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ABSTRACT 
Chronic inflammation’s tumor-promoting potential is well-recognized; however, the mechanism 

underlying the development of this immune environment is unknown. In contrast to anti-tumor 

immunity in acute allergic contact dermatitis (ACD), chronic ACD is marked by a type 2 tumor-

promoting immune environment. The opposite effects of chronic versus acute ACD on cancer 

enabled a unique paradigm to investigate how a tumor-promoting chronic inflammation develops 

in the first place. Epidermis-derived IL-33 upregulation and its induction of T regulatory cell 

accumulation in the skin preceded the transition from acute to chronic ACD and triggered the 

tumor-promoting immune environment in chronic ACD. Mice lacking IL-33 were protected from 

ACD-induced skin cancer compared to wild-type controls (p = 0.0002). IL-33’s direct signaling 

onto T regulatory cells was required for the development of a cancer-promoting immune 

environment in the skin. Notably, IL-33 to Treg signaling was also required for colorectal cancer 

development in colitis model (p < 0.0001). Significantly increased IL-33 and Treg marked the 

cancer-prone chronic inflammatory diseases of skin and colon in humans. Our findings elucidate 

the role of IL-33/Treg axis in the creation of tumor-promoting immune environment in chronic 

inflammatory diseases, which provide therapeutic targets for cancer prevention and treatment in 

the high-risk patients. 
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Glossary of Terms 
 
ACD – Allergic contact dermatitis 
DMBA - 7,12-dimethylbenz(a)anthracene  
DNFB - 1-Fluoro-2,4-dinitrobenzene (contact allergen) 
IBD – Inflammatory bowel disease 
IFNgamma – interferon gamma (marker of Type 1, tumor suppressive immunity) 
IL33 – Interleukin 33 (alarmin) 
IL25 – Interleukin 25 (alarmin) 
IL17 – Interleukin 17 
IL6 – Interleukin 6 
IL4 – Interleukin 4 
ILC2 – Innate lymphoid cells type 2 
KO – Knockout 
SCC – Squamous cell carcinoma 
ST2 – IL33’s cell surface receptor 
TNFalpha – Tumor necrosis factor alpha 
TGFbeta – Transforming growth factor beta 
Treg - Regulatory T cell 
TSLP – Thymic stromal lymphopoietin (alarmin) 
Th2 – T helper 2 cell 
WT – Wildtype 
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INTRODUCTION 

     The relationship between inflammation and cancer is complex (Mantovani et al., 2008). 
Chronic inflammatory conditions, such as hepatitis, inflammatory bowel disease (IBD) (including 

Crohn’s disease and ulcerative colitis), discoid lupus erythematosus, allergic contact dermatitis, 

chronic ulcers, H. pylori-induced gastritis, HPV-induced cervicitis, chronic pancreatitis, 

esophagitis, and hidradenitis suppuritiva are estimated to contribute to 15-20% of all deaths from 

cancer worldwide (Mantovani et al., 2008).  In addition to chronic inflammation-driven 

carcinogenesis, tumor-promoting immune environments are an essential component of a wide 

array of sporadic cancers and can promote tumor progression by supporting cell growth, 

metastasis, and angiogenesis (Mantovani et al., 2008). Non-steroidal anti-inflammatory drug 

(NSAID) and anti-TNFalpha administration is associated with decreased cancer incidence, 

progression, and mortality, further supporting a cause-and-effect relationship between 

inflammation and cancer progression (Mantovani et al., 2008). In addition to playing a tumor-

promoting role, the immune system may also fulfill tumor-protective functions as evidenced by 

recently developed immune checkpoint blockade therapies. How these immune effector pathways 

interrelate and how the balance between pathologic and protective immunity is regulated in the 

context of malignancy will be intriguing questions to examine in the future. The purpose of this 

dissertation is to elucidate the mechanism by which chronic inflammation initiates carcinogenesis 

in order to develop cancer prevention strategies in high risk patients.  

The association between chronic inflammation and cancer origins has been appreciated for 

over a century, ever since Dr. Rudolf Virchow first noted this association (Balkwill and Mantovani, 

2001). In the skin, chronic inflammation, chronic wound and scar have been associated with a 

highly aggressive form of squamous cell carcinoma (SCC) called Marjolin’s ulcer that carries a 

poor prognosis (Bazalinski et al., 2017). Recently, we described the development of Marjolin’s 

ulcer in the context of chronic allergic contact dermatitis (ACD) to an allergenic orthopedic metal 

implant (Demehri et al., 2014). The extent and severity of chronic inflammation-associated 

cancers highlight the need to better understand the pathogenesis of cancer-prone chronic 

inflammatory conditions in order to develop effective therapeutics against their life-threatening 

complication.   

     Chronic inflammation is commonly described as a type 2 immune environment containing 

multiple protumorigenic immune cells and factors including T helper 2 (Th2) cells, T regulatory 
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cells (Tregs), M2 macrophages, mast cells, eosinophils, myeloid-derived suppressor cells, IL-6, 

TNFα, TGF-β, chemokines and growth factors (Coussens and Werb, 2002; Grivennikov et al., 

2010; Johansson et al., 2008). Although targeting each of these tumor-promoting agents can 

reduce the rate of cancer development in chronic inflammation, the complete reversal of tumor 

promotion by blocking all these effector pathways has proven insurmountable (Shalapour and 

Karin, 2015). To overcome this challenge, it is critical to explore upstream factors that create a 

tumor-promoting immune environment in the first place. The targeting of such key initiating factors 

may lead to optimal cancer prevention in chronic inflammation. Given the challenges of treating 

metastatic cancer and the high risk nature of chronic inflammatory conditions, the need for such 

a preventative therapy in these high risk patients is critical. 

Chronic ACD is marked by type 2, tumor-promoting immune responses (Demehri et al., 2014; 

Kitagaki et al., 1997). In stark contrast, acute ACD (i.e., contact hypersensitivity) is well-known to 

be tumor-suppressive and is characterized by type 1 immunity involving Th1, cytotoxic T and 

natural killer cells (Kaplan et al., 2012). The opposite immune environments of chronic versus 

acute ACD provide a unique opportunity to determine the mechanism of transition from a type 1, 

tumor-suppressing immunity to a type 2, tumor-promoting microenvironment. Pharmacologic 

regulation of this transition has significant potential to prevent cancer development in patients with 

high-risk chronic inflammatory conditions. Among the immune cells implicated in a type 2 immune 

environment, Th2 cells, Tregs, group 2 innate lymphoid cells (ILC2s) and mast cells are potential 

candidates for initiating the development of chronic inflammation (Grivennikov et al., 2010; 

Mantovani et al., 2008; Roediger et al., 2013). In addition to cell-mediated processes, the 

epithelium-derived alarmins, interleukin(IL)-25, IL-33 and thymic stromal lymphopoietin (TSLP), 

may contribute to the formation of type 2 immune environment of chronic inflammation (Cayrol 

and Girard, 2014; Paul and Zhu, 2010; Saenz et al., 2008). These alarmins play an initiating role 

in the development of type 2 allergic inflammation like atopic dermatitis and asthma at barrier 

sites (Gour and Lajoie, 2016). In addition, these cytokines can activate Tregs, ILC2s and mast 

cells upon epithelial damage in barrier organs (Bruhs et al., 2018; Kashiwagi et al., 2017; Licona-

Limon et al., 2013). Despite their role in induction of type 2 allergic inflammation, it is unknown 

which of these factors, if any, play a determining role in the transition from acute to chronic 

inflammation. 

