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Introduction

Interleukin (IL)-33 is a pleiotropic cytokine that modulates 
the activities of tumour and immune cells [1]. IL-33 signals 
through the ST2 receptor, which exists in two forms, a solu-
ble form (sST2), which acts as a decoy receptor, sequesters 
free IL-33 and does not signal, and a membrane bound form 
(ST2), which activates the MyD88/NF-κB signalling path-
way to modulate immune cell functions [2].

Within the tumour microenvironment, epithelial cells, 
dendritic cells, macrophages, myeloid-derived suppressor 
cells (MDSCs), fibroblasts and cancer cells produce IL-33 
[3]. However, the crosstalk between IL-33, cancer and 
immune cells in squamous cell carcinoma (SCC) remains 
unclear. IL-33 is known to play multiple and sometimes 
opposing roles in tumourigenesis [4]. It is a possible prog-
nostic marker of cancer development that exerts a direct 

Graziela Perri and Vanessa Garcia Vilas Boas contributed equally to 
this work.

	
 Ana Paula Campanelli
apcampan@usp.br

1	 Department of Biological Sciences, Bauru School of 
Dentistry, University of São Paulo, Al. Dr. Octávio Pinheiro 
Brisolla, Bauru, SP 17012-901, Brazil

2	 Research and Teaching Division, State Department of Health, 
Instituto Lauro de Souza Lima, Bauru, SP, Brazil

3	 Department of Medicine, Division of Pulmonary and Critical 
Care Medicine, Cedars-Sinai Medical Center, Los Angeles, 
CA 90048, USA

4	 Samuel Oschin Comprehensive Cancer Institute, Cedars-
Sinai Medical Center, Los Angeles, CA 90048, USA

Abstract
Interleukin (IL)-33 is an important cytokine in the tumour microenvironment; it is known to promote the growth and 
metastasis of solid cancers, such as gastric, colorectal, ovarian and breast cancer. Our group demonstrated that the IL-33/
ST2 pathway enhances the development of squamous cell carcinoma (SCC). Conversely, other researchers have reported 
that IL-33 inhibits tumour progression. In addition, the crosstalk between IL-33, cancer cells and immune cells in SCC 
remains unknown. The aim of this study was to investigate the effect of IL-33 on the biology of head and neck SCC 
lines and to evaluate the impact of IL-33 neutralisation on the T cell response in a preclinical model of SCC. First, we 
identified epithelial and peritumoural cells as a major local source of IL-33 in human SCC samples. Next, in vitro experi-
ments demonstrated that the addition of IL-33 significantly increased the proliferative index, motility and invasiveness of 
SCC-25 cells, and downregulated MYC gene expression in SCC cell lines. Finally, IL-33 blockade significantly delayed 
SCC growth and led to a marked decrease in the severity of skin lesions. Importantly, anti-IL-33 monoclonal antibody 
therapy increase the percentage of CD4+IFNγ+ T cells and decreased CD4+ and CD8+ T cells secreting IL-4 in tumour-
draining lymph nodes. Together, these data suggest that the IL-33/ST2 pathway may be involved in the crosstalk between 
the tumour and immune cells by modulating the phenotype of head and neck SCC and T cell activity. IL-33 neutralisation 
may offer a novel therapeutic strategy for SCC.
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effect on tumourigenesis, proliferation and metastasis of 
tumour cells by remodelling the tumour microenviron-
ment [5]. In addition, IL-33 drives chronic inflammation 
that supports tumour growth and promotes the activation of 
regulatory T cells (Tregs) and/or MDSCs [3, 6]. Conversely, 
IL-33 inhibits tumour growth by enhancing the activation of 
natural killer (NK) cells and cytotoxic CD8+ T cells [7–9], 
whereas mice lacking ST2 show attenuated SCC progres-
sion due to increased NK cell–mediated cytotoxicity [10]. 
Recently, it has been reported that the IL-33–transforming 
growth factor beta (TGFβ) signalling loop that connects 
tumour-initiating cells and FcERIα+ macrophages [11]. 
Moreover, it is now clear that IL-33 and cancer cell interac-
tions within the tumour microenvironment regulate cancer 
stem cell properties and play an important role in tumour 
progression and metastasis [12].

