytoplasm, followed by its release into the extracellular
environment (14). Once released into the extracellular matrix,
full-length IL-33 is further processed by serine proteases (such
as cathepsin-G and elastase) into the 18-kDa IL-33112−−270

(mature IL-33) with increased activity (15, 16), forming a soluble
recombinant cytokine in circulation. However, both full-length
and mature IL-33 bind to ST2L in ST2+ immune cell membranes
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and interact with IL-1 receptor accessory protein (IL-1RAcP),
eventually leading to the formation of an IL-33/ST2L/IL-1RAcP
complex. This complex induces signaling pathways through
MyD88, IL-1R-associated kinase (IRAK), and tumor necrosis
factor receptor associated factor 6 (TRAF6) and activates the
canonical nuclear factor-κB (NF-κB) and mitogen-activated
protein kinase (MAPK) pathways (17).

IL-33 is principally produced by stromal cells, including
epithelial cells, endothelial cells, fibroblast-like cells, and
myofibroblasts of lymphoid as well as non-lymphoid organs,
under both steady state and inflammation conditions (18–20).
In erythroid progenitor cells, IL-33 is produced during the
maturation of red blood cells and released upon haemolysis
(21). Innate immune cells expressing ST2 mainly include
dendritic cells (DCs), natural killer (NK) cells, eosinophils,
basophils, macrophages, and neutrophils (12). Full-length IL-
33 predominantly remains inside the cell and regulates the
expression of genes, which induce pulmonary inflammation and
fibrosis. In contrast, mature IL-33 promotes asthma as well as
allergic and anti-parasitic responses through the ST2 receptor
and Th2 mechanisms (22).

Mechanisms such as inactivation by oxidation of cysteine
residues, nuclear localization or sequestration, and proteolytic
processing, and receptor antagonists as well as sST2 have
evolved to regulate the expression and activities of IL-33 (12,
14, 15, 23, 24). sST2 is constitutively expressed in the human
serum, wherein it acts as a decoy receptor for IL-33 and is
not involved in signaling (25, 26). sST2, induced during tissue
damage, may restrict the deleterious effects of increased IL-
33 level. A novel mechanism for the rapid inactivation of
IL-33 protein released from the cell in vivo was reported,
wherein an oxidation-driven conformational change involving
the formation of two disulphide bonds was observed, resulting
in the elimination of ST2-dependent activity and reduction of
inflammation, consistent with themechanism of many other IL-1
family members (23).

EXPRESSION OF IL-33 AND ST2 IN SSC

According to recent studies, increased IL-33 and sST2 levels
have been observed in patients with infections, cardiovascular
disorders, allergic diseases, and rheumatic diseases such as
systemic lupus erythematosus, rheumatoid arthritis (RA),
Wegener’s granulomatosis, and Behcet’s disease (27–31). The
serum levels of sST2 and synovial fluid of IL-33 were higher
in patients with RA than in healthy controls and patients
with osteoarthritis (27). Furthermore, serum sST2 levels were
higher in patients with active, newly diagnosed, anti-neutrophil
cytoplasmic antibody-associated vasculitis than in patients
in remission, indicative of the marker role for sST2 (32).
Furthermore, ST2 and IL-33 were highly expressed around
ectopic germinal centers in salivary glands from patients with
IgG4-related disease, whereas IL-33 was expressed only in
epithelial cells in patients with Sjögren’s syndrome and controls
(33). Interestingly, the exposure of mice in vivo or human
skin samples ex vivo to inflammatory doses of ultraviolet B

irradiation induced IL-33 expression within the epidermal and
dermal skin layers (34). Proteomic analysis used to determine the
extracellular and intracellular roles of IL-33 in primary human
endothelial cells revealed the induction of inflammation-related
protein expression of the exogenous extracellular IL-33, whereas
the knockdown of the endogenous nuclear IL-33 expression had
no reproducible effect on the endothelial cell proteome (35).

The results described above support that the expression level
and biological role of IL-33 are similar to those of ST2. In general,
IL-33 expression is upregulated in inflamed tissues following pro-
inflammatory stimulation, and the role of IL-33 in cells may vary
under different pathophysiological conditions. In SSc, with an
exception during tissue inflammation, the authors proposed that
IL-33 commonly responds to tissue injury and typically affects
rapid tissue repair and regeneration (36–38).

In patients with SSc, serum levels of IL-33 and sST2
were elevated (39) and positively correlated with the extent
of skin sclerosis (higher in diffused cutaneous SSc than
in limited cutaneous SSc), severity of pulmonary interstitial
fibrosis, and vascular involvement in SSc development (40–
44). In the lesion skin tissues, IL-33 expression is altered
depending on the disease stage. IL-33 is downregulated in most
endothelial cells in early SSc but not in late SSc (45). IL-
33 produced by activated dermal fibroblasts/myofibroblasts has
been implicated in the fibrotic pathology associated with SSc,
which is profoundly increased by hypertrophic and mechanical
stress (46, 47).

The expression of IL-33 mRNA is reported to increase in the
primary pulmonary fibroblasts from patients with SSc-ILD as
well as in those from patients with idiopathic pulmonary fibrosis
(IPF). The elevated levels of IL-33 in bronchoalveolar lavage
fluids may be useful in differentiating IPF from other chronic
ILDs (48). In patients with IPF and SSc-ILD, the expression of
full-length IL-33 was elevated in the affected lungs, consistent
with the observation reported in a bleomycin-induced mouse
model. Under the conditions of ST2 gene deficiency, the full-
length IL-33 could stimulate the expression of several non-Th2
cytokines and heat shock protein 70. On the other hand, the
matured form of IL-33 was unaffected and instead activated Th2
responses (49). In contrast, the expression of the matured form
of IL-33 was enhanced but that of the full-length counterpart
reduced in the macrophages of bleomycin-induced mouse lung
tissues (50). These findings suggest that the full-length IL-33
may serve as a synergistic pro-inflammatory and pro-fibrotic
regulator in the lungs.

PATHOGENESIS OF IL-33/ST2 IN SSC

Fibrosis, a prominent pathological characteristic of SSc (38),
is characterized with a deregulated and uncontrolled repair
process. Many molecular and signaling pathways involved in
the fibrosis of SSc (51, 52), including transforming growth
factor (TGF)-β, TLR4, and interferons (IFNs), are well-
studied. TGF-β is responsible for both physiological and
pathological matrix remodeling (53) as well as fibroblast-
myofibroblast transformation (54). TLR4 induces pro-fibrotic
responses by activating NF-κB signaling through MyD88, IRAK,

Frontiers in Immunology | www.frontiersin.org 3 November 2018 | Volume 9 | Article 2663101

https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles


Li et al. IL-33 in Systemic Sclerosis

and TRAF6. The TLR/NF-κB signaling pathways enhance the
TGF-β-dependent fibrotic process (55, 56). IFNs generally
act as negative regulators of collagen synthesis and TGF-β-
mediated fibrotic responses, while the mechanism of type I IFN
signaling in SSc-promoted fibrosis remains unclear (37, 57).
The role of IL-33 in SSc was recently evaluated. In pediatric
patients with limited cutaneous SSc, high levels of IL-33 and
IFN-γ positively correlated with anti-histone and anti-ssDNA
antibodies, indicating that the co-expression of IL-33 and IFN-
γ may contribute to the pathogenesis of SSc (58). Subcutaneous
injection of IL-33 in mice resulted in the development
of cutaneous fibrosis, similar to that observed in patients
with SSc, including dermal mast cells and skin-infiltrating
neutrophils through the suppression of Th1-mediated contact
hypersensitivity responses (59). This observation highlights the
important roles of IL-33 in SSc. However, the exact mechanisms
require further investigation.

Known as a master regulator of pathological fibrosis,
TGF-β may be produced by IL-33-induced cells. During the
amplification of the alternatively activated M2 macrophage
polarization, the IL-33/ST2 pathway was shown to play a
significant role (60). IL-33 polarizedM2macrophages to produce
IL-13 and TGF-β1 and induced the expansion of type 2 innate
lymphoid cells (ILC2s) for the production of IL-13 in vitro and in
vivo. ST2 may protect ILC2s from IL-33 stimulation by reducing
the production of IL-5 and IL-13 (61). IL-13 is a well-known
profibrotic cytokine downstream of IL-33 in the immune system
(51).

IFN-γ may play regulatory roles in physiological processes
involving IL-33. In type 2 immune responses, IL-33 and
ILC2s are central mediators that promote tissue and metabolic
homeostasis, whereas IFN-γ suppresses this pathway and
promotes inflammatory responses (62). In vivo, the co-expression
of IL-33 and IFN-γ in pulmonary fibroblast culture and
lungs resulted in the attenuation of IL-33 protein levels (63).
IFN-regulated genes may regulate IL-33 gene expression. In
both human monocytes and macrophages from C57BL/6 mice,
transcriptional activation of the IL-33 gene stimulated by the
acute-phase protein serum amyloid A, a TLR2 ligand, may be
regulated by IFN regulatory factor 7 (IRF-7) recruited to the IL-
33 promoter. Silencing of IRF-7 expression may result in the
abrogation of the expression of IL-33 induced by serum amyloid
A (64).

In fibrosis, DCs elevated the expression of IL-33 via TLR/NF-
κB signaling pathways in response to allergic inflammation,
resulting in an increase in the expression levels of MyD88, NF-
κB1, NF-κB2, and RelA accompanied with NF-κB p65 nuclear
translocation, possibly through a potential autocrine regulation.
These elevations may be blocked with a TLR5 antibody or
NF-κB inhibitor quinazoline and thought to be decreased
in DCs from MyD88-knockout mice (65). The deficiency in
the NF-κB negative feedback regulator A20 in hyperactive
mast cells may result in amplified pro-inflammatory responses
downstream of IgE/FcεRI, TLRs, IL-1R, and IL-33R (ST2),
thereby exacerbating inflammatory disorders (66). In addition,
Th2-stimulated (allergen-specific IgG immune complexes and
house dust mites) signaling occurs through FcRγ-associated

receptors on DCs to upregulate IL-33 production and induce
Th2-mediated allergic airway inflammation (67).

In conclusion, IL-33 functions as a pro-fibrogenic cytokine
in the development of SSc. IL-33 may enhance the TGF-β-
dependent fibrotic process by increasing the production of
TGF-β and activate TLR/NF-κB-dependent fibrosis signaling
pathways, which are regulated by IFN-γ (Table 1).

To determine whether IL-33 is a useful therapeutic target,
Locksley et al. described the complexity of using IL-33 and
therapeutic strategies for altering IL-33 activities in vivo (68).
The framework of IL-33 biology was described as a stepwise
process. First, the focal cellular necrosis or other signals induce
the release of IL-33 from the nucleus to maintain homeostasis;
IL-33 acts on tissue-resident ST2-expressing effector cells such
as ILC2s, regulatory T cells (Tregs), and mast cells to create
a tissue environment that limits inflammation and promotes a
reparative state characterized by tolerance. Second, amplification
occurs upon exposure to chronic stimuli such as allergens and
repetitive tissue damage, wherein excess extracellular IL-33 leads
to multiple self-stimulating cycles of release to promote chronic
allergic pathology, fibrosis, and excess stores of IL-33 in the
circulation and tissues. The third step is conversion, wherein
the activated inflammatory cells and cytokines responsive to
the IL-33/ST2 axis play various roles such as killing pathogens,
mounting anticancer immune responses, increasing tissue
damage, and repressing the type 2-associated immune regulation
responses. In patients with SSc, repetitive tissue damage by other
pro-fibrotic mediators in fibroblasts and endothelial cells likely
suppresses the IL-33 pool increases and regulatory mechanisms.
Next, inflammation is amplified, fibrosis occurs, and tissue IL-
33 levels increase, ultimately contributing to tissue fibrosis and
sclerosis.

Therefore, IL-33 from different sources can be up- or
downregulated to exert pleiotropic roles in SSc. Zhao et al.
proposed that these apparently contradictory results indicate the
presence of an extremely complex process of IL-33 processing
and secretion (69). The functional properties of recombinant
IL-33 used in previous studies are becoming well-characterized,
whereas the cellular sources of IL-33 in natural and stimulated
expression remain largely unknown. Additional studies are
warranted to explain the differences between in vitro and in vivo
results.

CLINICAL APPLICATIONS OF IL-33 IN SSC

Various aspects of the clinical applications of IL-33 have been
examined. However, few studies have evaluated these effects in
patients with SSc. Thus, information may be obtained from
studies of other diseases that may be applicable to SSc.

IL-33-responsive ILC2s may promote the restoration of
injured skin, lung, and gut cells (70). During the regeneration
of injured muscles, fibro-adipogenic progenitor cells are the
only known source of IL-33 in muscles. The low level of IL-33
expression in older, injured muscle reduces the recruitment and
proliferation effects of non-increasedmuscle-resident Tregs; after
the administration of IL-33, the Treg population increases and
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TABLE 1 | Targets/pathways involved in IL-33-dependent fibrosis process.

Targets/Pathways Effector cells Mediators Role of IL-33 References

TGF-β M2 macrophages and ILC2s IL-13, IL-5 IL-33 induced cells to produce TGF-β (61)

IFN-γ ILC2s, pulmonary fibroblast,

and lungs

IL-33 was inhibited by IFN-γ (62, 63)

Monocytes and

macrophages

IRF-7 IRF-7 promoted the expression of

IL-33

(64)

TLR/NF-κB signaling pathways Dendritic cells MyD88, NF-κB1, NF-κB2, and

RelA

IL-33 or ST2 was regulated by

TLR/NF-κB signaling pathways

(65, 67)

Mast cells NF-κB negative feedback

regulator A20

(66)

TGF-β, transforming growth factor-β; ILC2s, type-2 innate lymphoid cells; IFN, interferon; IRF-7, IFN regulatory factor 7; TLR, Toll-like receptor; NF-κB, nuclear factor-κB; IL, interleukin.

regeneration is enhanced (71, 72). Furthermore, the upstream
and downstream regulation of the IL-33 gene may promote the
remodeling of tissues such as nerves and tendons (73, 74).

In general, studies of IL-33 in patients with SSc have indicated
that IL-33 is a novel and important pro-fibrogenic cytokine and
a potential biomarker for monitoring disease activity (40–45).
Genetic polymorphisms in the IL-33 gene may be useful for the
prediction of the risk of various diseases. The IL-33 rs7044343
CC genotype was suggested to be associated with an increased
risk of developing SSc and a decreased risk of developing RA; the
T allele may be a susceptibility marker for premature coronary
artery disease and central obesity and possibly involved in the
regulation of IL-33 production (53, 75–77). The first monoclonal
anti-ST2 antibody, CNTO-7160, was recently designed as a new
IL-33 inhibitor; this antibody is being evaluated in phase I clinical
trials for the treatment of severe asthma and atopic dermatitis,
but no data have been published to date (78).

PROSPECTS

The alarmin IL-33 has dual functions of a cytokine and nuclear
factor. However, differences in the levels of IL-33 and systemic
sST2 indicate intra-individual and inter-individual biological
variation, reference changes, and sex-specific differences (79).
Moreover, the evaluation of the circulating concentrations of
sST2, full-length IL-33, mature IL-33, and complexes of sST2 and
IL-33 in the same patients is interesting; measurement of these

four analytes and their ratios may increase the understanding of
IL-33-related pathophysiology in various diseases (80).

Recent investigations suggested that IL-33 is a novel pro-
fibrogenic cytokine in the development of SSc, mainly because
it affects the TLR/NF-κB signaling pathways, and TGF-β1
expression is also regulated by IFN-γ. These effects are crucial
for the early diagnosis of pulmonary fibrosis. Whether IL-33
is involved in fibroblast activation alone or in combination
with other factors is unclear; however, this molecule is likely
a potential biomarker and novel therapy target for managing
fibrosis in patients with SSc. Furthermore, the inhibitor of IL-33
(CNTO-7160), currently being examined in clinical trials, may
possibly be developed as a new therapy for fibrosis in patients
with SSc (78).
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Type 1 diabetes is an autoimmune disease caused by the immune-mediated destruction

of pancreatic β-cells. Prevention of type 1 diabetes requires early intervention in the

autoimmune process against beta-cells of the pancreatic islets of Langerhans, which

is believed to result from disordered immunoregulation. CD4+Foxp3+ regulatory T cells

(Tregs) participate as one of the most important cell types in limiting the autoimmune

process. The aim of this study was to investigate the effect of exogenous IL-33 in

multiple low dose streptozotocin (MLD-STZ) induced diabetes and to delineate its role

in the induction of protective Tregs in an autoimmune attack. C57BL/6 mice were

treated i. p. with five doses of 40 mg/kg STZ and 0.4 µg rIL-33 four times, starting

from day 0, 6, or 12 every second day from the day of disease induction. 16 weeks

old NOD mice were treated with 6 injections of 0.4 µg/mouse IL-33 (every second

day). Glycemia and glycosuria were measured and histological parameters in pancreatic

islets were evaluated at the end of experiments. Cellular make up of the pancreatic

lymph nodes and islets were evaluated by flow cytometry. IL-33 given simultaneously

with the application of STZ completely prevented the development of hyperglycemia,

glycosuria and profoundly attenuated mononuclear cell infiltration. IL-33 treatment was

accompanied by higher number of IL-13 and IL-5 producing CD4+ T cells and increased

presence of ST2+Foxp3+ regulatory T cells in pancreatic lymph nodes and islets.

Elimination of Tregs abrogated protective effect of IL-33. We provide evidence that

exogenous IL-33 completely prevents the development of T cell mediated inflammation

in pancreatic islets and consecutive development of diabetes in C57BL/6 mice by

facilitating the induction Treg cells. To extend this finding for possible relevance in

spontaneous diabetes, we showed that IL-33 attenuate insulitis in prediabetic NODmice.

Keywords: IL-33, diabetes, C57BL/6 mice, NOD mice, streptozotocin

INTRODUCTION

Diabetes mellitus type 1 is a chronic inflammatory disease characterized by the progressive
destruction of pancreatic β-cells of Langerhans islets caused by autoimmune processes (1–
3). The development of these autoimmune processes is thought to be the result of disorders
of immunoregulation (3). This failure allows Th1/Th17 lymphocytes to trigger a cascade of
immune/inflammatory processes in the pancretic islets causing β cell destruction. Both the
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numerical and functional equilibrium between effector and
regulatory T lymphocytes in pancreatic infiltrates determine the
extent of destruction of β cells (4–6).

IL-33 is a member of the IL-1 cytokine family (7). Receptor for
IL-33 is ST2 (IL-33R) molecule that is constitutively expressed
on various cells including subpopulation of Foxp3 regulatory
cells Th2 lymphocytes, innate lymphoid cells (ILC2), mast cells,
basophiles, and eosinophils (8–10). IL-33/ST2 axis is important
in several inflammatory diseases (11, 12).

The idea behind this work stems from our previous data on
the role of IL-33/ST2 axis in the models of the two Th1 mediated
diseases: MLD-STZ and experimental allergic encephalomyelitis
(EAE) (5, 13–15). Deletion of ST2 abrogates resistance to EAE
in BALB/C mice by enhancing polarization of antigen presenting
cells to inflammatory phenotypes and enhancing IL-17 and
IFN-γ production. In MLD-STZ diabetes model we showed
that resistance to disease in BALB/C mice depends partially on
CD4+CD25+Foxp3+ cells (5, 15).

Further, Yuan et al. (16) recently showed that in prediabetic
NOD mice a combination of CD122 and IL-33 promotes Tregs
abundance and function in pancreatic islets. Finally Ryba-
Stanislawowska et al. (17) reported that in vitro IL-33 treatment
of Tregs derived from patients with type 1 diabetes resulted in
quantitative and qualitative enhancement of their suppressive
activity.

Siede et al. (18) have reported that IL-33 receptor expressing
Treg cells acquire capacity to produce IL-5 and IL-13 and
suppress T effectors cells by producing IL-10. Taken together
these data suggested that in vivo treatment of IL-33 may have
beneficial effects in MLD-STZ diabetes by promoting Tregs and
in particular ST2+ Tregs producing IL-10 and possibly IL-5
and/or IL-13.

MLD-STZ induced diabetes appears to be an experimental
model for studying T cell-dependent inflammatory pathology
in the islets (19). We used this model to investigate the
immunomodulatory capacity of IL-33 and to delineate the
mechanisms influencing effectors immune cell functions. Our
study has shown that IL-33 prevents MLD-STZ diabetes
induction if given at the time of disease induction. If given
6 and 12 days after the disease induction IL-33 can still
significantly attenuate development of hyperglycemia. Finally, in
order to show relevance of our findings for the development
of “spontaneous” diabetes, we looked at the possibility that
exogenous IL-33 alter the onset of insulitis in prediabetic
NOD mice. IL-33 treated NOD mice showed significantly lower
mononuclear cells infiltration but higher percentage and number
of CD4+IL-5+, CD4+IL-13+, and CD4+Foxp3+ cells expression
in the islets.

This beneficial effect appears to be mainly due to the ability of
IL-33 to enhance induction of regulatory CD4+Foxp3+ ST2+ T
cells.

MATERIALS AND METHODS

Experimental Animals
C57BL/6 mice male 8–10 week old, housed under conventional
conditions and allowed laboratory chow and water ad libitum,

were used in the experiments. Within each experiment, animals
were matched by age and weight (18–24 g) and randomly divided
into groups of 7–8 to receive different treatments. Breeding pairs
of NOD mice were purchased from Charles River Laboratories
SRL (Calco, Italy) and maintained in specific pathogen free
facilities. Female NODmice at the 16 week of age were used in the
experiment. In our animal facilities only 25–35% of NOD mice
develop diabetes typically at the 24th week of age. In attempt to
standardize the evaluation of IL-33 in these mice we used group
of 20 female mice at the age of 16 weeks and 10 of them were
treated with IL-33.

All animal procedures were approved by the Ethics
Committee for Animal studies of the Faculty of Medical
Science, University in Kragujevac.

Diabetes Induction
Diabetes was induced by MLD-STZ, as described earlier (20).
Briefly, animals received intraperitoneally (i. p.) 40 mg/kg (b.w.)
STZ (Sigma-Aldrich, St Louis, MO) dissolved in citrate buffer
on pH 4.5 for 5 consecutive days. The daily dose of STZ is
determined by the daily weight measurement of each mouse
immediately prior to the injection of the substance.

Diabetes Evaluation
Clinical diabetes was defined by hyperglycaemia (blood glucose
levels > 10.3 mmol/l) and glycosuria (urine glucose levels > 7.1
mmol/l or 128 mg/100ml) in fasted animals. Blood glucose levels
and urine glucose were measured three times per week. Samples
were taken from the tail tip after starvation for 4 h. Blood glucose
levels (mmol/l) were determined using the Accu-Chek Performa
glucometer (Roshe Diagnostics, Mannheim, Germany) and urine
glucose was analyzed by Uriscan 2 test strip (YD diagnostics,
Korea).

Glucose Tolerance Test (GTT)
GTT analyses were performed both in C57BL/6 andNODmice at
the end of experiment. To this end food was withheld 16 h before
testing. Animals were weighed and injected with 2 g/kg of glucose
(i.p.). Glucose concentrations were measured before and at 0, 15,
30, 60, and 120min after glucose injection.

IL-33 Application
C57BL/6 mice received exogenous mouse IL-33 (0.4
µg/injection; eBioscience) intraperitoneally, according to
the following scheme: I group: days 0, 2, 4, and 6; II group:
days 6, 8, 10, and 12; III group: days 12, 14, 16, and 18. Control
animals were treated with intraperitoneally PBS + citrate buffer
(CB) solution or IL-33 + citrate buffer solution at the same time
interval.

The effects of IL-33 on development of periinsulitis and
insulitis in prediabetic NOD mice were evaluated. Sixteen weeks
old animals that were all normoglycemic, free of glycosuria and
with normal GTT test were treated with 6 injections of 0.4
µg/mouse IL-33 (every second day) and sacrificed for histological
analysis at 18th week of age.
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Cyclophosphamide (CY) Administration
CY was administered at a dose 200 mg/kg of body weight
twice on 5 and 7th day of the treatment. The first CY
injection was given ∼8 h after the last administration of STZ
as a precaution against a possible interaction of CY with
STZ (21).

Histological Examination of Pancreata
Pancreata of all groups were excised and placed in 10%
buffered formaldehyde fixative solution overnight at room
temperature. Pancreatic tissue paraffin sections were
stained with hematoxylin-eosin were used for the analysis
of lymphocytic infiltrates in the Langerhans pancreatic
islets by light microscope (BX51; Olympus, Japan) using
a magnification lens of 40 × (14). Histological analysis of
the distribution of inflammatory cell infiltrate in pancreatic
islets was performed in blinded fashion by two independent
observers (MM and SP). Insulitis was graded and a mean
insulitis score was calculated as described previously
(22).

Isolation of Lymphoid Cells for Phenotypic
Assessment
Pancreatic draining lymph nodes were removed, and single-
cell suspensions were obtained by mechanical disruption. After
removing pancreatic lymph nodes, pancreas was processed
through three steps: in situ perfusion with collagenase, pancreatic
digestion, and isolation of the islet. The cells were separated
according to the protocol as describe elsewhere (23) and analyzed
by flow cytofluorimetry. Data was shown as percentage of
mononuclear cells and absolute number of cells per islets from
one pancreas.

Flow Cytometric Analysis
Cells suspensions were prepared from lymph nodes and
pancreatic islets. Single-cell suspensions were labeled with
fluorochrome-conjugated monoclonal antibodies: anti-mouse
CD3, CD4, CD8, ST2, and CXCR3 (BD Biosciences), CD11c
and CD11b antibodies (BioLegend, San Diego, CA) or with
isotype-matched control and analyzed on a FACSCalibur
(BD) using CELLQUEST software (BD). The intracellular
staining was performed with lymph node cells incubated
for 6 h in the presence of Phorbol 12-myristate13-acetate
(50 ng/ml) (Sigma, USA), Ionomycin (Sigma, USA) (500 ng/ml),
and GolgyStop (BD Pharmingen) at 37◦C, 5% CO2, stained
with anti-CD4 monoclonal antibodies or appropriate isotype
controls, fixed and permeabilized with a Cytofix/Cytoperm
solution. Intracellular staining was performed using monoclonal
antibodies: IFN-γ, IL-17, IL-10, IL-5, IL-13, IL-2, and Foxp3
(BD Biosciences) or appropriate negative controls. Cells
were analyzed with the FACSCalibur Flow Cytometer (BD
Biosciences), and analysis was conducted with FlowJo (Tree
Star).

Statistical Analysis
All variables were continuous and values were described
by the means ± SEM. In order to determine differences

in the mean values of continuous variables with a normal
distribution of values, parametric Student’s t-test was used,
and its non-parametric alternative Mann-Whitney test if data
did not follow a normal distribution. All data were analyzed
using the statistical program SPSS version 20 (SPSS Inc.,
Chicago, IL) where p-value < 0.05 was considered statistically
significant.

RESULTS

IL-33 Treatment Prevents Diabetes
Induction in C57BL/6 Mice as Evaluated by
Glycemia, Glucose Tolerance Test,
Glycosuria, and Islet Infiltration
Present study was undertaken to analyze the effect of exogenous
IL-33 on the onset and the development of type 1 diabetes as
evaluated by glycemia, glucose tolerance test, glycosuria, and islet
infiltration. C57BL/6 mice were injected with four injections of
IL-33 or PBS starting from the day 0 as described in material and
methods section (I group). As shown in Figure 1, exogenous IL-
33 showed strong suppressive effects on diabetes induction and
no biochemical parameters of the disease onset were noticed.
Significant difference in values of glycemia was observed from the
day 15 and remained until the end of the experiment (Figure 1A).

We examined blood sugar values of the experimental
mice after glucose loading using a glucose tolerance test. All
measurements were conducted within 120min in line with
the schedule: 0, 15, 30, 60, and 120. Assessing the differences
between the group that received IL-33 from the day 0 and the
control group, we found significant differences in all five time
points. Significances (p-values) according to the schedule of
measurements were as follows: 0.004, 0.039, 0.003, < 0.001, and
0.013, respectively (Figure 1B). Control animals did not develop
hyperglycemia by the end of the experiment (Figures 1A,B).

We also evaluated the onset and the differences in levels
of glycosuria between the observed groups of animals.
Measurements were performed on days 10, 14, 18, 22, 24,
26, and 28. First two measurements (days 10 and 14) did not
detect glucose in animal’s urine in either group. Glycosuria
occurred on the day 18 in mice treated with STZ only. Complete
prevention of glycosuria was achieved by administration IL-33
(Figures 1C,D).

The degree of insulitis was graded according to Hall
et al. (22) and Pejnovic et al. (24): normal islet, score 1;
perivascular/periductal infiltration, score 2; peri-insulitis, score 3;
mild insulitis (< 25% of the islet infiltrated), score 4; and severe
insulitis (more than 25% of the islet infiltrated), score 5. The
histological examination of the pancreata revealed differences in
the intensity of mononuclear cells infiltration in the islets. No
islets with severe insulitis were detected in the group of mice
treated with IL-33, while the control group of mice had 47.06%
of islets with severe insulitis (p < 0.001). The percentage of
total intact islets was 58.82% in IL-33 treated mice compared to
control group of mice with 5.8% of healthy islets (p < 0.001)
(Figures 1E,F).
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FIGURE 1 | Concomitant treatment with recombinant IL-33 completely abrogates induction of diabetes by MLD-STZ. Effect of four injections of 0.4 µg/mouse IL-33

on glycemia (A), GTT test (B), and glycosuria (C,D). Histology of the islets showed highly significant (p < 0.001) decrease of mononuclear cells influx in IL-33 treated

group compared to control group (E,F). An analysis of lymphocytic infiltrates in Langerhans’s pancreatic islands was performed by light microscope using a

magnifying lens of 40 X.
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Exogenous IL-33 Particularly Enhances the
Number of CD4+Foxp3+ Cells in Pancreatic
Lymph Nodes in C57BL/6 Mice
IL-33 did not cause significant differences in the total number
and percentage of CD4+ (Figures 2A,B) and CD8+ lymphocytes
(Figures 2C,D) in pancreatic lymph nodes of examined animals.
There were no significant differences in percentage and total
number of IFN-γ producing CD4+ T lymphocytes between
the group that were treated with IL-33 and the group that
were treated with STZ only (Figures 2E,F). IL-33 treatment
significantly reduced the percentage of CD8 lymphocytes
producing IFN-γ (p= 0.011) (Figure 2G). Likewise, the absolute
number of CD8+IFN-γ+ cells was also significantly lower
in the group of mice treated with IL-33, compared to the
control group (p = 0.029) (Figure 2H). There was no significant
difference in the percentage and number of IL-17 producing
CD4+cells (Figures 2I,J). IL-33 treatment significantly increased
the percentage (p = 0.005) and the total number (p = 0.038)
of CD4+IL-5+ cells (Figures 2K,L) and the percentage and total
number of CD4+IL-13+ cells (p = 0.02, p = 0.028, respectively)
(Figures 2M,N).

We noticed a significant increase in the percentage (p= 0.038)
and number (p = 0.037) of regulatory CD4+Foxp3+ cells in
the group treated with IL-33 (Figures 3A,B). Further, the IL-
33 treatment led to highly significant increase of the percentage
and the number of Treg cells expressing ST2 molecule (p <

0.001) (Figures 3C,D). Exogenous IL-33 significantly increased
percentage and number of CD4+Foxp3+ST2+IL-10+ (p= 0.037,
p < 0.001, respectively) (Figures 3E,F), CD4+Foxp3+ST2+IL-
13+ (p < 0.001, p < 0.001, respectively) (Figures 3G,H) and
percentage of CD4+Foxp3+ST2+IL-5+ (p < 0.001) (Figure 3J)
cells in pancreatic lymph nodes. However, IL-33 treatment
did not increase the percentage and number of CD11c+ cells
(Figures 3K,L), but significantly increased percentage of CD11c+

population that produces IL-2 which is important for the survival
of Treg cells (p = 0.023; Figure 3M). Dot plots relevant for
Figures 2, 3 are given in Supplementary Figure S1.

IL-33 Treatment Leads to Significant
Decrease in CXCR3+ Diabetogenic Cells in
the Islets
We also investigated mononuclear infiltrate in pancreatic
islets at the end of the experiments (Figure 4). There was
no difference in the percentage and number of CD4+ cells
(Figures 4A,B) and CD8+ cells (Figures 4C,D). Results showed
significantly decreased percentage (p = 0.029) and number
(p < 0.001) of effectors CD4+CXCR3+ cells in the group of
mice treated with IL-33 (Figures 4G,H). Similarly, we noticed
lower percentage of CD8+CXCR3+ cells (Figures 4I,J) and
higher percentage of CD4+IL-10+ cells (Figures 4K,L) but
differences did not reach statistical significance. The treatment
with IL-33 induced higher percentage (p = 0.042) and total
number (p = 0.038) of CD4+Foxp3+ST2+ (Figures 4O,P) in
mononuclear cell population in the islets. Total number of
CD4+Foxp3+ST2+IL-10+ cell was also increased (p = 0.038)

(Figures 4Q,R). Furthermore, we have shown that exogenous IL-
33 increased the percentage and the total number of tolerogenic
dendritic CD11b+CD11c+ cells (p = 0.013, p < 0.001,
respectively) (Figures 4S,T) in mononuclear cell population
in the islets. Dot plots relevant for Figure 4 are given in
Supplementary Figure S2.

Low Dose of Cyclophosphamide (CY)
Affects Regulatory Cells and Attenuates
Protective Effect of IL-33 in Autoimmunity
Including Type 1 Diabetes
We and others have shown previously that in mice (15)
and rats (25) low dose of CY enhances diabetes induction
by affecting regulatory cells. Therefore, we tested by day 18
whether protective effect of IL-33 will be affected by pretreatment
with CY. There was significant difference in the streptozotocin
induced level of glycemia between the groups treated with IL-33
+ CY and IL-33 only (p < 0.001). Animals treated with STZ +

PBS showed high glycemia (23 ± 2.16) vs. animals treated with
IL-33+CB or PBS+CB (glycemia 6.8 ± 0.36; 7.0 ± 0.28) which
did not develop disease (Figure 5A).

Phenotyping of the cells in pancreatic lymph nodes at the
end point of the experiment confirmed the low total number
of CD4+Foxp3+ positive cells (p = 0.013) (Figure 5C) as well
as CD4+Foxp3+ST2+ cells (p = 0.008) (Figure 5D) after CY
treatment that correlated with higher glycemia. The percentage of
CD4+Foxp3+ positive cells was also increased in pancreatic islets
(p = 0.004) (Figure 5E). These data suggest that CD4+Foxp3+

(ST2+) cells are major downregulatory cells induced by IL-33 in
MLD-STZ diabetes.

IL-33 Downregulates Diabetes If Given
After the Onset of Disease
Exogenous IL-33 treatment, applied after MLD-STZ, had also
antidiabetogenic effects inmice received IL-33 from the day 6 and
12, respectively (Figure 6). In the groups of mice that received
IL-33 from day 6, two out of 7 animals and from day 12 three
out of 7 developed hyperglycemia presenting the partial effect of
IL-33 if given after the onset of disease. There was significant
difference in glycemia level between IL-33 treated and control
animals (Figures 6A,B).

GTT results were significantly different when comparing the
group that received IL-33 from the day 6 to control with the
exception of GTT measurement in minute 15 showing similar
results within the groups. Quantifications of GTT in remaining
four-time intervals were significantly different with p-values in
minute 0, 0.008; min 30, 0.005; min 60, 0.002; min 120, 0.023
(Figure 6C). Comparing group that received IL-33 from the day
12 with control, the only result with similar GTT levels was
evaluated in min 30. Remaining four of scheduled measurements
revealed significant differences with p-values of 0.004, 0.034,
0.001, and 0.004, respectively (Figure 6D).

Initiated on the day 6 and 12, IL-33 caused a development
of a low level of glycosuria. Those low levels were significantly
different (p= 0.011 from day 18) when IL-33 was initiated on the
day 6 and remained different until the end of the experiment on
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FIGURE 2 | IL-33 attenuates inflammatory cells and increases IL-5 and IL-13 producing CD4+ cells. The percentage and total number of CD4+ (A,B), CD8+ (C,D),

CD4+ IFN-γ+ (E,F), CD8+ IFN-γ+ (G,H), CD4+ IL-17+ (I,J), CD4+ IL-5+ (K,L), CD4+ IL-13+ (M,N) were examined. The animals were treated with 0.4 µg/injection

IL-33 together with MLD-STZ (i.p. 40 mg/kg for 5 consecutive days) or of an equimolar dose of PBS or 0.4 µg/injection IL-33 together with citrate buffer. Cells were

obtained from pancreatic lymph nodes on day 28 after diabetes induction. Data from two individual experiments with at least 8 mice per group are shown as mean ±

SEM; by paired t-test when compared with values obtained with phosphate-buffered saline.
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FIGURE 3 | Exogenous IL-33 significantly increases the percentage and total number of regulatory T cells (Foxp3+ST2+ IL-10+) in the pancreatic lymph node. The

percentage and total number of CD4+Foxp3+ (A,B), CD4+Foxp3+ST2+ (C,D), CD4+Foxp3+ST2+ IL-10+ (E,F), CD4+Foxp3+ST2+ IL-13+ (G,H),

CD4+Foxp3+ST2+ IL-5+ (I,J), CD11c+ (K,L), CD11c+ IL-2+ (M,N) were examined. The animals were treated with 0.4 µg/injection IL-33 together with MLD-STZ

(i.p. 40 mg/kg for 5 consecutive days) or of an equimolar dose of PBS or with 0.4 µg/injection IL-33 together with citrate buffer. Cells were obtained from pancreatic

lymph nodes on day 28 after diabetes induction. Data from two individual experiments with at least 8 mice per group are shown as mean ± SEM; by paired t-test

when compared with values obtained with phosphate-buffered saline.
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FIGURE 4 | IL-33 attenuates influx of inflammatory cells and promotes regulatory cells infiltration in the pancreatic islets. The percentage and total number of CD4+

(A,B), CD4+CCR6+ (C,D), CD4+CXCR3+ (E,F), CD4+ IL-10+ (G,H), CD8+ (I,J), CD8+CXCR3+ (K,L), CD4+Foxp3+ (M,N), CD4+Foxp3+ST2+ (O,P),

CD4+Foxp3+ST2+ IL-10+ (Q,R), CD11b+CD11c+ (S,T) were examined. IL-33 treatment significant decreases effector CD4+CXCR3+ and CD8+CXCR3+ cells

and increases percentage of regulatory cells, myeloid dendritic cells. The animals were treated with 0.4 µg/injection IL-33 together with MLD-STZ (i.p. 40 mg/kg for 5

consecutive days) or of an equimolar dose of PBS or with 0.4 µg/injection IL-33 together with citrate buffer. Cells were obtained from pancreatic islets on day 28 after

diabetes induction. Data from two individual experiments with at least 8 mice per group are shown as mean ± SEM; by paired t-test when compared with values

obtained with phosphate-buffered saline.
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FIGURE 5 | Low dose of cyclophosphamide (CY) affects regulatory cells and attenuates protective effect of IL-33. In order to confirm our hypothesis that the effect of

Il-33 administration leads to activation and an increase in the number of regulatory T cells, we added a group that, in addition to MLD STZ and IL-33, also received a

low dose of CY (2 × 100 mg/kg) that eliminates regulatory T cells (21). Effect of four injections of 0.4 µg/mouse IL-33, MLD STZ and CY on glycemia (A). The number

of CD4+ (B), CD4+Foxp3+ (C), CD4+Foxp3+ST2+ (D) in pancreatic lymph nodes and percentage of CD4+Foxp3+ (E), CD4+Foxp3+ST2+ (F) in pancreatic islets.

The animals were treated with MLD-STZ (i.p. 40 mg/kg for 5 consecutive days) with PBS or 0.4 µg/injection of IL-33 or CY or both. Cells were obtained from

pancreatic islets and pancreatic lymph nodes on day 28 after diabetes induction. Data from one experiment with at least 8 mice per group are shown as mean ±

SEM; by paired t-test.

the day 28 (p = 0.044) when compared with MLD-STZ treated
mice (Figures 6E,F).

IL-33 Treatment Attenuates Insulitis in
Prediabetic NOD Mice
In our further analysis, we wanted to examine the effect of
exogenous IL-33 on the development of mononuclear infiltrates
in spontaneous diabetes NOD mice. Our results clearly showed
a significant difference in the infiltration of pancreatic islets
among the mice received IL-33 and untreated NOD mice.
We evaluated 70 islets and found 60% intact islets in the IL-
33 treated group of mice and only 27.5% in the untreated
group. Furthermore, in untreated group of mice, 45% of the
islets were affected by severe or mild insulitis (Figure 7A).
Exogenous IL-33 significantly decreased percentage (p < 0.001)
and number (p = 0.038) of CD4+ (Figures 7B,C) cells in
NOD mice. Significantly decreased percentage (p = 0.042) and
number of CD8+ T cells (p < 0.001) (Figures 7D,E) was also
noticed after IL-33 treatment in NOD mice. The treatment with

IL-33 induced higher percentage and number of of CD4+IL-
5+ (p = 0.042, p < 0.001, respectively) (Figures 7H,I) and
CD4+IL-13+ (p= 0.003; p < 0.001, respectively) (Figures 7J,K).
Percentage of CD4+Foxp3+ T cells was significantly increased
after IL-33 treatment (p = 0.046) (Figure 7L) in pancreatic
lymph nodes. There was no significant difference between
groups in percentage and number of CD4+IL-17+ cells
(Figures 7F,G). Dot plots relevant for Figure 7 are give in
Supplementary Figure S3.

DISCUSSION

In this paper we describe the experiments showing that
exogenous IL-33 may prevent development of MLD-
STZ diabetes in C57BL/6 mice and significantly attenuate
development of insulitis in prediabetic NOD mice. These effects
were accompanied by alteration of inflammatory cellular make
up in the draining pancreatic lymph nodes as well as in the islets
of the pancreas.
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FIGURE 6 | IL-33 given 6 and 12 days after diabetes induction partially attenuates clinical signs and influx of inflammatory cells in the islets. Effect of four injections of

0.4 µg/mouse IL-33 on glycemia (A,B), GTT test (C,D) and glycosuria (E,F) Histology of the islet showed significantly (p < 0.001) decreased influx of mononuclear

cells in IL-33 treated group in comparison with control group (G,H). An analysis of lymphocytic infiltrates in Langerhans’s pancreatic islands was performed by light

microscope using a magnifying lens of 40 X.
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FIGURE 7 | IL-33 decrease insulitis and change composition of mononuclear islet infiltration in prediabetic NOD mice. 16 weeks old animals that were all

normoglycemic, free of glycosuria and with normal GTT test were treated with 6 injections of 0,4µg/mouse IL-33 (every second day) and sacrificed for histological

analysis at 18th week of age (A). The percentage and number of CD4+ (B,C), CD8+ (D,E), CD4+ IL-17+ (F,G), CD3+CD4+ IL-5+ (H,I), CD3+CD4+ IL-13+ (J,K),

CD4+Foxp3+ (L,M) was examined by flow cytometric analysis. IL-33 treatment significant increase percentage of CD3+CD4+ IL-5+ (H,I), CD3+CD4+ IL-13+ (J,K)

and regulatory CD4+Foxp3+ (L,M) cells. Data from one experiment with 10 mice per group are shown as mean ± SEM; by paired t-test when compared with values

obtained with phosphate-buffered saline.
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There is growing evidence suggesting that IL-33/ST2
axis plays an important role in chronic in?ammatory and
autoimmune diseases (26); type 2 diabetes (27), in?ammatory
bowel disease (28), cardiac disease (29), graft-vs.-host disease
(30) and small bowel transplant rejection (31). Lack of IL-
33/ST2 signaling enhances acute hepatitis (32) and EAE
(14).

In this paper we add the evidence that not only genetic
deletion of IL-33 receptor (ST2) enhance T cell mediated
autoimmune inflammatory diseases but also the exogenous IL-
33 has shown powerful preventive effect in a model of type
1 diabetes (Figure 1). Moreover, an attempt to therapeutically
apply IL-33, 6 and 12 days after diabetes induction had
significant effects on the development of clinical and laboratory
signs of the disease (Figure 6). This protective effect was also
confirmed by the GTT test. Furthermore, IL-33 significantly
reduced mononuclear infiltration in the pancreatic islets and
we did not notice infiltration in vast majority of IL-33 treated
mice. Same animals developed only mild periductal infiltrations
(Figure 1).

Interestingly Oboki et al. (33) did not find the differences in
susceptibility to MLD-STZ diabetes between IL-33−/− and “wild
type mice.” Although the reason for the discrepancy with our
results is not clear, it may be assumed that the lack of endogenous
IL-33 does not alter other regulatory mechanisms such as ST2
negative T regulatory cells observed in our previous experiments
(15).

It was shown that IL-33-activated dendritic cells (DCs) do
not produce IL-12, while LPS-activated DCs produce abundant
IL-12. It is believed that the pathway IL-33/ST2 may counteract
the LPS/TLR4 pathway and thus may control the production
of ?h1 cytokines (34). Therefore, it was important to analyse
cellular events in the draining pancreatic lymph node and
the islets (Figures 2, 4). Application of IL-33 modulates the
Th1-Th2 balance and promotes Th2 cells only when given
in early phase of the immune response during parasitic
infection (35). Similarly, in our investigation the treatment
with exogenous IL-33 led to an increase of total number and
percentage CD4+IL-5+ and CD4+IL-13+ cells in groups of
C57BL/6 mice treated with IL-33 at the day 0 and day 6
(also treated with MLD-STZ) as shown in Figures 2, 6. These
findings were also observed in NOD mice treated with IL-33
(Figure 7).

As Th2 immune response has a protective role in pathogenesis
of diabetes (36), it is possible that one of potential mechanisms
of attenuation of the disease mediated by IL-33 is directing
immune response toward Th2. However, low dose CY sensitivity
of IL-33 antidiabetogenic effect suggests that CD4+Foxp3+

positive cells are the most important regulators in MLD-
STZ model in particular ST2+ cells of this subset (Figure 5).
The activity of Th1 immune response is controlled by the
regulatory T lymphocytes (Tregs), which play a key role in
maintaining immune homeostasis. Their quantitative and/or
qualitative deficiency is often observed in autoimmune and/or
inflammatory diseases. IL-33 is an essential cytokine for
induction of ILC2. IL-33 promotes and maintains Tregs directly
(37) by affecting maturation of antigen presenting cells (13,

14) and by intrinsic activation of ILC2 which affect Tregs
via ICOSL-ICOS interaction (37). In this paper we did not
evaluate possible contribution of ILC2 which is shown to
play a role in metabolic disorders such as obesity and type
2 diabetes but not in T cells mediated autoimmune diseases
such as diabetes or EAE which have similar pathogenesis (38,
39). Alteration of antigen presenting cells as previously shown
in EAE and MLD-STZ as well as direct effect of IL-33 on
maintenance of Foxp3+ST2+Treg+ appear to be explanations
of observed preventive and therapeutic effect of IL-33 in our
model. However, it remains to be elucidated whether ILC2
may also have importance in Th1 mediated autoimmunity as
shown in lymphoid cell activation during immune perturbation
metabolic disorders (37, 40, 41) and allergic inflammation
(42).