IL33 is a cytokine that plays critical roles in responses to epithelial damage. Thus, IL33, along 

with IL-25 and TSLP, are considered the cardinal epithelium-derived alarmins or damage 

associated molecular patterns (Wasmer and Krebs, 2016). Its signaling capabilities are enhanced 

approximately 10 fold after cleavage by serine proteases (Wasmer and Krebs, 2016). The 
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regulation of IL33 secretion is not well understood, but it is passively released from necrotic 

epithelia. IL33 is expressed in the nuclei of epitheliocytes (Wasmer and Krebs, 2016). It 

subsequently binds to its cell surface receptor, ST2, where it signals downstream through MyD88 

to activate multiple inflammatory response pathways including NF-KB. IL33 also demonstrates 

cell autonomous signaling capabilities as well and can function as a host cell transcription factor 

(Wasmer and Krebs, 2016).  

IL33’s role in colorectal carcinogenesis and inflammatory bowel disease is highly complex. 

IL33 is known to expand intestinal regulatory T cell populations (Schiering et al., 2014). Both 

oncogenic and tumor suppressive roles for IL33 in colorectal carcinogenesis have been described 

(Maywald et al., 2015; Eissmann et al., 2018).  Its role in the promotion or suppression of 

pathologic immunity in IBD is not yet well defined. The possibility that IL33’s protective or 

pathologic effect could depend on the immune cell type onto which it signals must be explored. 

     In this report, we find IL-33 upregulation precedes the development of a tumor-promoting 
immune environment in chronic inflammation. Employing a novel protocol for skin carcinogenesis 

in the setting of chronic inflammation, we determined that IL-33 was required for tumor 

development in chronic ACD. Next, we demonstrated that IL-33 induced Treg accumulation in the 

skin during the transition to chronic ACD and that loss of IL-33 reception by Tregs blocked both 

the transition to a type 2 immune environment and tumor development in chronic ACD. Further, 

we showed direct IL-33 to Treg signaling was required for colitis-induced colorectal cancer. 

Finally, we demonstrate that IL-33 and Treg induction are associated with human cancer 

development in chronic skin and colon inflammatory diseases. We conclude the IL-33-Treg axis 

is essential for the initiation of a tumor-promoting immune environment in chronic inflammation.  

 
 
MATERIALS AND METHODS 
Human samples 
The biopsies of the neoplastic lesions and adjacent normal tissues were fixed in formalin and 

embedded in paraffin. Formalin-fixed paraffin-embedded tissue sections (4 μm) were used for 

manual (IL-33) or automated immunostaining (CD3/Foxp3 and CD4/Foxp3) using a Ventana Ultra 

automated immunostainer (Ventana Medical Systems, Tucson, AZ). Stained cells were counted 

blindly. Refer to supplemental material for the list of antibodies (Supplemental Table 1). 

 
Mice 
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All mice were housed under pathogen-free conditions in an animal facility at Massachusetts 

General Hospital in accordance with animal care regulations. C57BL/6 mice were purchased from 

the Jackson Laboratory (Bar Harbor, ME). IL-33KO mice were generated by Dr. Marco Colonna. 

TregST2CKO mice were generated by Dr. Richard Lee and Dr. Diane Mathis. 

 

Statistical analysis 
Two-tailed Mann-Whitney U test was used as the test of significance for tumor counts, 

ear/epidermal thickness, immunostained cell counts, RNA and protein expression levels and other 

quantitative measurements. Log-rank test was used as the test of significance for time to tumor 

onset outcomes. p value < 0.05 is considered significant. All the bar graphs show mean + SD. 

 
Study approval 
Washington University School of Medicine and Massachusetts General Hospital IRBs approved 

the clinical studies. Massachusetts General Hospital IACUC approved the animal studies. 

 
Animal studies 

ACD acute to transition On the first day, four-eight-week old male and female IL-33KO, 

TregST2CKO and wild-type C57BL/6 mice were shaved on their abdomen and sensitized to 

0.5% 1-Fluoro-2,4-dinitrobenzene (DNFB) dissolved in acetone plus olive oil at 3:1 ratio (refer to 

as acetone). After a week, all mice were challenged with 0.25% DNFB on their back skin and 

ears, which was repeated three times per week for 22-40 days depending on the experimental 

setup. Skin rash and ear thickness was monitored over the duration of the study.  

ACD skin carcinogenesis In order to test the development of cancer in the context of chronic 

inflammation associated with allergic contact dermatitis (ACD), we designed a skin 

carcinogenesis protocol (Figure 2D (Demehri et al., 2014)). On the first day, four-eight-week old 

male and female IL-33KO, TregST2CKO and wild-type C57BL/6 mice were shaved on their 

abdomen and sensitized to 0.5% DNFB. One week later they were treated with 50 μg 7,12-

dimethylbenzantracene (DMBA). After a week, all mice were challenged with DNFB which was 

continued three times per week for 30 weeks at the dosage that maintained mild erythematous 

dermatitis in Wt mice. Skin rash and tumor development were monitored and recorded weekly 

over the duration of the study.  

AOM/DSS colon carcinogenesis IL-33KO, TregST2CKO and wild-type C57BL/6 mice were 
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weighed and injected 10mg/kg azoxymethane (AOM) intraperitoneally. One week later, they 

received 2% dextran sodium sulfate solution in their drinking water for five days. Mice were 

weighed during DSS administration and for 13 days following DSS administration. This 

AOM/DSS protocol was repeated for four cycles. Mice were harvested 15 weeks after initial 

azoxymethane injection.  

Flow cytometry  

Lymph nodes and back skin of IL-33KO, TregST2CKO and wild-type C57BL/6 mice were 

harvested and analyzed using flow cytometry. Lymph nodes were incubated in collagenase IV 

(Worthington Biochemical, Lakewood, NJ)-containing digestion buffer for one hour at 37°C. 

Single cell suspension resulted from homogenization and then straining through 70μm filters. 

Back skin underwent the same processing steps. Before staining the cells with fluorochrome-

conjugated antibodies, all cells were treated with 2.4G2 supernatant to block Fc receptors. Cells 

were stained with the monoclonal surface antibodies (Table S1A). Intracellular stains were 

performed after fixation and permeabilization with Foxp3/Transcription Factor Staining Buffer 

Set (eBioscience, Waltham, MA). Subsequently, all cells were stained with the intracellular 

antibodies (Table S1A). Cells were assayed on a FACS Fortessa flow cytometer (BD 

Bioscience, Billerica, MA) and data were analyzed using FlowJo software (Tree Star, Ashland, 

OR).  

