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Abstract: 34 

Background: Natural killer T (NKT) cells express a T cell receptor that recognises 35 

endogenous and environmental glycolipid antigens. Several subsets of NKT cells 36 

have been identified, including IFNγ-producing NKT1 cells, IL-4-producing NKT2 37 

cells and IL-17-producing NKT17 cells. However, little is known about the factors 38 

that regulate their differentiation and respective functions within the immune system. 39 

Objective: We sought to determine if the polycomb repressive complex 2 protein 40 

Ezh2 restrains pathogenicity of NKT cells in the context of asthma-like lung disease. 41 

Methods: Numbers of iNKT1, iNKT2 and iNKT17 cells, and tissue distribution, 42 

cytokine production, lymphoid tissue localisation and transcriptional profiles of iNKT 43 

cells from wild-type (WT) and Ezh2 knock-out (KO) iNKT mice were determined. 44 

The contribution of NKT cells to development of spontaneous and house dust mite 45 

(HDM) induced airways pathology including airways hyperreactivity (AHR) to 46 

methacholine was also assessed in WT, Ezh2 KO, and Ezh2 KO mice lacking NKT 47 

cells.  48 

Results: Ezh2 restrains the development of pathogenic NKT cells that induce 49 

spontaneous asthma-like disease in mice. Deletion of Ezh2 increased production of 50 

IL-4 and IL-13, and induced spontaneous AHR, lung inflammation, mucus 51 

production, and IgE. Increased IL-4 and IL-13, AHR, lung inflammation, and IgE 52 

were all dependent on iNKT cells. In HDM exposed animals, Ezh2 KO resulted in 53 

enhanced AHR that was also dependent on iNKT cells.  54 

Conclusion: Ezh2 is a central regulator of iNKT pathogenicity and suppresses the 55 

ability of iNKT cells to induce asthma-like pathology.  56 
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Capsule Summary:  57 

The epigenetic regulator Ezh2 suppresses development of an IL-4-expressing natural 58 

killer T cell population that causes hyper-IgE, airway inflammation and airway 59 

hyperreactivity in mice. 60 

 61 

 62 

Key Messages:  63 

1) Conditional deletion of Ezh2 in T cells results in hyper-IgE, airway inflammation 64 

and both spontaneous and house-dust-mite-induced airway hyperreactivity in mice. 65 

2) Increased asthma-like pathology in mice lacking Ezh2 in T cells is dependent on 66 

invariant natural killer T (iNKT) cells. 67 

3) Ezh2 suppresses the development of IL-4-producing iNKT2 cells and asthma-like 68 

pathology in mice.  69 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

 5 

Introduction: 70 

Allergic asthma is a chronic inflammatory disease of the airways that develops 71 

due to aberrant immune responses to common environmental antigens including dust 72 

mites, pollens and fungi (1). The Type-2 cytokines IL-4, IL-5 and IL-13 contribute to 73 

the development of allergic responses including IgE production, cellular 74 

inflammation, and airway hyperreactivity (AHR) in asthmatics (2). Type-2 cytokine 75 

production by allergen-specific CD4+ T-helper (Th) cells promote allergic 76 

inflammation and antibody production by B cells (3), and epigenetic regulation has 77 

been shown to play an important role in the regulation of Th cell cytokine production 78 

(4). Ezh2 is a member of polycomb repressive complex 2 and is enzymatically 79 

responsible for methylating lysine 17 on histone 3, a key epigenetic modification 80 

known to repress lineage determining transcription factors during cellular 81 

differentiation (5, 6). We previously found that deficiency of Ezh2 in T cells in mice 82 

results in increased Type-2 cytokine production from CD4+ T cells and markedly 83 

elevated levels of serum IgE (7), one of the hallmark indicators of atopy in humans. In 84 

addition, lower expression of Ezh2 was reported in peripheral blood Th cells from 85 

allergic rhinitis patients compared to healthy controls, and Th2 cytokine production 86 

after house dust mite stimulation was found to negatively correlate with Ezh2 87 

expression (8), indicating that Ezh2 may regulate Th2 differentiation in allergic 88 

individuals.  89 

In addition to T cells, an innate lymphoid cell (ILC) subset called ILC2 has 90 

been recently shown to play a role in the development of allergic inflammation (9). 91 

Natural killer T (NKT) cells display similarities to both natural killer cells (a type of 92 

ILC) and adaptive T cells, and possess the ability to rapidly secrete large amounts of 93 

cytokines. Invariant NKT (iNKT) cells express an invariant TCRα chain consisting of 94 
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Vα14/Jα18 in mice or Vα24/Jα18 in humans, and account for the majority of NKT 95 

cells (10). NKT cells are activated by endogenous and environmental glycolipid 96 

ligands presented in the context of the non-polymorphic major histocompatibility 97 

complex (MHC) class 1-like antigen-presenting molecule CD1d. Fungal and bacterial 98 

antigens from Sphingomonas (11), Aspergillus fumigatus (12), and Streptococcus 99 

pneumoniae (13) have been shown to be recognized by NKT and are capable of 100 

inducing asthma-like symptoms in an NKT-dependent manner in mouse models. The 101 

involvement of NKT cells in protein-induced asthma is more controversial, with some 102 

studies finding that NKT cells are necessary for allergic pathology in mouse models 103 