It was shown that ST2+ Tregs are expanded through IL-
33-driven production of IL-2 by CD11c+ DC. IL-33/IL-2 axis
in CD11c+ DC has the ability to preferentially expand an
activated subset of suppressive Foxp3+ Treg expressing ST2.
The development of Tregs induces the consumption of IL-2 and
therefore the inability to develop Th1 subpopulation.

Several studies have shown the immunoregulatory
effect of IL-33 on regulatory cells in the mouse model of
inflammatory bowel disease (28) and in mice following cardiac
transplantation (43). In both of these studies, IL-33 causes
upregulation of CD4+CD25highFoxp3+T cells followed by
increasing their number, promoting suppressive activity,
as well as ST2 surface expression (28, 43). In addition,
two recently published papers have confirmed that IL-33
has the ability to induce regulatory phenotype promoting
the expansion of ST2+Tregs (43, 44). In vitro treatment
of mononuclear cells with IL-33 increases the number of
CD4+CD25highFoxp3+ cells expressing the ST2 molecule
(45).

Our study also showed that the exogenous IL-33 leads
to the expansion of CD11c+IL-2+ cells (Figures 3M,N) and
increased number of CD4+Foxp3+ST2+ (Figures 3C,D)
immunoregulatory cells that suppress the development of
diabetes in mice treated with IL-33 during the induction of
the disease. The importance of CD11c+CD11b+ dendritic cells
was indicated previously. It was shown that this DC subset
has tolerogenic characteristics and that could be used for
immunotherapy of autoimmune diseases (46, 47).

Thus, we showed that exogenous IL-33 attenuates MLD-
STZ diabetes induction. The cellular basis of this prevention
appears to be mainly due to increased number of Foxp3+ cells
in particular those expressing ST2 molecule.

The treatment of IL-33 of 16 weeks old NOD mice in
our experiment significantly suppressed the development of
mononuclear infiltrates in the pancreatic islets. We showed
increased percentage of downregulatory cells in IL-33 treated
NOD mice (Figure 7). Whether the mechanism is the same
as in MLD-STZ diabetes remains to be elucidated. As it
has been shown recently that Type 1 interferon inhibits
IL-10 signaling and development of diabetes in NOD
mice which is promoted by IL-33, the mechanism may be
similar (48).
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Interleukin-33 (IL-33) is a well-recognized immunomodulatory cytokine which plays

critical roles in tissue function and immune-mediated diseases. The abundant expression

of IL-33 in brain and spinal cord prompted many scientists to explore its unique role in the

central nervous system (CNS) under physiological and pathological conditions. Indeed

emerging evidence from over a decade’s research suggests that IL-33 acts as one of the

key molecular signaling cues coordinating the network between the immune and CNS

systems, particularly during the development of neurological diseases. Here, we highlight

the recent advances in our knowledge regarding the distribution and cellular localization

of IL-33 and its receptor ST2 in specific CNS regions, and more importantly the key roles

IL-33/ST2 signaling pathway play in CNS function under normal and diseased conditions.

Keywords: IL-33, ST2, central nervous system, expression, neurological diseases

INTRODUCTION

The active and extensive communication between the immune and central nervous system (CNS)
is essential in maintaining homeostasis of the CNS and mediating the pathogenesis of neurological
diseases. Over recent decades, rapid development in the area suggests many immune cytokines
play pivotal roles facilitating this complex neuroimmune crosstalk, and interleukin-33 (IL-33) is
one such key cytokine.

IL-33, amember of IL-1 cytokine family, was first identified in 2005 (1) as the ligand for ST2 (also
known as IL-1RL1) (2). Extensive research in the following years has shown that full length IL-33 is
bioactive and can be released by living cells (3), or by necrotic cells following tissue damage acting
as an endogenous danger signal or alarmin [reviewed previously (4, 5)]. In apoptotic cells, IL-33 is
inactivated by released caspases (6). IL-33 binds to ST2 and then recruits IL-1 receptor accessory
protein (IL-1RAcP), which leads to the activation of MyD88 and NF-κB signaling pathway (7).
Soluble ST2 (sST2), a decoy receptor for IL-33, binds to IL-33, and blocks its function. While IL-33
is expressed by many types of cells, in particular stromal and tissue barrier cells and some innate
immune cells, ST2 is expressed by various immune cells including T cells, B cells, macrophages,
dendritic cells, and innate lymphoid cells (7). The IL-33/ST2 signaling pathway has pleitropic
functions in a range of infectious and inflammatory diseases often with dual roles, mediating both
pathological immune responses and tissue repair (4, 8–11).
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Remarkably IL-33 is expressed constitutively within the
brain and spinal cord tissues. Around 33% of isolated brain
cells of naïve mouse are IL-33 positive (12) and its mRNA
expression level is higher than any other tissues and organs
tested (1). These findings together with the recent evidence
of ST2 expression by CNS resident cells (13, 14) indicate a
unique role for the IL-33/ST2 signaling pathway within the CNS.
Indeed accumulating evidence in recent years suggests that IL-
33 mediates the interaction between immune, endothelial and
CNS resident cells and plays a key role in the development and
homeostasis of the CNS. IL-33 is also prominently involved in
the neuroinflammation of many neurological diseases such as
Alzheimer’s disease (AD) and multiple sclerosis (MS) through
action mechanisms beyond immunomodulation (15, 16).

This paper will summarize the current findings of the
expression of IL-33 and ST2 in different regions and cells of the
CNS. This is an area which remains poorly characterized and
sometimes controversial, however it constitutes a key step toward
our understanding of the function of IL-33/ST2 axis in CNS. We
will then discuss the functional implications of the IL-33/ST2
signaling pathway in the CNS compartment under normal and
diseased conditions.

DIVERSE EXPRESSION OF IL-33 AND ITS
RECEPTOR ST2 IN CNS REGIONS AND
CELLS

IL-33 Expression
Despite suggestions from Wicher et al. that IL-33 is only
expressed in CNS during late embryogenesis and becoming
absent in adult brain (17), others show that its expression is
increased during postnatal development (16, 18). IL-33 is also
constitutively highly expressed in adult CNS tissues in both
human andmouse (13, 16, 19, 20). Interestingly the levels of IL-33
expression across brain and spinal cord regions are not uniform
and constant, which potentially reflects specific functions of
the IL-33/ST2 signaling pathway in region-associated neuronal
activities and disorders. IL-33 expression is particularly abundant
in white matter areas such as: corpus callosum (CC) (12, 21)
and the anterior forceps of the CC (fmi) (Figure 1A), anterior
commissure (aco) (Figure 1B), hippocampal fringe (fi) and the
stria terminalus (st) (Figure 1C) (21, 22). IL-33 expression
is also distributed throughout the olfactory cortex as well as
scattered expression in the somatosensory (S1) and motor cortex
(M1/M2; Figure 1D). While the hippocampus is another region
which is often affected during CNS inflammatory diseases,
in particular AD, a disease accompanied by cognition and
memory impairments (23), hippocampal expression of IL-33 is
surprisingly low (21). Within the cerebellum, IL-33 expressing
cells are scattered through the granular, and white matter layers
with no expression detected in the molecular layer (Figure 1E).

Co-localization of IL-33 with various CNS resident cells has
been reported across brain regions (Table 1). Within the CC,
IL-33 is predominantly expressed by astrocytes (not all though)
in murine tissues using GFAP (Figure 2A) or S-100 antibodies
(27). High level of co-expression with Oligo2+ oligodendrocytes

is also shown within this region (21), which is enhanced by
Poly-IC treatment after gliotoxic injury and therefore promotes
oligodendrocyte progenitor cell (OPC) maturation and myelin
production (27). Whether IL-33 is expressed by microglia and
neuron cells is less clear and remains controversial (Table 1).
IL-33 colocalisation with Iba-1+ microglia and neuronal somas
(NeuN+) (Figure 2A) in CC region is evident however at
much lower levels. In the hippocampus, the low level of IL-
33 expression appears to co-localize with GFAP+ astrocytes
predominantly within the stratum oriens and stratum radiatum
layers of the CA1, CA2, and CA3 region as well as molecular
layer of the dentate gyrus (DG; Figure 2B). Consistent with
previous findings (21), low level neuronal expression of IL-33 is
observed in the granular layer (Figure 2B) within the DG, while
low number of IL-33-expressing microglia was also observed in
the polymorph layer of the DG (Figure 2B) (21).

The spinal cord is made up of bundles of nerve fibers and
forms an important part of the CNS. Currently it is not clear
whether IL-33/ST2 exhibit different roles in the spinal cord
compared to brain. Data of IL-33 expression in the spinal cord
has been primarily documented in animal studies (Figure 2C)
(16, 29, 30, 34). In contrast to its abundant expression in the white
matter region in brain (12), IL-33 immune reactivity is prominent
in spinal cord gray matter and significantly lower in the white
matter (29). This suggests potentially different functions of IL-
33 in brain and spinal cord. Similar to findings in the brain,
IL-33 is shown to be expressed by oligodendrocytes (34) and
astrocytes (29, 30) (Figure 2C). In a recent study, Vainchtein
et al. identified astrocytes as the primary source of local IL-
33 in both brain and spinal cord using two IL-33 reporter
mouse models (16). Further evidence also suggests that IL-
33 is expressed by a limited number of NeuN+ neurons and
Iba1+ microglia cells (Figure 2C), similar to its expression in
brain.

ST2 Expression
Extracellular IL-33 exerts its effect through binding to its
receptor which consists of a heterodimer between ST2 and
IL-1RAcP (4). Although the expression pattern and cellular
distribution of ST2 in CNS remains understudied and somewhat
disputed, there has been some exciting progress in recent
years identifying IL-33 target cells. This has provided new
insights into the functional mechanisms of the signaling pathway
in CNS.

Expression of ST2 in the brain appears to mirror IL-33
expression in regard to distribution pattern. This includes regions
such as the olfactory bulb, hippocampus, and hippocampal
fringe; anterior commissure; CC as well as a number of
other regions throughout the cortex, in particular within the
somatosensory regions (S1FL/HL; Figure 3A). ST2 expression
within the cerebellum is distinct with low levels in the granular
and white matter layer, and likely on Purkinje cells (personal
observation), a class of GABAergic neurons located in the
cerebellum and cerebellar nuclei which play a fundamental
role in controlling motor movement. Whether IL-33/ST2 in
cerebellum region relates to motor movement activities is not
clear. In contrast to the low level of IL-33 expression observed
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FIGURE 1 | Expression of IL-33 in several brain regions. Brains from C57BL/6 mice were sectioned coronally and immunohistochemically stained for the expression

of IL-33 (red/brown) and counterstained with haematoxylin. (A–C) IL-33 is predominantly expressed in several white matter rich regions including (A) anterior forceps

of corpus collosum (fmi); (B) anterior commissure (aco) and (C) the hippocampal fringe (fi) and stria terminalus (st). (D) Within the cortex, IL-33 is expressed at low

levels in the somatosensory (S1) and motor cortex regions (M1/M2). (E) In the cerebellum, IL-33 is expressed through the granular, and white matter regions with

minimal expression within the molecular layer. Arrowheads indicate IL-33+ cells. CPu, striatum; Cg, cingulate cortex. Scale bars represent 100µm.

in the hippocampus (Figure 2B), ST2 is highly expressed
throughout all regions which include CA1-CA3 and DG
(Figure 3B).

Different CNS cells have been proposed as IL-33 target
cells (Table 2). St2 mRNA was initially identified in cultured
murine astrocytes and microglia (14). However only microglia,
not astrocytes, neurons or any other CNS cells, flow-sorted
from thalamus region tissues are confirmed to express St2 (16).
Extensive staining in naïve mouse brain tissue demonstrates
that within the CC region, ST2 is surprisingly expressed
by some astrocytes, with lower expression level observed in
neuron cell bodies and microglia (Figure 4A). Prominent but
not complete neuronal co-localization is also seen in the
cortex (Figure 4B), indicating the presence of ST2 on other
CNS cell types such as GFAP+ astrocytes (Figure 4B). The
expression of ST2 on astrocytes close to the endothelial layer
of the cortex is interesting, as these cells could be involved in
the astrocytic interactions with endothelial cells and pericytes
making up the blood brain barrier (BBB) (38). IL-33 may interact
with the BBB via these ST2+ astrocytes as reported in an
experimental cerebral malaria (ECM) model (39). Furthermore,

ST2 expression in various brain regions changes under different
conditions, e.g., the level is upregulated in the lesion of ischemic
brain (28).

The expression of ST2 in the spinal cord was confirmed
years ago (29) however it is yet to be agreed which CNS
cell population is the target for IL-33. Findings from several
groups have indicated that neurons (29, 33, 35), astrocytes
(33, 35) and oligodendrocytes (35, 37) can all express ST2
in the spinal cord as also shown in Figure 4C. Neuronal
expression of ST2 within the gray matter is particularly evident
(Figure 4C) and its staining pattern is consistent with the
morphology of neurons, which was confirmed by dual staining
with NeuN antibody. Less is known about ST2 expression by
spinal cord microglia cells (33, 35). Immunohistochemical
staining of naïve mouse tissue confirms the expression of
ST2 in some astrocytes and microglia (Figure 4C), albeit
at far lower levels. In the inflammatory spinal cord of
experimental autoimmune encephalomyelitis (EAE) mice,
mRNA of St2 is shown to be increased (29) and the upregulation
is predominantly in the lesion area in the white matter
(29, 37).
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TABLE 1 | Expression of IL-33 in central nervous system cells.

CNS Tissue Neuron (NeuN Ab

or stated)

Astrocyte (GFAP Ab

or stated)

Microglia (Iba-1 Ab

or stated)

Oligodendrocytes

(Olig 2 Ab or stated)

References

Mouse mixed glia culture: Il33 mRNA ND
√

ND NT (14)

Mouse mixed glial culture NT
√

NT NT (24)

Mouse mixed glial culture NT
√

NT
√

(17)

Mouse mixed glial culture NT
√

NT
√

(25)

Mouse P9 brain ND in most MAP-2+

cells

√
NT

√
(17)

Rat brain
√ √

ND NT (26)

Rat brain NT
√√

(S-100) Infrequent (CD68)
√

(27)

MS patient brain NT
√

NT NT (19)

Healthy and MS brain
√

(SMI-31)
√ √ √

(CA-II) (13)

Mouse brain ND (MAP-2 and DCX)
√

ND
√

(25)

Mouse brain
√

(ventral dentate

gyrus)

√
(S-100β) ND

√
(21)

Mouse brain ND
√

ND
√

(CC-1, not NG2) (28)

Mouse brain NT
√

NT NT (18)

Mouse thalamus and spinal cord NT
√

(ALDH1L1) NT
√

(CC-1) (16)

Mouse spinal cord
√ √

NT NT (29)

Mouse spinal dorsal horn ND
√

ND (CD11b) NT (30)

Mouse spinal cord ND
√

ND NT (31)

Mouse spinal cord
√ √

ND (CD11b) NT (32)

Mouse spinal cord ND
√

ND (CD11b) NT (33)

Mouse spinal cord Minimal to none
√

(ALDH1L1) Minimal to none
√

(Olig2+CC-1) (12)

Mouse spinal cord
√ √ √ √

(34)

Rat spinal cord
√ √

ND (OX-42)
√

(35)

Expression of Il33 mRNA was performed using PCR while protein expression was studied using immunohistochemical staining and other methods.
√
, positive expression of IL-33; ND,

not detectable; NT in gray square, not tested. Ab, antibody; MS, multiple sclerosis.

Implications of IL-33 and ST2 Expression in
CNS
Thus, the current research evidence illustrates a complex
pattern of IL-33 and ST2 expression in CNS tissue and cells.
The variation of the expression levels in different regions of
the CNS may indicate that the IL-33/ST2 signaling pathway
has specific roles in different regions. For example, CC
region is the largest commissure in the brain connecting
both hemispheres homologous regions and providing
interhemispheric communication (40). It is also involved
in a number of CNS inflammatory diseases including MS (41, 42)
and cerebral malaria (25). High levels of both IL-33 and ST2
positive cells in the CCmay imply a role of the signaling pathway
in these diseases. While it is surprising that IL-33 expression in
hippocampus is low, high levels of ST2 expression in the region
may indicate an important hippocampal response to IL-33
released from nearby tissues following injury/inflammation.

Numerous studies have substantiated that astrocytes
and oligodendrocytes are the predominant source of IL-33
production, while its expression on neurons and microglia
(Table 1) is less consistent and requires further investigation.
Once produced, IL-33 acts through binding to ST2 receptor
expressed by various cell populations including microglia,
oligodendrocytes, astrocytes and neurons. The variation

and disagreement about IL-33+ and ST2+ cells in CNS
tissues between reports (Tables 1, 2) may be explained by the
heterogeneity of each type of CNS cell. For example astrocytes
differ in morphology, receptor expression, and function across
different CNS regions, this has been reported in both mice
and human (43–45). Furthermore, without doubt, the dynamic
neurological and immunological changes within the tissue under
various physiopathological conditions also contribute to the
complex heterogeneity of CNS resident cells. This inevitably
influences the expression of IL-33 and ST2 on these cells. IL-33
expression is increased in the CNS of MS patients (13) but the
level is decreased in AD (46). ST2 expression is significantly
increased in the spinal cord lesions composed of infiltrating
immune cells in EAE mice (37), and in microglia which are
essential in mitigating the severity of ischemic lesions in mice
(28). Gadani et al. even discovered a flip of the expression
levels of St2 gene between CD11b+ microglia and CD11b−

astrocyte cell populations before and after injury (12). It is also
important to note the different methods used to determine the
molecule expression in tissues, e.g., Il-33 reporter mice (16, 25)
or immunohistochemical staining. Although there is variation
in the quality of the IL-33 and ST2 antibodies used in different
experiments, IL-33−/− mice (21) or specific blocking peptides
(36) are used in some but not all studies to verify the specificity
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FIGURE 2 | IL-33 expression by CNS resident cells in mouse brain and spinal cord. Tissues from C57BL/6 mice were sectioned and immunohistochemically stained

for the expression of IL-33 (brown), and astrocytes (GFAP), neurons (NeuN) and microglia (Iba-1) (all blue) within the (A) corpus callosum and (B) hippocampus and

IL-33 co-localization assessed. RSG, retrosplenial granular cortex; CC, corpus callosum; DG, dentate gyrus; CA1-3, hippocampus. (C) In spinal cord, the majority of

IL-33 expressing cells are localized to the GM, with lower levels present in the WM. IL-33 is expressed by GFAP+ astrocytes in both GM and WM regions with lower

level co-localization with neurons and microglia in the GM and, GM/WM, respectively. Arrowheads indicate IL-33+ cells, arrows indicate NeuN, GFAP or Iba-1+ cells

and asterisks indicate double positive cells. GM, gray matter; WM, white matter. Scale bars represent 100µm.

of the antibodies. Improvement in the standards for antibody
validation is therefore essential in the future.

Taken together, the dynamic expression of IL-33 and its
receptor ST2 within the CNS regions and cells indicates a
complex network of communication between the immune and
CNS resident cells. This underscores the fundamental role
endogenous IL-33/ST2 signaling pathway plays in the CNS under
physiological and pathological conditions.

ROLE OF IL-33/ST2 AXIS IN CNS
DEVELOPMENT AND FUNCTION

Despite recent effort, whether IL-33 has detrimental or
beneficial effects on the growth and function of neurons is
still undetermined. 10 ng/ml of recombinant IL-33 (rIL-33)
in a mouse mixed glia cell culture or pure neuronal culture
decreases neuronal number together with the loss of neuritis-
like appearance when compared with untreated control neurons
(47). However 25 or 100 ng/ml of rIL-33 has no significant
impact on the growth or viability of neurons and axonal
densities in a rat myelinating culture system (13). Similarly,
there is contradictory evidence regarding the role of IL-33/ST2

axis in CNS myelination. Treatment with rIL-33 promotes
the differentiation and maturation of rat OPCs cultured in
vitro (27), but fails to improve axonal myelination in a rat
myelinating culture as the treatment significantly reduces the
proportion of myelinated axons (13). It is worth noting that
this inhibitory effect on myelination is not observed in a mouse
myelinating culture system (13). This may indicate an important
species-specific difference or indeed culture condition difference
resulting in the discrepancy reported by different research
groups. Nevertheless, the above findings, together with the recent
identification of ST2 expression by oligodendrocytes (Table 2)
indicate an important role for IL-33/ST2 signaling pathway in
the myelination process during the CNS development, and also
likely the repair phase in demyelinating diseases such as MS.
Additionally, ST2 is shown to be expressed in small to medium-
sized dorsal root ganglion (DRG) neurons and IL-33 induces
Ca2+ influx into a subsets of neurons dissociated from the
cervical DRG, suggesting IL-33/ST2 signaling excites sensory
neurons (36).

The unique role of IL-33 in CNS physiological function in
vivo has been reported using Il33 gene knockout mice (21).
Deficiency of Il33 alters the expression of c-Fos proteins, an
indicator of neuronal activities, in brain regions implicated in
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FIGURE 3 | Expression of ST2 in mouse brain regions. Brains from C57BL/6 mice were sectioned coronally and stained for the expression of ST2 (red/brown) and

counterstained with haematoxylin. (A) Within the cortex, ST2 was expressed at high levels in the somatosensory (S1) and motor cortex regions (M1/M2). (B) ST2 was

also highly expressed throughout the hippocampus (CA1–CA3) including the dentate gyrus (DG). Arrowheads indicate ST2+ cells. CPu, striatum; Cg, cingulate

cortex. Scale bars represent 100µm.

anxiety-related behaviors. These IL-33 deficient mice exhibit
reduced anxiety-like behaviors, as well as deficits in social novelty
recognition, despite intact sociability (21). The authors suggest
that IL-33 may regulate the development and/or maturation
of neuronal circuits, rather than control neuronal activities in
adult mice. Indeed IL-33 mediated signaling is required in
brain development (16). IL-33 deficient mice contain an excess
number of excitatory synapse and show deficits in acoustic startle
response, a sensorimotor reflex mediated by motor neurons in
the brain stem and spinal cord. Furthermore, IL-33 produced by
synapse-associated astrocytes is required for the development of
normal synapse numbers and circuit function in the thalamus
and spinal cord, signaling primarily through microglia cells
under physiologic conditions to promote increased synaptic
engulfment (16).

While the above findings reveal a key role for IL-33 during
CNS development and activities in some brain regions, it is
important to remember that the mechanisms of action of the IL-
33/ST2 axis in the CNS are likely to be complicated and engage
the multi-cell network consisting of neurons, oligodendrocytes,
astrocytes, and microglia cells. The findings of IL-33 involvement
in exciting sensory neurons, axonal myelination and synapse
homeostasis also imply that dysregulated IL-33/ST2 signaling
may lead to CNS neurological and behavioral disorders.

ROLE OF IL-33/ST2 AXIS IN CNS DISEASE

Alzheimer’s Disease
AD is the most common form of dementia and its pathology
can be characterized by extracellular amyloid deposits- made of

Aβ peptides- and intracellular tau-based neurofibrillary tangles
(NFTs) (48). Genetic studies have identified single nucleotide
polymorphisms (SNPs) within Il-33 to be associated with a
decreased risk of developing AD in Caucasian (46) and Han
Chinese populations (49, 50). It is not yet clear how the
expression levels of IL-33 and ST2 in tissues correlate with AD.
Chapuis observed a reduced level of IL-33 expression in the
brains of AD patients (46). However, increased IL-33 and ST2
levels are found in proximity to amyloid plaques and NFTs in
AD patients in comparison to healthy controls (51). Patients with
mild cognitive impairment, who have an increased risk of AD
development, also exhibit a significantly higher serum level of
sST2 (52).

It remains debatable whether and how IL-33 affects AD. The
induction of IL-33 production by β-amyloid peptide in astrocytes
at the vicinity of plaques indicates IL-33 may contribute to AD
pathogenesis as one of the inflammatory molecules (51). Indeed
an effective treatment with a nanomaterial inAPP/PS1 transgenic
mice, a transgenic animal model of amyloid deposition, shows
improved learning and memory capability associated with
decreased levels of several pro-inflammatory cytokines including
IL-33 (53). Other investigators disagree and have presented
research evidence to substantiate a potentially therapeutic role for
IL-33 in AD (18, 46, 52). Systemic injection of rIL-33 in APP/PS1
mice reverses synaptic plasticity impairment andmemory deficits
with reduced soluble Aβ levels and amyloid plaque deposition
(52). This is likely mediated by promoting the recruitment of
microglia and enhancing their Aβ phagocytic activity. Their
subsequent experiments revealed that IL-33 polarizes microglia
and macrophages toward an anti-inflammatory M2 phenotype, a
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TABLE 2 | Expression of IL-33 receptor ST2 in central nervous system cells.

Tissue or cells Neuron (NeuN Ab

or stated)

Astrocyte (GFAP Ab

or stated)

Microglia

(Ab tested)

Oligodendrocytes

(Olig 2 Ab or stated)

References

Mouse mixed glia culture: St2 and IL-1RAcP mRNA
√

(IL-1RAcP only)
√ √

NT (14)

Mouse mixed glia culture: St2 mRNA NT
√ √

NT (12)

Rat myelinating co-culture
√

ND NT
√

(O4) (13)

MS patient brain
√

(SMI-31) NT NT
√

(CA-II) (13)

Mouse brain ND (by FC)
√

(GLAST) (by FC)
√

(Iba-1) ND (by FC) (28)

Mouse thalamus and spinal cord flow sorted cells (St2 mRNA) ND ND
√

NT (16)

Mouse spinal cord
√

ND NT NT (29)

Mouse spinal cord
√ √

ND (CD11b) NT (36)

Mouse dorsal root ganglia
√

(Nissi) NT NT NT (36)

Human DRG: St2 and IL-1RAcP mRNA
√

NT NT NT (36)

Mouse spinal cord (EAE) NT
√

NT
√

(O1) (37)

Rat spinal cord
√ √

ND (OX-42)
√

(35)

Expression of St2 mRNA was performed using PCR while protein expression was studied using immunohistochemical staining or other methods.
√
, positive expression of ST2; ND,

not detectable; NT in gray square, not tested. Ab, antibody; EAE, experimental autoimmune encephalomyelitis; FC, flow cytometry; MS, multiple sclerosis; DRG, dorsal root ganglia.

FIGURE 4 | ST2 expression by CNS resident cells in mouse brain and spinal cord. Tissues from C57BL/6 mice were sectioned and stained for the expression of ST2

(brown) and astrocytes (GFAP), neurons (NeuN) and microglia (Iba-1) (all blue) within the (A) corpus callosum and (B) hippocampus and ST2 co-localization assessed.

The majority of ST2 expressing cells co-localized with GFAP+ astrocytes while low level co-localization with neurons and microglia was observed in both regions. (C)

In spinal cord, the majority of ST2 expressing cells were localized to the GM, with lower levels present in the WM. ST2 was expressed by NeuN+ neurons in both GM

and WM regions with lower level co-localization with astroyctes and microglia. Arrowheads indicate ST2+ cells, arrows indicate NeuN, GFAP or Iba-1+ cells and

asterisks indicate double positive cells. cc, corpus callosum; GM, gray matter; WM, white matter. Scale bars represent 100µm.
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well-recognized mechanism of IL-33 action in several immune-
mediated diseases including spinal cord injury (12), asthma
(54), and EAE (29). Such a beneficial role of IL-33 in AD is
further supported in a study using aging mice. IL-33 expression
in astrocytes is dramatically increased by up to 74% in aged
mice, which appears to be critical for the repair of aged neurons
(18). Conversely IL-33 deficient mice have an uncontrolled
surge of neuronal aging due to failed repair at middle age and
ultimately develop neurodegeneration and late-onset AD-like
symptoms in old age (18). This is characterized by Tau deposition
and heavy neuronal loss in both the cerebral cortex and the
hippocampus and accompanied with cognition and memory
impairment. These findings indicate a critical role for IL-33 in
the maintenance and repair of aging and stressed neurons.

In summary, further investigation is required to determine
whether and how the changed levels of IL-33, ST2 and/or
sST2 in CNS tissues imply a specific role of IL-33/ST2
signaling pathway in AD. Evidences from in vivo research using
animal models support a neuroprotective role by modulating
neuroinflammation and promoting neuronal repair process,
indicating a potential IL-33 based novel therapeutic strategy for
AD patients.

Multiple Sclerosis
The involvement of IL-33 in the development of MS, a CNS
inflammatory demyelinating autoimmune disease, has been
supported by the increased expression of IL-33 and/or ST2 in
the CNS lesions of MS patients (13, 19) and EAE mice (29,
55). In addition, effective treatment in EAE rats downregulates
IL-33/ST2 expression (55). However, its precise function in
disease development remains controversial (29, 32, 56). While
Li et al. reported a detrimental effect of IL-33 treatment
on EAE severity (56), others argue a protective role for the
cytokine in attenuating EAE. The studies suggest IL-33 inhibits
EAE development through mechanisms such as promoting
type 2 T cell- and macrophage-mediated immune responses and
inhibiting production of IL-17 and IFN-γ (11, 29). A more recent
investigation suggests that a dramatic decrease of intracellular
IL-33 is accompanied by increased extracellular IL-33 in the
spinal cord of EAE mice (32). This subsequently promotes
the expansion and function of ST2+ Treg cells in inhibiting
CNS inflammation. Interestingly, IL-33 has been reported to
regulate sex-dimorphic susceptibility of MS (57). Male-specific
expression of IL-33 by mast cells expands ST2 positive (58)
type 2 innate lymphoid cells (ILC2s) and drives a Th2 immune
response in attenuating EAE clinical symptoms in mice. To
date no data are available indicating a gender-based differential
expression/production of IL-33 and/or ST2 in tissues of other
sex-biased diseases. The involvement of mast cells and ILC2s as
the mediating cells in the above study indicates that this special
function of IL-33 is unlikely to be limited to CNS diseases. Thus,
future studies in immune disorders with pronounced gender
differences such as systemic lupus erythematosus and ankylosing
spondylitis may provide improved knowledge of the molecular
basis of sex-dimorphic disease.

Another emerging issue of recent debate is whether IL-33/ST2
plays an important role in remyelination, an essential CNS repair

process in MS. This is of particular interest after the confirmation
of ST2 expression on oligodendrocytes (12, 13). Despite the
findings that rIL-33 reduces the proportion of myelinated axons
in a rat myelinating culture (13), higher levels of IL-33 expression
are observed in tissues with higher myelin content in vivo
(12). rIL-33 also promotes the differentiation and maturation
of rat oligodentrocytes in culture as shown with increased
transcription of myelin genes and phosphorylation of p38MAPK,
a signaling molecule involved in myelination (27). Furthermore,
in vivo subcutaneous administration of Poly-IC results in greater
recruitment of OPCs and enhances remyelination following
gliotoxic injury with lysolecithin to the brain CC region (27). This
is associated with increased expression of IL-33 in astrocytes and
an upregulation of Arg and CD206 in macrophages (indicating
they are type 2 like macrophages) in the local region.

Therefore, it is clear that current research findings support
the involvement of IL-33/ST2 axis in MS development through
modulating both the immune response and the CNS repair
process. However, its precise function remains to be determined
before any potential strategies of therapies can be developed for
patients.

Schizophrenia
Schizophrenia is a complex neuropsychiatric disorder which
is characterized by a heterogeneous combination of symptoms
such as hallucinations and delusions, social withdrawal as well
as cognitive impairment. It affects approximately 1% of the
worldwide population, with its pathogenesis yet to be fully
characterized. Recent studies have shown that specific cytokines
might be the neurobiological mediators underlying the pathology
of the disease (59). Elevated levels of inflammatory cytokines such
as IL-1β, IL-12, IFN-γ, and TNF-α are detected both in the brain
and blood of schizophrenia patients (60). Furthermore, increased
levels of serum IL-18 is positively associated with cognitive
deficits in schizophrenia patients (61). To date very little is known
about IL-33 in schizophrenia. However, the expression of IL-
33 and ST2 in schizophrenia associated brain regions such as
prefrontal cortex, basal ganglia, hippocampus, and amygdala
(62–65) may suggest its involvement in disease development.
Indeed polymorphism of IL-33 is associated with decreased
susceptibility to schizophrenia within an Iranian population (66).
Additionally, increased levels of serum IL-33 and sST2 correlate
with improved cognitive performance in schizophrenia patients,
although no difference of either molecules is observed between
patients with schizophrenia and healthy controls (67).

Schizophrenia patients frequently exhibit behavioral
abnormalities such as enhanced persistence of resting and
active periods of locomotor activities (68). IL-33 deficient mice
display multiple behavioral deficits such as reduced anxiety and
impaired social recognition (21). However, these mice show
no obvious changes in locomotor activities, with the exception
of older mice (60 weeks old) at which point the activities are
increased (18). Naïve adult age (8–10 weeks) mice receiving
intraperitoneal injection of rIL-33 do not show any change in
locomotor activity when analyzing parameters such as distance
moved, velocity, rotations and meander in an open-field test
(personal observation). Interestingly in a mouse model of
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schizophrenia induced by phencyclidine (PCP) (69–71), a non-
competitive antagonist of the N-methyl-D-aspartate (NMDA)
receptor (72, 73), rIL-33 dramatically increases the PCP-induced
locomotor activity. This is characterized by increased animal
moving distance and velocity in open-field tests relative to PCP
mice (Figures 5A–C; P < 0.0001).

The effect of IL-33/ST2 signaling pathway on locomotor
activity in both aging (18) and PCP treated mice, but not normal
age naïve mice, is very interesting and important. Future studies
should reveal whether the IL-33/ST2 signaling pathway only
influences locomotor activity in individuals with specific CNS
conditions. The underlying mechanism of altered locomotor
activities by IL-33 remains unclear, however as an antagonist
of NMDA receptors, IL-33 may act on glutamate synapses in a
synergistic fashion similarly to IL-1β (74) and TNF-α (75). It is
also possible that IL-33 may influence the secretion of glutamine
synthetase by astrocytes. This would potentially have an impact
on the ability of astrocytes to protect neurons from excitotoxicity
which has been shown before with IL-1β and TNF-α (76).

CNS Injury
CNS traumatic or ischemic injury is one of the leading causes of
death and permanent disability worldwide. Neuroinflammation,
often characterized by type 1 or type 2 immune responses
(although an oversimplified description, but helpful in our
understanding of the immune responses in diseases), is a
prominent feature of CNS injury and highly influences CNS
repair and thus the injury recovery process (77–80). As a nuclear
alarmin molecule released by damaged dying cells (6) and
as an important immunomodulatory cytokine, IL-33 plays an
important role in the pathophysiology of CNS injury.

An association between IL-33/ST2 signaling pathway andCNS
ischaemic injury has been highlighted by the findings of elevated
level of sST2 in the plasma of stroke patients and its correlation
with a worsened clinical outcome (81). Significantly increased
level of serum IL-33 is also detected in patients with acute
ischemic stroke (AIS) compared with healthy controls (82), and
is shown to be a novel diagnostic and prognostic biomarker for
AIS. Patients with higher IL-33 demonstrate a favorable outcome
3 months after the stroke. In a mouse model of stroke, the
expression of IL-33 by oligodendrocytes and astrocytes is rapidly
increased together with an upregulation of ST2 on microglia
after inducing ischemic brain injury (28). Increased ischemic
lesion size and long term behavioral deficits are observed in
ST2 deficient mice in comparison to the wild type controls
indicating a possible protective role of IL-33 in stroke (28).
Indeed administration of rIL-33 locally (28, 83) or peripherally
(81) reduces stroke-induced CNS damage and ameliorates
neurological deficits via inducing anti-inflammatory responses
systemically andM2 typemacrophages andmicroglia in the CNS.
This occurs at least partially in an IL-4-dependent manner (81).
Meanwhile infusion of rIL-33 intracerebroventricularly protects
mice from ischemic injury by inducing a switch from Th1 to
Th2 and suppressing Th17 responses (83), or by potentiating
the expression of IL-10 and other M2 genes in microglia (28).

Indeed mice deficient in ST2 gene have impaired expression of
M2 polarizing markers (28).

The IL-33/ST2 signaling pathway is also closely involved
in the neuroinflammatory response following CNS traumatic
injury. Significantly increased levels of IL-33, likely released
by oligodendrocytes (12) and astrocytes (31), are detected in
injured spinal cord segments (12, 31) and in the cerebrospinal
fluid (CSF) (12). Gadani et al. further discovered that the
baseline expression level of St2 transcript by astrocytes is
low but significantly elevated after injury. At the same time
its expression level on microglia is shifted from high at
baseline to low after injury. From these data the authors
concluded that astrocytes but not microglia are likely to be the
primary target cells of IL-33 mediating the neuroinflammation
after injury. It also confirms the dynamic change of IL-33
expression in CNS tissues under diseased conditions (12).
Mice with spinal cord injury exhibit significantly reduced
tissue damage, demyelination and astrogliosis after treatment
with rIL-33 (31). This is associated with suppressed pro-
inflammatory immune responses and biased anti-inflammatory
M2 microglia/macrophages and Treg cells both locally in the
spinal cord and systemically (31). On the contrary, mice
deficient of IL-33 gene develop increased lesion size together
with significantly decreased number of M2 microglia and
macrophages (12). The investigators further demonstrated that
IL-33 released from damaged oligodendrocytes upon injury
orchestrates the production of various chemokines such as
CCL2 and CXCL2 by astrocytes, resulting in the recruitment of
monocytes into the CNS. As a potent activator of ST2 expressing
ILC2s (39, 58, 84), IL-33 released into the CSF immediately
after injury also mediates CNS inflammation through the newly
discovered meningeal ILC2s (85). IL-33 therefore is released as
an alarmin after injury to orchestrate the activations of both CNS
cells and immune cells with the aim to promote recovery (12).

Taken together, in both ischemic and traumatic CNS injury,
IL-33 signaling appears to be beneficial. IL-33 released by
damaged oligodendrocytes, astrocytes and possibly other cells
at the injury site coordinates the immune responses mediated
by CNS resident cells, meningeal ILC2s and infiltrating immune
cells. This ultimately promotes a type 2-like neuroinflammation
and confers protection from tissue damage and neurological
deficit.

Pain
Given the prevalence of chronic pain and the fact that current
treatment only provides moderate degrees of relief, it is
both challenging and important to understand the molecular
mechanisms of pain. Over the years astrocytes and microglia
cells have emerged as key contributors to the pathological
development of pain (86) through releasing a number of
important molecules such as IL-33.

IL-33 was first identified as a key mediator of inflammatory
hypernociception in an animal model of arthritis (87), and
in carrageenan-induced inflammatory pain likely through
triggering the production of inflammatory mediators such
as TNF-α (88). In a more recent study, Zarpelon et al.
show that intrathecal injection of IL-33 induces hyperalgesia
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FIGURE 5 | IL-33 enhances PCP-induced changes in locomotor activity. (A) C57BL/6 mice were first habituated inside a 40 × 40cm open field maze for 1 h before

being taken out of the maze and injected intraperitoneally with vehicle control (PBS) or 200 ng IL-33. After 15min mice received an i.p. injection of either PBS or PCP

(5 mg/kg), and were then placed back into the same open field maze for 1 h. Their (B) distance moved and (C) velocity were tracked via overhead cameras and

analyzed. Significant (p < 0.05) pairwise differences according to Tukey’s post hoc test show PCP_IL-33 > PCP > naïve and IL-33 for both distance moved and

velocity. LMA: locomotor activity.

in naïve mice and enhances hyperalgesia caused by chronic
constriction injury (CCI) (34). Furthermore, hyperalgesia is
reduced in mice deficient of St2 gene or treated with IL-
33 decoy receptor sST2 suggesting IL-33 has an important
role in neuropathic pain. The group further demonstrated IL-
33 is mainly produced by spinal cord oligodendrocytes after
CCI which subsequently acts on astrocytes and microglia.
Furthermore, IL-33-mediated hyperalgesia is dependent on a
reciprocal relationship with TNF-α and IL-1β. This mechanism
of action of IL-33 is supported by findings from a rat
model of radicular pain (35). Non-compressive lumbar disc
herniation induces expression of IL-33 and ST2 in the
spinal cord which subsequently mediates the development and

progression of radicular pain through modulating TNF-α, IL-
1β, and COX-2. The pathogenic contribution of IL-33 toward
pain is further confirmed in a spared nerve injury induced
neuropathic pain model (33). Blocking of IL-33/ST2 signaling
with ST2 neutralizing antibody or St2 gene depletion significantly
attenuates mechanical and cold allodynia. Liu et al. reported
that IL-33 induced nociceptive behavior involves the spinal
NMDAR and is mediated through activation of the astroglial
JAK2–STAT3 cascade and the neuronal CaMKII–CREB cascade
(33).

Confirming the pathological contribution of IL-33/ST2
signaling pathway in pain development, effective reduction
of CCI induced pain by different analgesics is shown to

Frontiers in Immunology | www.frontiersin.org 10 November 2018 | Volume 9 | Article 2596129

https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles


Fairlie-Clarke et al. IL-33 and ST2 in CNS Function and Disease

TABLE 3 | Role of IL-33/ST2 axis in neurological disease.

Disease Role of IL-33 References

Alzheimer disease (AD) • Reduced IL-33 expression in AD brain; Il33 genetic variants associate with a decrease risk in AD (46)

• Increased IL-33 and ST2 in AD brains, Aβ induces IL-33 production by astrocytes to mediate AD pathogenesis (51)

• Increased sST2 in serum of AD patients; IL-33 reduces Aβ levels and amyloid plagues and reverses synaptic

plasticity impairment and memory deficit in a mouse model

(52)

• Effective treatment of APP/PS1 mice with improved learning and memory capability is associated with reduced

level of IL-33

(53)

• IL-33 expression in astrocytes increases with age and IL-33−/− aged mice display AD-like symptoms with tau

abnormality and neurodegeneration

(18)

Multiple sclerosis (MS) • Elevated IL-33 protein, mRNA levels in NAWM and plaque areas, and in plasma and PBMCs (19, 106)

• Enhanced expression of IL-33 and ST2 in MS CNS lesion (13)

• mRNA of IL-33 and ST2 increased in spinal cord of EAE rats (55)

• IL-33 blockade suppresses EAE development in mice (56)

• IL-33 attenuates EAE by inducing type 2 immune response (29)

• IL-33 released by astrocytes and neurons suppresses EAE (32)

• Male-specific IL-33 attenuates EAE through ILC2s and mast cells (57)

Pain • IL-33 is a key mediator of inflammatory hyper nociception (87)

• IL-33 mediates carrageenan-induced inflammatory pain via trigging TNF-α (88)

• IL-33 induces hyperalgesia in naïve mice and enhanced hyperalgesia in a mouse model of chronic constriction

injury via reciprocal relationship with TNF-α and IL-1β

(34)

• IL-33 inhibits electroacupuncture analgesia in formalin mice (92)

• Spinal IL-33 and ST2 contribute to bone cancer induced pain in mice (30)

• IL-33 contributes to neuropathic pain through activating astroglial and neuronal cascades, and up-regulate

NMDA

(33)

• IL-33 induced by non-compressive lumber disk herniation in rat mediates pain through TNF-α, IL-1β and COX-2 (35)

Psychiatric disorders • IL-33 polymorphism associates with decreased susceptibility to schizophrenia (66)

• Serum levels of IL-33 and sST2 positively correlate with cognitive performance in schizophrenia patients, but

with no difference between patients and controls

(67)

• IL-33−/− mice display multiple behavioral deficits, e.g., reduced anxiety and impaired social recognition (21)

• IL-33−/− aged mice exhibit increased locomotor activities (18)

• IL-33, sST2 and IL-1β plasma levels are not changed in ASD patients (107)

• Reduced plasma IL-33 in ASD patients (108)

Stroke • sST2 is increased in plasma of stroke patients, IL-33 protects mice against stroke through IL-4 (81)

• IL-33 ameliorates brain injury in stroke model through promoting Th2 and suppressing Th17 responses (83)

• Increased serum IL-33 in acute ischemic stroke patients (82)

• IL-33/ST2 dependent microglial response limits acute ischemic brain injury (28)

Traumatic CNS injury • Oligodendrocyte-derived IL-33 induces M2 genes and aids the recovery of optic nerve injury in mice (12)

• IL-33 reduces secondary injury and improves recovery in a mouse contusion injury model through inducing Th2

and Treg responses

(31)

• IL-33 improves spinal cord injury via activating meningeal ILC2s to produce type 2 cytokines (85)

Cerebral malaria • IL-33 treatment reduces parasitaemia at early phase of infection through inducing type 2 immune responses (39)

• ST2 deficient mice survived longer than WT after infection (97)

CNS encephalitis • Levels of IL-33 protein and mRNA increased in the serum and CSF of neuro-Behcet’s disease patients (109)

• IL-33 attenuates viral induced encephalitis by downregulating IFN-γ and NO production (110)

CNS Toxoplasmosis • ST2 Levels increased in brain of infected mice, ST2 deficient mice had increased susceptibility, parasite burden

and encephalitis to cerebral infection

(95)

CNS hemorrhage • IL-33 encoding gene Dvs 27 is active after experimental subarachnoid hemorrhage (111)

• Il33 mRNA elevated in cerebral cortex in subarachnoid hemorrhage (26)

• IL-33 has neuroprotective effects in intracerebral hemorrhage in mouse (112)

be mediated through inhibition of the IL-33/ST2 signaling
pathway (89–91). This also agrees with a report by Han et
al. suggesting electro acupuncture analgesia alleviates formalin-
induced inflammatory pain in mice, at least partially, through

inhibition of spinal IL-33/ST2 signaling and the downstream
ERK and JNK pathways (92).

Based on the above findings, it is likely that IL-33/ST2
induces and/or augments pain in the nervous system through
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potentiating TNF-α and IL-1β mediated inflammation. Thus,
future therapeutic strategies for patients with pain may be
developed by targeting the IL-33/ST2 signaling pathway along
with current treatments.