Histology, immunohistochemistry and immunofluorescence  

Dorsal skin samples were harvested from IL33KO, Foxp3-Cre ST2 f/f, and wildtype c57/B6 mice 

mice and fixed in 4% paraformaldehyde (PFA) overnight at 4 °C. Next, tissues were dehydrated 

in ethanol, processed, and paraffin embedded. Five μm sections of paraffin-embedded tissue 

were cut, deparaffinized, and stained with hematoxylin and eosin (H&E) and toluidine blue 

(Sigma-Aldrich, St. Louis, MO) to stain for mast cells. Where described, immunohistochemical 

staining was performed on tissue sections using Ventana Discovery Ultra staining platform with 

primary and secondary antibodies are listed in Supplementary Table S1A.  

For immunofluorescent staining, the paraffin-embedded tissues were cut into five μm sections. 

After deparaffinization, sections were permeabilized in PBS 0.2% Triton X-100 (Thermo Fisher  

Scientific Inc, Waltham, MA) and antigen retrieval was conducted in Vector Lab Antigen 

Retrieval Solution (Vector Laboratories, Burlingame, CA) by heating the sections for 20 minutes 
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at 95 °C in a pressure cooker. Sections were blocked with 5% goat serum (Sigma-Aldrich, St. 

Louis, MO) in 5% BSA-PBS before staining with the anti-mouse antibodies listed in 

Supplementary Table S1A. Counterstaining was performed with DAPI (Thermo Fisher Scientific 

Inc.) nuclear stain. Image capture was performed with a fluorescence microscope (Zeiss Axio 

Scan, Oberkochen, Germany).  

Quantitative RT-PCR  

Dorsal skin samples of IL33KO, TregST2CKO, and wild-type C57BL/6 mice were harvested, 

homogenized and lysed in RLT Lysis Solution with a Mini-BeadBeater-8 (BioSpec Products, 

Inc., Bartlesville, OK). Total RNA was extracted using an RNeasy Mini Kit (Qiagen, Netherlands, 

Venlo, Limburg) and then quantified using a NanoDrop ND-1100 (NanoDrop Technologies). 

cDNA samples were synthesized from 1μg of total RNA with Invitrogen SuperScript II Reverse 

Transcriptase (Life Technologies, Carlsbad, CA). Expression levels of all cDNA samples were 

determined with a LightCycler® 480 System (Roche Molecular Systems Inc, Pleasanton, CA) 

using iTaqTM Universal SYBR® Green Supermix (Bio-Rad Laboratories, Hercules, CA) or 

TaqMan Universal Master Mix II 4440040 (Applied Biosystems). Primer sequences for SYBR 

green and Taqman assays are found in Supplementary Table S1B. Quantitative real-time PCR 

for SYBR green analyses were performed in a final reaction volume of 10μL consisting of 2μL 

cDNA of the respective sample and 8μL of SYBR green master mix mixed with the 

corresponding primers (2μM) for each gene. TaqMan analysis was performed in a final reaction 

of 10μL with 4.5μL cDNA and 5.5μL of TaqMan master mix and corresponding primers (20μM). 

All assays were conducted in triplicate and normalized to GAPDH expression.  

Protein analysis  

Skin tissue lysates of DNFB- and acetone-treated mice were collected. Subsequently, total 

protein and IL-33 levels were determined using Pierce BCA Protein Assay Kit (Thermo Fisher 

Scientific Inc.) for total protein and BioLegend LEGENDplexTM Elisa kit for IL-33 according to 

the manufacturer’s instructions (BioLegend, San Diego, CA).  

RESULTS 

IL-33 overexpression precedes the development of a tumor-promoting immune 
environment in chronic ACD 
     To elucidate the mechanism of the transition from acute, tumor-suppressing immunity to 
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chronic, tumor-promoting inflammation, we first searched for the timepoint at which the switch 

from acute to chronic ACD occurs. A week after abdominal sensitization with 0.5% 1-Fluoro-2,4-

dinitrobenzene (DNFB) in acetone, mice were challenged with 0.25% DNFB on their ear three 

times a week and ear thickness was measured over time. Increased ear thickness, which marks 

the acute phase of ACD (i.e., contact hypersensitivity (Kaplan et al., 2012)), peaked at day 14-18 

after first challenge in wild-type (Wt) mice, followed by a decrease approaching a plateau at 

approximately day 22 (Figure 1A).  Based on this result, we identified day 22 as the transition 

time point from acute to chronic ACD (Figure 1A, blue arrow). Given the role for the cardinal 

epithelium-derived alarmins, TSLP, IL-25 and IL-33, in the initiation of a type 2 immune response 

at barrier sites (Gour and Lajoie, 2016), we next examined the expression levels of TSLP, IL-25 

and IL-33 in the back skin of Wt animals at day 22 post DNFB versus acetone (carrier alone) 

challenge (Figure 1B). Tslp expression was downregulated (p < 0.05) and Il25 expression was 

not changed in DNFB- compared to acetone-treatment skin at the transition timepoint (Figure 1C). 

In contrast, Il33 expression was significantly elevated in DNFB-treated skin at the transition 

timepoint (Figure 1C), and Il33 mRNA was already increased at 24hr after the first challenge with 

DNFB (acute phase; Figure 1D). IL-33 protein levels were significantly elevated in DNFB-treated 

skin during the transition to chronic ACD (Figure 1E). Keratinocytes were the source of IL-33 

expression in the DNFB-treated skin, which was detectable as nuclear stains at the transition 

timepoint, but absent 24hr after first DNFB challenge or in acetone-treated skin (Figure 1F and 

Figure S1). IL-33 upregulation was also detectable in the skin of MRL/lpr mice that develop 

cancer-prone cutaneous lupus inflammation (Figure S2). IL-33 upregulation at the transition 

timepoint and its initiating role in the development of type 2 inflammation (Kakkar and Lee, 2008) 

point to IL-33 as an optimal candidate for driving the transition from acute to chronic inflammation.  

 

IL-33 is required for the development of a tumor-promoting immune environment in ACD 
     Having demonstrated IL-33’s association with the ACD transition timepoint, we next sought to 

determine whether IL-33 is required for the transition to tumor-promoting immune environment in 

chronic ACD. IL-33 deletion had no impact on the acute phase of ACD as measured by ear 

thickness in DNFB-treated IL-33 knockout mice (IL-33tm1b/tm1b or IL-33KO) compared to Wt mice 

(Figure 2A). However, epidermal hyperplasia and dermal inflammation were significantly blunted 

in DNFB-treated IL-33KO compare to Wt mice during the transition to chronic ACD (Figure 2B-

C). To determine the role of IL-33 in regulating tumor promotion in chronic ACD, we sensitized IL-

33KO and Wt mice to DNFB, treated their back skin with carcinogen, 7,12-

dimethylbenz(a)anthracene (DMBA), followed by treatment with DNFB or acetone three times a 
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week on their back skin for 30 weeks to measure their tumorigenesis potential (Figure 2D). IL-33 

loss blunted the epidermal hyperplasia in chronic ACD (p = 0.0021; Figure 2E and Figure S3). 