In this study, we aimed to evaluate the role of IL-33 on the 
biology of the tumour cells and the T cell activation status 
during SCC. Analysis of human SCC biopsies showed the 
presence of IL-33 in epithelial cells as well as the tumour 
surroundings. These findings led us to evaluate the effect of 
IL-33 in the motility, proliferation and invasion of human 
SCC cells in vitro. We found that IL-33/ST2 signalling has a 
direct effect on the motility, invasion and proliferation SCC 
cells, and it is independent of tumour ‘plasticity’ genes, 
including neuroendocrine markers and genes that participate 
in epithelial-to-mesenchymal transition (EMT) and stem-
ness. Interestingly, the expression of the transcription factor 
MYC was downregulated in the presence of IL-33 in SCC-
25 and Detroit 562 cells, two head and neck squamous cell 
carcinoma (HNSCC) cell lines. However, IL-33 neutralisa-
tion in vivo led to a more quiescent tumour characterised by 
the infiltration of CD4+ T cells producing interferon gamma 
(IFNγ) (Th1-like) and decreased Th2-like cells (CD8+ and 
CD4+ T cells expressing IL-4) in the tumour microenviron-
ment. These findings indicate that IL-33 plays a role in both 
tumour cell and immune activation. Targeting the IL-33/
ST2 pathway may represent a potential immunotherapy for 
human SCC.

Materials and methods

SCC samples and healthy volunteers

To analyse IL-33 expression in SCC samples, we reviewed 
patients with carcinomas that were surgically resected and 
originally diagnosed with SCC at Instituto Lauro de Souza 
Lima between 2014 and 2016. There were tumour slides and 
blocks available for histological and immunohistochemical 
evaluation from 14 patients (median age 76.14 ± 10.25 years, 
range 16–99 years, 9 men and 5 women). This retrospective 

study was approved by the Institutional Review Board of 
Instituto Lauro de Souza Lima (37644714.7.0000.5475).

Immunohistochemistry

Immunohistochemical staining was performed on forma-
lin-fixed, paraffin-embedded tissue sections according to 
published protocols [12]. A human anti-IL-33 monoclo-
nal antibody (clone O95760, R&D Systems, Minneapolis, 
MN, USA) was used to analyse IL-33. Briefly, the slides 
were deparaffinised, rehydrated and then rinsed in distilled 
water for 5 min. To block the endogenous peroxidase activ-
ity, the slides were incubated in 0.5% hydrogen peroxide 
in methanol. After washing, the slides were incubated with 
the primary anti-IL-33 antibody overnight at 4 °C. Next, the 
slides were washed with phosphate-buffered saline (PBS) 
and incubated with the appropriate biotinylated antibody for 
1 h at room temperature. The staining was visualised using 
Impact DAB solution (Vector Laboratories). The slides 
were counterstained with haematoxylin.

SCC cell lines

SCC-25 (CRL1628TM, human papilloma virus [HPV] neg-
ative) and Detroit 562 (HPV negative) cells were purchased 
from ATCC (Manassas, VA, USA). SCC25 cells were cul-
tured in Dulbecco’s Modified Eagle Medium (DMEM)/
F12 (GibcoBRL, Waltham, MA, USA) supplemented with 
hydrocortisone (400 ng/mL), 10% heat-inactivated foetal 
bovine serum (FBS) (Omega Scientific, Inc, Tarzana, CA, 
USA), 50 IU/mL penicillin and 50  µg/mL streptomycin 
(GibcoBRL). Detroit 562 cells were cultured in Eagle’s 
Minimum Essential Medium (EMEM) (GibcoBRL) with 
10% FBS, 50 IU/mL penicillin and 50 µg/mL streptomycin 
(GibcoBRL) in 5% CO2 at 37 °C. The cells were negative 
for mycoplasma contamination (MycoAlert Mycoplasma 
Detection Kit, Lonza, Walkersville, MD, USA).

Proliferation assay

For each SCC cell line, 1 × 104 cells/well were seeded in 
96-well plates and allowed to adhere at 37˚C and 5% CO2. 
After 24 h, the cells were fasted in 0.1% bovine serum albu-
min (BSA) for 4 h. Then, the cells were incubated with fresh 
complete medium in the presence of recombinant human 
IL-33 (rhIL-33, R&D Systems) at 0, 10, 50, and 100 ng/mL. 
The proliferation rate based on cell confluence was deter-
mined by live cell imaging (10× objective lens) using the 
IncuCyte ZOOM integrated software (Sartorius, Ann Arbor, 
MI, USA). At different time points, the software automati-
cally calculated cell confluency. The y-axis values represent 
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the fold change based on the baseline cell confluency with-
out rhIL-33 at 0 h.