CNS Parasitic Infection
IL-33 is important in limiting protozoan parasite infections
systemically (93, 94), with several studies particularly focused
on its role in neuropathology induced by parasite infections.
Toxoplasma gondii (T. gondii) is an obligate, intracellular
parasite which is able to persist, often asymptomatically, for a
lifetime within the CNS of immunocompetent hosts. St2 mRNA
is upregulated in the brain of mice infected with T. gondii
(95). ST2 deficient mice (T1/St2−/−) demonstrate an increased
susceptibility to cerebral infection with an increased parasite
burden and more severe encephalitis which is associated with
greater cerebral expression of iNOS, TNF-α and IFN-γ (95). This
indicates a possible protective role for IL-33/ST2 signaling in
T. gondii infection.

A specific role of IL-33 has been investigated in cerebral
malaria which is the most severe form of neurological
complications associated with Plasmodium falciparum infection.
It results in long term cognitive deficits, behavioral difficulties,
epilepsy, coma and, in many cases, death (96). Increased IL-
33 expression is shown in the brains of experimental cerebral
malaria (ECM) mice induced by murine Plasmodium berghei
ANKA (PbA) (25, 97), which is likely expressed by astrocytes
and oligodendrocytes (25). Meanwhile, ST2 deficient mice do
not exhibit ECM associated neurological signs or associated
cognitive deficits unlike their wild type counterparts despite
similar levels of parasitaemia and parasite load (25, 97). There
appears to be reduced neuroinflammation together with a
reduction in activated CD4+ and CD8+ T cells and pro-
inflammatory cytokines and chemokine levels within the brain
parenchyma of ST2 deficient mice. A potential feedback loop has
been further suggested between microglia and oligodendrocytes
in exacerbating neuroinflammation by the initial infection. IL-
33 stimulates IL-1β production by microglia, which in turn
induces IL-33 expression by oligodendrocytes (25). These results
suggest IL-33/ST2 signaling plays a role in promoting the
effector and cytotoxic T cell responses and enhancing the CNS
resident immune response, which combined contributes to the
neuropathology and cognitive deficits associated with ECM.
Paradoxically, administration of IL-33 in the early stages of ECM
improves animal survival time with reduced weight loss and
clinical score, but not from malaria-induced hyperparasitemia
and death compared to control mice (39). The study provided
further evidence of a protective immune response via IL-33-
induced ILC2s, M2 macrophages, and T regs. It is not known
what has caused the discrepancy between the above findings, the
data may highlight the difference between research approaches
using gene modified animals and exogenous administration of
reagents.

Thus, while the study by Jones et al. illustrates a protective
role for IL-33 in T. gondii infection (95), the precise
pathophysiological function of IL-33/ST2 in ECM remains to be
determined.

Glioma
The role of IL-33 in tumor progression has been illustrated
elsewhere, with overexpression of IL-33 identified as a diagnostic
and prognostic marker for several types of cancer (98–101).
Within the CNS, IL-33 is abundantly expressed by rat glioma
cells together with its receptor ST2 (102). In glioma patients,
increased expression of IL-33 (103, 104) and ST2 (104) is detected
in tumor tissues albeit heterogeneously, compared with normal
brain tissue (103). Zhang et al. also reported higher expression
of Il33 mRNA in glioma tissues than in normal brain tissue,
and that the level correlates with a shorter progression-free
survival and overall survival than those with low expression
(105). Furthermore, while there is no differential IL-33 protein
expression by tumor grade, elevated levels of IL-33 protein, and
mRNA are associated with inferior survival in patients with
recurrent glioblastomas. All of these data suggest a pivotal role
for IL-33 in the disease pathogenesis and as a potential biomarker
for prognosis of human gliomas.

It has become clear that the IL-33/ST2 signaling pathway
facilitates glioma cell proliferation and migration, as treatment of
the cells with IL-33 shRNA or ST2 shRNA reduces cell growth
and colony formation in culture and reduces tumor volume
in vivo (102). Further evidence indicates that the involvement
of IL-33 in glioma cell invasion and migration is through
upregulation of MMP2 and MMP9 via the ST2-NF-κB signaling
pathway (104).

Thus, IL-33 may become a useful biomarker in predicting
prognosis in glioma patients, and a novel therapeutic target for
glioma treatment.

Other CNS Diseases
Emerging evidence suggests that the role of IL-33 is not limited to
the diseases highlighted in this paper (Table 3) and is expanding
to other CNS diseases. Expression level of IL-33 is significantly
reduced while sST2 increased in the serum samples of amyotropic
lateral sclerosis patients (113). In a rat model of subarachnoid
hemorrhage (SAH), expression of IL-33 in the cerebral cortex
after injury is markedly elevated in the SAH together with IL-
1β and TNF-a (26). IL-33 signaling pathway is also shown to be
essential in attenuating viral-induced encephalitis development
by downregulating iNOS expression in the CNS (110). Although
it is not changed in autism spectrum disorder patients (107),
increased plasma level of IL-33 is also observed in bipolar
disorder patients (114). While it will take time to appreciate the
specific and important function of IL-33/ST2 in various CNS
disorders, future research progress will provide new knowledge
and lead to improved diagnosis and therapies for patients.

CONCLUSIONS

The broad expression of IL-33 and ST2 in different CNS regions
and cells, in addition to many well-documented immune cells,
suggests the involvement of IL-33/ST2 signaling pathway in
the complex network of multi-cell interaction between the
immune and nervous systems in CNS health and disease.
Scientific advancements during the last decade have provided
some initial insights into the diverse and pleiotropic role IL-33
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plays in certain aspects of CNS function and disease through
interactions between glia, neuron, and immune cells. However,
as the CNS is the most complex organ, and human disease
often displays multiple layers of pathophysiology, the challenge
now is to determine in more detail the intensive and dynamic
communications among the CNS resident and infiltrating cells.
This would enhance our understanding of the important roles
the IL-33/ST2 signaling pathway plays in CNS homoeostasis and
neurological disorders. These findings will advance our diagnosis
of CNS diseases, and develop novel effective therapeutics for
patients.
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Cellular metabolism and energy sensing pathways are closely linked to inflammation,

but there is little understanding of how these pathways affect mast cell function. Mast

cells are major effectors of allergy and asthma, and can be activated by the alarmin

IL-33, which is linked to allergic disease. Therefore, we investigated the metabolic

requirements for IL-33-induced mast cell function, to identify targets for controlling

inflammation. We found that IL-33 increases glycolysis, glycolytic protein expression, and

oxidative phosphorylation (OX PHOS). Inhibiting OX PHOS had little effect on cytokine

production, but antagonizing glycolysis with 2-deoxyglucose or oxamate suppressed

inflammatory cytokine production in vitro and in vivo. ATP reversed this suppression.

Glycolytic blockade suppressed IL-33 signaling, including ERK phosphorylation, NFκB

transcription, and ROS production in vitro, and suppressed IL-33-induced neutrophil

recruitment in vivo. To test a clinically relevant way to modulate these pathways, we

examined the effects of the FDA-approved drug metformin on IL-33 activation. Metformin

activates AMPK, which suppresses glycolysis in immune cells. We found that metformin

suppressed cytokine production in vitro and in vivo, effects that were reversed by ATP,

mimicking the actions of the glycolytic inhibitors we tested. These data suggest that

glycolytic ATP production is important for IL-33-induced mast cell activation, and that

targeting this pathway may be useful in allergic disease.

Keywords: IL-33, mast cells, glycolysis, ATP, metabolism, metformin

INTRODUCTION

Cellular metabolism and energy sensing pathways control the breakdown of carbohydrates,
fatty acids, and proteins when energy is required. While we know that cells require energy for
homeostasis, maintenance, and proliferation, it is now understood that metabolism is closely
linked to immune cell differentiation and activation, impacting cell phenotype, effector functions,
and overall inflammatory conditions (1). Glycolysis is consistently noted as the primary energy
production pathway used by inflammatory cells, such as T-helper (Th)1, Th17, M1 macrophages,
and dendritic cells (DCs) during acute activation, while oxidative phosphorylation (OX PHOS) in
the electron transport chain (ETC) is the primary energy production pathway used by regulatory
cells such as T-regulatory (Treg), M2 macrophages, and myeloid derived suppressor cells (MDSC)
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(2–5). Glycolysis is inefficient, with only 2 ATP produced per
glucose molecule compared with 32 per glucose in OX PHOS,
but the benefits of utilizing glycolysis during activation and
proliferation are multi-fold. Glycolysis rapidly increases ATP
availability, operates under low oxygen tension, and provides
pentose phosphate pathway and Kreb’s cycle intermediates to
anabolic pathways producing nucleotides, amino acids, and lipids
(2, 6). This has been most extensively studied in T cells, which
undergo dynamic and complex metabolic reprogramming in
response to activation, cytokine stimulation, and other changes
in their microenvironment (4, 5, 7). In contrast, there is limited
information on how metabolism is modulated in mast cells.

Mast cells are tissue resident myeloid cells that reside in
both mucosal and connective tissue. These cells are typically
recognized for their effector function in Th2 immunity,
specifically their detrimental role in allergic disease and
protective role against parasites and venoms (8–11). While much
is known about mast cell activation, little data concerning the role
of glucose metabolism in mast cell responses has been published.
Studies from the 1990’s suggest that adequate glucose and ATP
are required for full mast cell function (12–14), and that lactate
is released upon activation by compound 48/80 and polymyxin
B in rat mast cells (15). Additionally, studies by Chakravarty
showed that glycolytic blockade with 2-deoxyglucose (2-DG),
iodoacetate, fluoride and oxamate (OX) suppressed compound
48/80 and antigen-induced histamine release in rat mast cells
(16, 17). Recently, an extracellular flux analyzer (Seahorse device)
was used to show that IgE XL rapidly increases glycolysis, while
OX PHOS increases ∼2 h after stimulation (18). The same
study showed that suppressing glycolysis with dichloroacetate
(DCA) and inhibiting complex I of the electron transport
chain (ETC) with rotenone suppressed cytokine production and
degranulation. By contrast, inhibiting fatty acid oxidation with
etomoxir had no effect (18). Additionally, OX PHOS activity has
been shown to increase following IgE XL in mast cells via p-
ERK and mitochondrial Stat3 (19). These results suggest that
IgE-mediated activation requires glycolysis and ETC activity,
however the metabolic requirements for other important mast
cell activators have not been examined.

IL-33 is a cytokine mediator that is considered an alarmin. It is
released by endothelial, epithelial, and fibroblast cells in response
to damage, and by mast cells following activation (20–22). IL-
33 activates many immune cell types, including mast cells, Th2,
and innate-like lymphoid cell- (ILC)2. It augments IgE-induced
inflammation (23, 24) and is elevated in asthma and atopic
dermatitis (25–28). IL-33 administration promotes disease in
animal studies, while anti-IL-33 or anti-ST2 antibody treatments
can reduce inflammation (29, 30). Thus, understanding its
function may be critical to allergic disease. We have recently
shown that lactic acid, a byproduct of glycolysis, can suppress
IL-33-induced mast cell activation (31). This prompted interest
in how metabolism may contribute to IL-33 function, which has
not been studied in immune cells.

Our purpose was to determine the metabolic requirements
for IL-33 activation in mast cells and to examine potential
targets for controlling IL-33-mediated inflammation. Our data
suggest that IL-33-induced cytokine secretion requires glycolysis

for ATP production and that glycolytic blockade suppresses
inflammatory cytokine production in vitro and in vivo. To
test proof of principle and suggest a clinically relevant way
to modulate these pathways in humans, we report the effects
of the FDA-approved drug metformin on IL-33 activation.
AMPK induction by metformin, which suppresses glycolysis in
immune cells, inhibited cytokine production in vitro and in vivo.
These data suggest that suppressing glycolysis directly or via
AMPK activation has therapeutic potential for IL-33-mediated
inflammation.

METHODS

Animals
Mouse C57BL/6J and NFκB-luc breeding pairs were purchased
from The Jackson Laboratory (Bar Harbor, ME), and colonies
were maintained in a pathogen free facility. Bone marrow was
extracted from mice at a minimum of 10 weeks old and IL-33-
induced peritonitis studies were conducted at 10–16 weeks of age
with both male and female mice with approval from the Virginia
Commonwealth University Institutional Animal Care and Use
Committee.

Mast Cell Culture
Mouse bone marrow cells were differentiated in complete
RPMI 1640 media supplemented with WEHI-3 cell supernatant
containing IL-3 and BHK-MKL cell supernatant containing SCF
as described to yield 90-99% FcεRI+ and cKit+ bone marrow
derived mast cells (BMMC) at 21–28 days (31, 32). Following
differentiation and expansion, BMMC were plated at 1x106/mL
with IL-3 and SCF for all experiments (10 ng/mL). Cells were
treated as described and activated ± IL-33 at 50 ng/mL unless
otherwise stated.

Materials
Recombinantmouse IL-3, SCF, and IL-33 for in vitro experiments
were purchased from Shenandoah Biotechnology (Warwick, PA).
Sodium oxamate and 2-deoxyglucose (2DG) were purchased
from Alfa Aesar (Tewksbury, MA). Etomoxir, rotenone, and
SRT1720 were purchased from Cayman Chemical (Ann Arbor,
MI). Antimycin A was purchased from Chem Cruz via Santa
Cruz Biotechnology (Dallas, TX). ATP disodium salt was
purchased from Tocris via Biotechne Corporation (Minneapolis,
MN). Metformin was purchased from MP Biosciences (Santa
Ana, CA). A769662 was purchased from Med Chem Express
(Monmouth Junction, NJ).

In vivo Studies
Recombinant mouse IL-33 for in vivo experiments was purchased
from Biolegend (San Diego, CA). Age- and sex- matched groups
of mice (∼12 weeks old) were injected intraperitoneally (IP) with
2-DG (1 g/kg, ∼100 µl), sodium oxamate (15 mg/kg, ∼100 µl),
metformin (100 mg/kg, ∼100 µl), or PBS (100 µl) 1 h prior to
IL-33. IL-33 (1 µg/mouse in 100 µl PBS) was injected IP to
elicit peritonitis, and mice were sacrificed after 4 h. Plasma from
cardiac puncture was used to measure cytokines via ELISA, and
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neutrophil recruitment was assessed from peritoneal lavage cells
analyzed with flow cytometry as described below.

Cellular Metabolism
To measure the extracellular acidification rate (ECAR), proton
production rate (PPR), and oxygen consumption rate (OCR)
as surrogates for glycolysis and oxidative phosphorylation, a
Seahorse XFp analyzer (Agilent, Santa Clara, CA) was used.
Cells were plated in duplicate at 200,000/well on 4.6µg/ml Cell-
TakTM in minimal DMEM containing 10mM glucose, 1mM
sodium pyruvate, 2mM L-glutamine, and 1% FBS. The protocol
was as follows: initialization, 3 cycles baseline, inject IL-3/SCF
(10 ng/ml final concentration), 3 cycles, inject IL-33 (100 ng/ml
final concentration), 5 cycles. For each condition, an average was
taken across all wells.

To determine glucose uptake and lactate export,
cell supernatants were analyzed for glucose and lactate
concentrations 16 h after activation, using the Glucose Assay Kit
1 and L-Lactate Assay Kit 1 from Eton Bioscience (San Diego,
CA). Glucose uptake was calculated as [glucose in unactivated
cell supernatant] – [glucose in activated cell supernatant]. Lactate
export was calculated as [lactate in activated cell supernatant] –
[lactate in unactivated cell supernatant].

Gel Electrophoresis and Western Blot
To determine protein concentration and protein
phosphorylation, cell lysates were collected using Protease
arrest (GBiosciences, Maryland Heights, MO) in cell lysis
buffer (Cell Signaling Technology, Danvers, MA). Protein
concentration was determined using the Pierce BCA Protein
Assay Kit (Thermofisher, Waltham, MA). 4–20% Mini-

PROTEAN R© TGX
TM

Precast Protein Gels (Bio–Rad, Hercules,
CA) were loaded with 30 µg protein, electrophoresed and
transferred to nitrocellulose (Pall Corporation, Ann Arbor,
MI), and membranes were blocked for 60min in Blocker casein
in tris-buffered saline (TBS) (from Thermofisher, Waltham,
MA). Blots were incubated with primary antibodies overnight
in block buffer + Tween20 (1:1,000) ± rabbit anti-p-AMPK
(1:750), rabbit anti-HK2 (1:750), rabbit anti-actin (1:1,000,
antibodies all purchased from Cell Signaling, Danvers, MA).
Blots were washed six times for 5min each in TBS-Tween-20,
followed by incubation with secondary antibody (1:10,000) for
60min at room temperature (Cell Signaling, Danvers, MA).
Size estimates for proteins were obtained using molecular
weight standards from Bio–Rad (Hercules, CA). Blots were
visualized and quantified using a LiCor Odyssey CLx Infrared
imaging system (Lincoln, NE). After background subtraction,
fluorescence intensity for the protein of interest was normalized
to the signal intensity for the relevant loading control and
unactivated samples, using Image Studio 4.0 (LiCor).

ELISA
ELISA analysis was used to measure cytokine concentrations
from the cell culture supernatant 16 h after activation and
from the plasma 4 h after IL-33 induced peritonitis (described
above). Murine IL-6, TNF, and MCP-1 (CCL2) ELISA kits were
purchased from Biolegend; murine MIP-1α (CCL3) ELISA kits

were purchased from Peprotech (Rocky Hill, NJ). Assays were
performed in duplicate (plasma) or triplicate (cell supernatant)
according to the manufacturers’ protocols.

Flow Cytometry
For cell signaling studies, cells were activated for 15min.
Cells were collected with 1.6% paraformaldehyde fixation and
permeablized with methanol for p-ERK analysis. Cells were
stained with anti-CD16/32 (clone 2.4G2, BD Pharmingen via BD
Biosciences, San Jose, CA) and APC-anti-H/M pERK1/2 (clone
MILAN8R, eBioscience, via Thermofischer, Waltham, MA) or
the isotype control (APC mouse IgG1; eBioscience) at 2µg/mL
for 30min at 4◦C, and analyzed by flow cytometry with the
FACsCelesta (BD Biosciences). The gating strategy used doublet
exclusion (FSC-A x FSC-H), and size vs. granularity (FSC x SSC).
MFI was recorded for all samples.

For oxidative stress measures, cells were treated± 2DG or OX
for 1 h then activated with IL-33 for 2 h. Cells were then washed
and re-suspended in Hank’s buffered saline solution (HBSS) +
2
′

,7
′

DiochlorofluorescinDiacetate (DCFH-DA, 5µM,Millipore,
Burlington, MA)± 2DG or OX± IL-33 for 30min at 37◦C. Cells
were analyzed in the FITC channel by flow cytometry. The gating
strategy used was doublet exclusion (FSC-A x FSC-H) and gating
on size and granularity (FSC x SSC). MFI was recorded for all
samples.

For ATP diffusion, cells were treated with AlexaFluor 647-
labeled ATP (ThermoFisher,Waltham,MA) at 1, 2.5, 5, and 8µM
for 20min in cRPMI at 37◦C. Cells were then washed 2X and
suspended in PBS for flow cytometric analysis. Percent positive
cells were recorded for all samples.

Following IL-33-induced peritonitis (described above),
peritoneal lavage cells were collected, red blood cells were
lysed with ACK buffer, and rinsed pellets were stained with
anti-CD16/32 (clone 2.4G2, BD Pharmingen), PE rat anti-
mouse Ly6G (clone1A8, BD Pharmingen), APC-anti mouse
CD45 (clone 30-F11, Biolegend) or the isotype controls PE rat
IgG2a (BD Pharmingen) and APC rat IgG2b (Biolegend), all at
2µg/mL for 30min at 4◦C, and analyzed by flow cytometry with
the FACsCelesta (BD Biosciences). The gating strategy used was
doublet exclusion (FSC-A x FSC-H), size and granularity (FSC
x SSC), lymphocytes (CD45+), and neutrophils (Ly6G++).
Percent positive was reported from total leukocyte (CD45+)
events.

Luciferase
BMMC were differentiated from NFκB-luc transgenic bone
marrow as above. Following treatment ± 2DG or OX for 1 h
and IL-33 activation for 2 h, cells were lysed and luciferase
activity was measured with the Promega Luciferase Assay
Substrate and Glomax 20/20 Luminometer (Promega, Madison,
WI). Luciferase expression is reported relative to protein
concentration (Pierce BCA Protein Assay Kit, Thermofisher,
Waltham, MA) and normalized to the unactivated control.

Statistical Analyses
Glucose uptake, lactate export, and enzyme expression
(Figures 1B,C; comparison of two groups) were analyzed
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FIGURE 1 | IL-33 activation induces glycolysis and OX PHOS. (A) Seahorse metabolic analysis was used to measure basal metabolism in BMMC, followed by

IL-3/SCF (10 ng/mL) and IL-33 (100 ng/mL). ECAR, PPR, and OCR measurements averaged over time are shown. (B) BMMC were activated for 16 h ± IL-33

(50 ng/ml). Glucose and lactate were measured in the cell supernatant by colorimetric assay. Uptake and export were determined by the difference between activated

and unactivated groups. Above data are means ± SEM of 3 populations, representative of 3 independent experiments. (C) BMMC were activated with IL-33

(100 ng/ml) for 8 h. Lysates were analyzed by western blot for hexokinase, pyruvate kinase, and actin. Data are representative of 3 independent populations *p < 0.05,
**p < 0.01, ***p < 0.001, ****p < 0.0001.
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FIGURE 2 | Glycolytic inhibition suppresses cytokine production following IL-33 activation. (A) BMMC were treated with 2DG (1mM) or OX (20mM) for 1 h prior to

IL-33 (50 ng/mL) activation for 16 h. Cytokines were measured in supernatant by ELISA. (B) BMMC were treated with DMSO (vehicle control), etomoxir (Eto, 200µM),

or rotenone+antimycin A (Rot+AA, 1µM) for 1 h prior to IL-33 (50 ng/mL) activation for 16 h. Cytokines were measured in supernatant by ELISA. Data are means ±

SEM of 3 populations analyzed in triplicate, representative of 3 independent experiments. **p < 0.01, ***p < 0.001, ****p < 0.0001, NSD, no significant difference.

by t-test. The remainder of the data (3+ groups) were analyzed
by a one-way analysis of variance (ANOVA) to detect overall
differences between groups. With F-statistic significance, Tukey’s
multiple comparisons were used as post hoc tests to determine
which conditions were significantly different from the control.
We have reported only the post hoc analyses between activated
conditions, as unactivated were expected to be different from
activated samples. Differences between unactivated conditions
(in vitro) and between PBS controls (in vivo) were reported when
significantly different. GraphPad Prism software was used for
all statistical analyses. Data are expressed as mean ± standard
error of mean (SEM) with statistical significance: ∗p < 0.05,
∗∗p < 0.01, ∗∗∗p < 0.001, ∗∗∗∗p < 0.0001, NSD, no significant
difference.

RESULTS

IL-33 Activation Induces Glycolysis and OX
PHOS
To determine the effects of IL-33 on mast cell metabolism,
we analyzed extracellular acidification rate (ECAR) and proton
production rate (PPR) as indicators of H+ production and
as a surrogate for glycolytic rate. Oxygen consumption rate
(OCR) was used as an indicator of mitochondrial OX PHOS.
Bone marrow derived mast cells (BMMC) were measured
at baseline, following IL-3/SCF addition, and following IL-
33 activation. ECAR, PPR, and OCR were all significantly
elevated following growth factor addition and IL-33 activation

(Figure 1A). We should note that these measures were only
significantly elevated with IL-33 activation in the presence
of IL-3 and SCF (data not shown). It is known that IL-
33 co-stimulation with SCF is necessary for IL-33-induced
cytokine production(33), and thus IL-33-mediated changes in
glycolysis, like cytokine production, seem to be dependent
upon SCF (and possibly IL-3) signaling. We confirmed the
induction of glycolysis by IL-33 with measures of glucose
uptake and lactate export. Following IL-33 activation for
16 h, glucose uptake and lactate export were calculated
using concentrations in the cell supernatants from the IL-
33 activated and control groups. IL-33 activation significantly
increased glucose uptake and lactate export (Figure 1B),
supporting enhanced glycolysis as measured by ECAR and
PPR.

Lipopolysaccharide (LPS) is an innate activation signal
that shares downstream signaling cascades with IL-33 (34).
LPS has been shown to increase macrophage and dendritic
cell glycolysis, similar to the IL-33 effects we observed in
Figures 1A,B (2, 35, 36). LPS effects occur in 2 stages: a
rapidly increased glycolytic enzyme activity and inhibition of
OX PHOS, and a prolonged increase in enzyme expression
(2, 35, 36). To determine if IL-33 has an effect on glycolytic
enzyme expression, BMMC were activated for 8 h± IL-33. IL-33
induced a modest but consistent increase in hexokinase (HK)2
and pyruvate kinase (PK)M1/2 expression (Figure 1C). These
data suggest that IL-33 activation increases both glycolysis and
OX PHOS.
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Glycolytic Inhibition Suppresses Cytokine
Production Following IL-33 Activation
To determine the importance of glycolysis for IL-33-mediated
mast cell function, we employed chemical antagonists. BMMC
were treated ± the glycolytic inhibitors 2DG (1mM) or OX
(20mM) for 1 h prior to IL-33 activation for 16 h. Importantly,
there was no detectable change in cell viability at these doses
over the duration of the experiment (data not shown). Both 2DG
and OX significantly suppressed IL-33-induced IL-6, TNF, and
MCP-1 (Figure 2A). Additionally, we used chemical antagonists
to determine the importance of OX PHOS. BMMC treated for
1 h ± etomoxir (Eto, 200µM), inhibiting fatty acid oxidation, or
rotenone and antimycin A (Rot+AA; 1µM), inhibiting complex
I and II of the ETC, had no effect on IL-6 and TNF production
(Figure 2B). Rotenone and antimycin A did suppress MCP-1.
Rotenone and antimycin A were used at the highest dose at
which they did not increase cell death over 24 h, similar to
concentrations published to suppress IgE-mediated signaling in
mast cells (18). Together with data from Figure 1, these results
suggest that the increase in glycolysis following IL-33 activation
is functionally important for cytokine production in mast cells
and that MCP-1 production may have slightly different signaling
and metabolic controls.

Glycolytic Inhibition Suppresses ERK
Phosphorylation, NFκB-Mediated
Transcription, and ROS Production
While these data suggest that glycolytic inhibition reduces
cytokine release following IL-33, it is unclear if early receptor
signaling events are similarly affected. Therefore, ERK
phosphorylation (p-ERK) and NFκB transcriptional activity
were measured. BMMC were treated ± the glycolytic inhibitors
2DG or OX for 1 h prior to IL-33 activation for 15min.
Phosphorylation events were determined by flow cytometry.
As shown in Figure 3A, 2DG or OX treatment significantly
suppressed IL-33-mediated ERK activation. Furthermore, NFκB-
luc BMMC bearing a luciferase gene driven by two copies of
the NFκB regulatory element were also treated ± 2DG or OX
for 1 h prior to IL-33 activation for 2 h. Luciferase expression
was measured as a surrogate for NFκB-induced transcription.
Similar to ERK activation, 2DG and OX significantly suppressed
IL-33-mediated luciferase expression (Figure 3B), suggesting
that glycolysis is required for IL-33-induced NFκB function.

We have previously published that IL-33 induced-cytokine
production is suppressed by antioxidants such as n-acetylcysteine
(37), but ROS production following IL-33 activation has not been
investigated. Because glycolysis promotes ROS production by the
pentose phosphate pathway (2, 38), we examined the effect of
glycolytic inhibition on IL-33-induced ROS production. BMMC
were treated ± 2DG or OX for 1 h and activated with IL-33 for
2 h. Oxidative stress was measured by DCFH-DA fluorescence
by flow cytometry. IL-33 significantly increased DCFH-DA
fluorescence, an effect suppressed by 2DG or OX (Figure 3C).
Together, these data suggest that glycolysis contributes to IL-
33-mediated signaling and ROS production required for optimal
mast cell function.

FIGURE 3 | Glycolytic inhibition suppresses ERK phosphorylation, NFκB

transcription, and ROS production. (A) BMMC were treated with media, 2DG

(1mM) or OX (20mM) for 1 h and activated +/– IL-33 (100 ng/mL) for 15min.

p-ERK was analyzed by flow cytometry. (B) NFκB-luc transgenic BMMC were

treated with 2DG (1mM) or OX (20mM) for 1 h and activated for 2 h with IL-33

(100 ng/mL). Luciferase activity was measured with the Promega Luciferase

Assay Substrate and Glomax Luminometer, then normalized to the

unactivated media control. (C) BMMC were treated with 2DG (1mM) or OX

(20mM) for 1 h and activated for 2 h with IL-33 (50 ng/mL). Oxidative stress

was analyzed by DCFH-DA fluorescence by flow cytometry. Data are means ±

SEM of 3 populations analyzed in duplicate, representative of 3 independent

experiments. **p < 0.01, ***p < 0.001, ****p < 0.0001.
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Increased ATP Availability Restores
Cytokine Production Following Glycolytic
Inhibition
ATP is required for kinase activity, tRNA synthetase function,
ion transport, and chromatin remodeling, all of which play a
role in cell signaling and cytokine production. In addition to
providing ATP; glycolysis also generates pentose phosophate
pathway and Kreb’s cycle intermediates used for nucleotide,
amino acid, and lipid synthesis (2). To determine if ATP alone
is sufficient to restore cytokine production during glycolytic
blockade, BMMC were treated for 1 h ± 2DG or OX prior to
activation with IL-33 ± ATP (10mM) for 16 h. While 2DG or
OX significantly suppressed IL-6 and MCP production, cytokine
production was not significantly suppressed with increased ATP
availability (Figure 4A). ATP alone had no effect on cytokine
secretion at the concentration used (Figure 4A), and diffused
into the cell at low concentrations within 20min (Figure 4B).
Together, these data suggest that ATP availability can maintain
cytokine production during glycolytic blockade, supporting the
theory that IL-33-induced glycolysis yields ATP that is critical for
inflammatory function.

Glycolytic Inhibitors Suppress
IL-33-Induced Neutrophil Recruitment and
Cytokine Production in vivo
To test the importance of IL-33-induced glycolysis in vivo, we
used a model of IL-33-induced peritonitis in which neutrophil
recruitment is mast cell-dependent (39). As shown in the
schematic (Figure 5A), mice were IP injected with 2DG (750
mg/kg), OX (15 mg/kg), or PBS (control). After 1 h, mice were
injected IP with IL-33 (1 µg) or PBS. After 4 h, peritoneal lavage
and cardiac puncture were harvested. 2DG and OX significantly
suppressed IL-33 induced neutrophil (Ly6Ghi) recruitment
into the peritoneum compared with the PBS control group
(Figure 5B). Similarly, 2DG and OX reduced plasma IL-6 and
MIP-1α (Figure 5C). We should note that 2DG and OX induced
neutrophil recruitment independent of IL-33 (Figures 5B,C).
These data suggest the suppressive effects of glycolytic inhibition
extend to IL-33 activation in vivo, but also point to limitations
regarding their use.

IL-33 and AMPK-SIRT1 Are Antagonistic
Pathways
While 2DG has been used in a Phase I trial for cancer treatment,
there have been off-target effects reported. Additionally, the
CMAX reported for the recommended Phase II 2DG dose was
450mM (for 45 mg/kg) (40), well below the doses used in
our model. Fatigue, dizziness, and dose-dependent cardiac QTc
prolongation were also observed in a few patients (40). Similarly,
OX is known to have poor cell membrane permeability and
concentrations sufficient for LDH suppression cannot be reached
in vivo (41). Due to the limitations of these inhibitors for future
clinical use, we became interested in AMPK as another way to
target glycolysis in IL-33-related diseases.

AMPK is known for its role in energy sensing, activated in
response to fasting and exercise. AMPK switches the cell from

anabolic pathways to catabolic pathways, utilizing all potential
energy in the form of glucose and lipids by both glycolysis and
OX PHOS in liver, kidney, and skeletal muscle (2). Interestingly,
AMPK increases OX PHOS but inhibits glycolysis in immune
cells, perhaps because of the anabolic effects of glycolysis (2, 42).
To determine the effects of AMPK on IL-33-induced cytokine
production, BMMC were treated with A799662 (AMPK agonist;
100µM) or SRT1720 (an agonist of the APMK target SIRT1;
5µM) for 1 h prior to activationwith IL-33 for 16 h. Both agonists
significantly reduced IL-33-mediated IL-6 and TNF production
(Figure 6). These data suggest that activating AMPK or its
downstream signaling pathways can suppress IL-33-induced
mast cell activation, mirroring the effects of glycolytic inhibition.

Metformin Suppresses IL-33-Induced
BMMC Activation as Well as Neutrophil
Recruitment and Cytokine Production in

vivo
Metformin is an FDA-approved AMPK activator, widely
prescribed for the treatment of diabetes. This offers a clinically-
relevant means of assessing how AMPK activation affects IL-
33 function. First, BMMC were treated with metformin at
physiological doses (10, 50, 100µM) (43, 44) for 24 h before IL-
33 stimulation for 16 h. For all metformin doses, we observed
significant suppressive effects (Figure 7A). Similar suppression
was observed with 1-h treatment, albeit at higher doses (data
not shown). To confirm that the effects of metformin were due
to reduced glycolysis and ATP availability, BMMC treated with
metformin (100mM) for 24 h were activated with IL-33 ± ATP
(10mM) for 16 h. ATP reversed the suppression by metformin
(Figure 7B). These results suggest that suppressing glycolysis and
ATP production by increasing AMPK activity with metformin
is an effective way to limit cytokine production following IL-33
activation.

To establish proof of principle in vivo, metformin treatment
was used in the IL-33-induced peritonitis model. As shown in the
schematic (Figure 7C), mice received metformin (IP, 100mg/kg,
∼100 µl) or PBS (control, 100 µl). After 1 h, both groups of
mice were injected IP with IL-33 (1 µg, 100 µl) or PBS (100 µl).
Peritoneal lavage and cardiac puncture were harvested after 4 h.
Metformin significantly suppressed IL-33-mediated neutrophil
(Ly6Ghi) recruitment into the peritoneum compared with
the PBS control group (Figure 7D). Furthermore, metformin
significantly reduced plasma MCP-1 (Figure 7E). These data
support the theory that indirectly targeting glycolysis with an
AMPK agonist can suppress IL-33-mediated inflammation in
vivo.

DISCUSSION

Immune cell metabolism is closely linked to phenotype and
effector functions.While T cell andmacrophagemetabolism have
been highly studied over the past decade, mast cell metabolism
and IL-33-mediated activation have received little attention.
This study is the first to report that IL-33 increases glycolysis,
generating ATP that is required for subsequent inflammatory
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FIGURE 4 | Increased ATP availability restores cytokine production following glycolytic inhibition. (A) BMMC were treated with 2DG (1mM) or OX (20mM) for 1 h and

activated for 16 h with IL-33 (50 ng/mL) and/or ATP (10µM). Cytokines were measured in cell supernatant by ELISA. (B) BMMC were treated with AF647-labeled ATP

for 20min prior to flow cytometric analysis. Data are means ± SEM of 3 populations analyzed in triplicate, representative of 3 independent experiments. *p < 0.05, **p

< 0.01, ***p < 0.001, ****p < 0.0001, NSD, no significant difference.

cytokine production. Targeting glycolytic ATP production by
inhibiting glycolysis with 2-DG and OX, or by activating AMPK
with metformin was sufficient to reduce IL-33-mediated effects
in vitro and in vivo. With increased ATP availability, these
inhibitors had little effect on cytokine production, highlighting
the importance of this glycolytic product. These data advance

our understanding of IL-33 function and suggest that regulators
of glycolysis, like AMPK, may be potential targets for treating
inflammatory diseases involving IL-33.

Previous to this report, only one paper using small-cell
lung cancer (SCLC) cells reported metabolic effects of IL-33,
showing increased glucose uptake and lactate export (45). This
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FIGURE 5 | Glycolytic inhibitors suppress IL-33-induced neutrophil recruitment and cytokine production in vivo. (A) Schematic diagram: C57BL/6J mice (age and sex

matched males and females) were IP injected with 2DG (750 mg/kg), OX (15 mg/kg), or PBS. After 1 h, mice were injected IP with IL-33 (1 µg) or PBS. All groups were

sacrificed after 4 h. (B) Peritoneal lavage was used to collect cell infiltrates and analyze neutrophil (Ly6G+) recruitment via flow cytometry. (C) Cardiac puncture was

used to collect plasma for cytokine analysis via ELISA. Data are means ± SEM of 2 mice/control group and 5 mice/IL-33-peritonitis group analyzed in triplicate (flow

cytometry) and duplicate (ELISA), representative of 2 independent experiments. *p < 0.05, **p < 0.01, ***p < 0.001, NSD, no significant difference.

FIGURE 6 | IL-33 and AMPK-SIRT1 are antagonistic pathways. BMMC were treated with DMSO (vehicle control), A799662 (AMPK agonist, 100µM) or SRT1720

(SIRT1 agonist, 5µM) for 1 h and activated with IL-33 (50 ng/mL) for 16 h. Cytokines were measured in supernatant by ELISA. Data are means ± SEM of 3

populations analyzed in triplicate, representative of 3 independent experiments. **p < 0.01, ***p < 0.001, ****p < 0.0001.

work is the first to note glycolytic requirements for IL-33
activation in immune cells. Additionally, we observed a slight
increase in OX PHOS. We hypothesize that IL-33 signaling
in other ST2+ cells, including Th2 and ILC2 cells, would
also require glycolysis for optimal function, but this remains
to be determined. Using the Seahorse analyzer, we observed
increased glycolysis immediately upon IL-33 stimulation, likely
due to increased enzyme activity. Additionally, metabolic enzyme
expression was moderately elevated at 8 h, and glucose uptake
and lactate export remained different at 16 h. While we noted an

increase in HK2 and PKM1/2 expression, Wang et al. observed
increased Glut1 surface expression in SCLC cells (45), suggesting
that IL-33 may regulate the expression of many different proteins
important for glycolysis.

Our data suggest a functional role for enhanced glycolysis
following IL-33 activation. In BMMC, the glycolytic inhibitors
2DG and OX suppressed IL-33-mediated ERK activation, NFκB
transcription, ROS production, and cytokine secretion. These
data are consistent with other findings, as 2DG and OX inhibit
IgE receptor-induced cytokine secretion in rat mast cells (16),
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FIGURE 7 | Metformin suppress IL-33-induced BMMC activation as well as neutrophil recruitment and cytokine production in vivo. (A) BMMC were treated ±

metformin (10, 50, 100µM) for 24 h and activated with IL-33 (50 ng/mL) for 16 h. (B) BMMC were treated ± metformin (Met, 100µM) for 1 h and activated with IL-33

(50 ng/mL) ± ATP (10µM) for 16 h. Cytokines were measured in the supernatant by ELISA. Above data are means ± SEM of 3 populations run in triplicate,

representative of 3 independent experiments. (C) Schematic diagram: C57BL/6 males and females were injected intraperitoneal (IP) with metformin (100 mg/kg) or

PBS. After 1 h, mice were injected IP with IL-33 (1 µg) or PBS. All groups were sacrificed after 4 h. (D) Peritoneal lavage was used to collect cell infiltrates and analyze

neutrophil (Ly6G+) recruitment via flow cytometry. (E) Cardiac puncture was used to collect plasma for cytokine analysis via ELISA. In vivo data are means ± SEM of 3

mice/control group and 8 mice/ peritonitis group analyzed in triplicate (flow cytometry) or duplicate (ELISA), representative of 2 independent experiments. ***p <

0.001, ****p < 0.0001.

cytokine mRNA and protein secretion, cytolytic activity, and cell
cycle progression in CD8T cells (46), and ERK phosphorylation
in SCLC cells (47). It is important to note that inhibiting
glycolysis also reduces glucose consumption and pyruvate
availability for Kreb’s cycle and the ETC, which is likely why
others have noted OX PHOS suppression with 2DG (48). This
effect may be greater with 2DG, as OX may push some pyruvate
into the mitochondria for utilization, and should be accounted
for with future studies. Thus, determining the importance of
glycolysis vs. OX PHOS when analyzing inhibitor studies has
challenges. Our interpretations of the data are that glycolytic ATP
product is paramount for IL-33-induced mast cells responses.
This conclusion is based on (1) ATP-mediated reversal of
glycolytic suppression and (2) the consistent inhibitory effects of
glycolytic inhibitors in contrast to inconsistent or lack of effects

when blocking OX PHOS and ETC function. Because 2DG and
OX suppress IL-33-mediated cytokine production and neutrophil
recruitment in vivo, our data suggest that glycolytic ATP plays a
critical role in IL-33-mediated inflammation.

ATP, the primary product of glycolysis, provides a phosphate
group and energy for kinases (45, 49) and enzymes involved in
signaling and transcription. Our data show that exogenous ATP
can restore IL-33-induced cytokine production in the presence
of glycolytic inhibitors. It is important to note that the effects
on IL-6 appear more dramatic than MCP-1. Along with our
data suggesting that OX PHOS blockade suppresses MCP-1,
MCP-1 production likely utilizes different signaling cascades
and transcription factors and may therefore require more ATP
for transcription or additional products from glycolysis and
subsequent pathways. Nevertheless, we see that ATP reverses
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OX suppression from 35 to 23%, suggesting at least partial
reversal. We hypothesize that glycolytic blockade reduces ATP
availability and thus, ATP available for kinase phosphorylation
and signaling through NFκB. Reduced signaling then leads to
reduced cytokine production, suggesting that glycolytic blockade
effects many downstream signaling events. We note here that low
dose ATP was shown to diffuse into the cell with no concomitant
IL-6 or MCP-1 production, suggesting this effect is independent
of P2X receptors, which are activated at concentrations 10-fold
higher (data not shown). Together with the above data, these
results support the hypothesis that mast cells require glycolytic
ATP production for IL-33-induced function, and suggest that
glycolytic blockade can suppress IL-33-mediated inflammation in
vivo.

Interestingly, we show here that IL-33 increases glycolysis in
mast cells, increasing both lactate export and H+ ion production,
and we have previously published that lactic acid suppresses IL-
33-mediated cytokine production in mast cells (31). From this
we hypothesize that lactic acid increases with IL-33 activation
and may act as a feedback regulator of IL-33 activation. There
is evidence that glycolysis is elevated in both adaptive and
innate immune cells with pro-inflammatory stimulation (1, 6),
that lactic acid increases in inflammatory environments (50–
54), and that lactic acid suppresses pro-inflammatory immune
functions and shifts macrophages to a wound healing phenotype
(55). Together, these results suggest that the feedback inhibition
may play a larger role in inflammation, cancer, sepsis, asthma,
and wound healing. Understanding these pathways and inherent
feedback mechanisms may help us to better develop and dose
drug treatments for use in different inflammatory diseases.

While 2DG and OX have been used in humans, there is
little potential for their clinical use due to dose and side effect
limitations. Our data suggest that activating AMPK, a mediator
of cell metabolism, may be effective in IL-33-related diseases.
There has been no evidence to directly link AMPK to IL-33
in immune cells, although systemic administration of an anti-
ST2 antibody increased AMPK phosphorylation in the renal
parenchyma of mice (56). We show that activating AMPK
with metformin or the specific agonist A799662 suppressed
IL-33-induced cytokine production. Furthermore, activating
SIRT1, a deacetylase downstream of AMPK known to play
a suppressive role in signal transduction and glycolysis (57–
59), similarly suppressed cytokine production. This provides
another possible clinical target for modulating IL-33-induced
inflammatory responses and suggests that SIRT family members
should be studied as a target in IL-33-related disease. ATP
reversed metformin effects, supporting the theory that inhibiting
glycolytic ATP production is the primary mechanism of action.
With metformin use in vivo, we also provide proof of principle
for its utility in IL-33-related pathologies. These data support the
idea that metformin provides anti-inflammatory effects beyond
lowering blood glucose, and suggest that AMPK is a rational
target for suppressing IL-33-mediated cytokine production and
effector functions in vivo.

Interestingly, IL-33 increased both glycolysis and OX PHOS
in mast cells, similar to IgE signaling. However, blocking OX
PHOS did not influence IL-6 or TNF production, in contrast to
data reported with IgE-mediated activation (18). Lawrence Kane’s

group observed that rotenone (blocking complex I) suppressed
IL-6 production and degranulation in IgE-mediated activation
(18), yet in our studies with IL-33, rotenone and antimycin
A (blocking both complex I and complex III) had no effect
on IL-6 or TNF secretion. Interestingly, we do find effects on
MCP-1. The dose of rotenone (1mM) was the same in each
study. This suggests important differences regarding the use
and control of energy pathways in the IgE and IL-33 signaling
cascades and potential differences in the signaling, transcription,
and translation required for the production of different
cytokines.

Future work should examine the signaling mechanisms
directly responsible for changes in metabolism and cytokine
transcription. Transcription of both glycolytic enzymes and
cytokines are linked to HIF-1α following LPS activation.
TLR4 signaling can induce NADPH oxidase activity and ROS
production, which stabilizes HIF-1α (60). ASK1, p38, and ERK
signaling can also contribute to HIF-1α accumulation (61–63),
which suggests that similar pathways may play a role in IL-33-
mediated changes. Furthermore, glycolysis induction is known to
provide intermediates for lipid synthesis and histone acetylation
(2, 6), in addition to generating ATP and ROS. The importance
of these intermediates should be examined in the context of IL-33
activation.

This work emphasizes the importance of glucose metabolism
in mast cell function, supporting recent publications by Ehud
Razin’s and Lawrence Kane’s labs, which examined IgE activation
of mast cells (18, 19). IL-33 activation increases glycolysis to
provide ATP and ROS for optimal receptor signaling, cytokine
production, and effector functions. Direct glycolytic blockade
and metformin-induced AMPK activation were sufficient to
reduce cytokine production both in vitro and in vivo. Together,
these data advance our understanding of IL-33 activation and
suggest that AMPK and glycolysis are potential targets for
treating IL-33-mediated disease.
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The human Interleukin-33 (IL-33), a member of the IL-1 family, is the cytokine as a cell

endogenous alarmin, released by damaged or necrotic barrier cells (endothelial and

epithelial cells). The signal transduction of IL-33 relies on recognition and interaction

with specific receptor ST2, mainly expressed in immune cells. In both innate and

adoptive immunity, IL-33 regulates the homeostasis in response to stress from

within/out the microenvironment. Various, even negative biofunctions of IL-33 pathways

have now been widely verified in pathogenesis among immunological mechanisms,

like Th2-related immune-stimuli, inflammation/infection-induced tissue protectors. A

larger versatility in studies of IL-33 on malignancies now focuses on: (1) promoting

myeloid-derived suppressor cells (MDSC), (2) intervention toward CD8+ T, Natural

Killer (NK) cell infiltration, group 2 innate lymphoid cells (ILC2) proliferation, dendritic

cells (DC) activation, and (3) inhibiting tumor growth and/or further metastasis as an

immunoadjuvant. Although IL-33 functioned pro-tumorigenically in various cancers,

for some cancer types the findings so far are controversial. This review begins from

a summarized introduction of IL-33, to its remarkable implications and molecular

transduction pathway in malignant neoplasms, ends with latest inspiration for IL-33 in

treatment.