Importantly, DNFB-treated IL-33KO mice were protected from chronic ACD-induced skin tumors 

compared to DNFB-treated Wt mice (p = 0.0002, Figure 2F and Figure S3). Further, IL-33KO 

mice developed significantly fewer skin tumors per mouse compared to Wt animals in response 

to chronic DNFB exposure (Figure 2G). Interestingly, IL-33 loss did not impact tumor development 

in mice subjected to standard DMBA/TPA skin carcinogenesis protocol (Figure S4 (Abel et al., 

2009)), suggesting that IL-33 protumorigenic effect is specific to inflammation-associated, but not 

sporadic forms of skin cancer. These findings highlight IL-33’s essential role in the formation of a 

tumor-promoting chronic inflammation.  

 

IL-33 induces Treg response in the skin during the transition to chronic ACD 
     To determine the cellular target(s) of IL-33, which can mediate the transition from acute to 

chronic, tumor-promoting ACD, we examined the immune environment of IL-33KO relative to Wt 

skin at day 22 post DNFB challenge (i.e., transition timepoint, Figure 1B).  CD4+ and CD8+ T cells 

were significantly reduced in DNFB-treated IL-33KO compared to Wt skin, with CD4+ T cell 

numbers in IL-33KO skin approximating those in acetone-treated controls (Figure 3A-B). We did 

not detect any differences between DNFB-treated IL-33KO and Wt mice in mast cell, basophil or 

ILC2 accumulation in the skin, which are the other direct targets of IL-33 and can drive the 

development of a type 2 immune environment (Figure 3C-E and Figure S5). Among CD4+ T cell 

subsets, Foxp3+ Tregs showed a marked reduction in DNFB-treated IL-33KO compared to Wt 

skin at the transition timepoint (p = 0.0068; Figure 3F-G and Figure S6). To determine the impact 

of IL-33 loss on transition from type 1 immunity to type 2 inflammation in chronic ACD, we 

analyzed the expression of cytokines associated with Th cells (Ifng, Il4 and Il17) and Tregs (Il10) 

in acute (D1) versus transition (D22) timepoints in IL-33KO and Wt skin-draining lymph nodes. 

Interferon gamma expression, a marker of type 1, acute ACD, was significantly decreased in Wt 

mice at transition relative to the acute timepoint; however, IL-33KO mice showed a reversed trend 

(Figure 3H). This data was supported by a significant reduction in % T-bet+ Th1 cells in Wt skin 

at the transition timepoint, which was reversed in IL-33KO skin (Figure 3F and Figure S7A). Il4 

and Il17 expression levels did not change significantly from acute to transition phase (Figure 3H). 

Consistent with this finding, % GATA3+ Th2 cells were not increased in Wt or IL-33KO skin at the 

transition timepoint, suggesting Th2 cells may not play a critical role in the initiation of a type 2 

inflammation in chronic ACD (Figure S7B). Interestingly, Il10 expression was significantly 

elevated at transition timepoint in Wt mice, which was blunted in IL-33KO mice (Figure 3H). These 
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findings suggest a critical role for Treg and its associated cytokine, IL-10, downstream of IL-33 in 

mediating the transition from acute to chronic ACD. 

 

Loss of ST2 expression on Tregs blocks chronic ACD-induced skin carcinogenesis 
     Having shown IL-33’s critical role in mediating the transition to a tumor-promoting chronic 

inflammation in association with Treg induction, we next asked if the IL-33/Treg axis is necessary 

for the transition to a chronic tumor-promoting immune environment. To answer this question, we 

utilized Foxp3Cre, ST2flox/flox (TregST2CKO) mouse model in which IL-33 receptor (interleukin 1 

receptor like 1 (IL1RL1) or ST2) was deleted specifically on Tregs. As observed in the IL-33KO 

mice, knocking out ST2 specifically on Tregs had no impact on acute ACD, but blunted the 

epidermal hyperplasia in response to repeated DNFB challenge at the transition timepoint (Figure 

S8A-B). DNFB-treated TregST2CKO skin exhibited decreased CD4+ T cell accumulation, 

decreased Treg accumulation, and increased CD8/Treg ratio compared to DNFB-treated Wt skin 

at the transition timepoint (Figure S8C-G). To test whether IL-33 signaling onto Tregs was 

required for the transition to a tumor-promoting immune environment in chronic ACD, we 

subjected TregST2CKO, IL-33KO and Wt mice to a chronic ACD-associated skin carcinogenesis 

protocol (Figure 2D). Compared to DNFB-treated Wt mice, TregST2CKO and IL-33KO mice had 

significantly reduced CD4+ T cell and Treg accumulation in the skin during chronic ACD (Figure 

4A-C). Interestingly, TregST2CKO maintained a high number of CD8+ T cells in their skin leading 

to significantly elevated CD8/Treg ratio in these animals compared to DNFB-treated Wt mice 

(Figure 4D and Figure S9). This suggested the persistence of antitumor immunity in TregST2CKO 

skin during chronic ACD. Accordingly, epidermal hyperplasia was markedly blunted in DNFB-

treated TregST2CKO mice compared to Wt controls (Figure 4E and Figure S10). Significantly 

fewer TregST2CKO mice developed skin tumors in response to DMBA/DNFB treatment and the 

number of tumors per mouse was markedly fewer among TregST2CKO mice compared to 

DMBA/DNFB-treated Wt mice (Figure 4F-G). Our findings demonstrate that blocking IL-33 

signaling to Tregs recapitulates the tumor-protective effect of global IL-33 loss in chronic 

inflammation. 

 

IL-33 and Tregs are increased in cancer-prone chronic inflammatory diseases of human 
skin 
     Based on the IL-33/Treg signaling requirement for skin carcinogenesis in mouse model of 

chronic ACD, we investigated whether this axis was associated with skin cancer development in 

our clinical case of chronic ACD-associated skin cancer (Demehri et al., 2014). IL-33 
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immunostaining on the patient’s skin cancer and perilesional skin, away from the cancer site, 

revealed IL-33 overexpression in their keratinocytes compared to normal gender- and age-

matched control skin from the same anatomical site (Figure 5A). We also identified increased 

numbers of CD3+ Foxp3+ Tregs in SCC and the perilesional skin of our patient compared to the 

normal skin (Figure 5B).  Importantly, we observed a similar pattern of IL-33 upregulation in SCC 

and perilesional skin of two skin cancer-prone discoid lupus patients, which was absent in the 

control discoid lupus lesions with no skin cancer history and normal skin (Figure S11). Therefore, 

IL-33/Treg axis may play a critical role in skin cancer development in high-risk patients with 

cancer-prone inflammatory skin diseases.  