(14, 15), and others reporting that NKT cells are not required (16). In human 104 

asthmatics, increased numbers of NKT cells in BAL samples (17-19), and an increase 105 

in NKT cells after allergen challenge (20) have been reported; however, some studies 106 

have failed to detect a difference in lung NKT cell numbers between asthmatics and 107 

non-asthmatics (21, 22), indicating that more research on NKT cells in asthma is 108 

needed. 109 

NKT cells can be differentiated into three subsets based on cytokine 110 

production and expression of the transcription factors promyelocytic leukemia zinc 111 

finger (PLZF), T-box 21 (T-bet), and RAR-related orphan receptor gamma (RORγt); 112 

NKT1 cells produce IFN-γ and express high levels of T-bet (23), NKT2 cells produce 113 

IL-4 and express high levels of PLZF (24), and NKT17 cells produce IL-17 and 114 

express high levels of RORγt (24-26). It is also becoming evident that further 115 

significant heterogeneity exists within the NKT cell subsets (27). For example, Bcl-6-116 

dependent follicular helper NKT (NKTfh) cells have been shown to promote antibody 117 

production and provide help for B cells via production of IL-21 (28), and 118 

interfollicular NKT were recently found to be essential for initiation of antiviral B cell 119 
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immunity via early production of IL-4 (29). It was recently shown that increased 120 

numbers of PLZF-expressing iNKT cells are present in Ezh2 KO mice (30, 31), but 121 

the peripheral distribution of these cells and their functional characteristics are largely 122 

undefined. 123 

We herein show that loss of the epigenetic regulator Ezh2 in T cells results in 124 

the development of iNKT2 cells that produce large amounts of Type-2 cytokines and 125 

drive development of AHR and allergic asthma-like lung pathology in mice. 126 
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Methods: 127 

Mice: C57BL/6 mice were from CLEA Co. (Tokyo, Japan). Mice with loxp sites 128 

flanking the SET domain of Ezh2 (Ezh2fl/fl ) were generated as described (47) and 129 

backcrossed with C57BL/6 mice for 10 generations. These mice were bred with mice 130 

expressing transgenic constructs for Cre recombinase. CD4-Cre mice were purchased 131 

from Taconic. CD1d KO (B6.129S6-Del(3CD1d2-Cd1d1)1Sbp/J) mice were 132 

purchased from The Jackson Laboratory. Jα18-deficient mice were generated as 133 

previously described (48). Mice used in this study are shown in Table 1. Controls 134 

were either Ezh2fl/fl  Cre-negative or Ezh2wt/wt Cre-positive. Similar experimental 135 

results were obtained with control mice irrespective of Cre transgene expression.  136 

 137 

All mice were maintained under specific pathogen free conditions and animal care 138 

was conducted in accordance with the guidelines of Chiba University. 139 

 140 

Measurement of airway hyperreactivity: Airway hyperreactivity, quantitated by 141 

increased airway resistance, was assessed as previously described (49) by 142 

methacholine (MCh)-induced (Sigma-Aldrich) airflow obstruction in intubated and 143 

ventilated mice by forced oscillation technique using a computer-controlled small 144 

animal ventilator (SCIREQ). 145 

 146 

House dust mice challenge model: mice were challenged with 50µg of HDM extract 147 

in 20µl phosphate buffered saline (PBS) 8 times on days 0, 1, 7, 8, 9, 14, 15, 16. On 148 

day 17 MCh-induced AHR was analysed. 149 

 150 
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Bronchoalveolar lavage and differential cell count: Bronchoalveolar lavage (BAL) 151 

was performed by intratracheal administration and recovery of 2 lavages of 1 mL 152 

PBS. Cell numbers were enumerated by counting with Turks solution. Cells were then 153 

spun onto glass slides by cytocentrifugation (Shandon) and stained with Diff-Quik 154 

(Sysmex). Differential cell counts were performed based on cell morphology using 155 

light microscopy. 156 

 157 

Enzyme-linked immunosorbent assay (ELISA): A standard sandwich ELISA 158 

protocol was used to measure the concentrations of cytokines in cell-free culture 159 

supernatants and in BAL fluid samples. Clone BVD4-1D11 and clone BVD6-24G2-160 

biotin were used for detection of IL-4, clone TRFK5 and clone TRFK4-biotin were 161 

used for detection of IL-5, clone R4-6A2 and clone XMG1.2-biotin were used for 162 

detection of IFN-γ, all purchased from BD Biosciences. IL-13 was measured using a 163 

Duoset mouse IL-13 ELISA set (R&D Systems) and IgE was measured using an 164 

OptEIA mouse IgE ELISA set (BD Biosystems). ELISA for Derp1 used biotinylated 165 