Cell wound healing assay

The scratch assay was performed as described previously 
[13]. SCC cell lines were seeded in an Essen Imagelock 
96-well plate (1.5 × 104 cells/well) and maintained until 
reaching confluency. After serum starvation with 0.1% BSA, 
a wound was made in the cell monolayer using a 96-well 
wound-maker tool with polytetrafluoroethylene (PTFE) pin 
tips (ESSEN BioScience), according to the manufacturer’s 
instructions. The scratched wells were incubated with fresh 
starvation medium in the absence or presence of rhIL-33 
(0, 10, 50 and 100 ng/mL) (R&D Systems) in 5% CO2 at 
37 °C. Live-cell images were taken every 2 h for up to 48 h 
with the IncuCyte ZOOM system. The IncuCyte ZOOM 
integrated software was used to analyse the results.

Cell invasion assay

SCC cell lines were fasted in 0.1% BSA and then plated 
(1 × 105) on transwell inserts (8 μm) coated with Matrigel 
matrix, phenol red free (BD Biosciences, Franklin Lakes, 
NJ, USA). The inserts were placed in 24-well plates con-
taining 500 µL of cell-free rhIL-33 (0, 10, 50 and 100 ng/
ml) (R&D Systems), and incubated at 37 °C for 48 h. The 
cells attached to the bottom of the membrane were fixed 
with 4% paraformaldehyde and stained with 0.1% (v/v) 
crystal violet. The inserts were washed and photographed 
at 10× magnification using an inverted microscope (EVOS 
M5000, Invitrogen MA, USA). ImageJ (National Institutes 
of Health, Bethesda, MD, USA) was used to count the cells.

Reverse transcription-quantitative polymerase 
chain reaction (RT-qPCR)

Total RNA was extracted from the SCC cell lines with 
TRIzol (Life Technologies, Invitrogen, Carlsbad, CA, 
USA). One microgram of total RNA was reverse transcribed 
to complementary DNA (cDNA), which was used for qPCR 
(run on an Applied Biosystems Viia 7 instrument; Thermo 
Fisher Scientific). Target gene expression was normalised 
to the expression of a housekeeping gene, 18 S or GAPDH. 
Relative gene expression was calculated by using standard 
2-∆∆Ct method. All primers for RT-qPCR were designed and 
synthesised by IDT Technologies (Coralville, IA, USA).

Animal model of SCC

The Animal Care and Use Committee of the Bauru School 
of Dentistry, University of São Paulo, approved the animal 

procedures [012/2017]. All animals were maintained in 
compliance with the Guide for the Care and Use of Labora-
tory Animals prepared by CONCEA. Eight-week-old female 
BALB/c mice were obtained from the School of Medicine 
of São Paulo of Ribeirão Preto, University of São Paulo. 
The mice were subjected to a two-stage carcinogenesis 
procedure [14]: 75  µg of 7,12-dimethylbenz[a]anthracene 
(DMBA; Sigma-Aldrich, St. Louis, MO, USA) was applied 
topically to the shaved back skin of wild-type BALB/c mice 
(n = 18), followed by twice-weekly topical application of 
10 µg of the tumour promoter phorbol 12-myristate 13-ace-
tate (PMA, Sigma-Aldrich).

Antibodies and treatment protocol

Control IgG and anti-IL-33 antibody (AF3626) were 
obtained from R&D Systems. For the in vivo experiments, 
the control antibody or the anti-IL-33 antibody were admin-
istered intraperitoneally once per week at a dose of 3 µg/
mice starting 16 weeks after DMBA exposure [15]. The 
mice were euthanised 17 weeks after the first PMA cycle, 
and tumours were harvested for analysis.

Isolation of leucocytes

After euthanising the mice, the skin and the tumour-draining 
lymph nodes were removed. Skin samples were processed 
as described previously [16]. Briefly, tumour samples were 
separated and placed in RPMI 1640 medium (Gibco, Grand 
Island, NY, USA) supplemented with 250  µg/mL colla-
genase (Boehringer Ingelheim Chemicals), 3000 U/mL 
DNase, 100 U/mL penicillin and 100 µg/ml streptomycin for 
40 min at 37 °C. One cycle of cellular dissociation was per-
formed for 4 min using a Medimachine (BD Biosciences). 
Cells were passed through a nylon mesh (30-µm pore size) 
and then processed for flow cytometry as described below. 
Tumour-draining lymph nodes were removed, and single-
cell suspensions were obtained by passing the cells through 
a 70-µm cell strainer and prepared for flow cytometry.