 
ST2 expression by Tregs is critical for colitis-induced colorectal carcinogenesis in mice 
     To determine the role of IL-33/Treg axis in other, more common, cancer-prone chronic 

inflammatory conditions, we extended our studies to chronic IBD-associated colorectal cancer. 

An AOM/DSS model was used as an established model for colitis-induced colorectal cancer in 

which mice received four treatment cycles of a carcinogen, azoxymethane (AOM), injected 

intraperitoneally followed by a colitis-causing agent, dextran sodium sulfate (DSS), added to the 

drinking water over five days (Figure 6A). This carcinogenesis protocol led to a massive IL-33 

induction in the colon (Figure S12) and AOM/DSS-treated mice lacking global IL-33 expression 

(IL-33KO) developed significantly fewer colorectal tumors compared to Wt mice (Figure S13 

(Mertz et al., 2016)). TregST2CKO mice subjected to this protocol were resistant to weight loss, 

a marker of disease severity, compared to Wt controls (Figure 6B). Likewise, colon length as 

measured from the cecum to rectum, was significantly greater in the TregST2CKO mice 

compared to Wt mice at the completion of the treatment protocol (Figure 6C-D). TregST2CKO 

mice developed significantly fewer colorectal tumors compared to Wt controls (p < 0.0001; Figure 

6E-F). Tumors were smaller in TregST2CKO compared to Wt colon, and we observed better 

preserved crypt architecture in TregST2CKO relative to Wt colon (Figure 6F-G). Flow cytometric 

analysis demonstrated increased CD8+ T cell percentage in AOM/DSS-treated TregST2CKO 

relative to Wt colon (Figure 6H). We identified a significant increase in CD8+ T cell counts in 

TregST2CKO relative to Wt colon, while CD4+ T cell counts remained the same (Figure 6I-G). 

Among CD4+ T cells, Treg percentage was significantly reduced in TregST2CKO compared to Wt 

colon (p < 0.0001; Figure 6K). Finally, CD8/Treg ratio in AOM/DSS-treated TregST2CKO colon 

was significantly higher compared to Wt controls (Figure S14). These findings support the 

generalized role of the IL-33/Treg axis as a driver of the tumor-promoting immune environment in 

chronic inflammation. 
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IL-33 and Tregs are increased in cancer-prone IBD in humans 
     Based on our findings in animal models of colitis-induced colorectal cancer, we investigated 

whether IL-33/Treg axis plays a role in human colons affected by cancer-prone IBD preceding the 

development of colorectal cancer. We collected 19 colorectal cancer specimens (12 sporadic and 

7 IBD-associated), 13 colitis specimens (7 ulcerative colitis and 6 Crohn’s disease) from patients 

with concurrent diagnosis of colorectal cancers, and 20 normal colon specimens. We stained 

these tissues with IL-33 and CD4/Foxp3 using adjacent sections and quantified the number of IL-

33+ and Foxp3+ CD4+ T cells within 10 randomly selected high power microscope fields from each 

specimen in a blinded manner.  The outcome of this clinical study revealed a significant increase 

in IL-33+ cells in colorectal cancers and colon tissues with colitis, away from any caner, compared 

to the normal colon (p < 0.0001; Figure 7A). In addition, the number of Tregs in colitis tissues 

were markedly higher than normal colon (p < 0.0001) and were comparable to Treg numbers in 

colon cancers (Figure 7B). We did not detect any differences between IL-33+ cell or Treg counts 

between cancer-prone ulcerative colitis and Crohn’s disease specimens. Correlation analysis 

between IL-33+ cell counts and Treg counts across all specimens revealed a positive correlation 

(r = 0.321) between IL-33+ cell number and Treg accumulation in the colon (p = 0.0202; Figure 

7C). These outcomes demonstrate IL-33 upregulation and its associated Treg accumulation 

precede the development of colorectal cancer in cancer-prone IBD and strongly support the 

critical role of IL-33/Treg axis in creating a tumor-promoting immune environment in chronic 

inflammation. 
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DISCUSSION, CONCLUSIONS, AND SUGGESTIONS FOR FUTURE WORK 
     Our clinical and experimental findings demonstrate that IL-33-driven induction of Tregs is an 
essential trigger for the development of a tumor-promoting immune environment in chronic 

inflammation. Analysis of the skin in acute ACD and during the transition to chronic ACD showed 

that IL-33 upregulation in keratinocytes preceded the formation of a tumor-promoting immune 

environment in chronic inflammation. Genetic studies demonstrated that IL-33 is required for the 

induction of Tregs during the transition, the suppression of type 1 immunity, and the development 

of a tumor-promoting type 2 inflammation in the skin. Deletion of the IL-33 receptor, ST2, 

specifically on Tregs blocked tumor development in the cancer-prone chronic inflammation of the 

skin and colon. IL-33-expressing cells and Tregs were significantly and specifically increased in 

cancer-prone chronic inflammatory diseases of skin and colon in humans. Together, our findings 

have major implications for cancer prevention in chronic inflammatory diseases, cancer treatment 

in a large array of malignancies in which IL-33 and Tregs are increased, and enhancement of 

antitumor immunity and the efficacy of immunotherapeutics by blocking the detrimental effects of 

IL-33/Treg axis. 

     Regulation of the transition from acute to chronic inflammation provides a novel cancer 

prevention strategy for high-risk patients. Cancer develops through a step-wise process of 

initiation, promotion, progression and metastasis (Abel et al., 2009). The chronic inflammatory 

microenvironment contains multiple immune cells and factors that are potent mediators of the 

promotion and progression of carcinogenesis (Mantovani et al., 2008). Therefore, the attempts to 

block individual tumor-promoting mediators in chronic inflammation alone or in combination have 

proven challenging (Shalapour and Karin, 2015). Study of ACD and its distinct acute, chronic and 

transition phases enabled us to identify the IL-33/Treg axis as a critical node in regulating the 

development of a complex tumor-promoting immune environment in the skin and colon. While 

tumor formation in the context of chronic ACD is rare, cancers associated with contact allergy to 

metallic dental implants and tattoo ink have been reported (Hougeir et al., 2006; Kazandjieva and 

Tsankov, 2007; Kluger and Koljonen, 2012; Weber et al., 2012). The rising prevalence of contact 

allergies to nickel (Thyssen and Menne, 2010) and the prevalence of nickel-containing metal 

implants suggests that chronic ACD-induced carcinogenesis is likely underreported (Demehri et 

al., 2014). As we showed in discoid lupus, IL-33/Treg axis may also play a critical role in skin 

cancer development in other cancer-prone inflammatory diseases of the skin including 

hypertrophic lichen planus, chronic wound and chronic scar (Baroni et al., 2011; Bazalinski et al., 

2017; Kutlubay et al., 2009; Singh et al., 2006). In colon, IBD is a major risk factor for colorectal 

cancer with 23-fold increased risk among patients with pancolitis (Triantafillidis et al., 2009). Our 
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findings carry major implications for many other cancer types that arise in the context of chronic 

inflammation including hepatitis-associated liver cancer and human papilloma virus (HPV)-

induced cervical cancer. The wide distribution of cancers arising in chronic inflammatory 

conditions highlights the importance of blocking IL-33/Treg signaling to prevent cancer formation 

in high-risk patients.  