Derp1 (Citeq Biologics) to detect Derp1-specific antibodies in serum. Briefly, plate 166 

coated anti-IgG1 Clone A85-3 (BD Biosciences) was used to capture total IgG1 from 167 

serum, then Derp1-specific antibodies were detected with the biotinylated Derp1 168 

followed by streptavidin-HRP and addition of TMB substrate (Life Technologies). 169 

 170 

ELISPOT assay: For detection of IgE-secreting B cells, MAIPSWU microplates 171 

(Multiscreen HTS; Millipore) were activated with 70% ethanol, washed with sterile 172 

water, coated with purified anti-IgE in PBS, blocked with RPMI1640/10% FCS, and 173 

1.5 x 105 cells per well were incubated for 5 hours at 37°C followed by washing with 174 

PBS. IgE was detected with alkaline phosphatase-conjugated antibodies to mouse IgE 175 
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(Southern Biotechnology). Spots were visualized with 100 µl/well AEC solution 176 

(Sigma) and were counted manually. 177 

 178 

Lung histology: For histological analysis, lungs were fixed in 10% (v/v) formalin in 179 

phosphate buffered saline. Lung sections were paraffin embedded, sectioned, and 180 

stained with periodic acid-Schiff (PAS) commercially. PAS stained sections were 181 

examined for pathological changes under a light microscope for the presence of 182 

mucus in the airways.  183 

 184 

Fluorescence microscopy: Samples were fixed in 4% paraformaldehyde and 185 

equilibrated in 30% sucrose/PBS. Tissue was frozen in OCT media (Sakura) and 186 

sectioned using a Cryostat. Sections were stained and mounted with Fluorescent 187 

mounting medium (DakoCytomation). A confocal laser microscope (LSM710, Carl 188 

Zeiss) was used to capture images. Sections were stained with anti-B220-FITC, anti-189 

TCRβ-APC/Cy7, and PBS-57-Tet-PE. Images were analyzed with ImageJ software 190 

(National Institutes of Health). 191 

 192 

Preparation of single cell suspensions from tissues: Spleens and lymph nodes were 193 

disassociated using frosted glass slides (Matsunami). Lungs were dissociated in 194 

digestion buffer (RPMI 1640 supplemented with Collagenase Type III (200 U/ml) 195 

(Worthington) and DNaseI (200 µg/ml) (Sigma-Aldrich)) with incubation for 30 196 

minutes at 37oC with constant agitation. Liver was disassociated by passing through a 197 

200 µm wire mesh. Lung and liver mononuclear cells were then separated by 198 

centrifugation on Percoll (GE Healthcare, UK). Spleen, lymph node, lung and liver 199 
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cell suspensions were then passed through a 70 µm cell strainer (Greiner bio-one, JP) 200 

and red blood cells were lysed using ACK lysis buffer (Gibco). 201 

 202 

Cell purification: For purification of CD44hiCD4+ T cells and iNKT cells used in the 203 

functional experiments in this manuscript and for RNA-Seq analysis of iNKT cells, 204 

cells were first enriched by positive magnetic selection of T cells using biotinylated 205 

anti-CD3ε (clone 145-2C11) and anti-biotin microbeads (Miltenyi Biotec), followed 206 

by staining with anti-TCRβ, anti-CD4, anti-CD44 and PBS-57-loaded CD1d-207 

tetramers (PBS-57-Tet).  PBS-57 is an analogue of alpha-galactosylceramide 208 

(αGalCer). Either PBS-57 or αGalCer presented in the context of CD1d can be 209 

recognised by the invariant T cell receptor of iNKT cells. PBS-57-Tet were provided 210 

by the National Institutes for Health Tetramer Core Facility. TCRβ+, PBS-57-Tet+ 211 

iNKT cells and TCRβ+, CD4+, CD44hi conventional T cells were further purified 212 

using a FACSaria cell sorter (BD Biosciences). For iNKT RNA-Seq analysis, iNKT 213 

cells from the spleens of 3 WT and 3 Ezh2 KO mice were combined to obtain 214 

150,000 iNKT cells for each of the two RNA-Seq biological replicates (6 WT and 6 215 

Ezh2 KO mice in total). For purification of CD44hiCD4+ T and CD44loCD4+ T cells in 216 

Fig. S3 and Fig. S4, CD4 T cells were obtained using a CD4+ T cell isolation kit with 217 

anti-CD4 microbeads (Miltenyi Biotec) and CD44hiCD4+ T cells were then further 218 

purified using a FACSaria cell sorter (BD Biosciences). For RNA-Seq of 219 

CD44hiCD4+ T cells, 1 x 106 cells were purified by FACS from one WT and one Ezh2 220 

KO mouse. CD44hiCD4+ T cells and iNKT cells were purified from spleens for all 221 

experiments. 222 

 223 
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In vitro stimulation: Tissue culture plates (Costar) were pre-coated overnight with 10 224 