Flow cytometry

Surface and intracellular staining and flow cytometry were 
performed as described previously [14]. For intracellular 
staining, cells were fixed in 4% formaldehyde and then 
permeabilised using the Perm/Wash™ buffer kit (BD Bio-
sciences), followed by incubation with antibodies. The 
following antibodies were used: anti-mouse CD19 (1D3), 
anti-mouse CD3 (145-2C11), anti-mouse CD4 PERCP 
(RM4-5), anti-mouse CD8 APC (53 − 6.7), anti-mouse 
IFNy PE (B27), anti-mouse IL-10 FITC (JES5-16E3) and 
anti-mouse IL-4-PE (11B11); the respective goat and rat 
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Results

IL-33 expression in human SCC lesions

IL-33 is associated with a mouse model of SCC develop-
ment [10]; therefore, we investigated which cells may be the 
source of IL-33 in the tumour microenvironment in human 
SCC lesions. We analysed the IL-33 protein levels in paraf-
fin-embedded tissue sections of SCC (Fig. 1). We detected 
IL-33 in the peritumoural stroma of nearly all tissue sec-
tions (Fig.  1a). The IL-33+ cells in SCC tissue sections 
showed typical cytoplasmic staining; they were epithelial 
and mononuclear cells (Fig. 1a). We detected IL-33+ cells 
with mononuclear cell morphology. Overall, there were 
fewer IL-33+ peritumoural cells than IL-33+ epithelial cells 
(Fig. 1b and c).

We also performed RT-qPCR to analyse IL33 and ST2 
gene expression in two HNSCC cell lines. Detroit 562 cells 
were isolated from the pharynx of a patients with pharyn-
geal cancer and SCC-25 cells were isolated from the tongue 
of a patient with SCC. IL-33 and ST2 gene expression were 
not different between these two SCC lines (Fig. 1d). There 
were low IL-33 and ST2 mRNA levels in these cells.

Effects of IL-33 on the motility, proliferation and 
invasiveness of SCC-25 and Detroit 562 cells

IL-33 has a well-known impact on immune cells, espe-
cially Th2 cells in allergic disease and parasitic infections. 

isotype controls were used for each analysed antibody (BD 
Biosciences). Data were collected using an FACSCalibur 
(BD Immunocytometry Systems) and analysed using Cel-
lQuest software (BD Biosciences).

Histological analysis

Haematoxylin and eosin–stained sections were reviewed by 
two pathologists to confirm the histopathological diagnosis. 
Formalin-fixed and paraffin-embedded samples were col-
lected from each tumour specimen. All sections were ana-
lysed under an optical microscope, and microphotographs 
were collected using a digital camera (Leica DFC310 FX, 
Leica Microsystems GmbH, Wetzlar, Germany). Represen-
tative sections from each lesion were used for histopatho-
logical analysis.

Statistical analysis

Statistical significance was determined with Student’s t-test 
when comparing two groups or one-way analysis of variance 
(ANOVA) when comparing three or more groups. The log-
rank (Mantel–Cox) test was used to determine whether the 
anti-IL-33-treated mice had better outcomes than the wild-
type mice. The data are presented as the mean ± standard 
error of the mean (SEM) or the mean ± standard deviation 
(SD). A P value ≤ 0.05 was considered statistically signifi-
cant. The Prism 8.3 software program (GraphPad Software, 
San Diego, CA, USA) was used for statical analysis.

Fig. 1  Interleukin 33 (IL-33) in 
squamous cell carcinoma (SCC). 
(a) Representative micrographs 
(scale bar = 200 μm) of three 
patients with SCC, including 
haematoxylin and eosin staining 
(first line) and immunohisto-
chemical staining for IL-33 
(second line). (b) The graph 
represents the mean ± standard 
deviation (SD) of the percent-
age of IL-33+ peritumoural 
cells. (c) The graph represents 
the mean ± SD of the number 
of IL-33+ epithelial cells. (d) 
Relative expression of ST2 and 
IL33 determined by quantita-
tive polymerase chain reaction 
(mean ± standard error of the 
mean, n = 3) in SCC cell lines
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22.5% (50 ng/mL rhIL-33) and 83.0% ± 23.2% (100 ng/mL 
rhIL-33) (Fig. 2a and b). rhIL-33 treatment of SCC-25 cells 
also induced a significant dose-dependent increase in prolif-
eration (Fig. 2b); 50 ng/mL rhIL-33 produced the maximum 
effect. We next analysed the effect of IL-33 on the biology 
of Detroit 562 cells, which are cells derived from metastatic 
sites [17]. We observed partial motility of Detroit 562 cells 
independent of the presence of rhIL-33 (Fig. 2c). Both 50 
and 100 ng/mL rhIL-33 induced the proliferation of Detroit 