     IL-33 upregulation has been detected in established invasive cancers, which may suggest a 

role for IL-33/Treg axis in tumor progression in response to damaged tissue homeostasis (Arpaia 

et al., 2015). IL-33 can drive colon cancer development in adenomatous polyposis coli (APC) 

gene mutant animals (He et al., 2017; Maywald et al., 2015). IL-33’s oncogenic role has also been 

demonstrated in head and neck squamous cell cancer, non-small cell lung cancer, hepatocellular 

carcinoma, gastric cancer and myeloproliferative neoplasms (Wasmer and Krebs, 2016). In 

addition, IL-33 can be detected in the serum of parotid cancer patients, and its levels correlate 

with the cancer stage (Pawel et al., 2018) and IL-33 is found as a poor prognostic biomarker in 

renal cell carcinoma (Wu et al., 2018). These observations suggest IL-33 blocking antibodies that 

are being developed for atopic dermatitis and other atopic disorders may show efficacy in cancer 

treatment. While IL-33 serves as a promising therapeutic target in sporadic cancers, more work 

needs to be done to understand the IL-33 signaling pathway and determine the potentially distinct 

impact of IL-33 on Tregs versus other immune cell types in these contexts (Villarreal and Weiner, 

2014), which could dictate the outcome of IL-33 blockade for cancer therapy. 

     Preventing the transition from an acute, tumor-suppressing immunity to a chronic, tumor-

promoting inflammation can potentiate the efficacy of cancer immunotherapeutics. While the 

mechanism underlying the transition from acute to chronic immune activation had not been 

previously elucidated, the existence of such a transition has been long reported (MacKay et al., 

1985; Van Praet et al., 2012). More recently, it is appreciated that the transition from acute, 

antitumor immunity to chronic inflammation is a common detriment to the efficacy of cancer 

immunotherapeutics (Shalapour and Karin, 2015). This issue is evident in the ACD paradigm 

itself: tumor-suppressive effect of acute ACD has been used for decades to treat skin cancers 

(Damian et al., 2014; Erkes and Selvan, 2014). However, the repeated application of contact 

allergens run the risk of creating a tumor-promoting immune environment (Demehri et al., 2014; 

Kitagaki et al., 1997). Therefore, blocking IL-33/Treg axis may provide a novel approach to 

maximize the efficacy of cancer immunotherapeutics by sustaining the antitumor immunity long 

term. Further studies are required to determine the dynamic range of the transition from acute to 

chronic inflammation and whether IL-33/Treg axis blockade would be effective in reverting back 

to a tumor-suppressing immunity once a chronic inflammatory environment has been established. 
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SUMMARY 
Chronic inflammatory diseases are well-recognized causes of cancer and account for up to 20% 

of all cancer deaths worldwide. Using mouse models of chronic skin and colon inflammation and 

human samples, we show IL-33 triggers the transition from tumor-suppressive immunity to 

chronic, tumor-promoting inflammation through a regulatory T cell-dependent mechanism. Our 

findings demonstrate a generalized dependency of tumor-promoting immune environments on 

the IL-33/Treg axis both in skin and colon. Based on these findings, IL-33/Treg axis blockade may 

be an attractive therapeutic strategy for the treatment and prevention of cancers associated with 

chronic inflammatory diseases and potentiating the antitumor immunity induced by cancer 

immunotherapeutics. 
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Figure 1. IL-33 is overexpressed in the skin during the transition to chronic ACD 
(A) Ear thickness in acetone- and DNFB-treated Wt mice measured over days after first DNFB 

challenge. Mice were treated with 0.25% DNFB or acetone three times per week over 4 weeks. 
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Blue arrow points to Day 22, which is picked as the transition timepoint in follow-up studies (*p < 

0.0001). 

(B) Experimental design used to capture immune profile of ACD at acute and transition timepoints. 

(C) Alarmin mRNA expression levels in DNFB-treated skin relative to carrier control at the 

transition timepoint. 

(D) IL33 mRNA expression level in DNFB-treated skin relative to carrier control at the acute 

timepoint. 

(E) IL33 protein expression levels in DNFB-treated skin relative to carrier control during transition 

to chronic ACD. 

(F) Representative images of IL-33 immunostaining in the Wt skin at transition timepoint relative 

to acute timepoint and acetone control. 

n = 8 per group; Error bars represent the mean + SD; *p < 0.01, **p < 0.0001 compared to 

acetone-treated mice by two-tailed Mann-Whitney U test; scale bar: 100 μm. 
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Figure 2. IL-33 is required for tumor promotion in chronic ACD 
(A) Ear thickness measurement in IL-33KO and Wt mice treated with DNFB compared to acetone 

control (*p < 0.0001 compared to acetone group). There is no significant difference in ear 

thickness between DNFB-treated IL-33KO and Wt mice. 

(B) Epidermal thickness measured across 10 random high power fields (hpf) per each back skin 

of IL-33KO and Wt mice treated with DNFB compared to acetone control at the transition 

timepoint.  

(C) Representative H&E images of back skin of IL-33KO, Wt, and acetone-treated mice at the 

transition timepoint. Note the epidermal thickness (brackets) and dermal inflammatory infiltrates 

in each group. 

(D) Experimental design for chronic ACD-induced skin carcinogenesis consisting of initial 

sensitization with DNFB allergen, treatment with DMBA carcinogen, and challenge with DNFB 

three times a week for 29 weeks. 

(E) Epidermal thickness measured across 10 random hpf per back skin of each IL-33KO and Wt 

mice treated with DNFB compared to acetone control at the end of 30-week carcinogenesis 

protocol. 

(F) Skin tumor onset in IL-33KO, Wt, and acetone-treated mice (log-rank test). 

(G) Final tumor counts per IL-33KO mouse relative to Wt and acetone-treated controls.  

n = 10 per group; Error bars represent the mean + SD; *p < 0.005, **p < 0.0001 by two-tailed 

Mann-Whitney U test; thickness measurements were performed blindly; scale bars: 100 μm. 
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Figure 3. IL-33 initiates the transition to type 2 immune environment associated with the 
induction of Tregs 
(A) Representative images of CD4+ T cells in DNFB-treated IL-33KO, Wt and acetone control skin 

at the ACD transition timepoint (CK: cytokeratin). 
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 (B) CD4+ and CD8+ T cell infiltrates in DNFB-treated IL-33KO, Wt and acetone control skin at the 

transition timepoint quantified in 10 random hpf per skin section and averaged across the animals 

in each group (*p < 0.05, **p < 0.01 compared to acetone-treated control skin). 

(C-D) Mast cell and basophil counts quantified in 10 random hpf per skin in DNFB-treated IL-

33KO and Wt mice relative to acetone-treated group at the transition timepoint. 