Keywords: IL-33, cytokine, cancer, immunology, therapy

INTRODUCTION

Cytokines are central mediators between cells in the inflammatory tumor microenvironment, in
which Interleukin-33 (IL-33) is considered as an alarmin released after cellular damage. IL-33
was discovered as a member of the IL-1 family of cytokines. The IL-1 gene family contains
11 members (IL-1α, IL-1β, IL-1RA, IL-18, IL-36RA, IL-36α, IL37, IL-36β, IL-36γ, IL-38, IL-33),
which induces a complex network of pro-inflammatory cytokines, and regulates and initiates
inflammatory responses, via expressing integrins on leukocytes and endothelial cells (1). IL-33 gene
is constitutively located on the short arm of chromosome 9 at 9p24.1. Sequencing alignment toward
human and murine IL-33 revealed two evolutionary conserved domains; a chromatin-binding
motif, and a cleavage site for inflammatory proteases and apoptotic caspases (Figure 1A). The
discovery of two ST2-binding sites further confirmed an exerted binding of IL-33 to a heterodimer,
formed by the specific primary receptor ST2 and the IL-1 receptor accessory protein (2, 3).

The full-length IL-33 contains 270 amino acids in human and 266 in mice, which harbors a
homeodomain-like helix-turn-helix domain presumably allowing to bind to DNA (4). The release
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of IL-33 can be associated with mechanical and oxidative stress,
necrotic cell death, or cell activation through ATP signaling in
the absence of cell death (5). IL-33 is rapidly released from
cells during necrosis or tissue injury, and signals through a cell
surface receptor complex, ST2 (IL-1 receptor-like 1, IL1RL1)
and IL1RAcP (IL-1 receptor accessory protein), to initiate
inflammatory pathways in immune cells, such as type-2 innate
lymphoid cells (ILC2), mast cells and natural killer (NK) cells (6).
Although advances have been made, mechanisms regulating the
alarmin activity of IL-33 remain poorly understood (Figure 1B).

Human nervous tissues, barrier structures with widespread
of endothelial, epithelial and fibroblast-like cells that are
exposed to the environment, were indicated high level of
constitutive expression of IL-33. However, inducible IL-33 by
inflammation catchesmore attention of researchers from classical
cases with chronic obstructive pulmonary disease, inflammatory
responses to suffered graft-vs.-host diseases after bone marrow
transplantation. Most recently, tissue fibrosis, mucosal healing,
and wound repairmen were as well found to be possible
initiatives of IL-33 during inflammation. There are outcomes of
cross-talks and interactions within DNA, mRNA, and protein
levels. Strict regulation starts from nuclear localization and
chromosome association of IL-33, where nuclear IL-33 functions
as a transcriptional repressor when overexpressed in chronically
in?amed tissues from patients with rheumatoid arthritis and
Crohn’s disease (7, 8).

The Roles of IL-33 in Malignancies
The multiple roles of IL-33 in malignancies were summarized in
Figure 2. Most of the current studies on IL-33’s multiple roles
in cancers focus on tumor microenvironment, tumorigenesis
and tumor-associated inflammatory responses. In head-and-
neck-squamous cancers, cancer associated fibroblasts was found
releasing IL-33, sequentially leading migration and invasion
through epithelial-to-mesenchymal transition (9). Data from
tongue cancer patients witnesses a worse prognosis with higher
level of IL-33 or ST2. Well-designed tissue comparison assays
showed an elevated IL-33 and IL1RL1 or ST2 in tissue of both
human breast cancer and non-small-cell-lung cancer (NSCLC),
compared to adjacent non-tumor tissues. Similarly, high level
of serum IL-33 also indicated a poor prognosis in patients with
these two types of cancers (10–13). Related mechanism includes
genomic instability and mutation, epigenetic modification,
apoptosis resistance to cancer-initiated cells and increases of
cancer metastasis.

Immunity and Associated
Microenvironment
The process of tumor development can trigger anti-tumor
immune responses. The type 1 immune response is a critical
component of cell-mediated immunity, which includes tumor-
induced IFN-γ-producing Th1 cells, cytotoxic T lymphocytes,
NK T cells, and γδ T cells, to limit tumor growth and metastasis
(14). Since inflammation is another important component in
malignancies, it drove more studies on how IL-33 plays roles in
improving cancerous surveillance and immunity against tumor.

FIGURE 1 | The schematic elucidation of IL-33. (A) The schematic

structure of IL-33 protein and its critical domains. (B) The pathway involved

IL-33 and its receptor. (A) IL-33 gene is constitutively located on the short arm

of chromosome 9 at 9p24.1. The structure of IL-33 protein contains two

evolutionary conserved domains: a chromatin-binding motif, and a cleavage

site for inflammatory proteases and apoptotic caspases. (B) The release

mechanisms of IL-33 can occur by mechanical and oxidative stress, necrotic

cell death, or cell activation that functions as an alarmin. IL-33 is rapidly

released from cells during necrosis or tissue injury, and signals through a cell

surface receptor complex, ST2 (IL-1 receptor-like 1, IL1RL1) and IL1RAcP

(IL-1 receptor accessory protein), to initiate inflammatory pathways in immune

cells. This clustered domain recruits signaling adaptor and kinases (including

MyD88, IRAK1/4, TRAF6) in order to activate the transcription factors in tumor

cells. The possible results would be a generated cancer-related inflammatory

microenvironment, with tumor-promoting effects.
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FIGURE 2 | The multiple roles of IL-33 in malignancies. IL-33 was reported to be involved in the different hallmarks of cancer, such as oncogenesis, tumor growth,

metastasis, neo-angiogenesis, and evading programmed cell death. However, as an immune-associated factor, IL-33 was also demonstrated to affect the immunity

and associated microenvironment of cancer through immune cells, such as myeloid-derived suppressor cells (MDSC), Dendritic cells (DC), and Regulatory T cells

(Treg).

Gao et al. successfully gained the increased innate immunity of
CD8(+) and NK cells by overexpressing IL-33 in tumor-bearing
mice. The metastatic potential in models of B16 melanoma and
Lewis lung carcinoma were significantly attenuated by transgenic
expression of IL-33 (15). When depleting CD8(+) T cells and
NK cells, pulmonary metastasis was significantly increased,
indicating that IL-33 can mediate the anti-tumor immunity of
CD8(+) T cells and NK cells.

However, other researches considered IL-33 promoted cancer
progression through diminishing innate anti-tumor immunity
and increasing intra-tumor accumulation of immunosuppressive
cells in transgenic mice with breast cancer. Jovanovic et al.
detected a time-dependent increase of endogenous IL-33 at
both mRNA and protein levels in 4T1 breast cancer model
and pulmonary metastasis during cancer progressions. In IL-33-
treatedmice, intra-tumorNKp46(+) NKG2D(+) andNKp46(+)
FasL(+) cells were markedly reduced, while PBS-treated ST2-
deficient mice had increased frequencies of these tumoricidal
NK cells compared to that in untreated wild-type mice (16).
Similarly, IL-33 increased IFN-γ by CD8(+) T and NK cells in
tumor tissues, thereby inducing the microenvironment accessible
to tumor eradication (17).

The tumor microenvironment, in which the tumor exists,
constantly interacts with tumor cells. The developing tumor
itself can promote anti-tumor immune responses by recruiting
cytotoxic T lymphocytes, T helper 1 cells, and NK cells; so as
to influence the microenvironment by releasing extracellular
signals, promoting tumor angiogenesis and/or peripheral

immune tolerance (14, 18). At the same time, the immune cells
involved can affect the growth and evolution of tumor cells
(19). Immune suppression specific to tumor and inflammatory
stimuli may therefore display a cancer-initiated action, where
cytokines are the central mediators (20, 21). IL-33 was proved to
be a robust inducer of T helper 2 cells (releasing cytokines like
IL-4/5/6/10/13) in tumor microenvironment, but a suppressor
to the secretion of T helper 1 cells (cytokines like IL-12, IFN-γ)
(22). Recent data revealed the role of IL-33 in several cancers,
indicating dual functions as a damage-associated molecular
pattern, or nuclear factors mediating gene expression (23).

Oncogenesis
Environmental factors (nicotiana or alcoholic use), and
infections (hepatitis B virus), were indicated as triggering factors
for minor changes in lungs, heart and livers (24). These were
later proved to initiate a higher rate of neoplastic growth,
followed by chronic inflammation to targeted organs and/or
tissues. Therefore, the tumor-associated inflammatory pathways
to cancer development are research hotspots.

Tumors often locally accumulated Treg cells, preventing
tumor clearance. In intestinal tumors from APCMin/+ mice,
researchers found that a high level of cytokine IL-33 were
preferentially expanded in KLRG1+ GATA3+ Treg cells,
sequentially to activate E-cadherin ablation and increase β-
catenin signals in epithelial cells (25, 26). In another remarkable
study of patients with metastatic colon cancer, higher expression
of IL-33 in cancer tissues was significantly associated with poorer
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survival. Similarly, the study pointed out that IL-33 activated core
stem cell genes via ST2 signaling pathway, recruitedmacrophages
and stimulated stem-like characters to promote carcinogenesis
of colon cancer cells (27, 28). Another new function of IL-33
discovered from non-basophilic leukemia, a rare subtype of acute
myeloblastic leukemia, indicated IL-33 enhanced the basophilic
differentiation of MYB-GATA1 expression, demonstrating a new
role of IL-33 in leukemic cells and CD34-positive primary cells
(29).

Tumor Growth
IL-33 is a cytokine implicated in mutual modulation of not
only anti-tumor immunity but tumor growth. Inflammatory
responses can be triggered by tumor growth through releasing
danger signals and expression of tumor antigens (14).
Nevertheless, tumors progress by enlisting and driving the
dominance of immune suppressive cell types such as Treg and
myeloid-derived suppressor cells, as well as myeloid cells that
produce cancer-promoting factors (18, 30, 31). Moreover, IL-33
also promoted the growth and metastasis of solid cancers, such
as gastric cancer, colorectal cancer, ovarian cancer, and breast
cancer (32, 33). Wang et al. reported blocking IL-33 activities
restricted tumor growth of NSCLC xenografts, indicating IL-33
blockade as a novel therapeutics for NSCLC patients (34).

Conversely, other studies pointed out anti-cancer activities of
IL-33 to inhibit tumor progression in cellular levels and animal
models. Qin et al. showed that recombinant IL-33 dramatically
repressed the leukemia growth and prolonged the survival
of leukemia-bearing mice by increasing IFN-γ production of
leukemia-reactive CD8+ T cells (35). Tumor expression of IL-
33 was also reported to inhibit tumor growth and favor tumor
eradication by modifying the tumor microenvironment through
CD8+ T cells (17). Put together, it is proposed that IL-33 might
exert the anti-cancer activities of suppressing tumor growth
under certain circumstances.

Metastasis and Neo-Angiogenesis
Cancer metastasis is one of the severe outcomes in most patients
with malignancies. It is characterized by rapid and uncontrolled
proliferation with high ATP demands, which requires a high
rate of glucose uptake. In the surface of NSCLC cells, IL-33/ST2
pathway upregulatedmembrane glucose transporter 1 to enhance
their glucose uptake and glycolysis to meet the ATP switch of
metastasis (36).

Saranchova et al. described a new mechanism of
immune-surveillance in cancer. They found metastatic
carcinomas expressed low levels IL-33 and antigen processing
machinery (APM), compared to syngeneic primary tumors.
Supplementation of IL-33 in metastatic tumors restrained tumor
growth rates and frequencies of circulating tumor cells by
upregulating APM and functionality of major histocompatibility
complex (MHC)-molecules, indicating the inhibition function
of IL-33 to primary tumors in cancer immune-surveillance
and losing that function during metastatic transition as
immune escape (37). Evidences pointed out IL-33 as a possible
inducer and prognostic marker of cancer metastasis by way of
mechanisms like immune regulation, with intensive cytotoxic

activities of NK cells and increased systemic Th1 and Th17
cytokines (38).

Other malignancies witness proof of IL-33 to metastatic
process. The soluble form of the IL-33 receptor (sST2), resisting
IL-33-induced angiogenesis, is downregulated in metastatic
cells compared with low-metastatic colorectal cancer cells (39).
Wang et al. determined that IL-33 overexpression enhances
robust outgrowth and metastasis in vitro/in vivo, while genetic
knockdown of IL-33 limited the progression of NSCLC (40).
In lines with these findings, epithelial ovarian cancer knocked
down of IL-33 gene had reduced metastatic potential, while
ectopic IL-33 promoted the migratory and invasive capacity.
Underlying mechanisms clarified sST2 might block the ERK and
JNK signaling pathways, where IL-33 in return, was regarded
as a prognosis markers and targets for ovarian cancers (41).
In gastric cancer cells, IL-33 promoted cancer migration and
invasion through stimulating the secretion of MMP-3 and IL-
6 via aberrant activation of ST2-ERK1/2 pathway (42). Taken
together, IL-33 may promote cancer development and metastasis
through different pathways.

Cancer Cell Death
Different modes of cell death regulate inflammation by
modulating professional phagocyte activation (43). The topic
concerning IL-33 initiated cancer cell death is still emerging. It
is likely to influence a range of diseases, but evidence for IL-33
limited to only a few examples.

Apoptosis is one of the classically understood processes of cell
death that denotes a specific caspase-8–dependent programmed
cellular death (44). Ye et al. released a recent study that IL-
33 prevent cancer cells against platinum-induced apoptosis via
the JNK pathway in gastric cancer cells (45). Similarly, in
colon cancer cells, IL-33 stimulated cell sphere formation and
prevented chemotherapy-induced tumor apoptosis (28). One
exception was noticed in MIA PaCa-2, a pancreatic cancer
cell line, that not only colonies and proliferations rate, but
relative caspase-3 activities were attenuated in the presence of
IL-33. Subsequent anti-proliferative effect on cancer cells even
correlated with down-regulated anti-apoptotic molecule FLIP
and up-regulated pro-apoptotic molecule TRAIL (46). Since
unidentified mechanisms of IL-33 in basic research, we need
further experiments to clarify the possibly opposite effects in
different situations, like inflammatory stages, cell types or even
the concentration of IL-33.

Based on signaling pathway studies, IL-33 may also be
involved in co-activation of receptor-interacting protein 1/3
(RIP1/3) kinases, subsequently to damage, press and chronic
inflammation (47, 48). This discovery shed light on another
versatility of IL-33, an atypical cell death named necroptosis.
Unlike apoptosis, this caspase-8-independence cell death allows
the cell to bypass caspase activation (49, 50). In liver
malignancies, inflammatory stimuli are predominantly driven to
tissue-resident Kupffer cell from by bacterial and viral infections.
Necroptosis of Kupffer cells released the alarmin IL-33 to
trigger basophil IL-4, which successively recruited macrophages
proliferation. This ultimately activated the macrophages and
thereby achieved to liver homeostasis (51). While in cervical
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cancer, IL-33 related necroptosis could work as a possible pioneer
for immunotherapy in cervical cancer. This HPV-induced cancer
was found a rather low level of cytokine, indicating a stimulated
releasing of IL-1α for an induced necroptotic cell death (52). Still,
potential mechanisms on these studies need further clarified.

Therapeutic Strategies for IL-33 in Cancers
Understanding of direct and indirect effects of IL-33 would be
important for profound therapeutic implications, especially in
the realm of cancer immunotherapy. By using what scientists
learn about the immune system, several synthetic molecules are
created to attack a tumor more precisely and effectively (53).
Current cancer immunotherapies include cytokines, monoclonal
antibodies, and lymphocytes that will enhance existing antitumor
immune responses (54). Cytokine-based immunotherapy has
been extensively investigated in the treatment of malignancies.
These immune-modulating effects allow interleukin-related
treatment to provoke an immune response to chronic rheumatic
diseases and attenuate disease progression of pathogenic
conditions. However, only a few agents, such as interferon
and IL-2, have proven to have sufficient clinical benefits to
justify their more widespread use (55). Many preclinical studies
demonstrated the antitumor effects of Th1 cytokines, to which
IL-33 belongs, while clinical efficacy still limited.

Since IL-33 dually drives the immune system in either
responsiveness/activation or tolerance/inhibition, IL-33
administration to the status of immune system dynamics
controversially direct immune response and determine outcome
(56). Any underlying natural bimodal homeostatic dynamic
will be critical principal determinant of clinical efficacy. It is
suspected that cancer therapy will be to analyze accurately the
patient’s underlying tumor immune response in a serial manner,
then appropriately and accurately synchronize therapy with
immune fluctuation (57). This time-dependent dynamic aspect
of the immune response in the cancer patient has been largely
overlooked in the past and has prevented us from being able to
observe how our in vivo therapeutic approaches are influencing
the immune response to produce the observed clinical effects.

IL-33 has been possibly considered as an immune adjuvant
for vaccine therapy. Indeed, IL-33 functions as a promoter to
memory T cell immunity in transgenic melanoma mice, thereby
mediating a microenvironment that favors tumor rejection.
Based on insights from Villarreal, this immunoadjuvant effects in
an HPV-associatedmodel is critical for protective immunity (58).
Besides, increased IL-33 in pathological settings including tumor
immunotherapy, viral infection and graft-vs.-host diseases,
suggest that IL-33 overexpression might elicit potent antitumor
immunity (59). Thus far, mouse models provide most of the
information at hand. To what degree these observations are
applicable to real patients is still unclear. Experimental evidences
are currently lacking that clearly indicate the suitability of such
an approach.

As a tumor biomarker, IL-33 could be versatile serving as
a therapeutic target in patients. In breast cancers, estrogen

receptor expressions account for most clinical cases. Thanks
to hormone therapy with tamoxifen, prognoses of ER-positive
breast cancer are significantly improved. While on the other
hand, endocrine resistance to tamoxifen led to commonly-
found compromised efficacy of hormone therapy where IL-33
played crucially. Knockdown of IL-33 is likely to correct this
problem and resistance to tamoxifen-induced tumor growth
inhibition could therefore be reversed (60). Similar cases derived
from previous studies in lung and gastric cancer, in metastatic
prostate carcinomas, and glioblastoma (61). These findings point
out new connection betweenIL-33 and cancer pathogenesis
and pinpoint IL-33 promising to optimize therapy in clinical
practice.

Future Perspectives
The role of IL-33 in inflammatory diseases has been widely
discussed since decades ago (62). This review highlights the
remarkable span and diversity of its modulatory potency
in tumors. Interestingly, our perspectives in IL-33 has now
extended beyond its previous identification as an inducer
of immune responses to that of a potency in chronic
inflammation and timely activation by malignancies. However,
many questions remain unraveled, such as the regulatory
elements, the bioactive forms, and the inner homeostasis
of IL-33. A study of network map insights on IL-33-
mediated crosstalk in the pathogenesis of acute and chronic
inflammatory diseases (63). It revealed various roles of classical
signaling modules like ERK1/2, NK-κB, and PI3K/AKT, etc.
that played in disease development, which in no doubt left
us with new inspirations to tumor-related development. In
therapeutic practices, IL-33-targeted antibody has only been put
into clinical trials for asthma. Other approaches were newly
recommended, but cautions should be exercised due to the
many immune responses and the potential for driving cancer
development.
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The polarization and function of macrophages play essential roles in controlling immune

responses. Interleukin (IL)-33 is a member of the IL-1 family that has been shown to

influence macrophage activation and polarization, but the underlying mechanisms are

not fully understood. Mitochondrial metabolism has been reported to be a central player

in shaping macrophage polarization; previous studies have shown that both aerobic

glycolysis and oxidative phosphorylation uniquely regulate the functions of M1 and

M2 macrophages. Whether IL-33 polarizes macrophages by reshaping mitochondrial

metabolism requires further investigation. In this work, we examined the mitochondrial

metabolism of bone marrow-derived macrophages (BMDMs) from either wild type

(WT), Il33-overexpressing, or IL-33 receptor knockout (St2−/−) mice challenged with

lipopolysaccharide (LPS). We found that after LPS stimulation, compared with WT

BMDMs, St2−/− BMDMs had reduced cytokine production and increased numbers and

activity of mitochondria via the metabolism regulator peroxisome proliferator-activated

receptor-C coactivator-1 α (PGC1α). This was demonstrated by increased mitochondrial

DNA copy number, mitochondria counts, mitochondria fission- and fusion-related gene

expression, oxygen consumption rates, and ATP production, and decreased glucose

uptake, lactate production, and extracellular acidification rates. For Il33-overexpressing

BMDMs, the metabolic reprogramming upon LPS stimulation was similar to WT BMDMs,

and was accompanied by increased M1 macrophage activity. Our findings suggested

that the pleiotropic IL-33/ST2 pathway may influence the polarization and function of

macrophages by regulating mitochondrial metabolism.
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INTRODUCTION

Macrophages play important role in every stage of immune
responses, in both healthy and disease settings. Macrophages
can be polarized to different phenotypes according to their
surrounding microenvironment, and each phenotype has its own
properties and unique functions. Generally, macrophages are
cataloged into two major phenotypes based on their glucose
metabolism and functions: lipopolysaccharide (LPS)—or IFNγ-
stimulated inflammatory M1 type macrophages, which convert
arginine into nitric oxide by inducible nitric oxide synthase
(iNOS); and Interleukin (IL)-4-stimulated anti-inflammatory
and pro-resolution M2 type macrophages, which convert
arginine to ornithine by arginase-1 (1, 2). In addition to
these differences in arginine metabolism, different subsets of
macrophages have distinguishable mitochondrial activities.

It has been reported that mitochondrial metabolism is a
central player in shaping macrophage polarization. Previous
reports have shown that glycolysis is reprogrammed in LPS-
stimulated M1 type macrophages due to impaired mitochondrial
function, leading to a Warburg-like effect (aerobic glycolysis),
which can be swiftly activated (3). M1 type macrophages not
only use glucose to generate ATP, but also use the energy and
metabolites (e.g., pyruvate) generated from glycolysis to fuel
the pentose phosphate pathway (PPP) and fatty acid acetyl
coenzyme A (acetyl-CoA) synthesis, eventually resulting the
stabilization of hypoxia inducible factor 1α (HIF1α) and the
production of pro-inflammatory cytokines (4). Conversely, IL-4-
stimulatedM2 typemacrophages are supported bymitochondrial
oxidative phosphorylation (OXPHOS) (2). As the different
glucose metabolism pathways determine macrophage functions,
reshaping them might alter these functions and even change
immune responses from detrimental to beneficial or vice versa
(5).

IL-33, which belongs to the IL-1 cytokine family and bind
to the receptor ST2, was discovered in 2005 and has been
extensively researched since (6). Because IL-33 is a pleiotropic
cytokine, it can activate or polarize many types of immune
cells, promoting either pro-inflammatory or anti-inflammatory
immune responses depending on the specific microenvironment.
The interaction of IL-33 and macrophages has been reported to
be essential for all stages of immune responses, including the
initiation (7), lasting (8–10), and final resolution stages (11, 12).

IL-33 can contribute to macrophage polarization in both
pro-M1 and pro-M2 settings (13). Although the underlying
mechanisms are not fully understood, IL-33 may polarize
macrophages through its canonical ST2/MYD88/IRAK1/4
pathway, or potentially through the binding of full-length IL-33
with transcription factors that alter macrophage phenotypes.
Our group previously found that the IL-33/ST2 pathway
influenced macrophages proliferation and activity (Li et al. (11)
and unpublished data), both of which are known to be closely
associated with mitochondrial metabolism. We also found
that peroxisome proliferator-activated receptor-coactivator 1α
(PGC1α) played a key role in altering mitochondrial metabolism
via promoting mitochondrial biogenesis (14). Thus, whether
IL-33/ST2 signaling can sufficiently alter mitochondrial

metabolism to change macrophage functions is worth
investigating.

In this study, we used bone marrow-derived macrophages
(BMDMs) from wild-type (WT), St2−/−, and Il33-
overexpressing mice, and we stimulated these macrophages
with LPS to investigate the role of the IL-33/ST2 pathway in
mitochondrial metabolism and macrophage function. We found
that the IL-33/ST2 pathway was required for the LPS-induced
metabolic reprogramming of macrophages. These results might
provide further insight into how macrophages initiated proper
responses after encountering stimuli.

MATERIALS AND METHODS

Mice
Specific pathogen-free 6–9-week-old male BALB/c mice
were purchased from Beijing Vital River Laboratory Animal
Technology Co., Ltd. (Beijing, China) and housed in specific
pathogen-free conditions at Jilin University (15). St2−/− mice
were kindly provided by Prof. Weihua Xiao from the University
of Science and Technology of China (Hefei, China), and Il33
transgenic mice were kindly provided by Prof. Ying Sun from
Capital Medical University (Beijing, China). Both strains were
in the BALB/c background (11). All animal experiments were
performed in accordance with the National Guidelines for
Experimental Animal Welfare and with approval of the Animal
Welfare and Research Ethics Committee at Jilin University
(Changchun, China).

Cell Culture
Primary BMDMs were generated as previously described (11).
Briefly, murine bone marrow cells were harvested and cultured
in RPMI 1640 supplemented with 10% fetal calf serum, 2mM L-
glutamine, 100 U/ml penicillin, 100µg/ml streptomycin, 0.05M
2-ME, and 10 ng/ml macrophage colony-stimulating factor (M-
CSF; PeproTech, Rocky Hill, NJ, US) for 6 d in a humidified cell
culture incubator containing 5% CO2 at 37◦C. All tissue culture
reagents and lipopolysaccharide (LPS, L6529) were purchased
from Sigma-Aldrich (St. Louis, MO, USA) unless otherwise
stated.

Quantitative Real-Time PCR (qPCR)
Total RNA was extracted from cultured BMDMs using
TRIzol Reagent (Thermo Fisher Scientific, Waltham, MA,
US). Genomic DNA digestion and reverse transcription were
performed using the EasyScript First-Strand cDNA Synthesis
SuperMix (TransGen Biotech, Beijing, China) according to the
manufacturer’s instructions. For qPCR analyses, cDNA were
amplified using a TransStart Green qPCR SuperMix (TransGen
Biotech). The cycling parameters were 94◦C for 5 s, 50◦C−60◦C
for 15 s and 72◦C for 10 s for 40 cycles. A melting-curve analysis
was then performed to check PCR specificity. CT values were
measured during the exponential amplification phase. Relative
expression levels (defined as fold change) of target genes were
determined using the 2–11CT method. Actb was used as an
internal control. Expression levels were normalized to the fold
change detected in the corresponding control cells, which was
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defined as 1.0. The primers used were as follows: Il1a forward
5′-ACG GCT GAG TTT CAG TGA GAC C-3′ and reverse 5′-
CAC TCTGGTAGGTGTAAGGTGC-3′; Il1b forward 5′-TGG
ACC TTC CAG GAT GAG GAC A-3′ and reverse 5′-GTT CAT
CTC GGA GCC TGT AGT G-3′; Nos2 forward 5′-GCC TCG
CTC TGGAAAGA-3′ and reverse 5′-TCC ATGCAGACAACC
TT-3′; Ifng forward 5′-CAG CAA CAG GCA AGG CGA AAA
AGG-3′ and reverse 5′-TTT CCG CTT CCT GAG GCT GGA
T-3′. Mfn1 forward 5′-CCT ACT GCT CCT TCT AAC CCA-
3′ and reverse 5′-AGG GAC GCC AAT CCT GTG A-3′; Mfn2
forward 5′-GTG GGC TGG AGA CTC ATC G-3′ and reverse 5′-
CTC ACT GGC GTA TTC CGC AA-3′; Opa1 forward 5′-ACA
GCA AAT TCA AGA GCA CGA-3′ and reverse 5′-TTG CGC
TTC TGT TGG GCA T-3′; Dnm1l forward 5′-ACC GGG AAT
GAC CAA AGT ACC-3′ and reverse 5′-TGG GAT TAC TGA
TGA ACC GAA GA-3′; and Fis1 forward 5′- AGA GCA CGC
AAT TTG AAT ATG CC-3′ and reverse 5′-ATA GTC CCG CTG
TTC CTC TTT-3′.

Relative Mitochondrial Copy Number
Mitochondrial copy numbers were measured as previously
described (14). Briefly, BMDMs were cultured on coverslips for
24 h, and then treated with LPS for 72 h. Relative mitochondrial
DNA (mtDNA) copy number was measured by qPCR on total
DNA extracted using the TIANampGenomic DNAKit (Tiangen,
Beijing, China). Primer sequences for the mitochondrial segment
were:mt-Nd1 forward 5′-CAC CCAAGAACAGGG TTT GT-3′

and reverse 5′-TGG CCA TGG GAT TGT TGT TAA-3′. Primer
sequences for the single-copy nuclear control were: 18S forward
5′-TAG AGG GAC AAG TGG CGT TC-3′ and reverse 5′-CGC
TGA GCC AGT CAG TGT-3′. Mitochondrial copy number was
calculated relative to nuclear DNA using the following equations:

1CT = Mitochondrial CT−NuclearCT (1)

Relativemitochondrial DNA content = 2−1CT (2)

Determining Glucose Uptake and Lactate
Production
BMDMs cells were treated with LPS (0, 0.1, 0.5, and 1.0µg/ml)
for 72 h, and then the culture medium was collected for glucose
and lactate measurements with glucose and lactate assay kits
(Beyotime, Haimen, Jiangsu, China), respectively. Data were
normalized to the corresponding total protein amounts from
each sample, as previously described (16).

Oxygen Consumption Rate (OCR) and
Extracellular Acidification Rate (ECAR)
Analysis
A total of 8 × 104 BMDMs were seeded into 96-well plates
and incubated overnight to allow adherence. The following day,
different concentrations of LPS were added into the indicated
wells for 24 h. Each treatment was repeated in three wells.
OCR and ECAR were measured using oxygen-sensitive (Mito-
Xpress) and pH-sensitive (pH-Xtra) fluorescent probes (Luxcel
Bioscience, Cork, Ireland) as previously described (16).

Determining Intracellular ATP Production
Intracellular ATP production was measured using the Enhanced
ATP Test Kit (Beyotime). Briefly, BMDMs were treated with LPS
(0, 0.1, 0.5, and 1.0µg/ml) for 72 h, and then cells were collected
and the assay was performed according to the manufacturer’s
instructions. Data were normalized to the corresponding total
protein amounts from each sample, as previously described (17).

Measuring Mitochondrial Membrane
Potential
Mitochondrial membrane potential (MMP) in BMDM
was determined using a JC-1 probe contained within the
Mitochondrial Membrane Potential Assay Kit (Beyotime). At
6 h post-LPS treatment, cells were incubated with 1ml of 1 ×

JC-1 for 30min at 37◦C in the dark, and the ratio of cells positive
for red fluorescence (JC-1 polymer-positive, indicating intact
MMP) to those positive for green fluorescence (monomeric
JC-1, indicating loss of MMP) was determined by flow cytometry
using a BD Accuri C6 (BD Biosciences, Franklin Lakes, NJ, US)
and then analyzed with FlowJo software (Version 10.0.7; FlowJo,
LLC, OR, US) as previously described (18).

Mitochondrial Imaging by Confocal
Microscopy
BMDMs were cultured on coverslips for 24 h, and then treated
with LPS (0, 0.1, 0.5, and 1.0µg/ml) for 72 h. The fluorescent
dye MitoTracker RED (Thermo Fisher Scientific) was used
to monitor mitochondrial content in living cells according
to the manufacturer’s instructions. Then cells were imaged
with an Olympus FV 1000 laser-scanning confocal microscope
(Olympus, Tokyo, Japan).

Cytokine Measurements
The concentrations of cytokines in cell culture media were
determined using ELISA kits (Thermo Fisher Scientific)
according to manufacturers’ instructions.

Western Blotting Analysis
BMDMs were treated with LPS (0, 0.1, 0.5, and 1.0µg/ml)
for 24 h or 48 h, then the cells were lysed in RIPA buffer
(Thermo Scientific) containing protease inhibitors (Roche, Basel,
Switzerland). Protein concentrations were estimated by the BCA
protein assay (Thermo Scientific). Proteins were then incubated
at 70◦C for 10min in reducing SDS sample buffer and 30 µg of
protein lysate per lane was run through NuPAGE R© Novex R© 4–
12% Bis-Tris Protein Gels (Thermo Scientific) and transferred
to Hybond ECL membranes (GE Healthcare, Chicago, IL, US).
Membranes were blocked for 1 h in 5% non-fat dried milk in
double distilled PBS (DPBS) and incubated overnight with the
appropriate primary antibody at 4◦C. Membranes were then
washed in DPBS/Tween 20 (Bio-Rad Laboratories, Hercules, CA,
US) and incubated with the appropriate secondary antibody.
Detection was performed by ECL Western Blotting Detection
Reagents (Bio-Rad Laboratories). Antibody against PGC1, DRP1,
MFN1, MFN2, OPA1, and FIS1 were obtained from Santa
Cruz Biotechnology (Dallas, TX, US); β actin and all secondary
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antibodies were obtained from Proteintech (Wuhan, Hubei,
China).

Statistical Analysis
Data are expressed as means ± standard error (SEM).
Statistical significance between two groups was analyzed

by One-way ANOVA followed by Student’s t-test using
Prism software (GraphPad Software, La Jolla, CA, US). N.S.
represents no statistical difference between the compared
groups; ∗ represents P < 0.05 and was considered statistically
significant. All experiments were repeated at least three
times.

FIGURE 1 | ST2 deficiency impaired macrophages responses upon LPS stimulation. BMDMs from BALB/c or St2−/− mice were stimulated with LPS (0, 0.1, 0.5,

and 1.0µg/ml) for 72 h. Total RNA was isolated and the expression of Il1a (A), Il1b (B), Ifng (C), and Nos2 (D) was evaluated by qPCR; the concentration of IL-1α (E),

IL-1β (F), and IFNγ (G) in the supernatant was evaluated by ELISA. Vertical bars = SEMs (n = 3 per group per experiment). N.S., no significant difference; *p < 0.05.
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RESULTS

ST2 Deficiency Impaired Macrophage
Responses Upon LPS Stimulation With
Less Glucose Uptake and Lactic Acid
Generation
To investigate the role of IL-33/ST2 signaling in LPS-stimulated
macrophages, BMDMs were exposed to different LPS doses,
and metabolic characteristics and cytokine production were
monitored. As reported before, St2-deficient BMDMs were
not as responsive as WT BMDMs, as demonstrated by
decreased Il1a, Il1b, Nos2 and Ifng expression as measured by
qPCR (Figures 1A–D) and the concentration of IL-1α, IL-1β,
IFNγ in supernatant by ELISA (Figures 1E–G). St2 deficiency

increased the OCR (Figure 2A) of BMDMs, while reducing
their ECAR (Figure 2B), lactate acid generation (Figure 2C),
and glucose consumption (Figure 2D). These results indicated
that macrophages undergo aerobic glycolysis (a Warburg-like
effect) after they have been active by LPS; however, in the
absence of IL-33/ST2 signaling, macrophages increase OXPHOS
after LPS stimulation. Subsequent experiments showed that this
Warburg-like effect was not induced by mitochondrial damage
(Supplementary Figure 1).

ST2 Deficiency Was Associated With
Enhanced Mitochondrial Function
To investigate the mechanism underlying the metabolic
reprogramming of macrophages that lacked IL-33/ST2 signaling,

FIGURE 2 | ST2 deficiency affected the metabolism of macrophages upon LPS stimulation. BMDMs from BALB/c or St2−/− mice were stimulated with LPS (0, 0.1,

0.5, and 1.0µg/ml) for 24 h and the (A) extracellular oxygen consumption rate (OCR) was immediately measured by fluorescence intensity of a typical oxygen probe;

(B) extracellular acidification rate (ECAR) was measured by incubation at 37◦C for 3 h. The lactate excretion (C), glucose uptake (D), ATP (E), and relative

mitochondrial DNA copy numbers (F) of BMDMs were measured after 72 h stimulation of LPS (0, 0.1, 0.5, 1.0µg/ml). Vertical bars = SEMs (n = 3 per group per

experiment). N.S., no significant difference; *p < 0.05.
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we evaluated mitochondrial activity. Both the number and
activity of mitochondria were increased in St2-deficient
BMDMs, as shown by more mitochondrial gene copies and ATP
production in St2−/− BMDMs compared with WT BMDMs
(Figures 2E,F). The expression of Ppargc1a, which encodes

PGC-1α, a master regulator of mitochondrial biogenesis, was
also measured; the results showed that LPS increased PGC-1α
expression only in St2−/− BMDMs (Figure 3A). Next, the
induction of mitochondrial fission- and fusion-associated
genes (Fis1, Dnm1l and Mfn1, Mfn2, Opa1, respectively) was

FIGURE 3 | ST2 deficiency was associated with enhanced mitochondrial biogenesis. BMDMs from BALB/c or St2−/− mice were stimulated with LPS (0, 0.1, 0.5,

and 1.0µg/ml). After 72 h, total RNA was isolated and the expression of Ppargc1a (A), Fis1 (B), Dnm1l (C), Mfn1 (D), Mfn2 (E), and Opa1 (F) were evaluated by

qPCR, respectively. Vertical bars = SEMs (n = 3 per group per experiment). N.S., no significant difference; *p < 0.05.
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determined by qPCR (Figures 3B–F) and western blotting
(Supplementary Figure 2). LPS only enhanced the expression
of these genes in St2−/− BMDMs but not in WT. These changes
in mitochondria were also confirmed by fluorescent staining.
Mitochondrial numbers were reduced by LPS in WT but
increased in St2−/− BMDMs (Figure 4).

Overexpressing IL-33 Promoted
Macrophage Responses Upon LPS
Stimulation With More Glucose Uptake and
Lactic Acid Generation
After we established that LPS induced OXPHOS in macrophages
in the absence of IL-33/ST2 signaling by increasing the

proliferation, fission, and fusion of mitochondria, possibly
due to the induction of PGC-1α, we next determined whether
IL-33 overexpression could alter these effects. After both
WT and Il33-overexpressing BMDMs were stimulated with
different doses of LPS, IL-1α, IL-1β, iNOS, and IFNγ production
were measured and metabolic changes in the cells were
monitored. IL-33 overexpression enhanced the production
of pro-inflammatory cytokines and iNOS in LPS-stimulated
macrophages, as measured by qPCR and ELISA (Figures 5A–G).
Furthermore, IL-33 overexpression reduced the OCR of
macrophages and increased the ECAR (Figures 6A,B), lactate
acid production (Figure 6C), and glucose uptake (Figure 6D).
These results indicated that, in contrast to ST2 deficiency,
IL-33 overexpression was associated with enhanced macrophage

FIGURE 4 | ST2 deficiency was associated with increased mitochondria mass. BMDMs from WT (A) or St2−/− (B) mice stimulated with LPS (0, 0.1, 0.5, and

1.0µg/ml) for 72 h. Mitochondrial mass was observed with confocal laser microscopy in BMDMs stained with MitoTracker Red (scale bar: 20µm). Data are

representative of three experiments.
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function by enhancing the Warburg-like effects that were
triggered by LPS.

IL-33 Overexpression Was Associated With
Reduced Mitochondrial Fission and Fusion
We further investigated whether IL-33 overexpression changed
the metabolism of LPS-stimulated macrophages through a

similar mechanism as ST2 deficiency. IL-33 overexpression was
associated with fewer mitochondrial gene copies (Figure 6F),
less fission (Figures 7B,C) and fusion (Figures 7D–F;
Supplementary Figure 2), but was still associated with higher
ATP production (Figure 6E). The changes in PGC-1α expression
in LPS-stimulated Il33-overexpressing BMDMs were similar to
WT BMDMs (Figure 7A). These results indicated that IL-33

FIGURE 5 | IL-33 over-expression promoted the macrophages responses upon LPS stimulation. BMDMs from BALB/c or Il33 over-expressing (Il33 Tg) mice were

stimulated with LPS (0, 0.1, 0.5, and 1.0µg/ml) for 72 h. Total RNA was isolated and the expression of Il1a (A), Il1b (B), Ifng (C), and Nos2 (D) was evaluated by

qPCR; the concentration of IL-1α (E), IL-1β (F), and IFNγ (G) in the supernatant was evaluated by ELISA. Vertical bars = SEMs (n = 3 per group per experiment).

N.S., no significant difference; *p < 0.05.
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enhanced the metabolic changes in macrophages following LPS
stimulation via decreasing mitochondrial proliferation, fission,
and fusion.

DISCUSSION

The metabolic changes in macrophages upon contacting
different stimuli are essential for macrophage polarization and
function in both physiological and pathological conditions
(4). The IL-33/ST2 pathway is known to direct macrophages
toward different phenotypes when combined with different
stimuli via previously unknown mechanisms (19, 20).
Here, we showed for the first time that the IL-33/ST2

pathway may directly reshape central carbon metabolism
in macrophages.

IL-33 plays pleiotropic role in human immunopathology (21,
22). For example, it can be beneficial for sepsis (7, 12), malaria
(23), obesity related inflammation (24), autoimmune-related
uveitis (25), and experimental autoimmune encephalomyelitis
(10). In these settings, IL-33 had protective effects by inducing
neutrophils, type 2 innate lymphoid cells, regulatory T cells
and the production of IL-17 and IFNγ, depending on the
specific settings. Conversely, IL-33 is a detrimental factor in
other settings, such during autoantibody-induced arthritis (26–
29), eosinophilic asthma (8, 9), cancer (30, 31), early-stage
colitis (32), and lung fibrosis (11). IL-33 might exacerbate these

FIGURE 6 | IL-33 over-expression affected the metabolism of macrophages upon LPS stimulation. BMDMs from BALB/c or Il33 over-expressing (Il33 Tg) mice were

stimulated with LPS (0, 0.1, 0.5, and 1.0µg/ml) for 24 h and the (A) extracellular oxygen consumption rate (OCR) was immediately measured by fluorescence intensity

of a typical oxygen probe; (B) extracellular acidification rate (ECAR) was measured by incubation at 37◦C for 3 h. The lactate excretion (C), glucose uptake (D), ATP

(E) and relative mitochondrial DNA copy numbers (F) of BMDMs were measured after 72 h stimulation of LPS (0, 0.1, 0.5, 1.0µg/ml). Vertical bars = SEMs (n = 3 per

group per experiment). N.S., no significant difference; *p < 0.05.
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FIGURE 7 | IL-33 over-expression was associated with reduced mitochondrial biogenesis. BMDMs from BALB/c or Il33 over-expressing (Il33 Tg) mice were

stimulated with LPS (0, 0.1, 0.5, and 1.0µg/ml). After 72 h, total RNA was isolated and the expression of Ppargc1a (A), Fis1 (B), Dnm1l (C), Mfn1 (D), Mfn2 (E), and

Opa1 (F) was evaluated by qPCR, respectively. Vertical bars = SEMs (n = 3 per group per experiment). N.S., no significant difference; *p < 0.05.

diseases through the induction of eosinophils, type 2 innate
lymphoid cells, mast cells, the production of pro-inflammatory
and pro-fibrotic cytokines, inducing mucositis, or directly
promoting the proliferation and metastasis of cancer cells.
These examples highlight the multitude of roles and underlying

mechanisms downstream of IL-33/ST2 signaling in both healthy
and disease settings. Further studies designed at understanding
these mechanisms are required and could possibly provide
insight into how to manipulate the immune system to treat these
diseases.
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One of the possible reasons for the controversial roles of
the IL-33/ST2 pathway in inflammation could be explained
by interactions between IL-33/ST2 signaling and different
macrophages. It is well established that macrophages have
distinguished functions in shaping immune responses
(33), and previous reports have shown that IL-33 can
polarize macrophages to the pro-inflammatory M1-like
subset or the anti-inflammatory and pro-resolution M2-like
subset. Furthermore, blocking IL-33/ST2 signaling inhibited
macrophage responses after LPS stimulation (34, 35), while
exogenous IL-33 enhanced the M1-like polarization of LPS-
stimulated macrophages (35). These results are similar to
what we showed in this work (Figures 1, 4). Furthermore,
macrophages generate IL-33 in response to LPS stimulation
(36, 37), and exogenous IL-33 enhances the polarization of
macrophages to a M2-like phenotype when combined with other
type 2 cytokines (8). These studies prove the close relationship
between IL-33/ST2 signaling and macrophage activation and
polarization.

It has been reported that the activation and polarization of
macrophages requires metabolic reprogramming (2). IL-33 has
been shown to upregulate hypoxia- HIF-1α (29), which in-turn
modulates glucose metabolism and macrophage function. IL-
33 can also signal in an autocrine manner, which can create a
positive-feedback loop for the IL-33/ST2 pathway (38). But the
underlying mechanisms remained undiscovered, which might
be due to the different nuclear functions of full length IL-33
compared with the mature cytokine form of IL-33 (39, 40). Our
groups’ previously work proved that PGC1α produced metabolic
changes in cells via promoting mitochondrial proliferation and
activity (14), which were also closely related to macrophage
responses to LPS stimulation. WT macrophages could down-
regulate PGC1α to limit mitochondrial proliferation, which
promotes glycolysis over OXPHOS. Aerobic glycolysis or the
Warburg effect is less efficient at ATP production compared
with OXPHOS, but glycolysis generates several metabolites that
are useful for protein synthesis and the reactive oxygen species
generated by NADPH oxidase (41). When PGC1α is upregulated,
mitochondrial proliferation is promoted, and cells use OXPHOS
as the primary method of generating ATPs. OXPHOS is so
efficient at ATP generation that might deplete substrates for other
important biosynthetic reactions inside the cell.