However, in cancer immunity IL-33 can display both pro- 
and anti-tumoural functions, depending on the specific 
microenvironment. We evaluated the effect of IL-33 on the 
biology of SCC-25 and Detroit 562 cells, including their 
motility and growth. Our initial analysis with IncuCyte tech-
nology showed a significant dose-dependent effect of rhIL-
33 on the migratory capacity of SCC-25 cells. Compared 
with the control, the migratory capacity of SCC-25 cells 
increased by 92.6% ± 3.4% (10 ng/mL rhIL-33), 80.7% ± 

Fig. 2  Effects of interleukin 33 (IL-33) in SCC25 and Detroit 562 
cells. (a) Relative wound density curve of SCC25 cells for the Incu-
Cyte analysis over 24 h. Representative images of scratch assays show 
scratches immediately after they were made (0 h) and after 24 h in 
the presence of IL-33 (right panels) versus positive control medium 
(left panels). The scale bars represent 300 μm. (b) Proliferation curve 
for SCC25 cells in the presence of IL-33. Representative images of 
the proliferation assay. (c) Relative wound density curve of Detroit 
562 cells for the IncuCyte analysis over 24 h. Representative images 
of scratch assays show scratches immediately after they were made 
(0 h) and after 24 h in the presence of IL-33 (right panels) versus posi-
tive control medium (left panels). The scale bars represent 300 μm. 
(d) Proliferation curve for Detroit 562 cells in the presence of IL-33. 
Representative images of the proliferation assay. The data are shown 

as the mean ± standard error of the mean (SEM) from a single experi-
ment and are representative of at least three experiments. (e) Transwell 
invasion assay for SCC25 cells at 48  h after incubation with IL-33 
(10, 50 and 100 ng/ml). The data are shown as the mean ± SEM of 
cells counted in five representative microscopic fields per membrane 
and analysed using the ImageJ software. Representative images of 
invasion assay from two experiments. (f) Relative expression of 
EPCAM, SOX2, NANOG, MYC, EZH2, CHGA, AURKA, MYCN and 
SYP in SCC25 cells determined with quantitative polymerase chain 
reaction (mean ± SEM, n = 3). (g) Relative expression of EPCAM, 
SOX2, NANOG, MYC, EZH2, CHGA, AURKA, MYCN and SYP in 
Detroit 562 cells determined with quantitative polymerase chain reac-
tion (mean ± SEM, n = 3). *P < 0.05, (**P < 0.01), ***P < 0.001 and 
****P < 0.0001
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evaluation of the skin tumours showed that 50% of the 
anti-IL-33-treated mice exhibited mild hyperplasia (grade 
I) (Fig. 3e), while only 25% were classified as SCC in situ 
(Fig. 3e). In comparison, the wild-type mice exhibited high-
grade hyperplasia and dysplasia.

We next investigated whether IL-33 blockade modulates 
the immune compartment in tumour-draining lymph nodes. 
The percentage of CD4+IFNγ+ T cells present in these 
lymph nodes was significantly higher in anti-IL-33-treated 
mice (12.8%) compared with IgG-treated mice (3.6%) 
(Fig. 3f). The percentage of CD8+IFNγ+ T cells was simi-
lar between the groups, 9.3% in anti-IL-33-treated mice and 
9.6% in IgG-treated mice (Fig. 3f). The intracellular IL-4 
expression by CD4 + T cells was significantly decreased in 
anti-IL-33-treated mice (2.6%) compared with IgG-treated 
mice (22.2%) (Fig.  3g). There were no significant differ-
ences in the percentage of CD4+IL-10+ and CD8+IL-10+ 
T cells (Fig. 3h). These results suggest that blocking IL-33 
leads to a modulation of the immune compartment to a pro-
inflammatory phenotype mediated by CD4+ T cells.