(E) ILC2 frequency in DNFB-treated IL-33KO and Wt skin relative to acetone-treated skin at the 

transition timepoint.  

(F) Flow cytometric analysis of T-bet and Foxp3 expression in CD4+ T cells isolated from the skin 

of DNFB-treated IL-33KO and Wt mice relative to acetone-treated controls at the transition 

timepoint. Average percentage of cells in each box are shown on the dot plots. 

(G) Treg frequency in DNFB-treated IL-33KO and Wt skin relative to acetone-treated controls at 

the transition timepoint.  

(H) The expression levels of T helper cells (Ifng, Il4 and Il17) and Tregs (Il10) associated cytokines 

at acute (Day 1) and during ACD transition phase (Day 22) in IL-33KO and Wt skin-draining lymph 

nodes. 

n = 8 per group; Error bars represent the mean + SD; *p < 0.05, **p < 0.01, ***p < 0.0001, ns: not 

significant by two-tailed Mann-Whitney U test; stained cells were counted blindly; scale bars: 100 

μm. 

 

  



          Ameri et al., 2018 

 29 

 

Figure 4. ST2 deletion in Tregs blocks chronic ACD-induced skin tumorigenesis 
(A) Representative images of CD4+ T cells in DNFB-treated TregST2CKO, IL-33KO, Wt, and 

acetone-treated skin at the conclusion of 30-week DMBA/DNFB carcinogenesis protocol (CK: 

cytokeratin). 

(B-C) CD4+ T cell and Treg quantified in 10 random hpf per skin of DMBA/DNFB-treated 

TregST2CKO and IL-33KO compared to Wt mice. 

(D) CD8/Treg ratio in DMBA/DNFB-treated TregST2CKO and IL-33KO compared to Wt skin. 

(E) Epidermal thickness measured across 10 random hpf per back skin of each DMBA/DNFB-

treated TregST2CKO mice compared to IL-33KO, Wt and DMBA/acetone controls at the end of 

30-week carcinogenesis protocol. 

(F) Skin tumor onset in DMBA/DNFB-treated TregST2CKO, IL-33KO, Wt and DMBA/acetone-

treated groups (log-rank test). 
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(G) Tumor counts per mouse in TregST2CKO mice compared to IL-33KO, Wt, and acetone-

treated groups. 

n = 10 TregST2CKO, 13 Wt (including Foxp3Cre, ST2+/flox), 4 IL-33KO and 4 acetone control mice; 

Error bars represent the mean + SD; *p < 0.05, **p < 0.01, ns: not significant by two-tailed Mann-

Whitney U test; stained cell counts and epidermal thickness measurements were preformed 

blindly; scale bars: 100 μm. 
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Figure 5. IL-33 overexpression and Treg accumulation are associated with cancer-prone 
chronic ACD in human skin 
(A) Representative images of IL-33 immunostained squamous cell carcinoma (SCC) and 

perilesional skin of a patient with chronic ACD due to allergenic metal implant compared to age- 

and gender-matched normal skin (brown nuclear stains). 

(B) Representative images of Foxp3 (brown) and CD3 (red) highlighting Treg infiltrates in skin 

cancer and perilesional skin relative to normal skin. Arrows point to Foxp3+ Tregs; scale bars: 100 

μm. 
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Figure 6. ST2 loss on Tregs suppresses colitis-induced colorectal cancer in mice 
(A) Schematic diagram for colitis-induced colorectal tumorigenesis in mice, consisting of four 

cycles of AOM/DSS administration over 15 weeks. 

(B) Weight loss pattern in TregST2CKO and Wt mice during the final DSS treatment cycle. 

(C-D) Colon length measurement, from cecum to rectum, in TregST2CKO and Wt mice at the 

completion of AOM/DSS carcinogenesis protocol. Representative images (D) of TregST2CKO 

and Wt colon. 

(E-F) Colorectal tumor counts per TregST2CKO and Wt mice at the completion of AOM/DSS 

carcinogenesis protocol. Representative images (F) of exposed TregST2CKO and Wt colonic 

lumen. 

(G) Representative H&E image of distal colon of TregST2CKO and Wt mice (scale bar: 1 cm). 

(H) Flow cytometric analysis of T cells isolated from colon showing CD8+ T and CD4+ T cell 

frequencies in TregST2CKO and Wt colon. Percent cells in each gate are shown on the flow dot 

plots. 

(I) CD4+ and CD8+ T cell infiltrates in TregST2CKO and Wt colons quantified in 10 random hpf 

per colon section and averaged across the animals in each group. Stained cells were counted 

blindly. 

(J) Representative images of CD4+ T cell in TregST2CKO and Wt colons (CK: cytokeratin; scale 

bar: 100 μm). 

(K) Treg frequencies in TregST2CKO and Wt colon. 

n = 16 TregST2CKO and 14 Wt (including Foxp3Cre, ST2+/flox) mice; Error bars represent the mean 

+ SD; *p < 0.05, **p < 0.01, ***p < 0.0001 ns: not significant by two-tailed Mann-Whitney U test. 
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Figure 7. IL-33 and Treg induction mark high-risk human IBD 
(A) Representative IL-33 immunostained (brown) tissue sections from human colorectal cancer, 

colitis, and normal colon and quantification of IL-33+ cells in 10 random hpf per specimen (***p < 

0.0001, ns: not significant by two-tailed Mann-Whitney U test).  

(B) Representative Foxp3 (brown) and CD4 (red) immunostained tissue sections from human 

colorectal cancer, colitis, and normal colon and quantification of Foxp3+ Tregs in 10 random hpf 

per specimen. Insets on the right show higher magnification of the boxed areas of the images. 

Arrowheads point to CD4+ T cells with positive Foxp3 nuclear stain (i.e., Treg; ***p < 0.0001, ns: 

not significant by two-tailed Mann-Whitney U test).  
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(C) Correlation between IL-33+ cell and Treg count in colon cancer, colitis, and normal colon 

(Student's t-test for the Pearson correlation coefficient). 

n = 19 colorectal cancer specimens (12 sporadic and 7 IBD-associated), 13 cancer-prone colitis 

specimens (7 ulcerative colitis and 6 Crohn’s disease) and 20 normal colons; stained cells were 

counted blindly; scale bars: 100 μm. 
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Figure S1. Background IL-33 stain in IL-33KO skin control  

Representative image shows the lack of nuclear stain (brown) in the IL-33KO skin treated with 

DNFB three times a week for 22 days (scale bar: 100 μm).  
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Figure S2. IL-33 upregulation in cancer-prone MRL/lpr mice 

(A) Schematic of lupus carcinogenesis protocol. (B) TSLP, IL-25 and IL-33 mRNA expression 

measured in MRL/lpr mice that are affected by UV- induced chronic lupus rash relative to MRL/n 

control skin. TSLP and IL-25 expression is not significantly affected in by this chronic 

inflammation. Note that MRL/lpr mice develop skin cancer in their cutaneous lupus lesions over 

time (ref). (C) Representative images of IL-33 immunostained (brown) skin section from 