µg/ml agonistic anti-TCRβ antibody (clone H57-597).  For stimulation of spleen cells, 225 

3 x 106 cells were plated into wells of 24 well tissue culture plates in 1 ml culture 226 

media, and for purified iNKT cells and CD44hiCD4+ T cells 1 x 105 cells were plated 227 

into 96 well tissue culture plates in 200 µl tissue culture media. Tissue culture media 228 

consisted of RPMI supplemented with 10% foetal bovine serum (Equitech-Bio), 1mM 229 

Sodium Pyruvate, 10mM HEPES, and MEM Non-Essential Amino Acids, and 55µM 230 

2-Mercaptoethanol (Gibco). Cells were cultured at 37°C for 16 hours before 231 

measurement of cytokine production. 232 

 233 

RNA sequencing: RNA-seq was carried out as previously described (50).  Total 234 

RNA was extracted with TRIzol reagent (Invitrogen). TruSeq RNA Sample Prep Kit 235 

v2 (Illumina) was used for cDNA library construction, according to the 236 

manufacturer's protocol.  Sequencing was performed on a HiSeq 1500 sequencer 237 

(Illumina). Read sequences (50 bp) were aligned to the mm10 mouse reference 238 

genome (University of California, Santa Cruz (UCSC) December 2011) using Bowtie 239 

2 (version 2.0.0) and TopHat (version 1.3.2).  Fragments per kilobase of exon per 240 

million mapped reads (FPKM) for each gene were calculated using Cufflinks (version 241 

2.0.2). Genes with low expression (less than 5 FPKM for all samples) were excluded 242 

form the analysis. Differential gene expression was analysed using limma. GlmFit and 243 

glmLRT were used for generalized linear modeling (51). Genes with a FDR < 0.1 244 

were used for gene ontogeny enrichment analysis using DAVID (52). 245 

 246 

Chromatin immunoprecipitation (ChIP)-sequencing: ChIP-Seq was performed as 247 

previously described (7). Polyclonal anti-Ezh2 (pAB-039-50, Diagenode) was used 248 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

 13 

for immunoprecipitation (IP). Read sequences (36 bp) with two or less mismatches 249 

were aligned to the mm9 mouse reference genome (University of California, Santa 250 

Cruz (UCSC) July 2007) using Eland software (Illumina). For visualization of Ezh2 251 

binding, data was converted to wiggle file format at 25 bp resolution and uploaded to 252 

the UCSC genome browser (http://genome.ucsc.edu/). 253 

 254 

Quantitative Real-Time PCR: Total RNA isolation, cDNA synthesis, and 255 

Quantitative real-time PCR was described previously (7).  Primers and Roche 256 

Universal probes were purchased from Sigma and Roche, respectively.  Gene 257 

expression was normalized to amount of hypoxanthine-guanine phosphoribosyl 258 

transferase (Hprt) mRNA in each sample. 259 

 260 

Antibodies used for cell surface and cytoplasmic staining: 261 

Antibodies used for cell surface staining were anti-TCRβ (clone H57-597), anti-262 

CD44-APC (clone IM7), anti-CD62L-PE (clone MEL-14), and-B220-PerCP/Cy.5.5 263 

(clone RA3-6B2) from BD Biosciences, anti-CD4 (clone RM4-5) from Biolegend. 264 

PBS-57-Tet -PE was from the National Institutes of Health tetramer facility. 265 

Antibodies used for cytoplasmic staining were: anti-IL4-PE (clone 11B11), anti-IFN-266 

γ-FITC (clone XMG1.2), anti-PLZF-APC or FITC (clone R17-809), anti-Rorγt-APC 267 

(clone Q31-378) from BD-Biosciences and anti-T-bet-BV421 (clone eBio4B10), from 268 

eBioscience. 269 

 270 

Statistical analysis: Unless otherwise indicated, p values were calculated using 271 

Student’s t tests or ANOVA with Tukey' post-tests when multiple comparisons were 272 

performed. 273 
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 274 

Accession numbers: ChIP-seq and RNA-Seq data are available in the Gene 275 

Expression Omnibus database (www.ncbi.nlm.nih.gov/geo) under the accession  276 

numbers (TBA) and (TBA) respectively. 277 

 278 

 279 

 280 

 281 

 282 

Table 1: description of the mouse strains used in this study. 283 

  284 

Genetic 
background 

Strain Source/reference Description 

C57BL/6 Ezh2 fl/fl/ 
Ezh2tm1Yugo 

Hirabayashi Y, et al. 
Neuron 63(5):600-613 

Loxp sites flanking exons 
18 and 19 of Ezh2 

C57BL/6 CD4-Cre/ 
B6.Cg-Tg(CD4-cre)1Cwi 

N9 

Purchased from Taconic Crossed with Ezh2 fl/fl 
mice to generate Ezh2 

KO mice 
C57BL/6 CD1d KO/ B6.129S6-

Del(3CD1d2-Cd1d1)1Sbp/J 
Purchased from The 
Jackson Laboratory 

Deficient in both 
Cd1d1/Cd1d2 loci. 