Discussion

IL-33 exhibits pleiotropic functions in inflammatory dis-
eases and particularly in cancer. This cytokine plays a dual 
role in tumourigenesis that depends on the tumour micro-
environment, including the cellular interactions and the 
inflammatory context [18]. Our group previously demon-
strated the increased susceptibility of ST2-deficient mice 
to SCC progression [10], raising the intriguing possibility 
that IL-33 could be exploited for SCC treatment. In the cur-
rent study, we investigate the role of IL-33 in two epithelial 
HNSCC cell lines as well as in the immune compartment. 
Blocking IL-33 in vivo resulted in a skewing of the Th1 
immune profile and, consequently, a reduction in the tumour 
burden after SCC development. The presence of IL-33 also 
exerted biological alterations directly on the tumour cells, 
leading to increased motility and proliferation.

IL-33 is expressed by several cell types within the 
tumour microenvironment and exhibits different or even 
opposite functions under varying circumstances [19, 20]. 
IL-33 knockdown decreases the metastasis and invasiveness 
of oesophageal SCC cell lines (KYSE-450 and Eca-109), 
whereas IL-33 overexpression shows the opposite effect. 
However, another study reported that tumoural expression 
of IL-33 inhibits tumour growth and modifies the tumour 
microenvironment, maintaining the controversy about the 
functional role of IL-33 in cancer. In addition, IL-33 can act 
directly on tumour cells to enhance chemoresistance [21]. 
In the present study, we showed that IL-33 is expressed in 
SCC tissue samples and that IL-33 treatment significantly 

562 cells in a similar manner. However, 20 ng/mL rhIL-33 
could not induce a increase in proliferation (Fig. 2d).

Next, we asked whether IL-33 modulates the invasive-
ness of SCC cell lines. We stimulated SCC-25 cells with dif-
ferent IL-33 concentrations in a transwell assay. There was a 
dose-dependent increase in the invasive capacity (Fig. 2e). 
Compared with control (0 ng/mL rhIL-33, 1% invasive 
capacity), the invasive capacity increased to 2.43-fold ± 
1.03-fold (10 ng/mL rhIL-33), 4.8-fold ± 1.13-fold (50 ng/
mL rhIL-33) and 7.7-fold ± 0.70-fold (100 ng/mL rhIL-33). 
These results indicate a direct effect on the biology of SCC-
25 cells based on their migratory, proliferative and invasive 
capacities, suggesting that IL-33 induces a tumour-promot-
ing phenotype in SCC-25 cells. Although Detroit 562 cells 
are derived from a metastatic site of SCC, their invasive 
capacity in both Matrigel and collagen transwell assays was 
remarkably absent or much lower than that of SCC-25 cells 
(data do not show).

The cellular plasticity of cancer is characterised by 
functional and phenotypic changes between mesenchymal 
and epithelial states; it correlates with invasion, prolifera-
tion and, consequently underlies tumour heterogeneity and 
progression [12, 16]. We found that rhIL-33 increased the 
biological functions on SCC-25 cells – and to some extent 
in Detroit 562 cells – that are associated with aggressive-
ness. These findings led us to investigate whether cellular 
plasticity may be involved in this biological phenomenon. 
We analysed the expression of some genes related to EMT 
(EPCAM and SOX2), stemness (NANOG, MYC and EZH2) 
and neuroendocrine differentiation (CHGA, AURKA, MYCN 
and SYP). We found that SCC-25 and Detroit 562 cells do 
not express most of these markers, except for EPCAM, 
SOX2, MYC, EZH2 and AURKA. Of these genes, MYC 
showed the highest expression. Surprisingly, rhIL-33 sig-
nificantly downregulated MYC expression (Fig. 2f and g). 
These data suggest that the molecular mechanism by which 
rhIL-33 induces a tumour-promoting phenotype in SCC-25 
cells is independent of EMT, stemness and neuroendocrine 
differentiation.