In this work, we investigated the metabolic reprogramming
of LPS-stimulated macrophages in the absence or excess of IL-
33/ST2 signaling. We found that the IL-33/ST2 pathway played
an important role in the metabolic switch, from OXPHOS to
glycolysis (Warburg effect), in LPS-stimulated macrophages by
altering PGC1α levels. We also determined that this metabolic
reprogramming did not result from mitochondrial damage, as
MMP was not significantly changed by LPS stimulation or St2
knockout. These results could provide further insight into the

interactions between IL-33/ST2 and macrophages, and might
help in future pharmaceutical approaches to treat immune
dysfunctions.
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Supplementary Figure 1 | ST2 deficiency reduced the mitochondrial membrane

potential of LPS stimulated macrophages. BMDMs from BALB/c (A) or St2−/−

(B) mice were stimulated with LPS (0, 0.1, 0.5, and 1.0µg/ml) for 6 h.

Mitochondrial membrane potential staining with JC-1 was detected by flow

cytometry. Upper panel showed representative histogram figures and lower panel

showed representative dot plots. Data are representative of three experiments.

Supplementary Figure 2 | IL-33/ST2 pathway affected the fusion and fission of

mitochondria in LPS stimulated macrophages. BMDMs from BALB/c, St2−/− or

Il33 over expression (Il33 Tg) mice were stimulated with LPS (0 and 1.0µg/ml) for

24 or 48 h. The expression of mitochondrial fission and fusion-related proteins

(PGC1, DRP1, MFN2, MFN1, OPA1, and FIS1) were analyzed by western blot.

Data are representative of three experiments.
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Interleukin (IL)-33 belongs to IL-1 cytokine family which is constitutively produced from

the structural and lining cells including fibroblasts, endothelial cells, and epithelial cells of

skin, gastrointestinal tract, and lungs that are exposed to the environment. Different from

most cytokines that are actively secreted from cells, nuclear cytokine IL-33 is passively

released during cell necrosis or when tissues are damaged, suggesting that it may

function as an alarmin that alerts the immune system after endothelial or epithelial cell

damage during infection, physical stress, or trauma. IL-33 plays important roles in type-2

innate immunity via activation of allergic inflammation-related eosinophils, basophils,

mast cells, macrophages, and group 2 innate lymphoid cells (ILC2s) through its receptor

ST2. In this review, we focus on the recent advances of the underlying intercellular

and intracellular mechanisms by which IL-33 can regulate the allergic inflammation in

various allergic diseases including allergic asthma and atopic dermatitis. The future

pharmacological strategy and application of traditional Chinese medicines targeting the

IL-33/ST2 axis for anti-inflammatory therapy of allergic diseases were also discussed.

Keywords: IL-33, allergic inflammation, signal transduction, eosinophils, mast cells, innate lymphoid cells (ILC),

Chinese herbal medicine, therapeutics

INTRODUCTION

Interleukin33 (IL-33) is a member of the IL-1 cytokine family that includes IL-1α, IL-1β, and IL-18
(1) and constitutively expressed in structural and lining cells including fibroblasts, endothelial,
and epithelial cells of skin, gastrointestinal tract, and lungs that are exposed to the environment
(2). IL-33 lacks a secretory signal peptide encoded by the Il1rl1 gene (1), an IL-1 family trait
for releasing via the classical endoplasmic reticulum and Golgi pathway (1). Under the inactive
state, IL-33 is harbored in the cell nuclei and associated with chromatin by a chromatin-binding
motif, belonging to the cellular homeostasis and acting as a transcriptional repressor (2, 3). The
N-terminus of IL-33 contains a nuclear localization sequence, a homeodomain-like helix-turn-helix
DNA-binding domain and a chromatin-binding domain (3). Different frommost cytokines that are
actively secreted from cells, IL-33 is released passively in its full length form (amino acids 1–270,
IL-33FL) during cell necrosis, cellular activation through ATP signaling without cell death or when
tissues are damaged, suggesting that it may function as an alarmin that alerts the immune system
after endothelial or epithelial cell damage during infection, physical stress or trauma (4, 5). IL-33
activates signaling pathways depending on the myeloid differentiation primary response gene 88
(Myd88) of immune cells expressing the cytokine receptor interleukin 1 receptor-like 1 (ST2) and

169
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signals through a heterodimeric receptor complex comprising an
IL-33-specific ST2 coupled with the co-receptor IL-1 receptor
accessory protein (IL-1 RAcP) (6, 7). ST2 is selectively and stably
expressed on the cell surface of Th2 cells (8), CD4+ T cells,
group 2 innate lymphoid cells (ILC2s) and also other immune
cells such as mast cells, basophils, eosinophils, macrophages,
dendritic cells and natural killer cells (9–18). Signaling of IL-
33 can be activated through nuclear factor kappa-B (NF-κB), c-
Jun N-terminal kinase (JNK), and p38 mitogen activated protein
kinase (MAPK) cascades (19).

In humans, both IL-33 mRNA and protein are substantially
elevated in the inflamed skin lesions of atopic dermatitis (AD)
patients when compared with non-inflamed skin (20). IL-33 is
a Th2-oriented cytokine which enhances the production of Th2
cytokines, particularly IL-5 and IL-13 (21). In addition, IL-33
is also a chemoattractant for Th2 cells in vitro and in vivo,
indicating the importance of IL-33 in Th2 cells mobilization (22).
In large-scale genome-wide association studies, genes encoding
IL-33 and its receptors have been identified as susceptibility loci
in asthma (23–26).The alarmin activities of IL-33 are regulated
at multiple levels (6, 7, 27). Several hours after its extracellular
release, IL-33FL is transiently inactivated by oxidation of critical
cysteine residues (28). Inflammatory proteases from immune
cells such as neutrophils (cathepsin G and elastase) and mast
cells (chymase and tryptase) degrade IL-33FL into shorter
mature forms containing the C-terminal IL-1-like cytokine
domain with much higher activity than IL-33FL (29). A recent
study has further shown that IL-33FL functions as a protease
sensor that detects proteolytic activities associated with various
environmental allergens including house dust mite, pollens,
bacteria and fungi (30). When exposed to allergen proteases,
IL-33FL is rapidly cleaved in its central “sensor” domain, which
leads to the activation of the generation of ILC2s, and allergic
inflammation can be reduced by preventing the IL-33FL cleavage
(30, 31). In this review, we focus on the recent advances of the
underlying intercellular and intracellular mechanisms by which
IL-33 can regulate various key immune cells in the allergic
inflammatory diseases including allergic asthma and AD, and the
future pharmacological strategy and the potential application of
traditional Chinesemedicines targeting the IL-33/ST2 axis for the
treatment of allergic inflammatory diseases.

EFFECTS OF IL-33 ON IMMUNE CELLS
ACTIVATION IN
ALLERGIC INFLAMMATIONS

Eosinophils
IL-33 potently induces eosinophilia in in vivo murine models
(32, 33) and activates eosinophils, the principal effector cells in
allergic inflammation, to produce superoxide (34), upregulates
the expression of adhesion molecules and enhances eosinophil
survival (35), suggesting that it can play an important role in
the exacerbation of inflammation in allergic diseases mediated by
the activation of eosinophils. Polymorphism of human IL-33 and
ST2 genes has been shown to associate with increased numbers
of eosinophils (36). In our previous studies, we have shown the

activation of eosinophils, by different stimuli and its interactions
with structural cells in atopic dermatitis (AD) and allergic asthma
(37–44). Such findings showed that intercellular interaction of
eosinophils and dermal fibroblasts could provoke the release
of pro-inflammatory cytokines and chemokines, implying the
pathogenic effects of eosinophils infiltration in the inner dermal
fibroblast layer in AD skin lesions.

In our study of allergic inflammation, IL-33 significantly
promote eosinophil survival and cell surface expression of the
adhesion molecule intercellular adhesion molecule (ICAM)-1,
but ICAM-3, and L-selectin expressions were suppressed. In
addition, IL-33 stimulates significant release of pro-inflammatory
cytokine IL-6 and the chemokines CXCL8 and CCL2 from
eosinophils (41).The release of cytokines and chemokines
were differentially regulated by the activation of nuclear
factor (NF)-kB, p38 mitogen-activated protein kinase (MAPK)
and extracellular signal-regulated kinase (ERK) pathways in
eosinophils (41, 45). In our study of IL-33 in AD using
eosinophils and fibroblasts co-culture, we found that there
was significant increase in the production of pro-inflammatory
cytokines such as IL-6 and AD-associated chemokines CXCL1,
CXCL10, CCL2, and CCL5 (45). Such increase was further
upregulated by IL-33 stimulation, and significant production
of CXCL8 from eosinophils and fibroblasts co-culture was
observed (42). The main source in co-culture for the release
of CCL5, and IL-6, CXCL1, CXCL8, CXCL10, and CCL2 was
eosinophils and fibroblasts, respectively, and direct contact
between eosinophils and fibroblasts was essential for the release
of AD-related chemokine CXCL1, CXCL10, CXCL8, and CCL5.
IL-33 stimulation also upregulated the cell surface expression of
intercellular adhesion molecule-1 (ICAM-1) on both eosinophils
and fibroblasts in co-culture, with differential activation of ERK,
JNK, p38 MAPK, NF-kB, and phosphatidylinositol 3-kinase–Akt
(PI3K/Akt) pathways (42).

T Cells and ILC2
Besides eosinophils, IL-33 has also been shown to be an active
and soluble co-stimulator of T cells, by promoting the expansion
and functional differentiation of both effector T cells and GATA-
3+ regulatory T cells (9, 46). Study of IL-33 signaling-deficient
mice has also demonstrated the crucial role of IL-33 in protective
anti-viral T cell immunity (9). Activated Th1 and CD8+ T cells
have been shown to transiently express lower amounts of IL-
33 receptor ST2, when compared with Th2 cells. However, IL-
33 signaling can induce the expression of the lineage-specific
transcription factors FOXP3, GATA-3, and T-bet for the positive
activation of ST2 expression on Th1 cells (47). For regulatory
T cells in the intestine, high level of ST2 are constitutively
expressed and associated to the pathogenesis of eosinophilic
pneumonia (48, 49).

In the mucosal barrier sites, IL-33 has been shown to
coordinate the type 2 immune response through the activation
of ST2-positive immune cells, such as ILC2s and CD4+ T cells
(50). ILC2s are primarily localized at mucosal surfaces of lung,
skin, gut and adipose tissues (51, 52) and play an important
role in IL-33 associated allergic inflammatory diseases. Although
ILC2s lack antigen receptors, they can be rapidly activated by
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the epithelial derived cytokines IL-33, IL-25, and thymic stromal
lymphopoietin (TSLP), prostaglandin D2 from mast cells or
cysteinyl leukotrienes secreted by activated hematopoietic cells
(53–55). Activated ILC2 cells proliferate rapidly and act as an
early innate source by producing large amount of the Th2
cytokines IL-5 and IL-13 in a synergistic manner (56). Bone
marrow ILC2s has been shown to be a local source of IL-5 in IL-
33-driven eosinophilia (57). Impaired Th2 cell differentiation was
observed in ILC2 knockoutmice (48), and the differentiation is in
a cell-contact manner through major histocompatibility complex
class II (49).

Mast Cells and Basophils
Mast cells and its blood counterpart basophils, both play an
important roles in allergic inflammation by generation and
release of a panel of inflammatory mediators, such as histamine
(58). Allergens can cross link with IgE sensitized mast cells to
activate and release of large amounts of preformed and newly
formed mediators: histamine, heparin, and proteases such as
carboxypeptidase A3, chymase and tryptase (59–61). Most of
these active proteases in the granule can cleave targets in nearby
tissue compartments upon secreted from the activated mast
cells (61). In human, mucosal mast cells express only tryptase
and connective tissue mast cells express tryptase, chymase, and
carboxypeptidase A3 (62). In mouse, mucosal mast cells express
2 chymase subtypes, mast cell protease (MCPT) 1 and MCPT2,
whereas connective tissue type mast cells express the chymase
MCPT4 and the elastase MCPT5, the tryptases MCPT6 and
MCPT7, and carboxypeptidase A3 (62). IL-33 associatedmast cell
functions are involved in the pathogenesis of different allergic
inflammations such as food anaphylaxis (63) and respiratory
allergy induced by house dust mite or aspirin (54, 64, 65). Since
the IL-33 receptor ST2 is constitutively expressed on mast cells,
basophils and their progenitors cells, it is a critical amplifiers
of IL-33–mediated allergic inflammation with the capacity in
secreting a wide array of inflammatory cytokines and mediators
(66). Antigen or IL-33 activated human mast cells can also
release soluble ST2, which may further modulate the biologic
effects of IL-33 (67). IL-33 has been demonstrated to enhance the
adhesion of mast cells onto laminin, fibronectin, and vitronectin,
increase the expression of adhesion molecules, such as ICAM-1
and vascular cell adhesion molecule-1 (VCAM-1) on endothelial
cells, thus promoting mast cell adhesion to blood vessel walls
(59). Mast cell survival, growth, development andmaturation can
be enhanced by IL-33 via the ST2/Myd88 pathway (68). Mast
cell-derived tryptase and chymase have been demonstrated to
cleave extracellular IL-33 into mature active forms (29) and IL-
33 isoforms may have additional abilities to activate mast cells,
thereby further provoking inflammation (69). Human mast cell
chymase (HC) seems to be substrate specific. In a study using
51 active recombinant cytokines and chemokines (70), only 3
of them were substantially cleaved (IL-15 and two IL-1–related
alarmins: IL-18 and IL-33) by HC.

The roles of mast cells proteases are not only associated with
pro-inflammatory activities. In an in vivo study using ovalbumin
(OVA)-sensitized mice lacking mouse MC protease 4 (mMCP4)
(71), a chymase that is functionally equivalent to human chymase,

the airway hyperresponsiveness when challenged with OVA was
significantly higher in mMCP-4(−/−) mice when compared with
wild type mice. The thickness of the smooth muscle cell (SMC)
layer was more pronounced in mMCP-4(−/−) mice than in wild
type control mice, thus indicating that chymase may have a
modulating effect on airway SMCs. Taken together, the regulating
role of chymase present in the upper airways could protect
the animals against allergic airway responses. Therefore, the
pro-inflammatory and anti-inflammatory effects of mast cells
proteases may occur during different time frames, for example,
initial activities that promote the airway response being followed
by the mounting of protective activities that down-regulate the
initial pro-inflammatory activities. Similar to mast cells, IL-
33 mediates activation of human basophils and enhances their
effector functions (58–60). Compared to mast cells, human
basophils seem to have less amounts of proteases (61, 72). IL-
33 also promotes asthma-related IL-4 and IL-13 production from
basophils via MyD88-signaling pathway (73).

Macrophages
With abundant localization in lung tissue, macrophages are
the important innate immune cells participating in allergic
asthmatic inflammation (74). Th2 cytokines (IL-4 and IL-13)
can polarize macrophage into alternative activated macrophage
(AAM) phenotypes (75). Depletion of alveolar macrophages in
murine acute allergic lung inflammation model demonstrated
that Th2-immunity of allergic lung inflammation and airway
remodeling were attenuated (76). IL-33 has been shown to
promote the polarization of AAM that expressed mannose
receptor and secreted CCL17 and CCL24 in an IL-13-dependent
manner, thereby contributing to the airway inflammation in
mice (77). IL-33 can enhance the lipopolysaccharide-mediated
in vitro activation of macrophages, with the upregulation of the
expression of toll-like receptor (TLR)4, myeloid differentiation
protein 2, soluble CD14, and MyD88 (78). The updated effects
of IL-33 on the activation of eosinophils, basophils, mast cells,
macrophages, ILC2 cells and T cells in allergic inflammation is
summarized in Figure 1.

IL-33 in the Development of Allergy During
Early Life
Recent murine studies have reported that there is a spontaneous
accumulation of ILC2s, eosinophils, basophils and mast cells in
the developing lung soon after birth, which is IL-33 dependent
(79). Moreover, IL-33 is produced from type 2 airway epithelial
cells (AEC2) during postnatal lung inflation (80). Large amount
of IL-13 secreted from IL-33-activated ILC2 has been shown to
polarize alveolar macrophages (AM) to anti-inflammatory M2
phenotype in newborn mice and contributed to lung quiescence
in homeostasis with a delay in antibacterial effector responses
for lifetime (80). On the other hand, exposure of allergen house
dust mite during postnatal lung alveolarization further enhanced
subsequent IL-33-induced Th2 cytokine production in activated
ILC2s and CD11b+ dendritic cells (79, 81). Moreover, IL-33
inhibited IL-12 production and stimulated OX40L in neonatal
dendritic cells, thereby promoting Th2 cell predominant for lung
remodeling (79). House dust mites (HDM)-induced long-lasting
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FIGURE 1 | Effects of IL-33 on the activation of eosinophils, basophils, mast cells, DCs, ILC2 cells, and T cells in allergic inflammation. IL-33 is normally sequestered

in the nucleus of various cells via nuclear-localization and chromatin-binding motifs in its amino terminus. After the cells are damaged, under stress, or stimulated by

allergens, full-length IL-33 is released extracellularly, but it has low activity as a cytokine. Mast cells proteases and some allergens possess protease activity and can

directly process IL-33 by cleaving within the protease-sensor domain to generate a more potent cytokine domain, which will directly activate local and infiltrating

basophils, mast cells, group 2 innate lymphoid cells (ILC2), T cells, and eosinophils to induce allergic inflammation.

Th2 immune response could be significantly neutralized by the
intraperitoneal injection with recombinant soluble IL-33 decoy
receptor in sensitization phase (79). This suppressive effect was
even more significant in mice of young age than that of adult.
Therefore, IL-33-ST2 axis is crucial for asthma development at
childhood and intervention of such allergic axis is beneficial for
the prevention of the later development of allergic asthma (79).
Similarly, IL-33 concentration was found to be increased in the
airways after exposure to Staphylococcus aureus–derived serine
protease–like protein D (82).

Recent Study of IL-33 and AD
Severe pruritus and skin inflammation are the main
manifestations of poison ivy-induced allergic contact dermatitis
(ACD). In a murine study, the central role of IL-33/ST2
signaling in pruritus and skin inflammation of this ACD has
been illustrated (83), and the pruritic mechanism is associated
with the interaction of IL-33/ST2 signaling with primary
sensory neurons. Therefore, blockage of IL-33/ST2 signaling
may represent a therapeutic target to relieve pruritus and skin
inflammation of IL-33/ST2 signaling-related dermatitis (83).
Apart from pruritic conditions, it has been shown that IL-33 are
involved in boosting pain in a formalin-induced inflammatory
pain mice model (84).

IL-33 and Inflammatory Bowel Diseases
(IBD)
Inflammatory bowel disease (IBD) is highly complex immune
mediated sickness and mainly involved two disorders: Crohn’s
disease and ulcerative colitis with unclear pathophysiology.
However, there are some clinical and pathophysiological
similarities between IBD with asthma and non-pulmonary
allergic diseases such as mast cell activity and the involvement
of IgE (85). Moreover, upregulation of IL-33 and ST2 has been
repeatedly demonstrated in the inflamed intestinal mucosa of
IBD (86–90). Elevated IL-33 serum level of IBD patient has
been shown to be reversed after anti-TNF-α treatment (87, 90).
Different from asthma in which the AAM polarization is pro-
inflammatory, IL-33 could prime macrophages into AAM in
murine TNBS-induced colitis for inhibiting disease activity and
the release of inflammatory mediators (91).

IL-33 AS THE NEW THERAPEUTIC TARGET
FOR ALLERGIC DISEASES

Production of pro-inflammatory cytokines induced by IL-33
from ST2-expressing structural cells and hematopoietic cells
including ILC2s, mast cells, Th2 cells, eosinophils, basophils,
dendritic cells, and alternatively activated macrophages (AAM)
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is crucial to provoke atopic diseases such as allergic asthma and
AD (83, 92, 93). In vivo murine studies with IL-33- and ST2-
deficient transgenic mice, together with the analysis of patient
samples further support the crucial role of the IL-33/ST2 axis in
those allergic conditions (7, 33, 94, 95). Therefore, IL-33-blocking
agents may be a novel therapeutic modality to treat allergic
diseases and some promising compounds have recently been
developed. Conventionally, glucocorticoids suppress the mRNA
expression of pro-inflammatory mediators and exert broadly
suppressive activities on inflammatory reactions via binding
to the glucocorticoid receptors. IL-33-mediated pulmonary
inflammation can be glucocorticoid resistant because other
cytokines such as TSLP and IL-17 synergistically expressed
at local inflammatory sites (50, 96). For example, allergic
airway IL-33 production in house dust mite-induced murine
asthmatic model was found to be corticosteroid-resistant
(96). Compared with healthy controls, serum levels of IL-
33 were significantly increased in psoriasis, psoriatic arthritis,
and pustular psoriasis patients, and related to TNF-α. Anti-
TNF-α therapy may also be effective against IL-33-related
diseases (97). As the production of IL-33 is regulated by
the upstream activation of ERK1/2, ERK1/2 inhibitors have
also been shown to suppress the IL-33 production (98).
The activation of β2-receptors and protein kinase A (PKA)
could promote the IL-33 mRNA expression in dendritic cells,
thereby suggesting that β-receptor blockers and PKA inhibitors
may also be the candidates for IL-33–blocking agents (99,
100). Using mice model, butyrate has recently been found
to inhibit proliferation and function of ILC2s by inhibiting
intracellular GATA3 activity to suppress IL-33-mediated airway
hyperresponsiveness and airway inflammation (101). Similar
observations were found in human ILC2s, both in vivo and
in vitro (101).

Proteases play important role in IL-33-mediated allergic
diseases. Mast cell proteases are capable to cleave full length IL-33
to a more active IL-33 domain. It becomes a potential therapeutic
target for IL-33 mediated allergic diseases. Endogenous protease
inhibitors (cystatin A and SPINK5) have been shown to protect
the airway epithelium from exogenous protease of patients with
eosinophilic chronic rhinosinusitis (102). The development of
protease inhibitor may exert therapeutic benefit in eosinophilic
airway diseases.

The prolyl cis-trans isomerase proteinase inhibitor I (PIN1)
is known to abnormally induce cytokines for eosinophil survival
and activation by stabilizing cytokine mRNAs (103). Interleukin
receptor associated kinase M (IRAK-M) is a PIN1 target critical
for IL-33 signaling in allergic asthma (104). Nuclear magnetic
resonance analysis with docking simulations suggests that PIN1
might regulate IRAK-M conformation and function in IL-33
signaling. The IL-33/ST2 signaling pathway recruits adapter
protein MyD88 to transduce intracellular signaling (105, 106).
MyD88 forms a complex with IL-R–associated kinases (IRAKs),
IRAK4, and IRAK2, called the myddosome (MyD88–IRAK4–
IRAK2). The myddosome subsequently activates downstream
NF-kB, p38 MAPK, and JNK. A small synthetic molecule
mimetics of α-helical domain of IRAK2 called compound 7004,
which can inhibit the IL-33–induced NF-kB activity, disrupt

myddosome formation, and attenuate the pro-inflammatory
effects in an asthma-like animal model (105).

Traditional Chinese Medicines (TCM)
Targeting IL-33/ST2 Axis Against Allergic
Inflammatory Diseases
Apart from the small molecules with specific target in the IL-
33/ST2 axis as mentioned above, blocking IL-33 and its receptor
by monoclonal antibodies is the major therapeutic approach in
targeting IL-33/ST2 axis of allergic inflammatory diseases, and
serval clinical trials are in progress (105, 107–111). The main
side effect of monoclonal antibody administration is the risk of
immune reactions such as serum sickness and acute anaphylaxis
which may be fatal (112, 113). TCM and natural products
may provide a great source of blockings agents against IL-33
activities. Some TCM formulae have been shown to be effective
in attenuating IL-33 activities in both in vitro and in vivo studies
(Table 1). Most of the component herbs in those formulae have
been traditionally used to treat allergic and inflammatory diseases
(39, 43, 127, 128).

Besides TCM formulae, some natural compounds include
flavonoids and alkaloids have been shown to be active against
targeting IL-33/ST2 axis. Calycosin, a flavonoid, is a major
component in Radix Astragli (117) that has been used in the
treatment of allergy-related symptoms. When AD mice were
treated with calycosin (0.4–10 mg/kg), the protein levels of TSLP
and IL-33 were significantly suppressed (118). The inhibitory
mechanism was associated to TLR4-mediated NF-κB signaling,
with the significant inhibition of the expression of MyD88,
toll/interleukin-1 receptor domain-containing adapter protein
(TIRAP), and transforming growth factor beta-activated kinase
1 (TAK1) (118).

Cimifugin is a bioactive and major component of Radix
Saposhnikoviae, a TCM has been used for treating allergy.
Using FITC sensitized and challenged AD mice, cimifugin
can significantly inhibit TSLP and IL-33 production in the
initial stage of AD model. Moreover, cimifugin could reduce
the separated gap among the epithelial cells and increase
the expression of tight junctions (TJs). Similar effects on
TSLP/IL-33 and TJs were obtained using keratinocyte HaCaT
cells. Using siRNA blockage, cimifugin was found to inhibit
initiative cytokines through restoring TJs. In addition, cimifugin
administered alone in the initial stage obviously attenuated the
ultimate allergic inflammation, thereby indicating the sufficient
impact of cimifugin in the initial stage on TSLP/IL-33 and TJs for
suppressing allergic inflammation. This study therefore implies
the possibility of key cytokines such as IL-33 and TJs can be the
therapeutic targets for AD (119).

Eupatilin (5,7-dihydroxy-30,40,6-trimethoxyflavone) is the
major lipophilic flavonoid isolated from the Artemisia species
(120). Eupatilin has been shown to promote the transcriptional
activity and expression of peroxisome proliferator-activated
receptor α (PPARα) in keratinocyte HaCaT cells (121) and acts
as an agonist of PPARα to ameliorate atopic dermatitis (AD)
and restore the skin barrier function. Eupatilin (20ml of 1.5%
or 3.0%) improved AD-like symptoms in an oxazolone-induced
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TABLE 1 | TCM formulae and natural compounds those are active against the IL-33/ST2 axis.

Name Uses, treatment or

activities

Disease evaluated and animal

model used/ human trials

Effect References

Soshiho-tang: Radix Bupleuri,

Radix Scutellariae, Radix

Ginseng, Tuber Pinelliae, Radix

et Rhizoma Glycyrrhizae,

Rhizoma zingiberis crudae, and

Fructus Zizyphi

Pulmonary disorders such

as the common cold and

pneumonitis

Asthma,OVA-induced asthmatic

mice model

Reduce leukocyte and eosinophilic counts,

downregulate the production of IL-33 and

other Th2-type cytokines, decrease mucus

hypersecretion and IgE serum levels

(114, 115)

Qingre-Qushi Recipe(QRQS):

Herba Hedyotis Diffusae, Radix

Sophorae flavescentis, Herba

Taraxaci, and Fructus Xanthii

Skin inflammation and

itching

Atopic dermatitis (AD),

OVA-induced atopic dermatitis

mice model

Suppress both epidermal and dermal

thickness, alleviating dermatitis and reducing

IL-33 and ST2 positive cell numbers in

OVA-induced AD mice

Suppress the concentration of specific IgE,

IgG, IgG1, and IgG2a antibodies in serum

and the expression of IL-33, ST2, IL-1RAcP,

IL-4, and IL-13 mRNA in the skin

Down-regulate TNF-α and IFN-γ -induced

IL-33 mRNA and protein expression in

human keratinocyte HaCaT cells

(116)

Calycosin: A flavonoid, is a

major component in Radix

Astragli

Allergy related symptoms AD, AD mice Supress TSLP and IL-33 associated toll-liked

receptor (TLR)4-mediated NF-κB signaling,

the protein expression of MyD88, TIRAP, and

TAK1

(117, 118)

Cimifugin: Bioactive and major

component of Radix

Saposhnikoviae

Allergy AD, FITC sensitized, and

challenged AD mice

Inhibit TSLP and IL-33 in the initial stage of

AD to reduce the separated gap among the

epithelial cells and increase the expression of

tight junctions (TJs)

(119)

Eupatilin: Main lipophilic

flavonoid obtained from the

Artemisia species

Anti-oxidative,

anti-inflammatory, and

anti-apoptotic activities

AD, oxazolone-induced AD-like

mouse model

An agonist of PPARα to ameliorate AD and

restores the skin barrier function

(120–122)

Protostemonine: An alkaloid

from Radix Stemonae

Anti-inflammatory activities Asthma, DRA (dust mites,

ragweed, and

aspergillus)-induced murine

asthma model

Inhibit pulmonary eosinophil infiltration, goblet

cell hyperplasia, mucus secretion, IgE, and

Th2 cytokine (IL-4, IL-5, IL-13, and IL-33)

production

Attenuate the expression of Arginase-1

(Arg-1), Ym-1, and Fizz-1, markers of AAM

(alternatively activated macrophage)

polarization,in lung tissues

(123)

Tetramethoxyluteolin: The

structural analog of luteolin, a

common flavonoids present in

edible plants (e.g., carrots)

Suppressing mast cell

activation

AD, Clinical trials Inhibit mast cell activation stimulated by

IL-33, substance P, or their combination

Reduce skin inflammation in patients with AD

in clinical studies

(124–126)

AD-like mouse model by suppressing the serum levels of IgE, IL-
4, andAD-related cytokines including TNFα, IFN-γ, IL-1β, TSLP,
IL-25, and IL-33 (122).

Protostemonine (PSN), an alkaloid isolated from Radix
Stemonae was found to suppress inflammatory conditions,
IL-33 production and polarization of macrophage into AAM
phenotype in the lung tissues of a dust mites, ragweed and
aspergillus-induced murine asthma model (123).

Tetramethoxyluteolin (methlut), a natural flavonoid, has been
shown to inhibit mast cells stimulated by IL-33, substance P, or
their combination. This has been further validated in a clinical
trial in which a skin lotion containing tetramethoxyluteolin that
can reduce skin inflammation in AD patients. In experimental
study, methlut has also been shown to be effective in psoriasis
conditions (124, 125).

Apart from Chinese herbs and natural products, acupuncture
seems to be effective in attenuating the IL-33 associated
airway inflammation in an OVA-induced mouse model by
reducing the serum concentrations of IL-33, sST2, and other
inflammatory cytokines (129). In summary, these TCM formulae
and natural compounds could lower the IL-33 production
and other inflammatory cytokines from the tested targets,
thereby ameliorating the allergic symptoms. Some of them
could target on the specific IL-33 associated immune cells type
such as IL-33-mediated mast cell activation and macrophage
polarization into AAM phenotypes (Table 1). In view of
limited clinical evidence and laboratory studies on the action
mechanism, further investigations on these two aspects are
essential for the future development of TCM in IL-33-related
diseases (126).
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POTENTIAL FUTURE DEVELOPMENTS
AND CONCLUDING REMARKS

With ample experimental evidences, the multiple roles of
IL-33 in allergic and inflammatory diseases are not only
restricted as an alarmin, but also as a cytokine for additional
stimulatory signals: (i) to increase IL-33 expression in the
nucleus or cytoplasm, and (ii) to induce IL-33 production into
the extracellular space without cell death (29). Those stimulatory
signals provide an amplification system for IL-33–mediated
inflammatory responses. IL-33–blocking agents which target
precisely at different molecular levels (both signaling and
amplification pathways) could be potential therapeutic drugs for
treatment of allergic and inflammatory diseases. For instance,
an important mechanism for the direct activation of IL-33
by proteases from environmental allergens has been recently
discovered (30). Targeting the “sensor” domain to prevent
the cleavage and activation of IL-33FL, as well as the mast
cell protease inhibitors might represent a new approach for
reducing allergic responses in asthma and other allergic diseases.
Apart from the pathological role in allergic diseases, IL-33
participates in diverse immune regulatory events. Therefore,
to optimize the therapeutic outcomes, further evaluations,
are essential to manipulate the IL-33/ST2 axis in diseases
state and regulatory/physiological roles (130). As with other
immunomodulating therapies, investigations on the effect of
attenuating IL-33/ST2 axis on immune defense against infection
and other immune responses are essential before further
therapeutic development (131).

Since most of previous studies on IL-33 blocking agents are
at the stage of in vitro and animal testing, pharmacological

evaluations to develop IL-33–blocking agents are still on-going
(132) and some are in phase I–II clinical trials for asthma and
chronic obstructive pulmonary disease (133). The combination
of IL-33 blocking agents may also be the synergistic intervention
in IL-33-associated allergic and inflammatory diseases. For
the future translational elucidation of IL-33, human studies
are essential such as large scale clinical trials. Furthermore,
the IL-33/ST2 axis is participating in both Th2/IL-31 and
Th17 immune response during the progression of allergic
airway diseases (92). Natural products and herbal medicines
with the pluripotent activities to inhibit the production and
actions of IL-33 are also promising candidates for further
pharmacological evaluation for the treatment of allergic diseases.
TCM and natural products, especially flavonoids with proven
in vitro and in vivo activities to target the IL-33/ST2 axis,
are potential candidates and warrant further development
for the lead compounds as adjuvant anti-allergic and anti-
inflammatory agents.
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IL-33, a member of the IL-1 family of cytokines, was originally described in 2005 as

a promoter of type 2 immune responses. However, recent evidence reveals a more

complex picture. This cytokine is released locally as an alarmin upon cellular damage

where innate cell types respond to IL-33 bymodulating their differentiation and influencing

the polarizing signals they provide to T cells at the time of antigen presentation. Moreover,

the prominent expression of the IL-33 receptor, ST2, on GATA3+ T helper 2 cells (TH2)

demonstrated that IL-33 could have a direct impact on T cells. Recent observations

reveal that T-bet+ TH1 cells and Foxp3+ regulatory T (TREG) cells can also express the

ST2 receptor, either transiently or permanently. As such, IL-33 can have a direct effect

on the dynamics of T cell populations. As IL-33 release was shown to play both an

inflammatory and a suppressive role, understanding the complex effect of this cytokine

on T cell homeostasis is paramount. In this review, we will focus on the factors that

modulate ST2 expression on T cells, the effect of IL-33 on helper T cell responses and

the role of IL-33 on TREG cell function.

Keywords: T cell differentiation, Th17 and Tregs cells, th1/th2 balance, infection, immunoregulation, IL-33, ST2

MULTI-FACETED FUNCTIONS OF IL-33

Barrier sites are exposed to varying levels of danger at every moment, which requires
the constant involvement of the local immune system to maintain epithelial function and
immune homeostasis. As such, many foreign and self-derived warning signals dictate the
response of these immune cells. The molecules that provide these signals are classified
as pathogen-associated molecular patterns (PAMPs) or danger-associated molecular patterns
(DAMPs). However, some specialized endogenous molecules, released upon cellular damage,
were improperly organized using these definitions. Thus, a new concept was introduced
during the EMBO Workshop on Innate Danger Signals and HMGB1 in February 2006,
which would separate PAMPs from self-signals. Joost Oppenheim introduced at that meeting
what he coined “alarmins,” self-molecules released upon cellular damage that play a role
in modulating the immune response (1, 2). The proposed description classifies “alarmins”
as molecules that (1) are released upon non-programmed cells death; (2) can be produced
by immune cells without dying; (3) can recruit and activate receptor-expressing immune
cells; and (4) can contribute to the restoration of immune homeostasis and epithelial
repair mechanisms (1). In recent years, several examples of dysregulated expression or

180

https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org/journals/immunology#editorial-board
https://www.frontiersin.org/journals/immunology#editorial-board
https://www.frontiersin.org/journals/immunology#editorial-board
https://www.frontiersin.org/journals/immunology#editorial-board
https://doi.org/10.3389/fimmu.2019.00522
http://crossmark.crossref.org/dialog/?doi=10.3389/fimmu.2019.00522&domain=pdf&date_stamp=2019-03-20
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles
https://creativecommons.org/licenses/by/4.0/
mailto:Ciro.piccirillo@mcgill.ca
https://doi.org/10.3389/fimmu.2019.00522
https://www.frontiersin.org/articles/10.3389/fimmu.2019.00522/full
http://loop.frontiersin.org/people/49160/overview
http://loop.frontiersin.org/people/34501/overview


Alvarez et al. IL-33 Regulates CD4+ T Cell Functions

activity of alarmins were associated with immune-related
pathologies in many diseases. Thus, alarmins can play pro-
inflammatory or regulatory roles at the site of inflammation (3).

Of the many members of alarmins, the IL-1 family, comprised
of 11 members, was introduced early in this classification (4).
IL-1 family members include IL-1α, IL-1β, IL-18, IL-33, IL-36α,
IL-36β, IL-36γ, and IL-37 which possess agonist properties and
IL-1Ra, IL-36Ra, and IL-38, which possess antagonist properties
on their respective receptors (5). A unique feature of this family,
with the exception of IL-1Ra, is their capacity to accumulate
as pro-cytokines and possess enzymatic cleavage sites in their
sequence (6). However, cleavage is not always required for these
pro-cytokines to bind and activate their respective receptors.
For example, as caspase 1 and caspase 8 are required for
the activation of IL-1β and IL-18, pro-IL-33 does not require
enzymatic processing to exert its biological activity (6). However,
processing by neutrophils proteases, notably cathepsin G and
elastase, and proteases brought by airway allergens were shown
to enhance IL-33 activity (6, 7). This peculiarity reveals that IL-
33, as opposed to IL-1β or IL-18, exerts most of its effect in a
caspase-independent manner (6). Thus, IL-33 possesses intrinsic
biomolecular peculiarities that dictate its role at mucosal sites and
its effect on the innate and adaptive immune system.

Expression of ST2 was first described in CD4+ TH2 cells (8).
However, a wide range of immune cells has been described to
respond to IL-33 directly. A functional ST2 receptor was notably
described in eosinophils (9), basophils (10), natural killer (NK),
and NK-T cells (11, 12), as well as group 2 innate lymphoid
cells (ILC2s) (13). In eosinophils, IL-33 was shown to directly
facilitate their maturation through enhanced survival, activation
and adhesion (14). Similarly, IL-33 potentiates adhesion and
histamine release in basophils (15). IL-33 is also known to
facilitate the maturation, migration from the bone marrow and
local functions of ILC2s in the lungs (13, 16). Furthermore,
dendritic cells (DCs) can respond to IL-33 directly to polarize
naïve T cells into TH2 or facilitate TREG proliferation (17, 18).
Interestingly, although the effect of IL-33 was originally thought
to be a determinant of type 2 immune responses, it was shown
to also favor the expansion of NK and NK T cells during viral
infections (11, 12). Thus, IL-33 has pleiotropic functions in
directing the innate immune response, a feature that is also found
in its effect on adaptive immunity, most notably in the function
and differentiation of CD4+ T cells.

In mammals, T cells are critical members of the immune
system and play a pivotal role in all aspects of immune responses
from the effective clearance of pathogens to the establishment of a
memory response and the quick return to immune homeostasis.
CD4+ T cells are characterized by their ability to recognize
antigens through their T cell specific receptor (TCR), upon
which they undergo rapid clonal expansion and differentiate
into functionally distinct TH subsets. These subsets then migrate
and orchestrate the immune response at inflammatory sites.
It is of no surprise that the distinct subsets of helper CD4+

T cells, TH1, TH2, and TH17 cells, respond to alarmins of
the IL-1 family in order to proliferate and function locally
(19). However, the categorization of T cells by their master
transcription factors like T-bet, GATA3, RORγT or Foxp3,

does not reflect the high level of T cell plasticity observed
in vivo. For example, T cells expressing both GATA3 and T-
bet were observed in the lung during infection with parasites
(20). Similarly, although ST2 is strongly associated with the
function of TH2 T cells (8), TH1 cells can also transiently express
it (21). Moreover, it was shown that Foxp3+ TREG cells and
TH17 cells signal through IL-33 to modulate their respective
functions (22, 23).

In this review, we will focus on the effects of IL-33 on
CD4+ T cell responses. We will highlight recent advances in our
understanding of the IL-33 pathway and its impact on T cell
differentiation and effector functions, including the modulatory
role of IL-33 on Foxp3+ TREG cells, in both autoimmune and
infectious diseases.

REGULATION OF IL-33 EXPRESSION
AND SECRETION

IL-33 is constitutively expressed as a nuclear protein in
epithelial and endothelial cells. Body-wide analysis through
immunohistochemistry, mRNA transcripts and a unique il-33-
LacZ reporter mouse line revealed that IL-33 is constitutively
expressed in secondary lymphoid tissues, but more prominently
found at mucosal sites like the gut and lungs, as well as in
the brain and adipose tissues (24). However, although humans
and mice share most of the constitutive expression of IL-33,
species-specific differences exist. For example, it was shown
that murine keratinocytes express IL-33 constitutively whereas
human keratinocytes required prior IFNγ stimulation (25). Thus,
conclusions derived from mouse models must be corroborated
with human samples.

Many biological mechanisms regulate the half-life and activity
of IL-33. On one hand, pro-IL-33, a 31 kDa protein, does
not require enzymatic cleavage to exert its biological functions,
although these can be potentiated by the action of self and
non-self proteases and elastases that cut it down to a more
potent 20 kDa protein (6, 7, 26). On the other hand, the
activity of IL-33 is known to be reduced by: (1) cleavage of
IL-33 after Asp178 by caspases 3 and 7 (27); (2) upregulation
of the LMP2 proteasome by IFNγ during type 1 immune
responses (28); (3) extracellular cysteine oxidation that cause
the formation of two disulfide bridges on IL-33 and disrupts
its binding to ST2 (29), and (4) the extracellular release of
the soluble ST2 (sST2), that acts as a decoy receptor for IL-
33 (30, 31). Furthermore, IL-33 lacks a conventional signal
sequence or any non-canonical export pathway and thus requires
either cellular death by necrosis or necroptosis of endothelial
and epithelial cells or a still unknown excretory mechanism by
innate immune cells to be released in the extracellular milieu
(5, 30). In fact, the full-length IL-33 was shown to bind to
chromatin causing it to be 10 times slower than IL-1α (32).
This novel post-translational mechanism of cytokine release,
along with the many enzymatic and environmental processes
described, reveals the fine control of the activity of IL-33 at
mucosal surfaces and illustrates the evolutionary control of these
immunomodulatory signals.
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IL-33 SIGNALING

ST2 was first described as an orphan receptor until the discovery
of IL-33 (31). A member of the Toll-like/Interleukine-1 receptor
superfamily, it was shown that it forms a heterodimer with the
ubiquitous IL1R accessory protein (IL1RAcp) at the membrane
surface in order to bind IL-33. Interestingly, all the members of
the IL-1 family share a common intracellular Toll/IL-1 receptor
(TIR) domain. However, four distinct isoforms of ST2 were
described: (1) the membrane-bound ST2 (ST2L or ST2), which
provides the activation pathway; (2) the soluble ST2 (sST2)–that
originates from another promoter region of the il1rl1 gene and
lacks the transmembrane and cytoplasmic domains of ST2–acts
as a decoy for IL-33, and is notably used as a biological marker
of cardiac injury (31, 33); the latter two forms are splice variants
identified in a tumor cells line 3) ST2V (34), which possesses
a hydrophobic tail at the C-terminal; and 4) in chicken, ST2LV
(35), which lacks the transmembrane domain of ST2 and whose
function remains to be elucidated.

IL-33 binds specifically to ST2, which in turn associates to
the IL1RAcP to form a heterodimeric receptor that leads to the
dimerization of the TIR domain with the TIR domain of cytosolic
adaptor protein myeloid differentiation factor 88 (MyD88). In
turn, the N-terminal death domain (28) of MyD88 recruits the
IL-1-associated kinase 1 (36) and 4 (37). The IRAK1/4 complex
can then activate the downstream mitogen-activated protein
kinase (MAPK) through the TNF receptor-associated factor 6
(TRAF6). TRAF6 does not possess enzymatic activity but plays
a critical role through its ubiquitin E3 ligase (38). TRAF6 is thus
required for the induction of several kinase cascades such as NF-
kB, JNK, p38, and PI3K. Interestingly, IL-33 can activate ERK
even in TRAF6-deficient cells, indicating a parallel activation
cascade upon signaling (38). In fact, IL-33 could still induce the
expression of ST2L in TRAF6-deficient embryonic fibroblasts
(38), indicating the presence of distinct pathways in the IL-
33 cascade. However, most of these analyses were conducted
using non-T cell lines, and studies in primary immune cells are
warranted (39, 40).

TRAF6 Activation in T Cells
In T cells, TRAF6 is known to regulate TCR signaling
via ubiquitination at Lys(88) of the LAT adapter and
phosphorylation of the IKK/NEMO complex (41). Interestingly,
TRAF6 deficiency leads to a hyperactivation of the PI3K-
AKT pathway in T cells and to TH2 polarization in mice
(42). Furthermore, TRAF6 is essential for the survival and
proliferation of TREG cells that suppress TH2 type autoimmunity
(43, 44). As such, TRAF6 is required for the maintenance of
peripheral tolerance and control of T cell hyper-reactivity. The
downstream targets of TRAF6 include the phosphorylation
of JNK1/2 (38). JNK1/2 activation is required for T cell
differentiation, but not activation, as the lack of JNK leads
to a decrease in inflammatory cytokine production, but not
proliferation or IL-2 production (45). In fact, the p38-MAPK
pathway plays a non-redundant role on memory ST2+ TH2
cells, since selective inhibition of p38, but not JNK, PI3K or
ERK, leads to a decrease in IL-5 production in these cells upon

IL-33 stimulation (46). Thus, although TRAF6 deficiency leads
to increased TH2 differentiation and a lack of TREG-mediated
suppression, IL-33 signaling is required for TH2 function,
illustrating the complexity of this signal in T cells.

ERK Activation in T Cells
Biochemical dissection of the IL-33/ST2 pathway in mammalian
cell lines was performed using data mined through an
extensive survey of the literature (40). This model includes
the phosphorylation and activation of ERK1/2, JNK1/2, p38,
and PI3K/AKT downstream of IL-33. However, the underlying
processes affected by these changes remain unknown. This is
likely due to the large heterogeneity of the recipient cells and their
varied epigenetic status. In T cells, ERK activity is notably linked
to a reduction in the TCR activation threshold, as it delays the
binding of the inhibitory protein SHP-1 to the complex, leading
to the activation of T cells under suboptimal stimulation (47).
ERK1 is particularly required for TH2 but not TH1 proliferation
and function and plays a major role in a model of experimental
asthma (48). On the other hand, lack of ERK2 inhibits TH1 and
TH17 T cell differentiation and function (49, 50). This was shown
to occur notably through the control of the master transcription
factors of these subsets, as ERK2 suppresses the transcription of
Foxp3 (TREG) and GATA3 (TH2) and favors the expression of T-
bet (TH1) (49). Interestingly, although the lack of either ERK2
or ERK1 does not hinder the suppressive ability of TREG cells
(49), it favors the TGFβ-mediated induction of Foxp3 (50). Thus,
ERK1/2 activation is a major pathway involved in the control
of the function of TH1, TH17, TH2, and TREG cells at mucosal
sites. Further investigation into the T cell-intrinsic modulation
of ERK1 and ERK2 by IL-33 might reveal how the distinct T cell
subsets respond to this alarmin.