C57BL/6 Jα18 KO/ 
Tcra-Jtm1Tgi 

Cui J, et al., Science. 
1997 Nov 

28;278(5343):1623-6 

Deletion of the Tcra-J 
region results in lack of 

iNKT cells 
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Results: 285 

Loss of Ezh2 function in CD4+ T cells results in spontaneous development of 286 

asthma-like pathology. 287 

Mice with conditional inactivation of Ezh2 in T cells (referred to herein as 288 

Ezh2 KO) develop a spontaneous increase in the levels of circulating IgE and an age-289 

dependent increase in CD44hiCD4+ T cells that produce the Type-2 cytokines 290 

including IL-4 and IL-13 (7). A schematic representation of the conditional 291 

inactivation of Ezh2 in cells that express CD4 is shown in Supplementary Figure 1. 292 

We examined 3-4 month old WT and Ezh2 KO mice for methacholine (MCh)-293 

induced airway resistance, an indicator of airway constriction and airway 294 

hyperresponsiveness (AHR) using a Scireq flexivent. Ezh2 KO mice exhibited 295 

increased AHR compared to wild type (WT) mice of the same age (Fig. 1A). We also 296 

detected a significant increase in the numbers of eosinophils, neutrophils, and 297 

lymphocytes in bronchoalveolar lavage (BAL) samples from Ezh2 KO mice (Fig. 298 

1B). We used flow cytometry to further define which lymphocytes were increased in 299 

the BAL of Ezh2 KO mice. We found a significant increase in the number of CD19+ 300 

B cells and no change in the number of TCRβ+ T cells in the BAL (Fig. S2A and 301 

S2B). Approximately one-third (7 out of 22 mice examined) showed visible signs of 302 

airways inflammation and mucus production in the lungs (Fig. 1C). In contrast, we 303 

did not detect obvious signs of inflammation or pathology in the intestines, heart, or 304 

kidneys. Using ELISPOT, we found increased numbers of IgE producing cells in the 305 

spleens of Ezh2 KO compared to WT mice (Fig. 1D). 306 

 307 

Ezh2 regulates iNKT cell numbers in vivo. 308 
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Increased numbers of CD44hiCD4+ T cells accumulated in Ezh2 KO mice 309 

(Fig. S3A), as we reported previously (7). To further characterise these cells, we 310 

performed RNA-Seq on CD44hiCD4+ T cells purified from the spleen of WT and 311 

Ezh2 KO mice. We found that the most upregulated genes included many killer cell 312 

lectin-like receptor genes, the NK cell associated receptor gene Cd160, and Zbtb16 313 

(that encodes the transcription factor PLZF, a master regulator of NKT cell 314 

differentiation) (Fig. S3B). Increased expression of Zbtb16 was confirmed by qPCR 315 

(Fig. S4A) and increased expression of PLZF protein confirmed by intracellular 316 

staining (Fig. S4B). We also found that PLZF expression was restricted to 317 

CD44hiCD4+ T cells (Fig. S4C). To determine if Ezh2 directly targeted Zbtb16 in T 318 

cells, we used chromatin immunoprecipitation with Ezh2-specific antibody and 319 

massively parallel sequencing (ChIP-Seq). We did not detect Ezh2 binding at the 320 

Zbtb16 gene in naïve CD4+ T cells (Fig S4D); however, a strong peak of Ezh2 321 

binding was evident at the Zbtb16 gene after differentiation of CD4+ T cells into 322 

effector Th cells (Fig. S4D). These data show that Ezh2 directly targets and controls 323 

Zbtb16 expression in differentiated T cells. 324 

To confirm that the numbers of iNKT cells were increased in Ezh2 KO mice, 325 

we used CD1d tetramers loaded with the iNKT cell ligand PBS-57 (PBS-57-Tet). 326 

PBS-57 presented in the context of CD1d is specifically recognised by the invariant T 327 

cell receptor of iNKT cells. We found significantly increased frequencies of iNKT 328 

cells in both the thymus (Fig. 2A) and spleen (Fig. 2B) of Ezh2 KO mice. To further 329 

characterize the distribution of iNKT cells in the peripheral tissues of Ezh2 KO mice, 330 

we also assessed the numbers of iNKT cells in the mesenteric lymph nodes (MLN) 331 

and bronchial-associated lymph nodes (BALN), and the liver and lungs. We found 332 

that both the proportions and total numbers of iNKT cells were increased in the MLN, 333 
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BALN, and the liver, but not in the lungs themselves (Fig. S5A and S5B). The 334 

absolute numbers of iNKT cells and iNKT1, iNKT2 and iNKT17 cells were 335 

determined based on transcription factor expression (Fig. 2C). Significantly increased 336 

proportions of PLZF-expressing iNKT2 cells were detected in the thymus (Fig. 2D) 337 

and spleen (Fig. 2E) of Ezh2 KO mice. A more modest increase in T-bet-expressing 338 