Effects of IL-33 inhibition on SCC and T cell 
activation

We next investigated whether treatment of tumour-bearing 
mice with a neutralising anti-mouse IL-33 antibody (3 µg/
mouse delivered once a week) had an impact on tumour 
growth and the immune compartment (Fig.  3a). IL-33 
blockade significantly reduced the disease burden compared 
with mice treated with the IgG control antibody (P < 0.05; 
Fig. 3b and c). However, the mortality rate was not different 
between anti-IL-33-treated and IgG-treated mice. We con-
firmed these findings histologically (Fig. 3d). Histological 
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of SCC25 cells. Supporting these data, studies involving 
HNSCC, pancreatic carcinoma and colon carcinoma cell 
lines suggest that IL-33 is an autocrine/paracrine media-
tor of carcinoma cell invasiveness and metastasis [22–25]. 
In a mouse model of SCC, IL-33 from CAFs regulated the 
invasiveness of FADU cells through paracrine mechanisms 
[22]. By contrast, our data demonstrated that different IL-33 
concentrations had no effects on the invasiveness of Detroit 
562 cells. Overall, there are controversial data regarding 
the use of different SCC cell lines, their passages and tissue 
origin, and these factors could have an impact on the out-
come of these experiments. The motility of both SCC cell 
lines was significantly increased in the presence of IL-33. 
Similarly, keratinocytes isolated from IL-33-knockout mice 
or pre-designed small interfering RNA (siRNA), which 
effectively knocks down human cellular IL-33 in keratino-
cytes, showed delayed scratch wound closure in vitro [26]. 

enhanced the migration and proliferation of SCC-25 and 
Detroit 562 cells.

In HNSCC, IL-33 has a heterogeneous role among 
tumours of different sites. IL-33 has been detected in can-
cer-associated fibroblasts (CAFs) and is a critical mediator 
in CAF-induced invasiveness [22]. Another study suggested 
that stroma- and epithelium-derived IL-33 produce differ-
ent responses [23]. In laryngeal squamous cell carcinoma 
(LSCC), IL-33 can act as a pro-tumour factor. In oral cavity 
squamous cell carcinoma (OCSCC), IL-33 may act as an 
anti-tumour factor. In oropharyngeal squamous cell carci-
noma (OPSCC), the role of IL-33 has not yet been deter-
mined. IL-33 in LSCC is primarily derived from endothelial 
cells, whereas IL-33 in OCSCC is primarily derived from 
endothelial and epithelial cells [23]. The effect of IL-33 on 
the invasiveness of SCC cells has also been studied. It acts 
as a chemoattractant cytokine, increasing the invasiveness 

Fig. 3  Interleukin 33 (IL-33) 
blockade decreases the develop-
ment of squamous cell carci-
noma. (a) Schematic repre-
sentation of the skin chemical 
carcinogenesis protocol. (b) 
Kaplan–Meier curve showing 
the tumour-free mice. (c) The 
number of papilloma-like lesions 
per mouse. (d) Representative 
pictures of lesion growth patterns 
from anti-IL-33-treated mice and 
IgG-treated-mice (10× and 20×). 
(e) Haematoxylin and eosin–
stained sections were scored to 
grade their level of dysplasia. The 
scale bars represent 50 µM. (f–h) 
Percentage of IFNγ+, IL-4+ and 
IL-10+ cells in lymph nodes from 
anti-IL-33-treated mice and IgG-
treated-mice. The bars represent 
the mean ± standard deviation. 
*P < 0.05
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ST2-expressing ILC2s and induces type 2 cytokine secre-
tion [39]. In cancer immunity, this axis can display both 
pro- and anti-tumoural functions, depending on the spe-
cific microenvironment, that is, crosstalk between stroma 
and immune cells. We aimed to determine how endog-
enous IL-33 affects T cell–dependent responses in an in 
vivo model of SCC development. In our study, mice sub-
jected to IL-33 neutralisation exhibited less tumour growth. 
Likewise, IL-33 neutralisation also decreased the size and 
number of tumours in an experimental model of colorectal 
cancer [40]. Similarly, anti-IL-33 antibody treatment has 
been shown to inhibit glioblastoma and ovarian cancer in 
experimental models [41–43]. In another study, anti-IL-33 
antibody treatment reduced inflammation and improved the 
efficacy of chemotherapy in a colorectal cancer model [44]. 
In our study, anti-IL-33 antibody treatment reduced dyspla-
sia, supporting the hypothesis that the presence of IL-33 
in the tumour microenvironment is correlated with faster 
and more aggressive tumour development in some tumour 
models [45]. In preclinical trials, blocking IL-33 signalling 
with an anti-IL-33 or anti-ST2 antibody showed efficacy in 
patients with lung cancer [46, 47].