On the other hand, p38, composed of four known members
(α, β, γ, δ), plays key roles in T cell activation and proliferation.
Constitutive activation of p38α and p38β (p38αβY323F) was
shown to skew T cell differentiation toward TH1 and TH17 cells
(51), whereas knock-down of p38 α/β led to increased TREG

cells (52). Interestingly, the IL-33-p38 pathway was shown to be
directly linked to the function of ST2+ TH2 cells, as inhibition
of p38-MAPK, but not JNK or PI3K, resulted in a lack of IL-
5 production by TH2 cells upon IL-33 stimulation (46). Finally,
although we know little about the role of JNK activation by IL-
33 on T cells, JNK1/2 was shown to play a critical role in T cell
function but not activation (45).

While some signaling pathways downstream of IL-33 are
known, the transcriptional targets downstream of IL-33 depend
largely on the state of the recipient T cell and the environmental
context. Thus, in order to fully understand the role of IL-33 on
T cells, assessing the effects of IL-33 on the functions of TH cell
subsets is required.

EFFECT OF IL-33 ON TH CELL
RESPONSES

Regulation of ST2 Expression
In an early study, inflammatory factors such as tumor necrosis
factor (TNF), IL-1α, IL-1β or Phorbol 12-myristate 13-acetate
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were shown to be required for the upregulation of themembrane-
bound ST2 on responding cells (53). TH2 cells were the first to be
shown to express ST2 (8). TH2 polarizing conditions, involving
both STAT5 (IL-2) and STAT6 (IL-4) activation, were shown
to induce ST2 on T cells in vitro, although multiple rounds of
polarization were required (54). In fact, the transcription factor
GATA3, associated with the development and function of TH2
cells, was necessary for the selective upregulation of ST2 in vitro,
as genetic deficiency of GATA3 abrogated ST2 expression in TH2
cells (55). GATA3 binds an enhancer region situated 12kb up-
stream of the transcription start site of il1rl1 (ST2) (55, 56),
a finding confirmed through genome-wide mapping of GATA3
binding (57). Under the same conditions, the expression of ST2
was also dependent on the binding of STAT5 to the intron 7 of
il1rl1 (55) which also leads to the production of IL-13 and IL-5,
but not IL-4, in vitro, suggesting that STAT5-activating signals,
such as IL-2, IL-7 or TSLP are required for the upregulation of
ST2 in T H2 cells (Figure 1).

Interestingly, the expression of ST2 is particularly enhanced
by the provision of exogenous IL-33 in CD4+ T cell cultures,
illustrating that IL-33, in a positive feedback loop, is directly
involved in the up-regulation of its own receptor (55). It has
been suggested that IL-33 potentiates STAT5 signaling in T
cells since in vitro polarized TH2 cells show increased STAT5
phosphorylation when exposed to IL-33 (55). On the other
hand, a consensus site for NF-κB was found in the Il1rl1
promoter region (58), revealing a potential mechanism by which
IL-33 could regulate its own expression. Nonetheless, further
investigations are required in order to understand why and
how IL-33 is required for the expression of its own receptor.
Thus, both a STAT5 signal (IL-2, IL-7 or TSLP) and IL-33 are
sufficient to upregulate ST2 on TH2 cells (55) and TREG cells (23)
(Figure 1).

The involvement of a STAT6 signal in the development of
ST2+ TH2 cells remains to be understood. In early experiments,
IL-4 was required for the polarization of TH2 cells, and thus was
involved, amid indirectly, in the cells’ responsiveness to IL-33.
On a molecular level, STAT6 is not known to bind the promoter
region of ST2 but does bind to the distal promoter of gata3 (59).
Yet, STAT6, but not GATA3, is necessary for binding the locus
control region (LCR) inside the TH2 cytokine gene cluster of il4,
il5, and il13 (60). As such, STAT6 remodels the LCR, whereas
GATA3 acts as a local promoter of these genes. Nonetheless,
forced expression of a constitutively activated form of STAT5A
(STAT5A1∗6) through retroviral transduction in T cells revealed
that a STAT6 signal was not essential to differentiate TH2 cells
(61). The binding sites of STAT5 on the gene cluster differs from
STAT6 and could illustrate a parallel evolutionary mechanism in
the polarization of TH2 cells (61). Interestingly, even in these
conditions, co-expression of a constitutive GATA3 potentiated
the effect of STAT5 in TH2 cell development (61). Thus, although
STAT5 plays a significant role, a co-stimulatory STAT6 signal is
required to potentiate GATA3 expression and leads to the full
differentiation of TH2 cells.

Apart from GATA3, other transcription factors were shown
to bind to the distal promoter site of il1rl1 (ST2). Four GATA1
binding sites were identified within 1,001 bp of the distal

promoter region of il1rl1 in human and murine cells lines
(62, 63). GATA2 and PU.1 were further identified to exert key
roles in the expression of ST2 in mast cells and basophils as
they bind the distal promoter region of the il1rl1 gene (64, 65).
Interestingly, while GATA1 acted as a repressor, GATA2 provided
a transactivation signal for the expression of il1rl1 (64). Little
is known as to the role of GATA1 and GATA2 in the later
stages of T cell polarization and function. A report demonstrated
that GATA1 possesses a degree of redundancy with GATA3 in
T cells, as it suppresses TH1 differentiation and functions in a
similar, yet less efficient, manner as GATA3 (66). More recent
evidence points to a possible role of PU.1 in the regulation of
GATA3 expression in T cell differentiation. PU.1 is required for
the development of T cells in the thymus (67), and is expressed
in TH9 and not in TH1 cells (68). Interestingly, PU.1 can alter
GATA3 promoter regions in dendritic and T cells and was
found to facilitate the expression of il5 and il13, but not il4
(68, 69). Although yet unknown, the role of PU.1 in ST2+ TH2
might reveal why these cells respond to IL-33 by expressing IL-
5 and IL-13, but not IL-4 (55). A recent report identifies the
transcription factors IRF4 and BATF as binding the il1rl1 loci
in TREG cells (70) (Figure 1). In fact, a reduced expression of
BATF lead to a decrease in ST2 expression in TREG cells (71).
Thus, TREG cells may possess distinct mechanisms to control the
transcription of il1rl1.

Surprisingly, ST2 can be transiently expressed by TH1 cells
(21). In these reports, the upregulation of ST2 was significantly
lower and short lived when compared to ST2+ TH2 cells and
was dependent on the expression of the transcription factor T-
bet and the IL-12-dependent STAT4 signal (21, 72). Interestingly,
co-stimulation with IL-33 was also required for the expression of
ST2. Although these observations were corroborated in vivo with
STAT4−/− and Tbet−/− mice during the course of a lymphocytic
choriomeningitis virus (LCMV) infection (21), it was suggested
that these cells might represent a hybrid T-bet+GATA3+ cell
subset as low levels of GATA3 were found to be upregulated in a
subset of Tbet+ cells (20, 56). Nonetheless, further investigations
are required to understand the transcriptional mechanisms by
which TH1 cells express ST2.

Finally, TH17 cell, expressing the transcription factor RORγT
and producing IL-17A, could, under strong TCR stimuli, express
ST2 in the small intestine (22). The process by which TH17
cells upregulate ST2 remains unclear. However, it is well-known
that STAT3 signaling plays a major role in the development and
cytokine expression of TH17 T cells (73). Recently, it was show
that STAT3, along with ERK, had the potential to upregulate the
proximal promoter region of ST2 in both human and murine
fibroblastic cells lines (74). Although the proximal region of ST2
results in the truncated soluble form of ST2 (sST2), an analog
mechanism involving the distal promoter might be found in
ST2+ TH17 cells.

TH2 Cell Development and Function
Since the discovery of IL-33, progress has been made to identify
its multifunctional roles. Initially, IL-33 was described for its role
in promoting type 2 immunity in infectious and allergic diseases
(75). Polymorphisms in the il1rl1 or il33 genes are found in
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patients suffering from exacerbated type 2 immune responses,
notably severe atopic dermatitis and asthma, illustrating the
important role of these genes in the susceptibility to allergic
diseases (36, 76). IL-33 administration in the airways of mice
enhances TH2-associated cytokine production in the lungs,
increases mucus production and causes a severe type 2 airway
hyper-reactivity that mimics the pathophysiology of asthma (37).
These reports highlight the role of IL-33 in the differentiation,
and function of TH2 cells (77–79).

Naïve T cell express little to no ST2 on their surface. ST2
is expressed in vitro when T cells receive TCR activation in
combination with cytokine polarization that drives TH2 T cell
differentiation (55, 80). Thus, unique to T cells, TCR engagement
is, along with STAT5 and IL-33, a critical signal for naïve T cells to
upregulate the ST2 receptor. Conversely, differentiated TH2 cells
maintain the ability, long after TCR stimuli, to respond to IL-33
and produce IL-5 and IL-13 (55). Thus, T cells must undergo a
round of activation to upregulate the receptor but, once activated
remain capable of responding to IL-33. Human CD4+ T cells
also express the ST2 receptor in vitro upon TH2, but not TH1,
differentiation, although IL-4, a STAT6 inducer, was used in these
assays (81).

In vitro, IL-33 enhances IL-5 and IL-13 production, but not
IL-4, in TH2 polarized cells (55, 80). This phenotype is unusual,
as IL-4 expression was long thought to be the hallmark of
differentiated TH2 cells (82) and hinted that in vitro IL-33-
responding TH2 cells may have undergone further epigenetic
modifications (83). In contrast, IL-33 administration leads to
the accumulation of IL-4+ TH2 cells in the lungs and lymph
nodes of treated mice (37, 84). This discrepancy could be
due to the effect of IL-33 on APCs, directly involved in T
cell differentiation. In fact, IL-33 modulates the differentiation
and maturation of DCs as they polarize naïve T cells into
ST2+ TH2 cells (18). Similarly, IL-33, in conjunction with
TGFβ, can facilitate IL-9 production in both mouse and human
T cells (85, 86). Thus, the effect of IL-33 signaling on the
cytokine production of T cells is highly dependent on the
cytokine microenvironment (Figure 2).

IL-33 plays an important role in the pathology of asthma
and the TH2 cell differentiation in vivo. Immunization of
mice to a single dose of ovalbumin (OVA) (5) together with
IL-33 induces long-lasting memory TH2 cells that leads to
severe asthma-like pathology in the lungs. These IL-33-
induced OVA-specific TH2 cells produce particularly high
levels of IL-5 and IL-13 upon re-stimulation with OVA,
a phenomenon not seen in memory TH2 cells of mice
were immunized with OVA alone (84). Furthermore, when
mice are exposed to airway antigens, ST2−/− TH2 cells
produce less IL-13, while ST2−/− ILC2 functions remain
unaffected (87). Concomitantly, memory IL-5–secreting
ST2+ TH2 cells have been isolated from patients suffering
from eosinophilic chronic rhinosinusitis, a common allergic
condition (46).

However, once ST2+ TH2 cells are developed, unexpected
outcomes have been observed in response to IL-33. When in
vitro polarized OVA-specific, ST2-deficient (OVA-Tg/ST2−/−) or
WT (OVA-Tg) TH2 cells are donor ST2−/− TH2, not WT TH2,

cells expressed higher levels of IL-5 production concomitant with
a more severe cellular infiltrations in the lungs (88). Similarly,
when ST2−/− mice were exposed to extracts containing ragweed,
dust mite and Aspergillus fumigatus, a more severe form of
airway hyper-reactivity was observed compared toWTmice (87);
an observation that correlated with a reduction of TREG cells
in the lungs of ST2−/− mice. Thus, although IL-33 enhances
TH2 responses, it is not essential for the development of airway
hyper-reactivity but seems to play a prominent role in TREG cell
homeostasis. Overall, these data are in contrast to the known
in vitro effects of IL-33 and illustrates the multifaceted roles of
IL-33 in both enhancing or dampening TH2 cell responses in a
context-dependent manner.

TH1 and TH17 Cell Differentiation
and Function
Recent experimental evidence revealed that IL-33 plays a
role in the development and maintenance of type 1 immune
responses. When studying the T cell response to a systemic
LCMV infection, Baumann et al. identified a prominent subset
of T-bet+ ST2+ T cells within the antigen-specific memory
T cell pool (21). In contrast to ST2+ TH2 cells, TH1 cells
expressed ST2 transiently. Interestingly, after injecting LCMV-
TCR specific T cells in infected mice, WT, but not Tbet- or
STAT4- deficient T cells were able to express ST2, demonstrating
that during strong type 1 immunity, TH1 cells can upregulate
ST2. Furthermore, ST2−/− T cells failed to expand and produce
high levels of IFNγ, TNFα or IL-2 after transfer in LCMV-
infected mice (21), suggesting that TH1 cells require ST2 in
order to optimally expand and function during the course
of LCMV. Interestingly, a similar observation was revealed
upon influenza infection, where the rapid release of IL-33
correlated with enhanced IFNγ and TNFα production (89).
In fact, IL-33 was shown to potentiate in vitro the action of
IL-12, a STAT4 inducer, in TH1 cells, resulting in increased
production of IFNγ (72). Similarly, CD8+ T cells were also
shown to transiently express the ST2 receptor. IL-33 enhanced
the clonal expansion of activated CD8+ T cells and was
necessary for the effective control of LCMV infection (90).
These observations demonstrate a role of IL-33 to enhance
IFNγ through the action of IL-12 without affecting TH1
polarization (Figure 2).

Finally, a recent account suggests a possible role of IL-
33 in TH17 cell differentiation (22). These cells express the
transcription factor RORγT and release IL-17A and IL-17F.
Upon anti-CD3 treatment in vivo, ST2 surface-expression
was observed by IL-17-producing T cells in the gut (22).
However, IL-33 inhibited the proliferation and pro-inflammatory
cytokine production of TH17 cells both in vivo and in
vitro. Here, contrarily to TH2 and TH1 cells, IL-33 signaling
controlled the exacerbated inflammatory response by TH17
cells, although further work is required to understand the
full extent of the role of IL-33 on these cells. In summary,
many T cell subsets can respond to IL-33, making the
modulation of T cells responses by IL-33 complex and
context-dependent.
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IL-33-Mediated Regulation of T Cells
in Infection
Away to dissect the distinct roles of IL-33 on T cells is to study its
effect in distinct infectious diseases. Little is known about the role
of IL-33 in human diseases, as there is currently a lack of tools to
identify and follow human ST2+ T cells, yet important progress
has been made in the field through rodent models of infectious
disease. IL-33 most likely plays a key role in human disease, as
evidenced by increased levels of the cytokine or its decoy receptor
sST2 during both viral (91–93) and bacterial (94) infections. In
rodent models, IL-33 was shown to play both protective and
deleterious roles during the course of infection(95).

This is seen in models of viral infections, where IL-33 plays
ambiguous roles on the T cell response. In certain cases, viral
virulence is linked to enhanced IL-33 release, as observed upon
infection with respiratory syncytial virus (RSV) in both human
and mice (96). When mice are infected with RSV, IL-33 is
rapidly released in the early phases of viral infection in the lung
(97). Antibody-mediated blockade of ST2 leads to a decrease
in IL-13 production and eosinophil recruitment but does not
affect viral growth or clearance of RSV by type 1 immune
responses (97). Concomitantly, anti-IL-33 therapy was shown
to mitigate the establishment of the deleterious type 2 memory
response during a Rhinovirus infection that promotes airway
hyper-reactivity (98). On the other hand, IL-33 was also shown
to contribute to the clearance of LCMV and Coxsackievirus-B5
systemic viral infections through enhanced TH1 and CD8+ T
cell responses (90, 99).

IL-33 can also play an important role in the control and
clearance of parasites. In a model of intestinal infection with
Nippostrongylus brasiliensis, a mouse-pathogenic hookworm,
clearance of the parasite and the establishment of a T cell memory
response required IL-33 (100). Interestingly, IL-4+ TH2 cells–as
well as high levels of IgE, basophils and mast cells responses—
were readily detected in infected mice lacking ST2 (ST2−/−)
yet insufficient IL-13+ TH2 cells and ILC2s lead to a failure to
clear the parasite (100). Similarly, mice infected with Trichuris
muris or Strongyloides venezuelensis require IL-33 signaling for
the effective control of the parasite (101, 102). On the other
hand, in a model of visceral Leishmania donovani infection, IL-
33 was shown to be deleterious to the host, as it inhibited the
TH1 response necessary for the clearance of this parasite (103).
This was attributed to a skewed ST2+ TH2 immune response,
as these cells accumulated in the chronic lesion of Leishmania
(104). Similarly, lack of ST2 in mice infected with the protozoa
Toxoplasma gondii, lead to a more severe form of encephalitis,
characterized by increased levels of TNFα and IFNγ (105).
Finally, lack of ST2 signaling leads to a better control of the
fungus Cryptococcus neoformans, characterized by a significant
reduction in IL-5 and IL-13 production by TH2 cells, but no
difference in the level of expression of IFNγ and IL-17A (106).
Importantly, the effect of IL-33 on the skewing of T cell responses
may play a major role in predisposing to virus-induced asthma
through the differentiation of pathogenic TH2 cells over anti-viral
T cells (98). These experiments provide further evidence that IL-
33 influences the function of T cells in disease and this effect is
highly dependent on the target tissue of infection and type of

pathogen. Furthermore, IL-33 modulates important functions in
other compartments of the immune system, notably the innate
immune response, which was not addressed here but contributes
to the overall response against pathogens (107).

REGULATORY T CELLS

TREG cells are an important immunosuppressive subset of CD4+

T cells characterized by the expression of the transcription factor
Foxp3, the key master regulator that enforces the transcriptional
program global phenotype and function of TREG cells (108).
However, TREG cells can also undergo distinct epigenetic
modifications and co-express transcription factors in order to
acquire effector functions enabling them to migrate, survive and
suppress in inflammatory sites, particularly at mucosal surfaces
(109, 110). This particular ability enables them to adapt to specific
environmental conditions. IL-33 was recently identified as one
of the signals involved in the maintenance of Foxp3+ TREG cell
homeostasis at mucosal sites. At the steady-state, ST2+ TREG cells
represent the majority of ST2-expressing CD4+ T cells and are
notably found in the gut (23) and lungs (111).

Phenotypic Characteristics of ST2+ TREG
CD4+ TREG cells, including those found at mucosal surfaces,
originate from the thymus (thymic-derived tTREG) or develop
de novo from polarizing signals in the periphery (peripherally-
induced pTREG). Both tTREG and pTREG cells effectively suppress
innate and adaptive responses including a variety of effector
T cell functions (112). Interestingly, tTREG and pTREG were
shown to play non-redundant functions in the suppression
of the adaptive immune response, as both of these subsets
are required to maintain immune homeostasis in the mucosa.
Although surface markers capable of distinguishing them remain
poorly defined, tTREG generally have a fully demethylated TREG-
specific demethylated region (TSDR), located in the foxp3 locus,
compared to pTREG cells (113, 114). Helios, a transcription
factor that is prominently expressed in tTreg cells, is frequently
regarded as a marker of TREG cells of thymic origin (115) but
is also contested (116). Both Helios+ and Helios− TREG cells
isolated from the lamina propria of the gut express ST2 (23),
while the vast majority of Helios+ TREG cells express ST2 in
secondary lymphoid organs and in the lungs (17), all-the-while
expressing high levels of other proposed markers of tTREG,
such as Neuropilin 1 and TIGIT (unpublished observations).
Interestingly, the expression of Helios was recently associated
with distinct TREG cell functions in the periphery (117) as well as
the stability of foxp3 expression on TREG cells (118). Similarly, IL-
33 signaling on TREG cells was shown to play an important role
in enhancing the stability of Foxp3 in TREG cells and is notably
necessary for these cells to prevent T cell-mediated colitis (23).
However, the molecular relationship between IL-33 signaling and
Helios expression in TREG cells remains to be understood.

On the other hand, ST2+ TREG cells also express the
transcription factor GATA3. Upon IL-33 stimulation, GATA3
is rapidly phosphorylated in TREG cells (23), in turn enhancing
the expression of its own receptor. Expression of GATA3, like
ST2, was identified in TREG cells in the gut (119) where it plays

Frontiers in Immunology | www.frontiersin.org 6 March 2019 | Volume 10 | Article 522185

https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles


Alvarez et al. IL-33 Regulates CD4+ T Cell Functions

FIGURE 1 | Pathways involved in the control of il1rl1 (ST2) transcription in T cells. Summary of the transcription factors confirmed or suggested to interact with the

promoter region of il1rl1 (ST2) in T cells. Confirmed (full lines), suggested (dotted lines) and unknown (?) pathways involved in the control of il1rl1 in T cells. (1) IL-33 is

required for the maintained expression of ST2 in T cells in TH2, TREG, and TH1 through unknown mechanisms. This process has been suggested to require the

involvement of NF-κB translocation and its binding to a consensus sequence in the promoter region of il1rl1. (2) TH17 cells: The molecular pathways involved in the

expression of ST2 in TH17 T cells remains largely unknown, although the transcription factor STAT3 was shown to bind the promoter region of il1rl1 in fibroblast cell

lines. (3) TH1 cells: Expression of ST2 in TH1 cells was shown to be dependent on a STAT4 signal leading to T-bet expression, although the molecular interaction with

il1rl1 remains unknown. (4) TH2 cells: It has been suggested that expression of ST2 requires STAT5 signals through the upregulation of GATA3 in conjunction with

IL-33 stimulation. Although a STAT6 signal is not necessary, little is known about its role in the maintenance of ST2. (5) TREG cells: Expression of ST2 on TREG cells

follows a similar pathway as in TH2 cells, requiring a STAT5 signal and IL-33 activation for the upregulation of GATA3 and ST2. The transcription factors IRF4 and

BAFT were also shown to promote expression of ST2 by TREG cells although little is known about the upstream signals involved.

a central role in (1) the maintenance of immune homeostasis
(120), (2) in the stability of foxp3 and (3) is critical for
TREG cells to prevent T cell mediated colitis (119). Thus, ST2
and GATA3 follow a similar pattern of expression and play
similar functional roles in TREG cells, indicating a strong inter-
relationship between the two in orchestrating TREG adaptation in
the mucosa.

Finally, the STAT5 signaling pathway can be triggered by IL-2,
IL-7, IL-15, or TSLP. TREG cells constitutively express high levels
of the IL-2 receptor α chain (CD25), as they are highly dependent
on exogeneous IL-2 for survival, function and proliferation (121,
122). In contrast, TREG cells express little IL-7R outside of the
thymus in human and mice (123), yet IL-7 could play a role
on the expansion of TREG cells at mucosal sites (124). Although
there is little information on the role of IL-15 on TREG cells, a
recent account reveals that gut-resident T cells depend on IL-15

to enhance Foxp3 over RORγT expression and block a Th17-
driven inflammatory bowel disease (125). Finally, TREG cells in
the lungs were recently shown to express the TSLP receptor (126).
So far, however, only IL-2, in the presence of IL-33, was shown to
facilitate the expression of the ST2 receptor on TREG cells (23).
Thus, further investigation into the role of the cytokines involved
in STAT5 signaling is required.

Role of IL-33 on TREG Function
IL-33 can support many aspects of TREG cell functions. IL-33
facilitates the selective expansion of TREG cells in vitro in a
MyD88-dependent manner (127, 128). Moreover, ST2+ TREG

cells show increased suppressive capacity in vitro and in vivo in
the presence of IL-33 (127, 129, 130), although this was recently
contested (131). However, the techniques used by these groups
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FIGURE 2 | Effects of IL-33 on T cell functions. IL-33 is a multi-faceted cytokine regulating distinct T cell functions and in a highly context-dependent manner. Known

functional outcomes of IL-33 on T cell driven immune responses. (1) TREG cells: IL-33 increases proliferation of TREG cells and facilitates the production of

amphiregulin, IL-10 and TGFβ as well as low levels of IL-5 and IL-13 in a STAT5-dependent manner. (2) TH2 cells: IL-33 enhances the proliferation and the expression

of IL-5 and IL-13 in TH2 cells in a STAT5-dependent manner. (3) TH1 cells: IL-33 was shown to enhance IFNγ production in TH1 cells in a STAT4-dependent manner.

(4) TH17 cells: IL-33 was shown to inhibit IL-17 production in TH17 cells. The effects on other T cell functions remains to be assessed.

differed and this might provide insight into the modulation of
the suppressive ability of ST2+ TREG cells.

Moreover, in vivo, the increased fitness and suppressive
function of ST2+ TREG cells is also highlighted by the effect of IL-
33 on the maintenance of foxp3 expression in the gut and their
ability to suppress T-cell mediated colitis (23). Concomitantly,
ST2+ TREG cells readily expand in the mucosa during the course
of distinct infectious diseases (111, 129), where they resist the
expression of pro-inflammatory cytokines like IFNγ, even strong
polarizing conditions (129). IL-33-responsive TREG cells are
also endowed with unique cytokine production potential. For
example, ST2+ TREG cells were found to produce high levels
of IL-10, TGFβ and amphiregulin, which favor a tolerogenic
environment and the establishment of tissue repair mechanisms
(111, 129) (Figure 2). On the other hand, ST2+ TREG cells
can also express type 2 cytokines, like IL-5 and IL-13, when
stimulated in vitro in the presence of IL-33 (129). Similarly, in
mice exposed to airway allergens in combination with IL-33,
WT, but not ST2−/−, TREG cells express high levels of IL-5 and
IL-13 (131). Thus, there are reports of both highly suppressive
and pro-inflammatory ST2+ TREG cells. To answer this disparity,

it was proposed that IL-33 could facilitate the transition from
suppressive to dysregulated TREG cells in a dose-dependent
manner, although more investigations are required (56). On the
other hand, we know little about the potential effect of secondary
signals on ST2+ TREG cells, as these cells could have acquired the
ability to respond to other environmental cues.

ST2+ TREG in Disease
We do not know the full extent of the role of ST2+ TREG cells in
infectious diseases. Nonetheless, ST2+ TREG cells were shown to
(1) promote the establishment of memory T cells, (2) control the
expansion of inflammatory TH1 and TH17 cells, and (3) promote
epithelial cell repair (23, 111, 129). The role of IL-33 on TREG

cells has been studied in several infectious and non-infectious
inflammatory models. In models that elicit prominent TH1 or
TH17 responses, the role of IL-33 on TREG cells was shown to be
protective. For example, during Influenza infection, ST2+ TREG

cells accumulate in the lung where they produce amphiregulin, a
cytokine involved in tissue repair (111). Throughout infection,
ST2+ TREG cells are refractory to inflammatory signals and
resist the production of inflammatory cytokines. Moreover, in
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a mouse model of T-cell induced colitis, ST2 expression by
TREG cells was shown to be critical to prevent the onset of
disease in the gut (23). Moreover, ST2+ TREG cells are induced
upon cytomegalovirus (CMV) infection in mice where they play
a critical role in dampening liver damage (132). Finally, we
recently observed that in chronic infection with Cryptococcus
neoformans, which leads to a prominent TH17 response, ST2+

TREG cells resist the up-regulation of RORγT and the production
of IL-17 (133). However, this suppressive function of TREG cells
could have a negative impact, as it was shown that in helminth
infections ST2+ TREG cells, but not ST2−, suppress TH2 cells and
facilitate helminth fecundity (134). Similarly, a recent account
revealed that the tumor-specific release of IL-33 can promote the
accumulation of TREG cells at the site where they contribute to
tumor growth and immune evasion (135). Thus, the effect of IL-
33 was suggested to be generally protective and promote immune
regulation, notably through an enhanced suppressive ability of
TREG cells. However, this effect seems to be context-dependent,
as recent evidence reveals that IL-33 can also fuel inflammatory
responses (131, 136).

Role of IL-33 in Autoimmune Diseases
IL-33 was shown to play important roles in either driving
or dampening dysregulated T cells responses in autoimmune
diseases. Polymorphisms in the Il33 gene are detected in patients
with Alzheimer’s disease (137) and Inflammatory Bowel disease
(IBD) (138) suggesting that a complete or partial loss of function
leads to exacerbated disease (139). In addition, increased levels
of IL-33 are detected in patients with multiple sclerosis (MS)
(140), systemic lupus erythematous (SLE) (141), type 1 diabetes
(T1D) (142) and rheumatoid arthritis (RA) (143). At the steady-
state, high levels of IL-33 are produced in the central nervous
system (CNS), where it favors the release of IL-1β and IL-
10 (144). Expectedly, IL-33 is a major component of the
global inflammatory process within the CNS. In experimental
autoimmune encephalitis (EAE), a mouse model for multiple
sclerosis (MS), IL-33 plays a protective role by dampening the
generation of inflammatory astrocytes and the expansion of
effector T cells, while enhancing TREG and TH2 responses (145).
IL-33 directly attenuates the production of IL-17 and IFNγ by
pathogenic TH17 or TH1 cells (146). Moreover, adoptive transfer
of MOG-specific T cells from ST2−/− but not ST2+/+ mice fail
to prevent EAE onset in BALB/c mice, a strain that is naturally
resistant to the disease (147). On the other hand, administration
of recombinant IL-33 (rIL-33) is shown to exacerbate EAE in
C57BL/6 mice while anti-IL-33 therapy attenuates IL-17 and
IFNγ production in situ (148). This strain-specific difference may
to be due to a time or context-dependent effect of IL-33, as
signaling during the onset of disease is most likely protective,
while IL-33 activity in the later stages likely exacerbates TH1 and
TH17 responses (149).

A similarly complex role of IL-33 is found in rheumatoid
arthritis (RA). While IL-33 is produced at high levels in joints
during both RA in human and in experimental arthritis in
mice, anti-ST2 therapy significantly attenuates the progression of
disease (150). However, while ST2−/− mice show reduced disease
severity, IL-33−/− mice do not (151), although the reasons for

this difference remain unknown. Similarly, the attenuating effect
of IL-33 in the onset of disease was also shown in mouse models
of uveitis (152) and T1D (153), although this observation is yet to
be described in human disease.

Finally, IL-33 is closely associated to asthma, since it is
increased in asthmatic patients (154) andwas shown to potentiate
airway hyper-reactivity (136). Notably, IL-33 was shown to
directly impair TREG cell function during antigen-driven type 2
airway hyper-reactivity (131) and enhance TH2 differentiation
through enhanced OX40 ligand interaction (155). Interestingly,
this unexpected effect of IL-33 on TREG cells differed from prior
reports showing that IL-33 facilitated the suppressive function
of TREG cells. Future experiments will have to address these
controversial observations.

Clinical Implications of IL-33 and
Related Therapeutics
The immunomodulatory functions of IL-33 are being exploited
to develop novel therapeutic avenues. The IL-33/ST2 axis is
currently being targeted in pre-clinical studies [reviewed by
Chen et colleagues (156)]. Among the latest strategies developed
to inhibit IL-33 signaling in exacerbated type 2 immune
responses are monoclonal antibodies against IL-33 that mimic
the capturing effect of the sST2, as they bind the biologically
active IL-33 and prevent its association with the membrane
receptor (157). Similarly, the use of IL-33 traps, using the
extracellular domains of ST2 and IL1RAcP, and blocking the
membrane-bound ST2 are strategies currently being investigated
with drugs in Phase I or II clinical trials (156).

Although the rationale for the use of inhibitory drugs is
mostly based on the effects of IL-33 on innate immune responses,
the use of drugs or biologics that enhance the IL-33 signaling
pathway generally aims to target the adaptive immune response.
One notable exception is the use of IL-33 blockade in tumor
microenvironments. For example, it was recently shown that
monoclonal antibody blockade of IL-33 in mice xenografted
with human non-small-cell lung carcinoma (NSCLC) decreased
the accumulation of TREG cells and reduced macrophage M2
polarization, leading to the efficient inhibition of tumor growth
(158). Similarly, neutralization of IL-33 inhibits the development
of colorectal cancer in mice (135), as IL-33 promotes TREG

cell accumulation. On the other hand, an engineered IL-2-
IL-33 fusion protein was developed to reduce renal injury in
mice by targeting and enhancing TREG cells homeostasis and
proliferation in situ (159). Moreover, administration of IL-33
during the recovery phase of DSS-induced colitis in mice was
shown to enhance recovery, by skewing the accumulation of
TH2 and TREG cells over TH1/TH17 responses in the gut (160).
Finally, it was recently suggested to use IL-33 to potentiate highly
suppressive TREG cells ex vivo, as adoptive transfer of these cells
attenuates disease progression in a model of type 1 diabetes
(130). However, care must be taken when considering the use
of drugs that influence the IL-33 axis. For example, local IL-33
production in a mouse model of hepatocellular carcinoma was
shown to enhance CD4+ and CD8+ anti-tumor activity (135),
warranting a re-evaluation of the use of IL-33-neutralizing drugs
in tumor models.
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CONCLUSION

T cell function at mucosal sites is intimately linked to the
processes of antigen presentation, polarizing cytokine signaling,
migration to inflamed sites and the subsequent adaptation to
local conditions. The role of “alarmins” in the modulation of
mucosal T cell function is yet to be fully understood. Nonetheless,
IL-33 was shown to play a major role in this process, illustrating
the potential for other, less studied, alarmins to play similar roles.

We focused this review on the recent advances in IL-33 and T
cells, but the complexity of the relationship between the adaptive
and the innate immune response dictate further investigation
into the effect of IL-33 on APC-T cell activation. Notably, little
is known about the effect of IL-33 on the modulation of Notch
signaling, a key component of T cell differentiation.

In T cells, IL-33 plays a major role in cytokine production, cell
proliferation and immune regulation. However, many aspects of
T cell responses to IL-33 remain to be elucidated. Notably, many
reports have shown that GATA3 and STAT5 play clear roles in
promoting the transcription of il1rl1, yet the role of T-bet, STAT4,
and STAT3 remain obscure. Thus, we need more insights into
the factors that influence IL-33 signaling, from the transcription
of the receptor to its effect on the function of T cells. The
discovery that IL-33 could directly impact distinct T cell subset
differentiation and effector functions is of particular interest, as
favoring a given type of response might alter the proper course
of immune control and cause irreparable damage to the host.
Further investigation into co-stimulatory factors might reveal
how distinct alarmins influence each other. Multiple factors may
compete, synergize or otherwise influence each other in the
inflammatory “soup” to which T cells are exposed to. Finally, a
thorough understanding of the kinetics of each alarmin might
reveal the intrinsic mechanism by which competing alarmins
orchestrate the balance between inflammation and tolerance.

In summary, IL-33 can play both inflammatory and
regulatory roles during the evolution of an immune response.
A deeper understanding of the effects of IL-33 will undoubtedly
open the door toward the generation of unique therapeutic
approaches. In fact, the use of a chimeric IL2/IL33 protein
was shown to be protective in renal injury (159) and
monoclonal anti-IL-33 antibodies where shown to excert
promising effects in the control of atopic dermatitis. (161).
However, when considering a therapeutic modulation of IL-33
signaling, care must be observed in light of the multifaceted
roles of IL-33.
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Oral T. gondii infection (30 cysts of 76K strain) induces acute lethal ileitis in sensitive

C57BL/6 (B6) mice with increased expression of IL-33 and its receptor ST2 in the ileum.

Here we show that IL-33 is involved in ileitis, since absence of IL-33R/ST2 attenuated

neutrophilic inflammation and Th1 cytokines upon T. gondii infection with enhanced

survival. Blockade of ST2 by neutralizing ST2 antibody in B6 mice conferred partial

protection, while rmIL-33 aggravated ileitis. Since IL-22 expression further increased in

absence of ST2, we blocked IL-22 by neutralizing antibody, which abrogated protection

from acute ileitis in ST2 deficient mice. In conclusion, severe lethal ileitis induced by oral

T. gondii infection is attenuated by blockade of ST2 signaling and may be mediated in

part by endogenous IL-22.

Keywords: Toxoplasma gondii, IL-33/ST2 receptor, neutralizing antibody, IL-22, parasite-induced ileitis, innate

immunity

INTRODUCTION

Toxoplasma gondii is an opportunistic parasite with a worldwide distribution triggering an innate
immune response. This response characterized by a rapid recruitment of neutrophils following
the entry of infectious tachyzoites from the lumen into the intestinal mucosa eliciting a strong
inflammatory Th1 response associated with the production of IFNγ, IL-12 and TNF-α. The parasite
activates dendritic cells and macrophages to produce IL-12 leading to IFNγ expression (1). IL-17A
is involved in neutrophil recruitment following infection, important for host defense and enhances
a Th17 response via IL-17RA signaling (2). We found that IL-17RA deficient mice and B6 mice
treated with neutralizing IL-17A antibody are more resistant to T. gondii induced acute ileitis as
compared to infected B6 mice, suggesting that IL-17A contributes to the pathology of T. gondii
inflammation (3).

IL-33, previously known as IL1F11 or nuclear factor from high endothelial venules (4), is a
member of the IL-1 cytokine family (1, 5). IL-33 in the nucleus is associated with chromatin,
but the role of nuclear IL-33 is not yet clarified (6). Upon cell stress or death, biologically active
IL-33 is released and truncated by proteolytic cleavage (7). IL-33 may have a dual role in different
inflammatory conditions, depending on the specific immune mechanisms underlying disease
pathogenesis (5). IL-33R/ST2 is a stable cell marker on Th2 cells and innate immune cells (8). IL-33
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induces the production of high amounts of the Th2 cytokines IL-
5 and IL-13 by type-2 innate lymphoid cells in the intestine and
the lung. The IL-33-IL-33R/ST2 axis is involved in inflammatory
bowel diseases (IBD) (9, 10) and has a regulatory role in
experimental mouse models of IBD. IL-33 controls intestinal
permeability and negatively regulates wound healing in the colon
(11), further supporting the notion that the IL-33-IL-33R/ST2
axis may represent an effective therapeutic target in IBD.

We showed before that oral infection with cysts of T. gondii
(76K strain) caused upregulation of IL-1β and IL-17A in the
ileum with acute lethal ileitis in sensitive B6 mice. Furthermore,
both IL-1β and IL-17A are involved in acute inflammation of the
proximal intestine caused by tachyzoites invasion of the mucosa
(3, 12), while IL-22 confers protection (13).

Here we report a critical role of IL-33R/ST2 upon T. gondii
infection (76K strain). Both ST2 and IL-33 are upregulated in
the intestine and IL-33R/ST2 deficient mice have attenuated
ileitis with increased IL-22 expression. Furthermore, the blockade
of IL-22 by antibody neutralization reversed the protective
effect found in IL-33R/ST2 deficient mice. Therefore, the data
suggest that protection may be mediated by upregulation of the
protective cytokine IL-22.

RESULTS

Increased IL-33 Expression in T. gondii

Induced Acute Ileitis
Oral infection with 30 cysts of T. gondii (76K strain) causes a
rapid upregulation of IL-33 and IL-33R/ST2 gene expression in
the proximal ileum in C57BL/6 mice on day 7 (Figures 1A,B).
Furthermore, IL-33 protein increases in the ileal mucosa
(Figure 1C). To determine the source of IL-33 we performed
immunostaining and found that IL-33 is expressed in the
intestinal epithelium as well as myeloid and fibroblast like
cells in the lamina propria as reported before (14). Therefore,
we questioned whether IL-33 contributes to the inflammatory
response in T. gondii infected mice.

Diminished Intestinal Cytokine Production
in the Absence of IL-33R/ST2
Since IL-33 induces a proinflammatory response, we determined
the cytokine profile in the mucosa of the ileum upon oral T.
gondii infection, which in B6 mice has a Th1 signature. We
confirm increased production of Th1 cytokines IFNγ, TNF,
IL-12, IL-23, and IL-1β in the proximal ileum in B6 mice
upon infection, while absence of IL-33R/ST2 attenuated the
Th1 cytokine response (Figure 2). Moreover, an enhanced Th17
response with elevated IL-17A and IL-22 expression has been
reported upon T. gondii infection with diminished ileitis in IL-
17RA and IL-22 deficient mice (3, 13). Here we find augmented
IL-17A tissue levels in infected B6 mice, which further increased
in IL-33R/ST2 deficient mice (Figure 2). In conclusion, infection
with T. gondii induces proinflammatory cytokine and chemokine
responses, which are reduced in absence of IL-33R/ST2 signaling.
Therefore, we asked whether blockade of this pathway would
attenuate acute ileitis.

T. gondii Induced Ileitis Is Attenuated in
IL-33R/ST2 Deficient Mice
Using IL-33R/ST2 deficient mice, we observe a reduced severity
of T. gondii induced ileitis. Clinical signs of disease with
loss of body weight and macroscopic inflammatory alterations
of the ileum are diminished in IL-33R/ST2 deficient mice
(Figures 3D,E). Increased CXCL1/KC levels are associated with
enhanced MPO activity and neutrophil recruitment in the
mucosa of the proximal ileum, which are significantly lower
in the absence of IL-33R/ST2 (Figures 3A–C) and associated
with enhanced survival as compared to B6 mice (Figure 3F).
Microscopic analysis reveals reduced inflammation at day 7 of T.
gondii infected IL-33R/ST2 deficient mice (Figures 3G,H). While
infected B6 mice displayed severe acute inflammatory changes
in the ileum, the severity of inflammation was attenuated in IL-
33R/ST2 deficient mice (Figures 3G,H). Therefore, IL-33R/ST2
signaling mediates severe acute inflammation in the proximal
ileum, which is fatal, but significantly reduced in the absence of
IL-33R/ST2 signaling.

IL-33R/ST2 Antibody Blockade Dampens,
While Exogenous IL-33 Enhances T. gondii
Induced Ileitis
To ascertain that the protection observed is not a particularity of
the IL-33R/ST2 deficient mice, we used neutralizing IL-33R/ST2
antibody in infected B6 mice and confirm a protective effect as
observed in IL-33R/ST2 deficient mice. Neutrophil recruitment
as measured by MPO activity and the chemokine CXCL1/KC
are reduced in ileum comparable to that found in IL-33R/ST2
deficient mice (Figures 4A,B). Survival is significantly prolonged
and severity acute ileitis reduced as shown for T. gondii infected
IL-33R/ST2 deficient mice (Figures 4C,D).

To further confirm a critical role of IL-33, we investigated
whether exogenous IL-33 enhances T. gondii induced
inflammation. The injection of rmIL-33 (0.5 µg daily by
i.p. route) in infected B6 mice augmented the inflammatory
response with increased MPO activity and KC expression in the
ileum and reduced survival due to enhanced severity of the ileitis
confirmed by microscopic analysis (Figures 4E-H). Therefore,
the data strongly suggests that IL-33 signaling via IL-33R/ST2 is
critical for the inflammatory response in T. gondii induced ileitis.

Enhanced IL-22 Expression Contributes to
Attenuate Ileitis in IL-33R/ST2
Deficient Mice
IL-22 has a protective effect as reported before in T.
gondii induced acute ileitis (3, 13). We revisited IL-22
expression and found increased IL-22 expression in the
parasitized ileum of IL-33R/ST2 deficient mice (Figure 5A).
IL-33 tissue levels are decreased in IL-33R/ST2 deficient
mice, but IL-22 antibody neutralization augmented local IL-33
levels (Figure 5B).

Therefore, we asked whether exogenous rmIL-22 contributes
to the protective effect. First, we injected rmIL-22 in
infected B6 mice, and found a significant reduction of
MPO activity, KC and neutrophil recruitment (Figure 5C)
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FIGURE 1 | T. gondii infection induces IL-33 and ST2 expression in the ileum. B6 mice were infected by gavage with 35 cysts of T.gondii (76K strain) and transcripts

were measured by q-PCR in the homogenate of the proximal ileum (2 cm of jejunum) for IL−33 (A) and ST2 mRNA (B) and IL-33 protein by ELISA in intestinal

homogenate (C) at day 7 post-infection. Values are representative of two independent experiments expressed as mean ± SEM. *, **, and *** refer to P < 0.05,

P < 0.01, and P < 0.001, respectively.

and attenuated severity of ileitis (Figure 5D) with enhanced
survival in B6 mice (data not show) consistent with our
previous results (13).

In view of increased IL-22 expression and a protective
effect of exogenous IL-22, we hypothesized that IL-22 blockade
by neutralizing antibody may reduce protection from acute
ileitis in IL-33R/ST2 deficient mice. Indeed, we showed that
IL-22 antibody administration (100µg i.p. injection) largely
abrogates protection from acute neutrophil recruitment and
tissue inflammation in the infected ileum (Figures 5E, F).
Therefore, rmIL-22 attenuates T. gondii induced inflammation.
Furthermore, endogenous IL-22 contributes to the protection
observed in the absence of IL-33R/ST2 signaling. The data
suggests that IL-33 may suppress the protective action of
endogenous IL-22 in T. gondii infection.

DISCUSSION

Here we used oral T. gondii infection (76K strain) induced severe
ileitis in mice which may serve as a model of IBD (15). We
reported that IL-33R/ST2 upon T. gondii infection induced ST2,
IL-33 and IL-22 expression in the intestine. We discovered that
IL-33R/ST2 deficient mice have attenuated ileitis associated with
increased IL-22 expression. Since IL-22 antibody neutralization
reversed the protective effect in IL-33R/ST2 deficient mice, we

conclude that protection may be related to increased expression
of the cytokine IL-22, known for its protective function (13).

IL-33 has an important regulatory roles in IBD as reviewed
before (10) and we demonstrated enhanced healing in
experimental IBD models (11). However, the role of IL-33 or
IL-33R/ST2 upon T. gondii induced ileitis is unknown. Previous
work demonstrated that neuroinflammation induced by T.
gondii is IL-33-dependent, since IL-33R/ST2 deficient mice have
increased parasite growth and severe cerebral toxoplasmosis,
but the ileitis was not investigated (16). The transcription factor
trefoil 2 (TFF2) has been shown to regulate IL-33 expression
and Th2 differentiation (17), while in absence of TFF2, a Th1
response prevailed. Infected TFF2 deficient mice displayed low
parasite replication and reduced intestinal inflammation upon
T. gondii infection, whereas B6 mice experienced uncontrolled
inflammation with lethal outcome (18).

The resistance to develop ileitis observed in IL-33R/ST2
deficient mice is replicated in infected B6 mice administered ST2
neutralizing antibody. Similar data of attenuated inflammation
have been reported for other IL-33 dependent inflammatory
conditions (1, 5). Further, rmIL-33 enhanced acute ileitis in B6
mice. Therefore, IL-33 appears to be critical for the control of T.
gondii induced ileitis and we asked whether other inflammatory
cytokine are involved.