iNKT1 was also evident in the spleen, but not the thymus of Ezh2 KO mice. These 339 

data indicate that Ezh2 regulates PLZF expression in T cells and that loss of Ezh2 340 

function results in the expansion of PLZF-expressing iNKT2 cells. iNKT cells can be 341 

divided into CD4+ and CD4-CD8- double negative (DN) subsets. We found that the 342 

increase in PLZF+ NKT2 cells was evident in both CD4+ and DN subsets in the spleen 343 

and thymus of Ezh2 KO mice (Fig. S5C-S5D). In contrast, the increase in T-bet+ 344 

iNKT1 cells was restricted to the DN iNKT subset (Fig. S5E and S5F). To determine 345 

if there was an increase in the proportion of iNKT2 cells in the lungs of Ezh2 KO 346 

mice, we digested lungs from WT and Ezh2 KO mice and measured the proportions 347 

of iNKT subsets using intracellular staining. We found that there was a switch from 348 

predominately iNKT1 cells to iNKT2 cells in the lungs of Ezh2 KO mice (Fig. 2F and 349 

2G). 350 

We also detected increased numbers of PLZF-expressing T cells that did not 351 

bind PBS-57-Tetramers in both the thymus and spleen of Ezh2 KO mice (Fig. S6A), 352 

as reported previously (30). To determine if these cells were non-invariant NKT cells 353 

or conventional T cells, we crossed Ezh2 KO mice with mice lacking CD1d (CD1d 354 

KO) that have no NKT cells to make Ezh2/CD1d double KO (DKO) mice. In 355 

Ezh2/CD1d DKO mice, PBS-57-Tet-negative PLZF-expressing T cells were still 356 

present in both the thymus (Fig. S6B) and spleen (Fig. S6C), showing that they are 357 

not CD1d-restricted and that they develop via a different pathway to NKT cells.  358 
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 359 

iNKT cells in Ezh2 KO mice resemble Th2 and Tfh-like cells but remain in the 360 

interfollicular zone in lymphoid tissues. 361 

To further characterize the iNKT cells that accumulate in response to loss of 362 

Ezh2, we compared transcriptional profiles of iNKT cells purified from the spleens of 363 

WT and Ezh2 KO mice (Fig. S7A). We found that there were 184 genes upregulated 364 

and 112 genes downregulated in Ezh2 KO iNKT cells compared to WT iNKT cells. 365 

Gene ontogeny analysis of the differentially expressed genes showed significant 366 

enrichment in “Cytokine-cytokine receptor interaction” (KEGG pathway, p=4.2x105), 367 

“Cell surface” (Goterm Cellular-Component, p=1.3 x 105), and “Transcription factor 368 

activity” (Uniprot keyword, p=4.2x105) genes. Enriched “Cytokine-cytokine receptor 369 

interaction” and “Cell surface” genes (Fig. 3A) and enriched “Transcription factor 370 

activity” genes (Fig. 3B) are shown. iNKT cells from Ezh2 KO mice displayed a Th2-371 

like phenotype with increased expression of genes encoding the Th2-associated 372 

chemokine receptor Ccr4 and the cytokine IL-4, and lower expression of genes 373 

encoding the Th1-associated proteins IFNγ, IL12Rβ, STAT-4, and T-bet (encoded by 374 

Tbx21). As expected, we found a significant increase in the expression of the gene 375 

encoding PLZF (Zbtb16) in Ezh2 KO iNKT cells. Egr2 has also been shown to 376 

regulate iNKT development (32), and expression of Egr2 was also increased in Ezh2 377 

KO iNKT cells. 378 

To confirm that iNKT cells from Ezh2 KO mice produced more Th2 379 

cytokines, we stimulated spleen cells from WT and Ezh2 KO mice and analysed IL-4 380 

and IFNγ by intracellular staining. A higher proportion of iNKT cells from Ezh2 KO 381 

mice produced IL-4 (3.5-fold increase), and a lower proportion produced IFNγ (2-fold 382 

decrease) compared to iNKT cells from WT mice (Fig 3C). To examine the amount of 383 
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IL-4 produced by iNKT cells from WT and Ezh2 KO mice, purified iNKT were 384 

stimulated in vitro with anti-TCRβ for 16 hours followed by measurement of IL-4 385 

production. Ezh2 KO iNKT cells produced significantly more IL-4 than WT iNKT 386 

cells, and both WT and KO iNKT cells produced much more IL-4 than CD44hiCD4+ 387 

conventional T cells from either WT or Ezh2 KO mice (Fig. 3D). 388 

iNKT cells from Ezh2 KO mice expressed increased amounts of several genes 389 

associated with follicular T helper (Tfh) cell identity and chemokine-induced T cell 390 

positioning within lymphoid tissues. Tfh cells express high levels of IL-21, Cxcr5 and 391 