Analysis of the immune response in tumour-draining 
lymph nodes showed that the percentage of CD4+IFNγ+ 
cells was significantly higher in anti-IL-33 treated mice. 
These findings clearly indicate that IL-33 modulates 
CD4+IFNγ+ cell activation, suggesting that anti-IL-33 treat-
ment in SCC stimulates the differentiation of CD4+IFNγ+ 
T cells and inhibits the activation of IL-4-producing CD4+ 
cells, thus favouring an anti-tumour protective immune 
response. CD4+IL-4+ T lymphocytes act as indirect pro-
moters of invasion and metastasis by regulating the increase 
in macrophages in the tumour microenvironment [47]. 
Blocking IL-33 may influence the cell activation profile and 
recruitment to the tumour microenvironment. Despite the 
development of a predominantly Th1 immune response in 
the lymph nodes, the same cell migration could not have 
occurred given the profile of chemokines produced in the 
tumour microenvironment. In addition, activated and differ-
entiated CD4+ T cells in lymph nodes can present modu-
lated profiles in an inflammatory microenvironment [48, 49] 
In the current study, we found that blocking IL-33 in vivo 
significantly decreased the inflammatory cell infiltration in 
tumour samples and significantly decreased the number of 
CD4+ T cells, dendritic cells and macrophages (Supplemen-
tary Fig. 1). These results suggest that anti-IL-33 antibody 
treatment may impact the development of immune responses 
during SCC development. These findings are consistent with 
a study of non-small cell lung cancer in mice [45]. After 
treating immunodeficient mice with an anti-IL-33 antibody, 
cancer growth, M2 macrophage polarisation and the num-
ber of Tregs at the tumour site were reduced. These findings 

It has been reported that ILC2s exert an essential role in 
the tumour-driven IL-33/ST2/IL-13 axis by promoting the 
migration and invasion of colorectal cancer cells, which are 
key factors promoting metastasis [27]. PPARγ is key in this 
interaction between ILC2s and cancer cells: it supports the 
pro-tumoural functions of ILC2s, and this function might be 
conserved across different IL-33-dependent tumours [28]. 
Future studies are required to establish the downstream 
pathway contribution of IL-33-driven SCC cell motility and 
proliferation.

It is now clear that IL-33 and cancer cell interactions 
within the tumour microenvironment regulate cancer stem 
cell properties and play an important role in tumour pro-
gression and metastasis [29]. Recently, researchers reported 
that IL-33 could induce EMT and promote oesophageal 
SCC metastasis [20, 30]. We found decreased EMT-related 
gene expression, including MYC (encodes c-MYC), in IL-
33-treated SCC cells. MYC is a proto-oncogene that is con-
stitutively and aberrantly expressed in over 70% of human 
cancers. In oesophageal SCC tissues, c-MYC levels are 
significantly higher than noncancerous tissues [31]. This 
transcription factor has functional importance in the orches-
tration of transcription pathways that regulate cell cycle 
progression, metabolism and survival [32], and is directly 
associated with metastasis [33]. c-MYC is also responsible 
for the crosstalk between breast cancer cells and the tumour 
microenvironment by regulating proteins in cancer cells 
as well as immune infiltration [34]. Inhibition of c-MYC 
expression increases the apoptosis of SCC cells [35]. In our 
study, the presence of IL-33 resulted in significant MYC 
downregulation in both HNSCC cell lines. We also demon-
strated that exogenous IL-33 increased SCC cell prolifera-
tion in vitro, indicating that IL-33 may play a role in cell 
proliferation independent of c-MYC signalling. MYC deple-
tion in colorectal cancer cell lines leads to cell cycle arrest 
by altering p53 signalling and its downstream effectors [36]. 
MYC gene expression is closely regulated at the transcrip-
tional and post-transcriptional levels, and c-MYC activity is 
controlled via post-translational modifications [37]. Further, 
transcript levels by themselves are not necessarily sufficient 
to predict protein levels and thus explain genotype–pheno-
type relationships [38]. Looking downstream of c-MYC 
activation will provide a better understanding of the biologi-
cal processes induced by IL-33 in SCC. One limitation of 
this study is that we looked at MYC expression at one time 
point. In future studies we need to examine additional time 
points to fully understand the transcriptional regulation of 
this protein.

The IL-33/ST2 axis plays an important immunomodu-
lating in the tumour microenvironment, where it acts on 
immune cell populations associated with type 2 and regu-
latory immunity. In particular, IL-33 directly activates 
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