MRL/lpr mice and MRL/n control. n = 6 per group; Error bars represent the mean + SD; **p < 

0.01 by two-tailed Mann-Whitney U test; scale bars: 100 μm.  
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Figure S3. IL-33KO mice are protected from skin carcinogenesis induced by chronic ACD  

Representative mouse and H&E-stained skin images of DMBA/DNFB-treated IL-33KO, Wt and 

DMBA/acetone-treated control animals at the conclusion of chronic ACD carcinogenesis 

protocol (scale bars, mouse: 1 cm; histology: 100 μm).  
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Figure S4. IL-33 loss does not impact DMBA/TPA-induced skin carcinogenesis  

(A) Schematic diagram illustrating DMBA/TPA skin carcinogenesis protocol. (B) Tumor 

outcome in Wt and IL-33KO mice (ns: not significant, log-rank test). (C) Tumor frequency per 

mouse in IL-33KO and Wt groups (ns: not significant, two-tailed Mann- Whitney U test).  
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Figure S5. IL-33 loss does not impact basophil, mast cell or ILC2 infiltrate in the skin 
during the transition to chronic ACD  

(A) Representative images of Mcpt8 (marks basophils) stained skin sections from DNFB-treated 

IL-33KO, Wt and acetone-treated mice at the transition timepoint (scale bar: 100 μm).  

(B) Representative toluidine blue (marks mast cells) stained skin sections from DNFB-treated 

IL- 33KO, Wt and acetone-treated mice at the transition timepoint (scale bar: 100 μm).  

(C) Representative flow cytometric analysis and gating strategy to detect ST2+ CD25+ ILC2 

populations in DNFB-treated IL-33KO, Wt and acetone-treated skin captured at the transition 

timepoint.  

 
Figure S6. Treg infiltration into the DNFB-treated skin is blunted upon loss of IL-33  

Treg counts per hpf of each skin section from DNFB-treated IL-33KO, Wt and acetone-treated 

mice at the transition timepoint. CD4+ T cells counts obtained from CD4/CD3/CK-stained slides 

and flow data are used from each individual skin to calculate the number Foxp3+ Tregs per hpf. 

Note that Treg counts in IL-33KO skin are similar to acetone-treated controls. n = 8 per group; 

Error bars represent the mean + SD; ***p < 0.0001 by two-tailed Mann-Whitney U test.  
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Figure S7. Transition away from type 1 immunity upon repeated DNFB treatment is 
blunted in IL-33KO skin  

(A) Th1 cell frequencies in DNFB-treated IL-33KO Wt and acetone-treated skin at the transition 

timepoint.  

(B) Th2 cell frequencies in in DNFB-treated IL-33KO, WT and acetone-treated skin at the 

transition timepoint. n = 8 per group; Error bars represent the mean + SD; *p < 0.05 compared 

to acetone group by two-tailed Mann-Whitney U test.  
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Figure S8. ST2 deletion on Tregs blocks the transition to tumor-promoting immune 
environment in chronic ACD  

(A) Ear thickness measurement in TregST2CKO, Wt and acetone-treated mice in response to 

repeated DNFB treatments.  

(B) Epidermal thickness measurement on 10 randomly selected hpf skin H&E images of 
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TregST2CKO, Wt and acetone-treated mice at Day 22 post DNFB challenge.  

(C) Representative images of CD4+ T cells and cytokeratin (CK) stained TregST2CKO, Wt and 

acetone-treated skin at the transition timepoint. (D) CD8+ T cell counts per 10 random hpf of 

each skin from DNFB-treated TregST2CKO and Wt mice.  

(E) CD4+ T cell counts per 10 random hpf of each skin from DNFB-treated TregST2CKO and 

Wt mice. (F) Treg counts per hpf of each skin section from DNFB-treated TregST2CKO and Wt 

mice. Note that these counts are determined by combining CD4+ T cells counts per hpf with 

flow data on Foxp3+ T cells percentage in the skin of each mouse.  

(G) CD8/Treg ratio in TregST2CKO and Wt skin. n = 8 per group; Error bars represent the 

mean + SD; *p < 0.05, **p < 0.01, ns: not significant by two-tailed Mann-Whitney U test; scale 

bar: 100 μm.  

 
 

Figure S9. CD8+ T cells are maintained in TregST2CKO skin during chronic ACD  

CD8+ T cell count per 10 random hpf of DMBA/DNFB-treated TregST2CKO, IL-33KO and Wt 

skin. n = 7 TregST2CKO, 7 Wt and 4 IL-33KO mice; Error bars represent the mean + SD; **p < 

0.01, ns: not significant compared to Wt group by two-tailed Mann-Whitney U test.  
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Figure S10. TregST2CKO mice are protected from skin carcinogenesis induced by 
chronic ACD  

Representative mouse and H&E-stained skin images of DMBA/DNFB-treated TregST2CKO, IL- 

33KO, Wt and DMBA/acetone-treated control animals at the conclusion of chronic ACD 

carcinogenesis protocol (scale bars, mouse: 1 cm; histology: 100 μm).  

 
 

Figure S11. IL-33 is upregulated in the keratinocytes of cancer-prone discoid lupus 
lesions 

Representative images of IL-33 immunostained (brown) skin sections from squamous cell 

carcinomas developed in DLE lesions, perilesional skin (away from the cancer) from two 

cancer- prone DLE patients, DLE lesions from two patients with no history of skin cancer, and 
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an age- and gender-matched normal skin. Note the strong nuclear stain detected in the 

keratinocytes of skin cancers and the perilesional skin of cancer-prone DLE patients (scale bar: 

100 μm).  
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Figure S12. IL-33 is highly upregulated in the colon of mice treated with AOM/DSS  

Representative images of IL-33 stained (brown) tissue sections from colon cancer, colitis in 

AOM/DSS-treated Wt, colon of untreated Wt, and colitis in AOM/DSS-treated IL-33KO mice.  

Representative image shows the lack of nuclear stain (brown) in the IL-33KO colon treated with 

AOM/DSS carcinogenesis protocol (scale bar: 100 μm).  

 
 
Figure S13. IL-33 loss blocks colitis-induced colorectal cancer in mice  

(A) Weight loss curves for IL33 KO and WT mice during and subsequent to DSS treatment 

cycle. (B) Representative macroscopic images of IL-33KO and Wt colon tumors. (C) Colorectal 

tumor counts IL-33KO and Wt mice at the completion of AOM/DSS carcinogenesis protocol. n = 



          Ameri et al., 2018 

 49 

5 for each group; Error bars represent the mean + SD; ***p < 0.0001 by two-tailed Mann-

Whitney U test.  

 

 
Figure S14. Elevated antitumor immunity in TregST2CKO colon subjected to AOM/DSS  

CD8/Treg ratio in TregST2CKO and Wt colon. n = 8; Error bars represent the mean + SD; *p < 

0.05 by two-tailed Mann-Whitney U test.  
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