PD1 (33), and these genes were among the most highly expressed in Ezh2 KO iNKT 392 

cells (Fig. 3A). The transcription factors Bcl6, Ascl2, Tcf7, Lef1 have been shown to 393 

regulate Tfh development (34-38), and of these Tcf7 and Lef1 were expressed more 394 

highly in Ezh2 KO iNKT cells (Fig. 3B). Bcl-6 expression was very low in both WT 395 

and Ezh2 KO iNKT cells. Ezh2 KO iNKT cells therefore share several key genes 396 

expressed by Tfh cells. Down-regulation of Ccr7 in pre-Tfh cells facilitates 397 

localization to the border between the T cell and B cell zones of lymphoid tissue (T/B 398 

border), and upregulation of Cxcr5 facilitates Tfh homing to germinal centers (33). 399 

iNKT cells from Ezh2 KO mice express increased levels of genes encoding both 400 

Cxcr5 and Ccr7 compared to WT iNKT cells (Fig. 3A). To determine if iNKT cells 401 

were present in B cell follicles, and were thus true iNKT-Tfh hybrid cells, we 402 

analyzed iNKT localization in spleen and MLN tissue. We found that iNKT cells 403 

were not within B cell follicles of Ezh2 KO mice, but instead localized in the T cell 404 

zone closely surrounding the follicles (Fig. 3E and Fig. S7C). In WT mice, iNKT cells 405 

were rarely detected. We have previously shown that Ezh2 KO mice have 406 

significantly higher production of IgE (7) and Fig. 1D. To determine if Ezh2 KO mice 407 

also have increased levels of other isotypes, we measured IgG1, IgG2c, IgA and IgM 408 
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by ELISA. We found that Ezh2 KO results in decreased amounts of IgG1 (Fig. S8A) 409 

and IgM (Fig. S8B), increased IgG2c (Fig. S8C) and no change in the amount of IgA 410 

(Fig. S8D). These data indicate that Ezh2 KO differentially alters immunoglobulin 411 

production and that Ezh2 KO does not result in a general increase in all 412 

immunoglobulin isotypes. 413 

 414 

iNKT cells drive spontaneous development of allergic asthma-like pathology in 415 

Ezh2 KO mice. 416 

We previously reported that CD44hiCD4+ T cells from Ezh2 KO mice 417 

produced markedly elevated levels of the Type-2 cytokines IL-4 and IL-13 when 418 

stimulated in vitro (7). To determine if the increased production of Type-2 cytokines 419 

was due to the presence of iNKT cells within this population, we analysed 420 

CD44hiCD4+ T cells from Ezh2/CD1d DKO mice. We found that deletion of CD1d 421 

returned cytokine production from Ezh2 KO CD44hiCD4+ T cells to levels 422 

comparable to, or less than, that produced by cells from WT mice (Fig. 4A). This 423 

indicates that NKT cells may be the predominant cell type responsible for producing 424 

Type-2 cytokines in Ezh2 KO mice. To differentiate between NKT cells with the 425 

invariant Vα14/Jα18 TCR (iNKT) and non-invariant TCR NKT cells, we also 426 

generated mice lacking the gene encoding Jα18 together with Ezh2 (Jα18 KO mice 427 

lack only iNKT cells). Analysis of cytokine production by CD44hiCD4+ T cells from 428 

Ezh2/Jα18 DKO mice produced results very similar to the Ezh2/CD1d DKO mice, 429 

indicating that iNKT cells are the predominant cell population responsible for 430 

producing Type-2 cytokines in Ezh2 KO mice (Fig. 4B). In contrast, production of 431 

IFN-γ was comparable between WT and Ezh2 KO cells (Fig. S9A and C) and IL-17 432 

was significantly decreased from Ezh2 KO cells (Fig. S9B and D). IFN-γ was also 433 
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significantly lower than both WT and Ezh2 KO in Ezh2/CD1d DKO and Ezh2/Jα18 434 

DKO groups (Fig. S9A and C), and IL-17 production was unchanged compared to 435 

Ezh2 KO (Fig. S9B and D).  We next examined 6-7 month old mice to determine if 436 

the iNKT2 cells that accumulate in Ezh2 KO could induce a switch toward 437 

conventional Th2 cells in older mice. We sorted conventional CD44hiCD4+ T cells 438 

(excluding iNKT cells) from the spleens of 6-7 month old WT, Ezh2 KO, and 439 

Ezh2/Jα18 DKO mice and compared cytokine production after 72 hours stimulation in 440 

vitro. We found that conventional CD44hiCD4+ T cells from Ezh2 KO mice did 441 

produce more IL-4 (Fig. S9E) and IL-13 (Fig. S9F) than CD44hiCD4+ T cells from 442 

WT mice. Moreover, this increase in IL-4 and IL-13 production was not evident in 443 

CD44hiCD4+ T cells from Ezh2/Jα18 DKO mice, indicating that iNKT cells in Ezh2 444 