We reported before that IL-22 has a protective effect, since
IL-22 deficient mice develop acute ileitis (13) and showed
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FIGURE 2 | Reduced cytokine and chemokine production in the absence of IL-33R/ST2. Levels of IFNγ, TNF, IL-12p40, IL-1β, CXCL1/KC, and IL-17A were

determined by ELISA in homogenates of the proximal ileum at day 7 post-infection. Values are representative of two independent experiments expressed as

mean ± SEM.

here that IL-22 administration reduced epithelial barrier injury
and inflammation. By contrast, IL-17 another Th17 cytokine
enhances T. gondii induced ileal inflammation, since IL-17RA
deficient mice were protected (3). IL-10, another member of
the broader IL-22/IL-10 cytokine family, plays a critical role
in IBD as demonstrated by the spontaneous development
of IBD in IL-10 deficient mice (19, 20). Interestingly, T.
gondii infection in a model of IL-10 deficient intraepithelial
lymphocyte transfer or NKT cell deficient (Jalpha281(-/-) mice
had reduced ileitis with IL-10 expression (21, 22). Whether
IL-10-dependent mechanisms contribute to the protective IL-
33/ST2/IL-22 pathway has not been reported so far. Here we
focused on the contribution of IL-22 in IBD, but investigations on
the role of IL-10 in the protective IL-33/ST2/IL-22 axis deserves
further investigations in the future.

The finding that IL-33R/ST2 signaling suppresses IL-22 is
novel, but a recent study revealed IL-33 regulates IL-17A and
IL-22 in fungal infection (23). IL-22 neutralizing antibody

administration converted resistance to ileitis of IL-33R/ST2
deficient mice to an inflammatory Th1 phenotype, which may
be due to enhanced prostaglandin E2 production (23). A role
of increased expression of amphiregulin by IL-33 has been
shown to contribute to control experimental colitis (14), which
merits further investigations. Thus, alternative pathways may be
considered such as the activation of the NLPR3 inflammasome
complex (24), which is supported by reduced T.gondii induced
ileitis in IL-1R1 deficient mice (12). The possibility that
NLRP3/caspase-1 activation in T.gondii infection contributes to
the down-modulation of IL-33 and the Th2 response should be
considered as reported in allergic lung inflammation (25). Finally,
in view of the critical role of neutrophils in T.gondii induced
inflammation the polarization of neutrophils to express IL-17A
may be of interest as previously shown in an ischemia reperfusion
repair model (26).

In summary, IL-33R/ST2 signaling enhances T. gondii
parasite-induced inflammation and IL-22 has an important
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FIGURE 3 | T. gondii induced ileitis is attenuated in IL-33R/ST2 deficient mice. Reduced MPO activity, KC and neutrophils recruitment in the ileum of IL-33R KO mice

(A–C), macroscopic signs of colon inflammation (D) and body weight loss (E) with enhanced survival of IL-33R/ST2 mice (F) associated with reduced severity of

microscopic inflammation in the proximal ileum in the absence of ST2 (G) and semi-quantitative score of inflammation (H). Analysis at day 7 post-infection. Values are

representative of two independent experiments expressed as mean ± SEM.

protective effect (13). Resistance in absence of IL-33R/ST2
appears to be mediated by endogenous IL-22. Therefore, the
beneficial effect of IL-22 administration on toxoplasma-induced
ileitis may be relevant for human IBD of different origins.

MATERIALS AND METHODS

Mice
IL-33R/ST2 T1/ST2-deficient mice (27) were back-crossed 8
times on C57BL/6J genetic background and bred with wild-type
littermates in our animal facility at the Transgenose Institute
(CNRS, TAAM, Orleans, France). All animal experimental
protocols complied with the French ethical and animal
experiments regulations (see Charte Nationale, Code Rural R
214-122, 214-124 and European Union Directive 86/609/EEC)

and were approved by the “Ethics Committee for Animal
Experimentation of CNRS Campus Orleans” (CCO), registered
(N◦3) by the French National Committee of Ethical Reflexion for
Animal Experimentation (CLE CCO 2012-042).

Inoculation of T. gondii Cysts and
Administration of IL-33, IL22, IL-33R, and
IL-22 Neutralizing Antibodies
C57BL/6 (B6) and IL-33R/ST2 deficient mice were inoculated
by gavage with 30 cysts of the 76K strain obtained as described
before (13). Groups of 5 to 8 female mice of 8–12 weeks were
used and the studies were repeated twice. Additional groups of
mice were injected daily intraperitoneally with 0.5 µg of rm IL-
33 (aa 109–266) or 5µg rmIL-22 daily R&D system). Neutralizing
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FIGURE 4 | Neutralization of IL-33 attenuates, while rmIL-33 aggravates ileitis in BL6 mice. Antibody IL-33R/ST2 neutralization reduces MPO activity (A) and

CXCL1/KC (B), and enhances survival (C) associated with attenuated microscopic inflammation (D). By contrast, rmIL-33 augments MPO activity, CXCL1/KC,

survival and severity of Inflammation (E–H). Analysis at day 7 post-infection. Values are representative of two independent experiments.

rmIL-22 (R&D system) antibody and IL-33R/ST2 (gift from Dr.
Dirk Smith, Amgen) antibody were injected at 50 µg per mouse
or isotype control (rat IgG1, R&D system) on days 1, 3, and 5 after
oral infection. The mice were analyzed at day 7 for neutrophil
recruitment in the ileum and morphological alterations of the
proximal ileum and additional groups were used for survival.

RNA Extraction and PCR in Ileum
Ileum from control and infected B6 mice was collected, snap-
freezed in liquid nitrogen and kept at −80◦C. Total RNA
were isolated from 100mg of intestinal tissue homogenized
with 1mL of TRI Reagent R© (Sigma) using TRIzol/Chloroform
extraction as described (13). RNA was then precipitated in
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FIGURE 5 | IL-22 confers protection in IL-33R/ST2 deficient mice upon T. gondii infection Infection by T. gondii infection induces enhanced IL22 mRNA and protein

expression in ST2 deficient mice (A, B) and increased IL-33 expression (B). Administration of rmIL-22 reduces MPO activity, CXCL1/KC levels, neutrophil recruitment

(C) and severity of ileitis in B6 mice (D). By contrast, IL-22 antibody blockade in IL-33R/ST2 deficient mice increased MPO activity, CXCL1/KC levels and neutrophil

recruitment (E) and enhanced severity of ileitis (F). Analysis at day 7 post-infection. Values are representative of two independent experiments.

isopropanol, washed with 75% ethanol and resuspended in
RNase-free water. Reverse transcription was performed on 1 µg
of RNA using GoScript Reverse transcription system (Promega).
Quantitative real-time PCR were realized on cDNA obtained
using primers for Il22, Il33, and St2 (Qiagen), GoTaq R© qPCR-
Master Mix (Promega) and detected on a Stratagene Mx3005P

(Agilent technologies). At the end of the PCR amplification,
a DNA melting curve analysis was carried out to confirm the
presence of a single amplicon. Gapdh expression was used for
normalization of transcript levels. Relative mRNA levels were
determined using (2−11Ct) method, determined by comparing
(i) the PCR cycle thresholds (Ct) for the gene of interest
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and Gapdh (1Ct) and (ii) 1Ct values for treated and control
groups (11Ct).

Cytokine Measurement
Cytokine production for IFNγ, CXCL1/KC, IL-1β; IL-12p40,
TNF-α, IL-17A, and IL-22 was evaluated in proximal ileum
homogenate using commercial ELISA kits according to the
manufacturer’s instructions. Concentrations were normalized
with organ weight and expressed in quantity per mg of tissue.

Myeloperoxidase Activity (MPO) in Ileum
MPO activity was evaluated in tissues of the small intestines as
described. In brief, the right heart ventricle was perfused with
saline to flush the vascular content and ileum was frozen at
−20◦Cuntil use. Ileumwas homogenized in PBS byUltra Turrax,
centrifuged and the supernatant was discarded. The pellets were
resuspended in 1ml PBS containing 0.5% hexadecyltrimethyl
ammonium bromide (HTAB) and 5mM ethylene-diamine
tetra-acetic acid (EDTA). Following centrifugation, 150 µl of
supernatants were placed in test tubes with 200 µl PBS-
HTAB-EDTA, 1ml Hanks’ balanced salt solution (HBSS), 100
µl of o-dianisidine dihydrochloride (1.25mg.ml−1), and 100
µl H2O2 0.05%. After 15min of incubation at 37◦C in an
agitator, the reaction was stopped with 100 µl NaN3 1%.
The MPO activity was determined as absorbance at 460 nm
against medium.

Isolation of Lamina Propria Mononuclear
Cells and Flow Cytometry
The small bowel was flushed with PBS and opened longitudinally,
cut into 1 cm pieces and incubated in PBS/EDTA 3mM during
20min at 37◦C under magnetic agitation. Pieces were then
cut into 1mm pieces and incubated in RPMI containing 0.5
mg/mL type IV collagenase (Life technologies), 1 ng/mL DNase
(DN25, Sigma), 5% FCS (Perbio) and incubated 15min at 37◦C
under magnetic agitation. Tissue debris and cell aggregates were
removed by passage several times over a 10mL syringe. Cells
were filtered on 70µm cells strainers and centrifuged 7min at
1,700 rpm. Cells pellets were resuspended in 40% Percoll faction,
overlayed on the top of a 80% Percoll fraction and centrifuged
20min at 3,000 rpm without brake. LPMCs are collected in a
white ring at the interphase of the two different percoll solutions
and washed by RPMI 1640. Cells were then suspended in RPMI
1640 for experiments and 105 cells/mouse were stained by anti-
CD11b PerCP Cy5.5 (Clone M1/70, BD Pharmingen) and anti-
Ly6G PE-Cy7 (Clone RBL6-8C5, eBioscience) antibodies or by

control isotypes in presence of Fc Block (anti-CD32/CD16)
(Clone 24.G2, BD Pharmingen). FACS staining was assessed on
a BD CANTO II cytometer and analyzed with FlowJo Software as
described (13).

After 15min of incubation at 37◦C in an agitator, the reaction
was stopped with 100 µl NaN3 1%. The MPO activity was
determined as absorbance at 460 nm against medium.

Macroscopic and
Microscopic Investigations
Proximal jejunum was collected 7 days after the infection,
macroscopically observed to identify major alterations,
fixed in 4% buffered formaldehyde and processed under
standard conditions. Tissue sections (3µm) were stained with
haematoxylin and eosin. The inflammatory cell infiltrate with
epithelial lesion was assessed by a semi-quantitative score from 0
to 5 (with increasing extent) by two independent, blinded experts
(BR and PR) as described before (13).

Statistical Analysis
Data were analyzed using Prism version 5 (Graphpad Software,
San Diego, CA). The non-parametric Kruskal-Wallis test with
Dunn’s multiple comparison test or the parametric one-way
ANOVA test with multiple Bonferroni’s comparison test were
used. Data were considered significant when p < 0.05 (∗), 0.01
(∗∗), 0.001 (∗∗∗), or 0.0001 (∗∗∗∗).
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Background: Epithelial cytokines, including IL-33 and Thymic stromal lymphopoietin

(TSLP), have attracted interest because of their roles in chronic allergic

inflammation-related conditions such as asthma. Mast cells are one of the major

targets of IL-33, to which they respond by secreting cytokines. Most studies performed

thus far have investigated the acute effects of IL-33 on mast cells. In the current study,

we investigated how acute vs. prolonged exposure of mast cells to IL-33 and TSLP

affects mediator synthesis and IgE-mediated activation.

Methods: Human lung mast cells (HLMCs), cord blood-derived mast cells (CBMCs),

and the ROSA mast cell line were used for this study. Receptor expression and the levels

of mediators were measured after treatment with IL-33 and/or TSLP.

Results: IL-33 induced the release of cytokines. Prolonged exposure to IL-33

increased while TSLP reduced intracellular levels of tryptase. Acute IL-33 treatment

strongly potentiated IgE-mediated activation. In contrast, 4 days of exposure to IL-33

decreased IgE-mediated activation, an effect that was accompanied by a reduction in

FcεRI expression.

Conclusion: We show that IL-33 plays dual roles in mast cells, in which its acute effects

include cytokine release and the potentiation of IgE-mediated degranulation, whereas

prolonged exposure to IL-33 reduces IgE-mediated activation. We conclude that mast

cells act quickly in response to the alarmin IL-33 to initiate an acute inflammatory

response, whereas extended exposure to IL-33 during prolonged inflammation reduces

IgE-mediated responses. This negative feedback effect suggests the presence of a novel

regulatory pathway that modulates IgE-mediated human mast cell responses.

Keywords: FcεRI, IgE, IL-33, mast cells, TSLP

203

https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org/journals/immunology#editorial-board
https://www.frontiersin.org/journals/immunology#editorial-board
https://www.frontiersin.org/journals/immunology#editorial-board
https://www.frontiersin.org/journals/immunology#editorial-board
https://doi.org/10.3389/fimmu.2019.01361
http://crossmark.crossref.org/dialog/?doi=10.3389/fimmu.2019.01361&domain=pdf&date_stamp=2019-06-19
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles
https://creativecommons.org/licenses/by/4.0/
mailto:gunnar.p.nilsson@ki.se
https://doi.org/10.3389/fimmu.2019.01361
https://www.frontiersin.org/articles/10.3389/fimmu.2019.01361/full
http://loop.frontiersin.org/people/608430/overview
http://loop.frontiersin.org/people/675357/overview
http://loop.frontiersin.org/people/720368/overview
http://loop.frontiersin.org/people/739716/overview
http://loop.frontiersin.org/people/409135/overview
http://loop.frontiersin.org/people/44667/overview


Rönnberg et al. IL-33 Mediated Mast Cell Activation

INTRODUCTION

Compelling evidence suggests that epithelial cell-derived
cytokines, such as thymic stromal lymphopoietin (TSLP), and
interleukin (IL) 33 (IL-33), are strongly involved in the initiation
and/or perpetuation of allergy and chronic inflammatory lung
diseases such as asthma (1–3). Data have accumulated over the
years from extensive investigations performed in experimental
models, both in vivo and in vitro, as well as from genome wide
association studies (4) and clinical trials (5). Both TSLP and
IL-33 are released from epithelial cells in response to pathogens,
environmental pollutants and allergens, or, in the case of IL-33,
as a result of cell damage. Cells that respond to TSLP and IL-33
include T-lymphocytes, type 2 innate lymphoid cells, eosinophils,
neutrophils, basophils and mast cells, many of which are often
associated with type 2 immune responses, such as allergies (6, 7).

Mast cells are normally located just beneath epithelial cells,
and in asthma, they are also found within the intraepithelial cell
layer, and they are therefore capable of rapidly responding to
TSLP and IL-33 released from epithelial cells (8). In contrast to
allergen-induced cross-linkage of the IgE receptor, neither TSLP
nor IL-33 causes acute mast cell exocytosis, i.e., the release of
histamine, proteases, and other mediators stored in the granules.
Instead, Th2 cytokines are prominently induced in response to
TSLP and IL-33 (9–11). Interestingly, IL-33 is the sole alarmin
that is released from damaged cells that can immediately activate
mast cells to induce an inflammatory response and recruit
granulocytes (12, 13). Whether mast cells also synthesize lipid
mediators, such as prostaglandins and leukotrienes, in response
to TSLP and IL-33 is less clear and might depend on species
differences and/or the type of mast cell (10–12, 14–17). Although
it does not induce mast cell degranulation on its own, IL-33
increases the synthesis and therefore the amount of pre-stored
granule mediators (18, 19) and augments IgE-mediated mast cell
activation (15, 20, 21), and it can therefore potentially aggravate
an allergic reaction.

Most of the pioneering experimental studies that have
analyzed the effects of TSLP and IL-33 onmast cell degranulation
and cytokine production have explored the acute treatment
of mast cells, i.e., a timescale of minutes to a few hours
(22). Those results can probably be accurately transferred to
an acute inflammatory situation in which mast cells should
respond to “danger,” such as trauma. However, during prolonged
chronic inflammation, such as asthma, the expression of IL-
33 is increased in both epithelial cells and airway smooth
muscle cells (23, 24), two compartments of the asthmatic lung
that are associated with increased mast cell numbers (25–
27). We therefore asked how human mast cell functions are
affected by acute and prolonged exposure to IL-33 and/or
TSLP. The expression profiles of receptors for IL-33 and TSLP
were analyzed in human lung mast cells (HLMCs), primary
developed mast cells, and mast cell lines. The effects of acute
or prolonged exposure to IL-33 and/or TSLP on mediators,
receptors, and IgE-mediated activation were analyzed. Our
results reveal that IL-33 increases the FcεRI-mediated response
when cells are concomitantly exposed to IL-33 and an antigen,
whereas prolonged exposure to IL-33 inhibits FcεRI expression

and thereby diminishes IgE-mediated mast cell degranulation.
IL-33 may therefore play a significant role in the regulation of
mast cell reactivity in IgE-associated chronic inflammation.

METHODS

Cell Culture and in vitro Stimulations
The human mast cell line ROSAWT KIT (28) was cultured
in IMDM supplemented with 10% fetal calf serum, 2mM L-
glutamine, 100µg/mL streptomycin, 100 IU/mL penicillin, and
80 ng/mL murine stem cell factor (SCF). Cord blood -derived
mast cells (CBMCs) were cultured as previously described (29).
Single cell suspensions obtained from human lung tissue, for
the analysis of HLMCs, were obtained as previously described
(30) and maintained in RPMI 1640 medium (Sigma Aldrich)
supplemented with 10% fetal calf serum, 100 ng/ml hSCF, 0.01M
HEPES, 0.5x non-essential amino acids, 2mM L-glutamine,
100 units/ml penicillin, 0.1 mg/ml streptomycin, and 48µM β-
mercaptoethanol (Sigma Aldrich). The access to human lung
tissue and number of cells obtained was limited therefore
these cells were only used for selected experiments, primary
CBMC and in some cases the cell-line ROSA cells was used as
substitutes. Cells were stimulated with 10 ng/ml TSLP and/or
10 ng/ml IL-33 (Peprotech, Rocky Hill, NJ, USA). The cytokine
concentration was chosen based on published data (10, 11, 17).
The acute response was analyzed after either 1 h (degranulation
and lipid mediator response that occur within 15min after
mast cell activation) or 24 h (cytokine release that occurs later
after transcription, translation and secretion) of stimulation and
the prolonged response after 4 days with daily addition of
the cytokines without media change. To measure the levels of
FcεRI receptor (in ROSA cells and CBMCs) and the amount of
degranulation induced by FcεRI crosslinking (CBMCs), 10 ng/ml
IL-4 (Peprotech) was added 4 days prior (unless otherwise stated)
and 1µg/ml human IgE (Calbiochem, Minneapolis, MN, USA)
was added 1 day prior to crosslinking [plasma concentration
of IgE in healthy individual is <1µg/ml, in atopic individuals
this is elevated and a plasma concentration above 0.5µg/ml
is predictive of allergy (31)]. After removal of unbound IgE
by washing, cells were cross-linked with various concentrations
of anti-IgE antibody (Sigma), and calcium ionophore A23187
(2µM, Sigma) was used as a positive control for activation. In
some experiments (indicated in the figure legends) performed to
measure lipid mediators, the cells were pretreated with 10 ng/ml
IL-4 and 5 ng/ml IL-3 for 4 days.

Measurement of Mediator Release
Released histamine was measured using a histamine release
test kit according to the manufacturer’s instructions (RefLab,
Copenhagen, Denmark). Briefly, this test is based on the
adsorption of histamine to glass fiber-coated microtiter plates.
The glass fibers bind histamine with high affinity and selectivity.
The plates were sent to RefLab, and histamine was detected
fluorometrically (OPA-method) by HISTAREADERTM 501-1.
PGD2 was measured using a Prostaglandin D2-MOX ELISA kit
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(Caymen Chemical, Ann Arbor, MI. USA), and the levels of IL-
1β, IL-5, MCP-1, MIP-1α, GM-CSF, and TNF were analyzed with
Luminex (BioRad, Hercules, CA, USA).

Flow Cytometry
The following antibodies were used: ST2-FITC (clone B4E6,
MD Bioproducts, Zürich, Switzerland), IL7R-PE (clone A019D5,
Biolegend, San Diego, CA, USA), TSLP-R-PE (clone 1B4,
Biolegend), FcεRIα-PE (clone AER-37 (CRA-1), Biolegend),
CD63-Pe-Cy7 (Clone H5C6, BD Biosciences, San Jose, CA,
USA), tryptase (clone G3, Millipore, Burlington, MA, USA)
conjugated in-house with an Alexa Fluor 647 Monoclonal
antibody labeling kit (Invitrogen), chymase (clone B7, Millipore)
conjugated in-house with a PE Conjugation Kit (Abcam,
Cambridge, UK) or CPA3 (clone CA5, a kind gift from Andrew
Walls, Southampton, UK) conjugated in-house with an Alexa
FluorTM 488 Antibody Labeling Kit (Thermo Fisher Scientific,
Waltham, MA, USA). Human lung cells were stained with
BD HorizonTM Fixable Viability Stain 450 (BD Biosciences)
and CD45-V500 (Clone HI30, BD Biosciences), CD14- APC-
Cy7 (Clone M5E2, Biolegend), and CD117-APC (clone 104D2,
BD Biosciences) antibodies; and mast cells were gated as live,
CD45+, CD14low CD117high. For intracellular staining, cells
were fixed with 4% PFA and permeabilized using PBS-S buffer
(0.1% saponin in PBS with 0.01M HEPES). Unspecific binding
was blocked using blocking buffer (PBS-S with 5% dry milk
and 2% FCS). The cells were analyzed using a BD FACSCanto
system (BD, Franklin Lakes, NJ, USA), and FlowJo software
(FlowJo LLC, Ashland, OR, USA) was used for flow cytometry
data analysis.

Quantitative PCR
RNA was extracted using an RNeasy Plus Mini Kit (Qiagen,
Hilden, Germany), cDNA was prepared using an iScript
cDNA synthesis kit (Bio-Rad), and qPCR was performed
using iTaq Universal SYBR Green Supermix (Biorad) on a
CFX96 Real-time system (Biorad). The following primers were
used: GAPDH (5′- CCACATCGCTCAGACACCAT-3′ and 5′-
GGCAACAATATCCACTTTACCAGAG-3′), FcεRIα (5′-CGC
GTGAGAAGTACTGGCTA-3′ and 5′-TGTGACCTGCTGCTG
AGTTG-3′), FcεRIβ (5′-TGCAGTAAGAGGAAATCCACCA-3′

and 5′-TGTGTTACCCCCAGGAACTC-3′), and FcεRIγ (5′-
CCAGCAGTGGTCTTGCTCTT-3′ and 5′-AGGCCCGTGTAA
ACACCATC-3′). The results were calculated using the 11CT
method, and CT values were normalized to the housekeeping
gene GAPDH and related to the unstimulated control.

Statistical Analysis
Data are shown as the mean ± the standard error of the mean
(SEM). Statistical analyses were performed with GraphPad Prism
software version 7.0b. D’Agostino and Pearson normality test
or when n was smaller than eight Shapiro-Wilk normality test
was performed. For normally distributed data Student’s t-test
was performed when comparing two groups, and when more
than two groups were compared, one- or two-way ANOVA with
Bonferroni’s post hoc test was performed. For data that did not
pass the normality test, Mann-Whitney or Wilcoxon test (paired

data) was performed when comparing two groups, and when
comparing more than two groups Kruskal-Wallis with Dunn’s
multiple comparisons test was performed (∗, P < 0.05; ∗∗, P <

0.01; ∗∗∗, P < 0.001; ∗∗∗∗, P < 0.0001).

RESULTS

Expression of Receptors for IL-33 and
TSLP on Mast Cells
The surface expression levels of different receptors for IL-33
(ST2) and TSLP (TSLP-R and IL7R) were analyzed in mast cell
line ROSA and primary CBMCs and HLMCs by flow cytometry.
The surface expression level of TSLP-R was higher in ROSA
cells than in the primary CBMCs and HLMCs (Figure 1A). IL7R
staining was very low in all cells analyzed (Figure 1B) but all
cells had detectable levels of the IL-33 receptor ST2 (Figure 1C).
When the mast cells were treated for 4 days with IL-33, the
surface expression level of TSLP-R increased, and this effect
was counteracted by TSLP, possibly via the internalization of
the receptor (Figure 1D). The addition of TSLP also reduced
surface staining for IL7R (Figure 1E). To confirm that TSLP
induced the internalization of the receptor we also stained fixed
and permeabilized cells, staining both surface, and intracellular
TSLP-R and in this case the TSLP-R was equally induced in the
IL-33 and the IL-33 plus TSLP group (Supplementary Figure 1).
None of the cytokines had any significant effect on ST2 receptor
expression (Figure 1F).

Degranulation After Prolonged Exposure to
IL-33 and TSLP
It has been reported that neither IL-33 nor TSLP causes mast
cell degranulation (9–11, 20, 32), and our results confirm this
finding because no histamine was released after 1 h of stimulation
(Figures 2A,C); however, after 4 days of stimulation, IL-33
caused a small but significant increase in the release of histamine
in CBMCs (Figure 2D), and the combined addition of IL-33 and
TSLP induced histamine release in ROSA cells (Figure 2B).

Prostaglandin D2 and Cytokine Release
Induced by IL-33
The results of reports regarding whether IL-33 induces the
release of lipid mediators in mast cells have been inconsistent
(10, 12, 14–17). We observed considerable variation in the basal
levels of PGD2 released from different CBMC cultures: in some,
there appeared to be an increase following IL-33 stimulation,
whereas there was no change in others. Collectively, our results
indicated there was no significant increase overall (Figure 3A).
Pretreating the cells with IL-4 and IL-3 for 4 days increased the
amount of PGD2 released but did not increase the number of
CBMC cultures that responded to IL-33 (Figure 3B). Increasing
the IL-33 concentration from 10 to 100 ng/ml did not increase
the number of CBMC cultures that responded either (data not
shown). TSLP did not induce any PGD2 release (data not shown).
All cultures treated with calcium ionophore A23187 (used as a
positive control) exhibited a substantial increase in the amount
of PGD2 released following this treatment (Figure 3C). There
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FIGURE 1 | Expression of receptors for IL-33 (ST2) and TSLP (TSLP-R/IL7R) on various human mast cells. Surface expression of TSLP-R (A), IL7R (B), and ST2 (C)

on ROSA (A–F), CBMC (A–C), and HLMCs (A–C) was measured by flow cytometry. Representative histograms in which dotted lines represent the respective isotype

controls are shown for different cell lines to the left, and quantification of the data is shown to the right (A–C). Mast cells were treated with 10 ng/ml IL-33, TSLP or a

combination or both repeatedly for 4 days; thereafter, surface expression of TSLP-R (D), IL7R (E), and ST2 (F) was measured by flow cytometry. The median

fluorescent intensity (MFI) of the receptors was normalized to the respective isotype control. Data shown were pooled from three independent experiments, n = 3–6.

was no detectable release of cysteine leukotrienes in response
to IL-33 or TSLP (data not shown). Mast cells can store some
cytokines in their granules and release them directly upon
degranulation, but activation can also induce de-novo synthesis

of cytokines (33). Since we did not detect any degranulation by
IL-33 (Figures 2A,C) we measured cytokine release after 24 h to
detect de-novo synthesized cytokines. IL-33 caused a significant
increase in the cytokines IL-5, GM-CSF and TNF (Figures 3D–F)
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FIGURE 2 | Histamine release induced by prolonged exposure to IL-33. ROSA cells (A,B) or CBMCs (C,D) were treated with 10 ng/ml IL-33, TSLP or a combination

of both for 1 h (A,C) or treated repeatedly (every day) for 4 days (B,D). Thereafter, supernatants were collected, and histamine was measured. Data shown were

pooled from 3 to 5 independent experiments, n = 6–10.

but did not affect the amount of IL-1β, MCP-1 (CCL2), and
MIP-1α (CCL3) released (Figures 3G–I).

Effects on Mediator Storage by IL-33
and TSLP
Next, we investigated whether the storage of mast cell mediators
would be affected by 4 days of exposure to IL-33 and TSLP.
Intracellular tryptase was increased by IL-33 but decreased by
TSLP in ROSA cells (Figure 4A). IL-33 also increased tryptase
storage in CBMCs, while TSLP alone had no effect in these mast
cells (Figure 4B). Neither IL-33 nor TSLP had any effect on
the intracellular storage of the mast cell proteases chymase and
CPA3 in CBMCs (Figures 4C,D). Chymase was not detectable
and CPA3 was very low in ROSA cells, and the addition of IL-33
and/or TLSP did not affect the levels (data not shown). Nor did
IL-33 and/or TLSP affect the storage of intracellular histamine
(Figures 4E,F).

Effects on IgE-Mediated Degranulation
by IL-33
It has previously been demonstrated that IL-33 potentiates IgE-
mediated degranulation (15, 19–21). Pretreatment with IL-33
for 1 h prior to FcεRI crosslinking increased both surface CD63
expression and histamine release (Figures 5A,C). In contrast,

when CBMCs were repeatedly treated with IL-33 for 4 days,
IgE-mediated degranulation was significantly decreased, with
reduced induction of CD63 surface expression and histamine
release compared to the untreated group (Figures 5B,D).
Pretreatment with TSLP for 4 days had no effect on IgE-mediated
degranulation (data not shown).

FcεRI Surface Receptor Expression Is
Decreased by 4 Days of IL-33 Treatment
To further investigate a possible mechanism that could underlie
the observed decrease in degranulation, we next investigated the
effect of IL-33 and TSLP on surface expression of the FcεRI
receptor. We found that 4 days of treatment with IL-33 caused
a dramatic decrease in the surface expression of the FcεRI
receptor in ROSA cells, CBMCs, and HLMCs (Figures 6A–C). In
ROSA cells, TSLP also caused a significant drop in FcεRI surface
staining (Figure 6A). Since human mast cells grown in culture
express very low levels of FcεRI, we added IL-4 to upregulate
the receptor in ROSA cells and CBMCs (Figures 6A,B). To
investigate whether IL-33 reduces receptor expression simply
by blocking IL-4-mediated receptor upregulation, IL-4 was
added 4 days prior to a media change, and IL-33 and TSLP
addition. Also, in this experiment, IL-33 downregulated the
FcεRI receptor, indicating that a blockade of IL-4-mediated
upregulation is not the mechanism that reduces FcεRI receptor
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FIGURE 3 | Prostaglandin D2 and cytokine release in response to IL-33. CBMCs were treated for 1 h (A–C) or 24 h (D–I) with 10 ng/ml IL-33 or 2µM A23187, and

supernatants were collected. PGD2 (A–C) was measured using ELISA, and cytokines were measured using Luminex assays (D–I). The CBMCs shown in (B) were

pretreated with 10 ng/ml IL-4 and 5 ng/ml IL-3 for 4 days. Data shown were pooled from 5 to 9 independent experiments, n = 5–9.

surface expression. However, the reduction of FcεRI by TSLP
was absent in this case, indicating that TSLP is blocking the IL-4
mediated upregulation (Figures 6D,E). In addition, we exposed
ROSA cells to IL-33 and TSLP without the addition of IL-4
and although the receptor expression is low in this case, IL-33
caused a reduction (Supplementary Figure 2). HLMC that are
extracted from human lung tissue have a natural high FcεRI
expression therefore IL-4 was not added to these cells and IL-
33 caused a decrease also in these cells (Figure 6C). Altogether,

these data indicate that the downregulation of FcεRI by IL-33 is
independent of IL-4.

IL-33 Decreases the Expression of FcεRI
The FcεRI receptor consists of four chains, including one α-, one
β- and two γ -chains, which are regulated at both the protein
and mRNA levels (34). We therefore next investigated whether
IL-33 affects the mRNA expression of the different subunits of
this receptor. We found that 4 days of treatment with IL-33

Frontiers in Immunology | www.frontiersin.org 6 June 2019 | Volume 10 | Article 1361208

https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles


Rönnberg et al. IL-33 Mediated Mast Cell Activation

FIGURE 4 | Changes in mediator storage after 4 days of treatment with IL-33 and TSLP. ROSA cells (A,E) or CBMCs (B–D,F) were repeatedly treated every day for 4

days with 10 ng/ml IL-33, TSLP or a combination of both; thereafter, the levels of the proteases tryptase (A,B), chymase (C), and CPA3 (D) were measured by

intracellular flow cytometry staining, and total histamine content (E,F) was measured by a histamine release test kit. The MFI of protease expression was normalized to

the respective isotype control. (A) a representative of three independent experiments, n = 3. Data shown were pooled from 5 (B), 2 (C,D), 3 (E), and 6 (F)

independent experiments, n = 4–12.
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FIGURE 5 | Effect of IL-33 on mast cell degranulation by FcεRI crosslinking. CBMCs were treated with 10 ng/ml IL-33 for 1 h (A,C) or repeatedly every day for 4 days

(B,D); thereafter, they were stimulated various concentrations of anti-IgE. Degranulation was measured by the detection of surface CD63 with flow cytometry (A,B) or

as histamine release (C,D). Data shown were pooled from 3 independent experiments, n = 3.

significantly reduced the levels of all subunits, indicating that
the relevant regulatory mechanism occurs at the mRNA level
(Figures 7A–C).

DISCUSSION

Compelling evidence indicates that IL-33 acts as an alarmin to
activate mast cells in an acute manner, resulting in the release
of pro-inflammatory mediators (22). In the present study, we
demonstrate an opposite effect of IL-33 by which prolonged
exposure to IL-33, down-regulates the high-affinity IgE receptor
and reduces the allergic response (Figures 5, 6). Thus, IL-33
appears to have divergent functions on mast cells, including an
acute effect by which it induces the release of cytokines (Figure 3)
and consequentially acute inflammation and a dampening effect
observed in cells exposed to IL-33 for a longer period, such as
during chronic inflammation (2).

We also investigated the surface expression of receptors for
IL-33 and TSLP, including ST2, TSLP-R and IL7R, in the mast
cell line ROSA as well as primary CBMCs and HLMCs. Similar
to previously published reports, we found that all of these
cells expressed the ST2 receptor (Figure 1C) (10, 11, 14, 35);
however, contrary to Kaur et al. (35), we did not observe any
increase in the surface expression of ST2 after IL-33 treatment
(Figure 1F), possibly because we exposed the cells to IL-33
for different periods of time (24 h vs. 4 days). TSLP-R surface
staining was stronger in the mast cell lines than in primary
mast cells (Figure 1A), and the ROSA mast cells were the only
cells that responded to TSLP, with no response observed in the
primary cells (Figures 4A,B, 6A–E). However, exposure to IL-33
upregulated TSLP-R surface expression (Figure 1D), and in some
cases, we also observed that TSLP affected primary cells when
added in combination with IL-33 (Figure 2D), possibly because
of the upregulation of its receptor. IL7R surface staining was very
low in all cells, but when cells were treated with TSLP, it was
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FIGURE 6 | Decrease in FcεRI surface expression by IL-33. ROSA cells (A,D), CBMCs (B,E), or HLMCs (C) were repeatedly treated every day for 4 days with

10 ng/ml IL-33, TSLP or a combination of both. In addition, IL-4 was added on day 0 (A,B) or 4 days prior to the addition of IL-33 and TSLP (D,E) to upregulate the

FcεRI receptor. IL-4 was not added to HLMCs (C). Surface FcεRIα receptor expression was measured by flow cytometry; representative histograms are shown in

(A–C) and quantification of the expression is shown below. The MFI of FcεRI was normalized to that of the isotype control. Data shown were pooled from 3 to 5

independent experiments, n = 6–10.

even lower, suggesting that although it is expressed at very low
levels, it is still functional and internalized upon ligand binding
(Figure 1E).

Several studies have previously demonstrated that IL-33
induces the release of cytokines from mast cells (10–12, 14, 15,
20, 21, 32, 36). Studies have also shown that IL-33 induces the
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FIGURE 7 | Decrease in mRNA expression of the FcεRI receptor by IL-33. CBMCs were repeatedly treated every day for 4 days with 10 ng/ml IL-33, TSLP or a

combination of both. In addition, IL-4 was added on day 0. The mRNA expression level of the different subunits of the FcεRI receptor were quantified using qPCR

(A–C). Expression was normalized to that of the housekeeping gene GAPDH and thereafter to the unstimulated control. Data shown were pooled from six

independent experiments, n = 6.

release of lipid mediators (12, 14, 16, 17), while other studies
have reported no lipid mediator release in response to IL-33
(10, 11, 15). We also observed that IL-33 induced the release
of cytokines (Figures 3D–I); however, there was high donor
to donor variation in PGD2 release, resulting in no significant
change overall (Figures 3A,B). The reason for this variation
between donors remains unresolved, and further studies are
needed to determine why some patients do not release PGD2 in
response to IL-33.

IL-33 has been proposed to be important for the maturation of
mast cells because it increases storage of the mast cell proteases
tryptase and CPA3 as well as the amine serotonin (10, 16,
18, 19). In our experiments, 4 days of exposure to IL-33 also
increased, whereas TSLP decreased, the intracellular level of
tryptase. These findings are in contrast to the results presented
by Lai et al. who found that storage of tryptase was increased
by TSLP (16). This difference could be because we used mature
CBMCs (more than 8 weeks in culture), while they added TSLP
when the cultures of cord blood cells were begun in order to
develop them into mast cells. They also cultured the cells in
the presence of TSLP for 3 weeks, while we did so for only 4
days. Interestingly, this was the only experiment in our study
in which IL-33 and TSLP exerted opposing effects. We did not
observe any change in chymase and CPA3 expression after 4
days of stimulation, in agreement with the results presented in
Lai et al. (16). However, they reported that CPA3 expression
was increased after 3 weeks of treatment. Human mast cells
do not contain as much serotonin as is contained in mouse
mast cells, but they store more histamine (37). We therefore
investigated whether the storage of histamine was affected by
IL-33 and TSLP, but we observed no change after 4 days of
treatment (Figures 4E,F).

Previous studies have shown that neither IL-33 nor TSLP
alone induces acute mast cell degranulation (21, 38, 39), and
this finding was also confirmed in this study (Figures 2A,C).
However, 4 days of exposure to IL-33 induced partial exocytosis
and histamine release (Figures 2B,D). Similar to previous studies

(21, 39), we found that 1 h of pretreatment with IL-33 strongly
potentiated the mast cell degranulation induced by crosslinkage
of the IgE- receptor (Figures 5A,C). In contrast, 4 days of
exposure to IL-33 had the opposite effect, with the treated cells
exhibiting less degranulation than was observed in the untreated
group (Figures 5B,D). Jung et al. also showed that prolonged
exposure to IL-33 induced a hyporesponsive phenotype in mast
cells. They investigated the cause of this hyporesponsiveness in
mouse mast cells and observed that while there was no difference
in FcεRI receptor expression, but Hck expression was decreased
(40). We did not observe any change in Hck expression (data
not shown) in human mast cells, but FcεRI surface receptor
expression dropped dramatically in both human ROSA cells and
primary CBMCs as well as in primary mast cells isolated from
human lungs (Figures 6A–C). FcεRI expression can be regulated
at both the mRNA and protein level (34); IL-33 mediated the
downregulation of FcεRI by decreasing the mRNA expression
levels of the different subunits (Figures 7A–C). Since IL-33
activates mast cells to release various cytokines it is not clear if
the observed long-term effect of IL-33 is a direct effect or if it is
a secondary consequence of the mediators that are released by
IL-33 activation. This warrants further investigation to clarify.

Mast cells are very potent pro-inflammatory cells, and the
systemic activation of mast cells can lead to anaphylaxis and
potentially death. Mast cell activation must therefore be tightly
regulated (41). IL-33 is a potent pro-inflammatory cytokine,
and it is clear that acute exposure to IL-33 activates mast
cells and increases their responsiveness to antigens. This is a
potentially dangerous situation, and we therefore suggest that
after prolonged exposure to IL-33, mast cells down-regulate the
FcεRI receptor in a negative feedback loop to prevent damage
caused by excessive mast cell activation.
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Sciences, Universidad de Chile, Santiago, Chile

In colorectal cancer (CRC), cancer-associated fibroblasts (CAFs) are the most abundant

component from the tumor microenvironment (TM). CAFs facilitate tumor progression

by inducing angiogenesis, immune suppression and invasion, thus altering the

organization/composition of the extracellular matrix (i.e., desmoplasia) and/or activating

epithelial-mesenchymal transition (EMT). Soluble factors from the TM can also contribute

to cell invasion through secretion of cytokines and recently, IL-33/ST2 pathway has

gained huge interest as a protumor alarmin, promoting progression to metastasis by

inducing changes in TM. Hence, we analyzed IL-33 and ST2 content in tumor and

healthy tissue lysates and plasma from CRC patients. Tissue localization and distribution

of these molecules was evaluated by immunohistochemistry (using localization reference

markers α-smooth muscle actin or α-SMA and E-cadherin), and clinical/histopathological

information was obtained from CRC patients. In vitro experiments were conducted

in primary cultures of CAFs and normal fibroblasts (NFs) isolated from tumor and

healthy tissue taken from CRC patients. Additionally, migration and proliferation analysis

were performed in HT29 and HCT116 cell lines. It was found that IL-33 content

increases in left-sided CRC patients with lymphatic metastasis, with localization in

tumor epithelia associated with abundant desmoplasia. Although ST2 content showed

similarities between tumor and healthy tissue, a decreased immunoreactivity was

observed in left-sided tumor stroma, associated to metastasis related factors (advanced

stages, abundant desmoplasia, and presence of tumor budding). A principal component

analysis (including stromal and epithelial IL-33/ST2 and α-SMA immunoreactivity with
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extent of desmoplasia) allowed us to distinguish clusters of low, intermediate and

abundant desmoplasia, with potential to develop a diagnostic signature with benefits

for further therapeutic targets. IL-33 transcript levels from CAFs directly correlated with

CRC cell line migration induced by CAFs conditioned media, with rhIL-33 inducing a

mesenchymal phenotype in HT29 cells. These results indicate a role of IL-33/ST2 in

tumormicroenvironment, specifically in the interaction betweenCAFs and epithelial tumor

cells, thus contributing to invasion and metastasis in left-sided CRC, most likely by

activating desmoplasia.

Keywords: colorectal cancer, cancer associated fibroblasts, interleukin 33, desmoplasia, epithelial-mesenchymal

transition

INTRODUCTION

Colorectal cancer (CRC) is one of the most frequent types of
cancer, with the third highest incidence in men and the second
in women worldwide; with more than half of all cases occurring
in developed countries (1). In Chile, crude death rate has
duplicated in the past years, being the fourth most deadly cancer
in men and third on women (1, 2). CRC is also a multifactorial
pathology that occurs with the formation of a focus of aberrant
crypt, progresses with the appearance of polyps, adenoma and
finally carcinoma, which comprises the final stage of malignant
epithelial transformation (3, 4).

The tumor microenvironment is a very complex
structure represented by several cells, including tumor
cells, resident fibroblasts, endothelial cells, and recruited
macrophages/lymphocytes, that establish communications with
each other and with tumor cells by means of soluble factors
and cell-cell contact (5, 6). Depending on the context and the
predominant cytokine profile, immune response can favor, or
delay tumor progression (7, 8), and in some tumors a fibrotic
response is also detected. Among all cell types, cancer associated
fibroblasts (CAFs) are the most abundant stromal cells and can
mediate a fibrotic response to a chronic inflammatory milieu (9).

During the tumor formation, not only the epithelial cells
undergo changes, but also the stroma, with morphological
alterations such as desmoplasia, angiogenesis and inflammatory
or immune cell infiltration (10, 11). Desmoplasia corresponds
to a stromal reaction to the tumor, where CAFs supply
matrix remodeling molecules [e.g., tenascin, metalloproteinases
(MMPs)] affecting extracellular matrix component deposition in
the invasion front (12), and organizing protein fibers toward an
ordered pattern favoring tumor cell migration (13).

In CRC, desmoplasia, together with advanced invasion stages
and lymph node (LN) metastasis, constitutes an independent
factor of poor prognosis (low free survival of recurrence
at 5 years) (14, 15). In addition, desmoplastic reaction can
be associated with tumor dedifferentiation, thus contributing
to tumor invasion (16). A high α-smooth muscle actin (α-
SMA) content reflects desmoplasia and is associated with poor
prognosis (17), and also with high M2-type macrophage content
(18), confirming the interaction previously described between
CAFs and M2 macrophages in processes of fibrosis and tumor
progression (19, 20).

IL-33 is a cytokine belonging to the family of IL-1, which
is expressed not only in non-hematopoietic cells (fibroblasts,
adipocytes, endothelial, smooth muscle, and epithelial cells),
but also in macrophages and dendritic cells (21–23). The IL-
33 receptor is called ST2 (encoded by IL1RL1 gene), of which
there are two variants: one membrane-anchored called ST2L or
IL-33R, which exerts the cellular effects of IL-33 and a soluble
variant, the sST2, lacks the transmembrane portion acting as
decoy receptor of IL-33 (24). When IL-33 binds to the receptor
complex formed by ST2L and the IL-1 receptor accessory protein
(IL1RAcP), activation of a signaling pathway mediated by MAP
kinases (mitogen-activated protein) and NF-κB takes place (21).
In cells of the immune system (mast cells, nuocytes, or innate
lymphoid cell type 2 and eosinophils), expressing ST2, IL-33
induces the synthesis and secretion of Th2-related cytokines (IL-
4, IL-13, or IL-5) (21, 25, 26).

Previously evaluated for its role as a pro-inflammatory
cytokine in the pathophysiology of inflammatory bowel diseases,
mainly ulcerative colitis (27), IL-33 has been implicated in
tumorigenic processes in murine and in vitro models (28–30).
Furthermore, elevated serum IL-33 levels have been detected
in patients with lung, gastric, and hepatocellular cancer (30),
although conversely, IL-33 activates CD8+ T lymphocytes and
NK effector cells in the antitumor response in murine models
of immunotherapy and lung and melanoma cancer, exerting a
protective role (31, 32).

Moreover, IL-33 secreted by CAFs from patients with
head and neck cancer has been associated with invasion by
activating Epithelial to Mesenchymal Transition (EMT) (33),
which emphasize the importance of studying IL-33 in metastasis.

In CRC, the IL-33/ST2 axis activates the tumor stroma
fibroblasts promoting polyp formation in Adenomatous
Poliposis Coli (APC)Min/+ mice model (34). In addition,
IL-33, and total ST2 mRNA content were found elevated in
tumor tissue of patients (adenomas > carcinomas) vs. normal
tissue (35, 36), and were related to increased invasion and
metastasis in CRC tumor cells and xenograft murine models
of a IL-33-overexpressing tumor cell line (36). Additionally,
high IL-33 immunoreactivity in metastatic CRC tumor cells has
been associated with shorter survival (37), confirming sST2 as
a protective tumorigenesis factor by counteracting protumoral
IL-33 effects such as angiogenesis induction and modification of
tumor microenvironment (38).
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However, the content of sST2 is diminished in tumor tissue
of CRC patients and inversely correlates with more advanced
tumors, as well as IL-33 content correlation to tumor progression
(38, 39), suggesting that IL-33/ST2 axis participates in the
progression to CRC metastasis.

Regarding the role of IL-33/ST2 in CRC, studies showed
activation of stroma in intestinal human myofibroblast cell
lines and murine models of CRC stimulated both by IL-33
(34), however, the impact of IL-33/ST2 axis in desmoplasia
of CRC patients is unknown. From this perspective, using a
cohort of Chilean patients, we analyzed the association of IL-
33/ST2 content and distribution with CRC progression and
clinical/histopathological features (TNM staging, desmoplasia,
tumor localization, among others) in tumor and healthy tissue.

PATIENTS AND METHODS

Patients
Samples from 62 patients (mean age 65.1 ± 14 years old, 38%
women) with CRC were included from three health centers
(Tissue Biobank of Universidad de Chile Clinical Hospital,
Coloproctology Departments from Universidad de Chile Clinical
Hospital and Clinica Las Condes) between 2015 and 2017.
Patients undergoing surgery for tumor resection had to be
older than 18 years old and not have received chemotherapy or
neoadjuvant therapy prior to total or partial colectomy. Tumor
staging was classified according to the TNM classification (The
Union for International Cancer Control; UICC) (40).

Immediately after surgery, samples of fresh tumor including
core and invasive front and healthy intestinal mucosa (at least
10 cm away from tumor) were macroscopically selected by a
pathologist from each center in consensus to ensure homogeneity
between samples. A small fragment from each selected tissue was
stored at −80◦C until posterior delivery to the Innate Immunity
Lab for protein extraction. Biopsy size-samples of tumor
and healthy tissue were fixated in 2% paraformaldehyde and
embedded in paraffin for a tissuemicroarray (TMA) construction
and immunohistochemistry analysis. Histology sections from
primary tumor and healthy intestinal mucosa, metastatic and
healthy LNs were also used for immunofluorescence analysis.
Plasma samples from 34 CRC patients and 15 age-matched
healthy controls were also obtained after signed informed
consent. Clinical data from CRC patients and controls were also
obtained for association analysis. Histological evaluation was
conducted by a pathologist blinded to the patients’ information.

The clinical and demographic information of CRC patients
and controls is summarized in Table 1 and classified by the type
of sample. Tumor localization proximal to the splenic flexure
was defined was right-sided cancers and those at or distal to the
splenic flexure as left-sided cancer (41). We were not able to
obtain the same variety of samples from CRC patients; hence,
different sample sizes are shown.

Ethics Statement
This study was carried out in accordance with the
recommendations of the Review Boards and Local Ethical
Committees from Universidad de Chile Clinical Hospital, Tissue

TABLE 1 | Demographic characteristics from colorectal cancer patients included

in study.

Total CRC

patients

Frozen

tissue

Plasma

from

CRC

patients

Tissue

microarray

(TMA)

Plasma

from

healthy

controls

Sample size 62 41 34 22 15

Gender (F/M) 24/38 19/22 14/20 8/14 7/8

Age (range) 65.1 (32–91) 66.6

(32–91)

63.8

(42–89)

65.1

(33–85)

50.7

(29–79)

Localization

Left-colon 41 26 24 14

Right-colon 21 14 9 8

Tnm

1 8 5 4 5

2 22 15 15 7

3 30 20 15 8

4 1 0 0 1

Bold values indicate the total number or age (range) of patients or controls.

Biobank of Universidad de Chile and Clinica Las Condes, with
written informed consent from all subjects. All subjects gave
written informed consent in accordance with the Declaration
of Helsinki and were identified only by codification established
by their respective Center to keep anonymity. The protocol was
approved by the Local Ethical Committees from Universidad de
Chile Clinical Hospital, Tissue Biobank of Universidad de Chile
and Clinica Las Condes.

Cell Lines and Reagents
HT29 and HCT116 adenocarcinoma cell lines were kindly
donated from Dr. Julio Tapia (Universidad de Chile, Santiago,
Chile) and Dr. Jorge Toledo (Universidad de Concepcion,
Concepcion, Chile), respectively. These cells were cultured in
DMEM high-glucose cell culture media (Corning Life Sciences,
Tewksbury, MA, USA) with 10% Fetal Bovine Serum (FBS,
Gibco, Thermo Scientific, Waltham, MA, USA) + 100 U/ml
penicillin, 100µg/ml streptomycin (Gibco, Thermo Scientific,
Waltham, MA, USA). Each cell passage was made with 0.025%
trypsin/EDTA (Gibco, Thermo Scientific, Waltham, MA, USA)
and sterile PBS (Sigma–Aldrich, St. Louis, MO, USA).

Quantification of IL-33 and ST2 Protein
From Tissue and Plasma
Frozen tumor and healthy adjacent tissues from patients with
CRC were lysed with radioimmunoprecipitation (RIPA) buffer
(Sigma–Aldrich, St. Louis, MO, USA) containing protease
inhibitors (Roche Diagnostics GmbH,Mannheim, Germany) and
lysates total protein was quantified with Pierce BCA Protein
Assay Kit (Pierce Biotechnologies, Rockford, IL, USA). Plasma
of CRC patients and healthy controls was collected from whole
blood in BD Vacutainer R© EDTA tubes. The determination of
IL-33 and ST2 in tissue extracts and plasma were performed
in duplicate by enzyme-linked immunosorbent assay (ELISA)
DuoSet kits (R&D Systems, Minneapolis, MN, USA). The
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IL-33 and ST2 protein absorbance were read at 450 nm, by
spectrophotometric analysis (Synergy 2, Biotek Instruments, Inc.,
Winooski, VT, USA). Protein levels from tissue extracts are
expressed in pg/mg and normalized to the total protein content
(mg), plasma results are expressed in pg/mL.

Tissue Microarray (TMA) Assembly and
Histological Characterization
A TMA was generated from formalin-fixed paraffin-embedded
tissue from 31 patients with CRC. A representative zone was
selected by a pathologist through careful observation of the
Hematoxylin/Eosin stain. With a 2mm diameter punch (Beecher
Instruments, Silver Spring, MD, USA), cores from paraffin-
embedded tissue were transferred to a new paraffin block with
a 6 × 4 matrix distribution, one TMA for tumor and one
TMA for healthy adjacent tissue. Two cores from renal tissue
were included for orientation purposes. Then, 2µm sections
were transferred to positively activated glass slides and analyzed
by immunohistochemistry.

A histological section of paraffin-embedded tumor and
healthy adjacent colonic tissue of 21 patients with CRC (of 2-µm
thickness) was stained with Hematoxylin/Eosin and evaluated by
a pathologist, blinded to the patients’s data. A score of 1 to 3 was
assigned according to the tumor grade [well-differentiated (1),
moderately differentiated (2) and poorly differentiated (3)], the
amount of desmoplastic reaction [activation of myofibroblasts in
the tumor, low (1), moderate (2), abundant (3)] and the degree
of inflammatory infiltrate [low (1), moderate (2), abundant (3)].
These characteristics were considered to evaluate the association
with the immunohistochemical markers and the TNM stage of
patients. The presence of tumor budding (TB, or focal budding)
was evaluated with the immunostaining of E-cadherin, observing
foci of 5 or more tumor cells in the invasive front of the tumor,
which were counted and considered positive when more than 5
foci per 20X field were observed.

Immunohistochemistry From
Histological Sections
First, sections were deparaffinized and rehydrated with deionized
water. Then, they were heated in an EDTA-based buffer at pH
9.0 (Buffer EnVision Flex Antigen Retrieval, Dako, Carpinteria,
CA, USA), using an electric pressure cooker for 3min at 12–
15 pounds/square inch at ∼120◦C, and cooled for 10min
before immunostaining. Then, all sections were incubated
with 3% H2O2 (blockade of endogenous peroxidases) for
10min and subsequently incubated with goat anti-hIL-33 (R&D
Systems,Minneapolis, MN, USA), goat anti-hST2 (R&D Systems,
Minneapolis, MN, USA), mouse anti-α-SMA (Sigma–Aldrich, St.
Louis, MO, USA) and mouse anti-E-cadherin (BD Biosciences,
Franklin Lakes, NJ, USA) primary antibody for 30min each.
Tissue sections were incubated with a goat–rabbit IgG linker
(for samples incubated with goat polyclonal antibodies) and
then incubated with the secondary antibody–universal polymer
(EnVision Flex-HRP, Dako, Carpinteria, CA, USA). Sections
were revealed with substrate + DAB and counterstained with
Harris Hematoxylin. Coverslips were mounted with Tissue-Tek

SCA (Sakura Finetek USA. Inc, Torrance, CA, USA). Positive
and negative controls were run with each batch of patient/study
slides tested.

Immunostaining Analysis
Images were captured with Aperio ScanScope (Leica Biosystems,
Wetzlar, Germany). The analysis of the images was evaluated
with the Aperio ImageScope Software and the algorithm to
evaluate the positive pixels was Positive Pixel Count 9. The
proportion of positive pixels respective to the total pixels per
area (positive and negative), were considered for association with
the clinical variables and histological features [as Positivity per
area, Pos/area (µm2)]. The Pos/area was then validated by two
experienced pathologists.

Indirect Immunofluorescence
Paraffin histological sections derived from primary CRC tumor,
metastatic and healthy LNs were evaluated for the co-expression
of IL-33/α-SMA and ST2/E-cadherin by immunofluorescence.
Briefly, the sections were subjected to deparaffinization
(NeoClear, Merck KGaA, Darnstadt, Germany), then rehydrated
with a battery of alcohols from absolute ethanol to 70◦ ethanol.
The antigenic recovery was performed with EDTA buffer (pH
8) for IL-33/α-SMA and with sodium citrate buffer (pH 6) for
ST2/Ecad. Then, the sections were incubated with 100mM
glycine and 2% bovine serum albumin (BSA) (Sigma–Aldrich,
St. Louis, MO, USA) plus 1% normal donkey serum in 1X PBS
(Sigma–Aldrich, St. Louis, MO, USA) (for autofluorescence
and non-specific proteins blocking, respectively). The sections
were incubated at room temperature for 1 h with the following
primary antibodies: anti-IL-33 (1/50) (Polyclonal Goat anti
human, AF3625, R&D Systems, Minneapolis, MN, USA) in
conjunction with anti-α-SMA (1/500) (monoclonal mouse
antibody, A2547, Sigma–Aldrich, St. Louis, MO, USA) and anti-
ST2 (1/100) (Polyclonal Goat anti human, AF523, R&D Systems,
Minneapolis, MN, USA) in conjunction with anti-E-cadherin
(1/500) (monoclonal mouse antibody, 610181, BD Biosciences,
Franklin Lakes, NJ, USA). After PBS rinse, tissue sections were
incubated for 1 h at room temperature with secondary antibodies
(Thermo Scientific, Waltham, MA, USA) Donkey Anti-Goat
IgG conjugated with Alexa Fluor 594 (1/200) and Donkey Anti-
Mouse IgG conjugated with Alexa Fluor 488 (1/200). Hoechst
33342 (1/500) was used as a nuclear counterstain. Finally, slides
were covered with a coverslip plus mounting solution (Dako,
Agilent Technologies Inc., Santa Clara, CA, USA). Slides were
visualized by C2+ confocal microscope at 20x and 60x objectives
(Nikon Instruments Inc, Melville, NY, USA).

Microarray Analysis of IL-33 mRNA in CAFs
The IL-33 mRNA expression levels from a group of colorectal
CAFs by RNA microarray (GEO accession number GSE51257),
were re-analyzed to correlate the IL-33 expression levels and their
promigratory potential. This microarray was initially analyzed to
establish a functional heterogeneity of CAFs based on their ability
to induce cell migration in the CRC adenocarcinoma cell lines
LIM1215 and SW480 (42).
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RNA Extraction and RT-qPCR
HT29 and HCT116 cell lines were stimulated with 50 ng/mL
of rhIL-33 (R&D Systems, Minneapolis, MN, USA) for 6 h,
and the expression analyses were performed using real-
time qPCR (RT-qPCR). Total RNA from each sample was
extracted with RNEasy Mini kit (Qiagen, Hilden, Germany)
following the manufacturer’s protocol, integrity was analyzed
by electrophoresis in 1% agarose gel and concentration was
determined by spectrophotometric analysis (Synergy 2, Biotek
Instruments, Inc., Winooski, VT, USA). Then, two µg of RNA
was used to synthesize cDNA using oligo-dT (Thermo Fisher
Scientific, Waltham, MA, USA) and RT-affinity Script enzyme
(Agilent Technologies Inc., Santa Clara, CA, USA) in a final
volume of 20µL. All mRNAs expression analyses were performed
by real-time qPCR (RT-qPCR) using the Brilliant R© II kit SYBR R©

Green QPCR Master Mix (Agilent Technologies Inc., Santa
Clara, CA, USA) and primers for E-Cadherin, N-Cadherin
and Vimentin at a final concentration of 250 nM in a final
volume of 20 µL with 100 ng of cDNA. Amplification was
performed with Mx3000 P QPCR System (Agilent Technologies
Inc., Santa Clara, CA, USA). 18s was used as a reference gene
to normalize mRNA levels. To analyze qPCR results 2−11CT

method was used.

Cell Viability Assay
HT29 and HCT116 cell lines were cultured at 2 × 105

cells/well (in a 12-well plate) in DMEM medium with
two different concentrations of FBS (10 and 0.5%). Cells
containing each concentration of FBS were stimulated
with 50 ng/mL recombinant human IL-33 (R&D Systems,
Minneapolis, MN, USA). Cells were counted with trypan
blue staining in a Neubauer chamber at 6, 12, 24, 48, and
72 h post-stimulus.

Wound Healing Assay
HT29 and HCT116 cell lines stimulated with 50 ng/mL of rhIL-
33 (R&D Systems, Minneapolis, MN, USA) were cultured at
6 × 105 and 7 × 105 cells/well, respectively (24-well plates)
with DMEM 10% FBS medium, 100 U/ml penicillin, 100µg/ml
streptomycin (Gibco, Thermo Scientific, Waltham, MA, USA)
until complete adherence to the plate (6 and 9 h for HT29 and
HCT116, respectively). Then, medium was replaced by DMEM
0.5% FBS, 100 U/ml penicillin, 100µg/ml streptomycin (Gibco,
Thermo Scientific, Waltham,MA, USA) until the next day. Then,
the wound was made with a 24-well SPL Scar Scratcher (SPL
Life Sciences, Naechon-Myeon, Pocheon, South Korea). After
two gentle washes with PBS to remove the detached cells, the
medium was replaced with 1mL of fresh medium with low FBS
(0.5%) together with rhIL-33, except for two wells with FBS 10%
or 5 ng/mL TGFβ, as a positive control. Images were acquired
with Cytation 3 Cell Imaging Reader (Biotek Instruments, Inc.,
Winooski, VT, USA). Subsequently, the plate was incubated at
37◦C/5% CO2 and visualized at 24 h in the same coordinates. The
analysis was performed with the ImageJ software by calculating
the proportional free area at 24 h normalized to time zero and
comparing each stimulus with the control at the respective times.

Statistical Analysis
First, the D’Agostino & Pearson test was used to evaluate
normality of data from ELISA results. In those with normal
distribution, the results were expressed as means plus standard
deviation using unpaired t-test or one-way ANOVA for the
comparison of quantitative variables. In the non-parametric data,
the results were expressed in median plus interquartile range. For
the comparison of paired and unpaired data between two groups,
the Wilcoxon and Mann Whitney tests were used, respectively.
To compare more than two groups the Kruskal Wallis test was
used. The Chi square test was used for contingency analysis.
The associations of the histopathological characteristics with
the positivity index of the IL-33/ST2 markers in epithelium
and stroma were evaluated by linear regression and Spearman
coefficient. The correlation between the IL-33 transcript and
migration induction was determined with a linear regression test.
A p-value <0.05 was considered significant. A cluster analysis
among Pos/area from IHC allowed us to observe those markers
related to each other and grouped according to the degree of
desmoplasia. The distances between the column clusters and
the Heatmap rows were hierarchized using Euclidean and Ward
distance methods (unsquared). Then, a principal component
analysis (PCA) was applied through the Clustvis web platform,
(https://biit.cs.ut.ee/clustvis/), grouping together, those tumor
markers that explain the variability observed in patients with
different levels of desmoplasia.

RESULTS

Clinical and Histopathological Features
Table 1 summarizes clinical information from the total 62 CRC
patients included in this study, divided by type of sample. Thirty
patients were diagnosed with local metastasis to lymph nodes
and one patient diagnosed with distant metastasis (TNM stage
III and IV, respectively). Over sixty percent (66.1%) of patients
had left-sided CRC.

Tumor IL-33 From Left-Colon CRC Patients
Increases in TNM Stage With
Lymphatic Metastasis
First, we evaluated IL-33 and ST2 levels in tumor, distant non-
tumor tissue and plasma from CRC patients. We found similar
levels between tumor IL-33 compared to distant healthy tissue
(Figure 1A), as well as IL-33 levels according to TNM staging
(Supplementary Figure 1A). Similar results were found with
ST2 analysis (Figure 1B). Interestingly, tumor IL-33 levels were
increased in those patients with LN metastasis (Figure 1C).
Conversely, we found comparable ST2 levels between tumor and
healthy tissue, regardless of presence of LN metastasis and TNM
stage (Figure 1D and Supplementary Figure 1B, respectively).

Considering that tumor localization has been reported to
impact on immune response and CRC patient outcomes (43), we
analyzed separately IL-33 and ST2 levels in left-sided or right-
sided CRC. In general, IL-33 levels are increased in left-sided
CRC compared to right-sided CRC (Supplementary Figure 1C).
Here again, we found that tumor IL-33 levels from left-sided
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FIGURE 1 | IL-33 is increased in tumors from left-colon colorectal cancer (CRC) patients with lymph node (LN) metastasis. Total IL-33 (A) and ST2 (B) protein levels

were determined by ELISA in tumor and non-tumor tissue lysates from 38 CRC patients by TNM staging, Wilcoxon paired test were performed in both analyses. Total

IL-33 (C) and ST2 (D) protein levels in tumor lysates from patients with and without LN metastasis using t-Student test to compare between groups. In (E), tumor

IL-33 protein levels from left-sided CRC patients with and without LN metastasis. In (F), tumor and non-tumor IL-33 protein levels from left-sided CRC patients

classified by TNM stage, Kruskal Wallis and Dunn’s multiple comparisons post-test were performed. *P < 0.05.

CRC patients were increased in those with LN metastasis
(Figure 1E, p = 0.04). At early stages, tumor IL-33 levels
were lower than its corresponding non-tumor distant tissue
(p = 0.02 and 0.03 for TNM stage 1 and 2), however, stage
3 tumor tissue show increased IL-33 compared to stage 1 (p
= 0.03, Figure 1F). ST2 levels did not show any difference
in the same analysis (Supplementary Figure 1D). Right-sided
tumor IL-33 and ST2 levels were similar in those patients with
regional LN metastasis compared to those without metastasis
(Supplementary Figures 1E,F, respectively).

Circulating IL-33 levels evaluated from plasma were similar
between CRC patients vs. controls (Mean ± SD (pg/mL):

350 ± 386.9 vs. 226.2 ± 35.41, respectively. Mann Whitney
test, p = 0.0547), with five patients showing higher IL-33
plasma levels than the rest of patients and controls, being
mostly (4/5) of pT3 stage and left-sided CRC. The other
patient had right-sided CRC but with LN metastasis. Similarly,
circulating ST2 levels did not show differences between patients
vs. controls (Mean ± SD (pg/mL): 380 ± 303.4 vs. 391.6 ±

194.8, respectively. Mann Whitney test, p = 0.33). As for IL-
33, ST2 plasma levels of 4 patients were detected as outliers
with levels higher than controls and the rest of the patients.
However, clinically, these patients were completely different from
each other.
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IL-33 and ST2 Expression in Epithelial and
Stromal Compartments of Primary Tumors
From CRC Patients
Since we analyzed total IL-33 and ST2 protein content, we
therefore evaluated IL-33 and ST2 distribution in stroma
and epithelium in a tissue microarray. An initial association
analysis showed that both the degree of differentiation and
the amount of desmoplasia are associated to the tumor stage
(TNM) (Chi-Square test, p = 0.0015 and 0.02, respectively),
in contrast to the lymphocytic inflammatory infiltration
(Supplementary Figure 2A). In addition, CRC patients with
abundant desmoplasia are associated with a higher proportion of
lymphatic metastasis (p= 0.012) (Supplementary Figure 2B).

The content of IL-33 in healthy colon was limited to
endothelial nuclear staining and some cytoplasmic staining
in lamina propria mononuclear cells (LPMNCs), and scarcely
observed in epithelium (Figure 2A). While the content of α-
SMA in healthy colonwas limited to subepithelial myofibroblasts,
vessels and the muscularis mucosa (Supplementary Figure 2C),
the co-expression of both markers was only observed in
blood vessels (Figure 2B). In the tumor, IL-33 distribution
is heterogeneous among patients, observing both nuclear
and cytoplasmic staining in tumor epithelial cells, with
stromal staining in fibroblast-like cells, mononuclear cells and
endothelium (Figure 2A). Co-expression of IL-33 and α-SMA in
tumors with advanced invasion (higher than pT3) showed a high
proportion of IL-33+/α-SMA+ cells, suggesting that CAFs can
express IL-33 in more invasive stages (Figure 2B).

The ST2 content in healthy colon was observed mainly in
LPMNCs, being almost absent in epithelium (Figure 2A). E-
cadherin distribution was only limited to healthy epithelium and
homogeneous in all samples (Supplementary Figure 2C), while
co-expression of both markers in healthy colon was not observed
(Figure 2B). In tumor, ST2 expression was heterogeneous among
patients and cytoplasmic staining of epithelial tumor cells as well
as in fibroblasts and mononuclear cells in stroma (Figure 2A).
The co-expression of ST2 and E-cadherin in the advanced
invasion tumors (pT3) was observed mainly in some areas of
epithelial tumor cells, although not necessarily co-localized in the
same subcellular compartment (Figure 2B).

Epithelial Tumor IL-33 and ST2, and
Stromal ST2 Correlates With α-SMA and
Desmoplasia by Hierarchical Analysis
and PCA
First, the association analysis of the IL-33/ST2 distribution in
tumor epithelium shows that IL-33 immunoreactivity is directly
associated with a greater amount of desmoplasia (Figure 2C),
observing a similar trend with ST2 immunoreactivity
(Supplementary Figure 3A). Both markers are moderately
correlated (Spearman r = 0.5, p = 0.01), suggesting that IL-33
and ST2 variants present in the tumor are related to fibroblast
activation and could potentiate the desmoplastic reaction of
the tumor. ST2 immunoreactivity in the stroma was found
to be inversely associated with stage and with the amount of
desmoplasia (Figure 2D).

Analysis according to the degree of desmoplasia allowed
to classify three important clusters (Figure 3A), the first
concentrates the cases of abundant and moderate desmoplasia,
the third concentrates the cases of scarce desmoplasia; with an
intermediate one that has different degrees of desmoplasia. This
hierarchization shows a close relationship between variations
of tumor and stromal IL-33 content together with stromal ST2
in relation to desmoplasia. Alternatively, the content of tumor
ST2 shows a smaller distance or variability with the content
of α-SMA. The markers together were then evaluated with a
PCA, determining components (set of markers) that allow data
grouping according to the variability intra and inter groups. This
analysis allowed us to classify the patients who showed scarce (1)
from abundant desmoplasia (3) (Figure 3B).

Decreased Stromal ST2 and Poor
Prognosis Factors Correlates With M2
Macrophage Markers in CRC Patients
Since stromal ST2 showed inverse correlation with stage and
amount of desmoplasia, we evaluated other clinical factors
involved in CRC prognosis, such as LN metastasis, tumor
budding (TB) and macrophage markers (general marker CD68,
M2-marker CD163, and M1-marker iNOS), analyzed by IHC.
ST2 immunoreactivity in the stroma is diminished both in
patients with lymphatic metastasis [Figure 4A, Mean positivity
per area ± SD (Pos/area AU, arbitrary units): 0.232 ± 0.06 vs.
0.377± 0.14 without LNmetastasis, respectively. Student t test, p
= 0.0085] and in left colon tumors [Figure 4B, Mean pos/area
± SD (AU, arbitrary units): 0.275 ± 0.09 vs. 0.463 ± 0.23 in
right-sided CRC, respectively, Student t test, p= 0.0359].

Alternatively, patients with tumor budding, possibly a poor
prognosis factor, were associated with abundant desmoplasia
(Supplementary Figure 3B, Chi-square for trends, p = 0.02)
and decreased stromal ST2 [Figure 4C, Mean pos/area ± SD
(AU): 0.26 ± 0.091 vs. 0.415 ± 0.204 without TB, p =

0.031]. Interestingly, patients with TB also showed increased
α-SMA (Supplementary Figure 3C, p = 0.009) and decreased
E-cadherin (Supplementary Figure 3D, p = 0.001) positivity
per area.

We also evaluated the positivity per area of stromal
ST2 associated with macrophage markers, observing a direct
association between stromal ST2 with CD68 and CD163,
suggesting that a M2-macrophage rich milieu would be
important in ST2 stromal expression, at least on early stages
(Figure 4D and Supplementary Figure 3E).

IL-33/ST2 Distribution in Metastatic CRC
Ganglia Resembles Primary
Tumor Distribution
In the healthy LN, the content of α-SMA is limited to
walls of blood vessels, the content of IL-33 to the nucleus
of endothelial cells (scarcely in mononuclear cells), ST2 in
the cytoplasm of mononuclear cells and E-cadherin is absent
(Supplementary Figure 4).

The metastatic LN (Figure 5A) presents variable α-SMA
(desmoplasia) and IL-33 is present in cells with fibroblast-like
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FIGURE 2 | IL-33, ST2, α-SMA, and E-cadherin tissue distribution in human CRC samples. Representative images of IL-33 and ST2 (A) distribution in healthy colon

and tumor by immunohistochemistry (in brown) (20X objective). Blue arrows indicate positive cells in healthy lamina propria, black arrows indicate IL-33+ or ST2+

tumor cells and red arrows indicate IL-33+ or ST2+ stromal cells (as may be the case). In (B), co-expression by indirect immunofluorescence of IL-33 (magenta),

(Continued)
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FIGURE 2 | α-SMA (green), and ST2 (red) with E-cadherin (green), Hoechst was used as nuclear counterstain (blue). Right images are a zoom from the depicted

square, objective 20X. Arrows indicate fibroblast-like α-SMA+ cells IL-33+ or ST2+ (as may be the case). Triangles indicate epithelial tumor cells IL-33+ or ST2+. In

(C,D), Spearman correlation analyses were performed between positivity per area index of epithelial IL-33 or stromal ST2 immunostaining and histological features

(TNM staging, differentiation grade, amount of desmoplasia and amount of inflammatory infiltrate), “r” coefficient and interval of confidence are depicted for each

variable. *P < 0.05, **P < 0.01.

FIGURE 3 | Hierarchical distribution and principal component analysis of epithelial and stromal IL-33, ST2, and α-SMA markers with desmoplasia. Clustering (A) and

principal component analysis (B) including stromal and epithelial IL-33/ST2 and α-SMA immunoreactivity (with extent of desmoplasia) allowed us to distinguish

clusters of low, intermediate and abundant desmoplasia.

morphology in areas with high desmoplasia and tumor invading
cells (Figure 5B). Almost all of the tumor cells expressed
membrane E-cadherin and in some areas the tumor cells express
cytoplasmic ST2 (Figure 5C); however, localization of membrane
E-cadherin decreases in the tumor cells that co-express higher
intensity of ST2 (Figure 5D).

These results suggest that IL-33 and ST2 content in metastatic
LN resembles to primary tumor and ST2 expression in the
tumor epithelium (with reduced E-cadherin content) could be
related to activation of a mesenchymal phenotype and potential
tumor progression.

IL-33 Induces a Migrating Mesenchymal
Transcript Profile in HT29 Cells
Initially, IL-33 transcript levels from a previous study (extracted
from an analysis of mRNA microarray) correlated directly
with the ability of conditioned media from colorectal CAFs to
induce the migration of tumor lines of colon adenocarcinoma
(Figure 6A). Then, the effect of IL-33 on the migration of
the HT29 and HCT116 cell lines was evaluated through the
wound closure assay at 24 h. TGFβ and FBS 10% were used as
controls. At 24 h, cell proliferation was increased in high FBS but
not under low FBS conditions (Supplementary Figures 5A–D).
Therefore, HT29 and HCT116 cell lines were stimulated with
IL-33 (50 ng/mL) with low FBS or IL-33 with 10% FBS (IL-
33 + FBS), TGFβ (5 ng/mL), or 10% FBS. IL-33, in low

FBS, favors the migration of HT29 cells at 24 h compared to
control (Figure 6B), this effect does not occur in HCT116 cells
(Supplementary Figure 6A). After, HT29 and HCT116 cell lines
were exposed to IL-33 (50 ng/mL) and TGFβ (5 ng/mL) as a
positive control, the transcripts of E-cadherin, N-cadherin and
Vimentin were determined. IL-33 decreases the mRNA of E-
cadherin in both cell lines, additionally increasing N-cadherin
and vimentin mRNA only in HT29 cells, not in HCT116 cells
(Figures 6C–E and Supplementary Figures 5C,D, respectively).
These results suggest that IL-33 activates the onset of the
mesenchymal phenotype in HT29 cells.

DISCUSSION

In the present study, we observed an association between tumor
and stromal IL-33 and ST2 localization with desmoplasia in CRC
patients, coupled with IL-33 increased in left-sided CRC patients
with LN metastasis. Also, stromal ST2 was decreased in patients
with left-sided cancer and LNmetastasis and inversely correlated
with desmoplasia, suggesting that IL-33/ST2 axis participates
in CRC desmoplasia and tumor progression in this subgroup
of patients.

The total content of IL-33 and ST2 were similar in tumor
and normal tissue, however, it seems to depend, for IL-33, of
the TNM stage. This is the first report describing quantitative
analysis of tissue IL-33/ST2, since previous literature mainly
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FIGURE 4 | Stromal ST2 is associated to poor prognosis factors and M2 macrophages in CRC patients. Positivity per area index (AU, arbitrary units) were evaluated

from stromal ST2 immunostaining in tumor samples from CRC patients by presence of LN metastasis (A), localization of tumor (B), tumor budding (C), histological

positivity per area index from stromal ST2 correlated with macrophage markers (D). Mann Whitney and Spearman correlation analyses were performed. *P < 0.05,

**P < 0.01, ***P < 0.001.

supplied sera, stool, and tissue approximations by qPCR and
immunohistochemistry (IHC) (34, 38, 39, 44–46). Most studies
attribute a protumorigenic role to the IL-33/ST2 axis in human,
murine and in vitro models, with increased levels of IL-33 and
ST2 transcripts in tumor vs. healthy tissue from CRC patients
(34, 36, 39). According to these antecedents, IL-33 increase was
observed mainly in adenomas (low grade adenocarcinoma and
in tumors of stages I–III), decreasing later in stage IV. In our
study, we did not observe differences in IL-33 content according
to the tumor stage. However, we must consider that we did not
have a representative number of patients in stage IV (in part
because ∼20% of patients are diagnosed at this advanced stage),
and of these, a low percentage is a candidate for surgery as a
curative option (47). Additionally, the similarity in IL-33 protein
levels between tumor and non-tumor tissue might be showing a
low-grade inflammation in healthy tissue, that is undetected by
histological analysis.

The immunoreactivity of IL-33 was not associated with the
TNM stage or the degree of differentiation, however, recent
studies show an association between IL-33 expression in the
tumor epithelium of metastatic CRC and a shorter survival,
suggesting that the tumor IL-33 expression is clinically important
in CRC progression (37). ST2 immunoreactivity in tumor
epithelium was not associated with the stage or differentiation
degree, however, stromal ST2 was inversely associated with

stage. Reduced ST2 might be related to the immunosuppressive
milieu favored by the tumor microenvironment (48), since
in vitro studies have shown that sST2 expression is induced
by pro-inflammatory cytokines, such as IL1β and TNFα
(49). Consistent with our observations, one study reported
a decrease in ST2L and sST2 transcript levels in tumor
with respect to adjacent normal tissue, also continuing to
decrease during progression to later stages (38, 44). The
discrepancies described in the papers on the role of IL-
33/ST2 axis in intestinal tumorigenesis may be associated to
variations in experimental design, models utilized (37, 39,
44, 45), use of chemotherapy in patients (44), as well as
differences in their expression in the tumor epithelial cells,
tumor microenvironment or tumor location (50). However,
there are some studies that propose an antitumor role of IL-
33/ST2 which might depend on the tumor microenvironment
and in specific stages of tumor development and progression,
as some recent comprehensive reviews have described (51–
55). Therefore, protumor or antitumor role of IL-33/ST2 axis
remains controversial.

In relation to IL-33/ST2 distribution, epithelial IL-33 was
directly associated with a higher degree of desmoplasia
while stromal ST2 was inversely associated. The presence
of desmoplasia is an exacerbated reaction of myofibroblast
activation (given by the content of α-SMA) in the tumor

Frontiers in Immunology | www.frontiersin.org 10 June 2019 | Volume 10 | Article 1394224

https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles


Landskron et al. IL-33/ST2 and Desmoplasia in CRC

FIGURE 5 | IL-33 and ST2 from metastatic LNs show similar cellular distribution than primary tumor in CRC patients. Representative image of IL-33 and ST2

localization evaluated by IFI in a CRC metastatic LN. In (A), H&E staining showing high necrosis and abundant desmoplasia. In (B), IL-33 (red) is expressed by both

metastatic tumor cells and α-SMA+ cells in desmoplastic areas (green). In (C), ST2 (red) is expressed in patches by metastatic tumor cells, with an intensity inversely

correlated to E-cadherin membrane expression (green) (D).
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FIGURE 6 | IL-33 transcript correlates with a mesenchymal phenotype in HT29 cells. In (A), IL-33 transcript levels from CRC patients-derived CAFs are associated

with cell migration induced by CAFs conditioned media (Lineal regression test, R2 = 0.99, p = 0.0027). In (B), IL-33 induces HT29 cell migration at 24 h and

decreases mRNA transcripts from E-cadherin (C) and increases N-cadherin (D) and vimentin (E) transcript levels. Student t- test was performed for these analyses,

*P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.

microenvironment, and it is a poor prognostic factor for CRC
recurrence (17). In addition, desmoplasia exerts the modification
of the extracellular matrix to favor tumor metastasis (13). The
mechanism by which epithelial cells increase IL-33 expression
is unclear (56), however, the effect of IL-33 on intestinal
myofibroblasts was demonstrated in the CCD18Co cell line,
activating the transcription of pathways related to a profibrotic
response (34). Interestingly, it has been reported that IL-
33 can enhance the recruitment and functions of different
types of innate cells such as mast cells, Th2, regulatory T
cells (Tregs), and innate lymphoid cells type 2 (ILC2s) (49,
57, 58). Of these, IL-33-mediated Treg infiltration has been
described to contribute to an immunosuppressive milieu and
poor prognosis not only in cancer, as seen in CRC and non-
small cell lung cancer (NSCLC) models (58, 59), but also in
murine models of chronic inflammatory diseases, such as colitis-
induced colorectal cancer and allergic contact dermatitis-skin
tumorigenesis, which in turn, might be prone to develop cancer
(60). Also, ILC2s are of great interest due to their reported
role in promoting fibrosis and desmoplasia after activation
by IL-33 through the release of the profibrotic cytokine IL-
13 (61). Thus, IL-33 could contribute to the development of
desmoplasia by acting directly on myofibroblasts or indirectly
through the recruitment and activation of immune cells
like ILC2s.

The principal component analysis and cluster hierarchization
allowed to separate patients with scarce desmoplasia from
abundant desmoplasia by the pattern of epithelial and stromal
IL-33, ST2, and α-SMA. This suggests that a certain distribution
or pattern in the content of these molecules could be useful
in discriminating the degree of desmoplasia especially in those
intermediate cases, benefiting the patient’s diagnosis and possibly
the clinical management of this patients. However, a larger
sample size of patients is necessary to validate this finding.

Another factor associated with tumor progression is the
presence of tumor budding, which has been linked to a
malignant phenotype on the invasive front, together with greater
desmoplasia and higher risk of developing metastasis (62). Our
findings show that the presence of TB correlates with tumors
with greater desmoplasia, therefore, with an increase in stromal
α-SMA immunoreactivity. The stromal ST2 immunoreactivity
is diminished in tumors that present TB, also with decreased
epithelial E-cadherin immunoreactivity. In the literature an
association between TB and partial activation of EMT has
been reported (63), with a decreased expression of E-cadherin
or a modified membrane localization (64), probably due to
alternative mechanisms activating canonical EMT transcription
factors (Snail, Twist, Slug). These transcription factors have
been observed at higher levels in the stroma, suggesting the
participation of cells with mesenchymal phenotype (CAFs or

Frontiers in Immunology | www.frontiersin.org 12 June 2019 | Volume 10 | Article 1394226

https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles


Landskron et al. IL-33/ST2 and Desmoplasia in CRC

completely dedifferentiated tumor cells) (64). In CRC, the
activation of EMT and the formation of TB could be exerted by
CAFs (desmoplastic reaction) by activating the IL-33/ST2 axis,
as was observed in head and neck cancer cell lines (33), favoring
metastasis to LNs. Additionally, other cells that respond to IL-
33 could contribute to the activation of EMT during colorectal
cancer progress, as is the case of Tregs, which were described by
Xiong and cols as promoters of EMT in a context of radiation-
induced pulmonary fibrosis (65). These findings highlight the
capacity of IL-33 to exert its EMT inducing effects through the
action of different types of cells, a characteristic that was also seen
in the case of desmoplasia.

Systematic reviews show that patients with left colon tumors
are different than patients with right colon tumors in terms
of mutation profile, gene expression profiles and consensus
molecular subtypes (41, 43, 66). In addition, patients with
CRC with normal KRAS (67) may respond differently to
immunological therapies according to the location of the tumor,
which suggests that the immune responses and tumor evolution
in the right and left colon may be different. Therefore, we
were interested in evaluating the protein levels and distribution
of IL-33/ST2 according to tumor location. In CRC left colon
tissue in early stages, the IL-33 content is decreased vs. normal
tissue but increased when lymphatic metastasis occurs (stage
TNM 3). However, the IL-33 immunoreactivity in epithelium or
stroma did not show differences in the location or association
with any variable of progression. The ST2 immunoreactivity
decreases in the stroma of left colon tumors and in those patients
with lymphatic metastasis. According to this data together with
antecedents that attribute an anti-tumorigenic role to ST2 in
murine models (38, 44), we suggest that ST2 could have a
protective role on early stages of tumor progression, particularly
in left colon and specially soluble ST2, which might neutralize
IL-33. However, further studies are needed where these variables
are analyzed directly, mostly because the antibody used in IHC
and ELISA does not distinguish between soluble and membrane
ST2 variants. In right colon tumors no association between the
IL-33/ST2 content with the variables evaluated was observed,
unfortunately, sample size of right colon CRC patients was
not enough to statistically validate. In left-colon tumors it has
been described higher levels of EGFR ligands Epiregulin (EREG)
and Amphiregulin (AREG). Also, activation of EGFR has been
associated to increased IL-33 expression inmurinemodels, which
might explain the increased levels of IL-33 in left- vs. right-
sided tumors (41, 56, 68). Alternatively, the relationship between
stromal ST2 and macrophage M2 markers suggest that this cell
population can be a source of ST2L, inducing early profibrotic
events or activating desmoplasia. There is evidence that M2
macrophages and CAFs favor tumor progression collaboratively
in various types of cancer (18, 19, 69). However, we cannot
rule out other ST2-positive cells that might contribute to CRC
pathogenesis, such as mast cells and ILC2 cells (70, 71).

The content of IL-33 in tumor was greater than in healthy
tissue of the left colon of CRC patients with lymphatic metastasis,
so we evaluated IL-33 and ST2 distribution (determined by co-
staining by IFI of IL-33/α-SMA and ST2/Ecad) and found nuclear
and cytoplasmic IL-33 localized in tumor epithelium (similar
to the primary tumor) with cytoplasmic in fibroblastic cells

(areas with desmoplasia, α-SMA+). Alternatively, those areas
with greater ST2 immunoreactivity coincided with a decreased
immunoreactivity of membrane E-cadherin in tumor cells. Given
that IL-33 is localized in both tumor and fibroblastic cells
(unlike the healthy LN), and additionally that IL-33 content is
increased in the tumor of patients with lymphatic metastases,
it is suggested that IL-33 could participate in mechanisms of
tumor progression, either in an autocrine or paracrine fashion.
In addition, ST2 immunoreactivity in tumor with decreased
E-cadherin could reflect the induction of a mesenchymal
phenotype leading to tumor progression. An association between
IL-33 immunoreactivity in the tumor epithelium of patients
with metastatic CRC and shorter survival has been reported,
suggesting that tumor expression of IL-33 would be clinically
important in its progression (37). In murine models of CRC,
increased IL-33 levels in tumor cells induce greater hepatic
metastasis, increase tumor size and, therefore, lower survival rate
(36, 39). In breast and cervical cancer, increased expression of
IL-33 has been observed in tumor cells from patients with LN
metastases (72, 73), suggesting that IL-33/ST2 might participate
in invasion and metastasis by remodeling primary and metastatic
tumor microenvironment.

The effect of IL-33 on stromal activation was observed in a
subepithelial fibroblast cell line (34), increasing the transcription
of pathways mainly associated with TGF-β and extracellular
matrix remodeling. In addition, the activation of fibroblasts
according to the degree of invasion is particularly important
in tumor progression, as it modifies the organization and
composition of the extracellular matrix, forming pathways
facilitating the migration and invasion of tumor cells (13). In
patients with CRC, abundant desmoplasia is a predisposing
factor to a shorter survival (74) and is also a risk factor
for LN metastases (62). This suggests that one of the direct
mechanisms by which IL-33 could be favoring tumor progression
in CRC is through desmoplasia activation. But also, IL-33 from
stromal fibroblasts can promote macrophage polarization to an
M2 profile, secretion of MMP-9 and metastasis, as seen in an
pancreatic adenocarcinoma model (75), and indirectly, IL-33 can
also induce chemokine secretion by the tumor, recruiting M2
type macrophages (38) and contributing to greater desmoplasia.

As IL-33 content increases in patients with lymphatic
metastasis, we evaluated the effect of IL-33 on the migratory
capacities of the CRC cell line HT29 using the wound closure
test as an approximation of the migration phenomenon (44).
IL-33 induced greater migration observed at 24 h with respect
to the control 0.5% FBS. There were no evaluations after 24 h
since cell proliferation interferes in the measurement, while IL-
33 stimulation (in the presence of FBS 10%) also increases
proliferation at 24 h, again interfering with the wound test.
Additionally, and since ST2 immunoreactivity coincides with
a decrease of E-cadherin in metastatic lymphoid tumor cell
membrane, we evaluated the effect of IL-33 on the transcript
levels of classical EMT markers (E-cadherin, N-cadherin and
vimentin). We have determined that IL-33 decreases E-cadherin
transcript and increases vimentin and N-cadherin transcripts,
which indicate the induction of a mesenchymal phenotype in
HT29 cells. These results, coupled with the wound closure assay,
suggest that IL-33 could induce a change toward a mesenchymal
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FIGURE 7 | Proposed model of IL-33/ST2 axis association to desmoplasia, a metastasis-related process in colorectal cancer patients. (A) In left-colon tumors,

different events, e.g., necrosis, inflammation, mechanical strain, can induce the release of IL-33 in the tumor microenvironment, from both the tumor epithelium and

fibroblasts, (A.1). IL-33 binds to ST2 receptor located in fibroblasts, directly inducing desmoplasia (A.2). The M2 macrophage or ILC2s located in the stroma can

express both sST2 (which in early stages may neutralize IL-33 effects) and membrane bound ST2L which may activate desmoplasia indirectly by secreting profibrotic

factors, such as IL-13 and TGFβ (A.3). (B) Metastasis-related factors such as abundant desmoplasia, tumor budding and LN metastasis are histologically associated

with increased/high tumor cell IL-33 expression and decreased/low stromal ST2 expression, which if validated, could become a histological signature of tumor

progression. (C) Representation of CRC tumor microenvironment (left) with distinctive molecules and cells (right) signaling through IL-33/ST2 axis and involved in

tumor progression and metastasis.

Frontiers in Immunology | www.frontiersin.org 14 June 2019 | Volume 10 | Article 1394228

https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles


Landskron et al. IL-33/ST2 and Desmoplasia in CRC

phenotype in HT29 cells through the activation of EMT as was
described in a head and neck cancer model (33); nevertheless,
the analysis of additional EMT markers is needed to confirm
the involvement of this process. The effect of IL-33 was also
studied on HCT116 cells (Supplementary Figures 6B–D), where
we observed a downregulation of E-cadherin and increase of
vimentin transcript levels in response to IL-33, but no changes in
migration or in N-cadherin transcript levels, whichmay be due to
ST2L decrease, therefore truncating the process of mesenchymal
activation. Alternatively, phenotypic and molecular differences
of HT29 and HCT116 lines suggest the HCT116 line needs an
additional stimulus to complete the mesenchymal phenotype
of EMT.

Therefore, the IL-33/ST2 axis may participate in the
interaction of the tumor microenvironment, mediating processes
associated with metastasis in CRC primarily in the left
colon (Figure 7).

CONCLUSION

In conclusion, tumor IL-33 increase and stromal ST2 decrease
are associated with greater desmoplasia in left colon tumors,
which in turn might contribute to the development of lymphatic
metastasis. The inflammatory content of the microenvironment
increases IL-33 transcript in CAFs, whose levels are associated
with increased cell migration, whilst activating the onset of
a migrating mesenchymal phenotype in an adenocarcinoma
cell line. Controlling IL-33/ST2 axis expression represents
a potential target to improve a personalized left-sided
CRC therapy.
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