KO mice can induce the accumulation of Th2 cells in vivo. 445 

We next sought to determine if iNKT cells drove the spontaneous 446 

development of allergic asthma-like pathology that we observed in the Ezh2 KO 447 

mice. To do this we analysed lung cell numbers, AHR, and serum IgE in 3-4 month 448 

old Ezh2/CD1d and Ezh2/Jα18 DKO mice so that we could assess the contribution of 449 

all NKT cells (Ezh2/CD1d DKO), and iNKT cells (Ezh2/Jα18 DKO) to the 450 

development of allergic asthma-like pathology. We again detected a significant 451 

increase in AHR in Ezh2 KO mice. In contrast, the Ezh2 KO mice that also lacked 452 

either all NKT cells (Ezh2/CD1d DKO), or iNKT cells (Ezh2/Jα18 DKO) did not 453 

display any increase in AHR compared to WT mice (Fig. 4C). Likewise, the increase 454 

in eosinophil and neutrophil numbers in the lungs of Ezh2 KO mice were similarly 455 

dependent on NKT cells and iNKT cells (Fig. 4D). The increase in IgE in Ezh2 KO 456 

mice was also shown to be dependent on NKT (Fig. 4E).  457 
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Lastly, we examined if intranasal challenge with the known allergen house 458 

dust mite (HDM) would result in a greater increase in AHR and antigen-specific 459 

antibody production in Ezh2 KO mice compared to WT mice, and whether this 460 

increase was dependent on iNKT cells (using Ezh2/Jα18 DKO mice). For this 461 

experiment we used 8 week old mice where the Ezh2 KO group had not yet 462 

developed spontaneous AHR. We challenged mice with 50µg of HDM extract 8 times 463 

on days 0, 1, 7, 8, 9, 14, 15, 16 and analysed AHR on day 17. We detected a 464 

significant increase in Derp1-specific IgG1 after HDM exposure, but this was not 465 

significantly different between WT and Ezh2 KO mice. Interestingly Ezh2/Jα18 DKO 466 

mice showed a significant reduction in Derp1-specific IgG1 compared to both WT 467 

and Ezh2 KO mice (Fig. S10). We found that WT, Ezh2 KO, and Ezh2/Jα18 DKO 468 

mice all developed AHR in response to intranasal HDM exposure. Importantly, Ezh2 469 

KO mice developed significantly increased AHR compared to WT mice and AHR in 470 

Ezh2/Jα18 KO mice was almost identical to that observed in WT mice (Fig. 5).  471 

These data show that Ezh2 KO results in increased AHR in response to HDM 472 

exposure in the airways and that this increase is dependent on the presence of iNKT 473 

cells. 474 

Together, these data indicate that iNKT cells are capable of driving asthma-475 

like disease in mice, and that Ezh2 is a central regulator of iNKT pathogenicity. 476 
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Discussion: 477 

We herein show that mice lacking Ezh2 function in T cells spontaneously 478 

develop allergic-asthma like pathology. By 4 months of age, Ezh2 KO mice 479 

developed allergic-asthma-like symptoms including eosinophil and neutrophil 480 

accumulation in the lungs, AHR, and mucus production in the airways. Both airway 481 

inflammation and AHR were found to be completely dependent on iNKT cells. 482 

Moreover, AHR in response to exposure to the known allergen house dust mite 483 

(HDM) is increased in Ezh2 KO mice and this was also dependent on iNKT cells. 484 

 Increased serum IgE and Type-2 cytokine-producing CD4+ T cells are 485 

typically present in atopic individuals and are associated with diseases such as atopic 486 

dermatitis and allergic asthma. We previously reported that CD44hiCD4+ T cells from 487 

Ezh2 KO mice produce large amounts of Type-2 cytokines when activated in vitro, 488 

and that Ezh2 KO mice have markedly increased serum IgE (7). We show here that 489 

genetic deletion of CD1d or the iNKT Jα18 TCR chain also rescues the increased 490 

Type-2 cytokines and spontaneous increase in serum IgE levels in Ezh2 KO mice. 491 

Transcriptional profiling showed that Ezh2 KO iNKT cells expressed genes normally 492 

associated with Tfh cells, including those encoding Cxcr5, PD-1, and IL-21. iNKT 493 

cells are capable of activating B cells (39), can provide help to B cells responding to 494 

CD1d-restricted antigens (40, 41), and follicular helper NKT (NKTfh) cells have been 495 

shown to provide IL-21-dependent help to antigen-specific B cells (28). In addition, 496 

NKT cells located in the interfollicular regions, similarly positioned to the iNKT cells 497 

described here, were recently found to be required for initiation of antiviral B cell 498 

immunity (29). This study also shows that iNKT positioned close to the follicular 499 

borders rapidly produce IL-4 and are required for efficient formation of germinal 500 

centres and antibody production (29). Interestingly, while we did not detect a 501 
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difference in Derp1-specific antibody production in HDM-challenged WT or Ezh2 502 

KO mice, mice lacking both Ezh2 and iNKT cells did develop significantly less HDM 503 

specific IgG1 compared to both WT and Ezh2 KO mice. We did not detect iNKT cells 504 

within B cell follicles in Ezh2 KO mice, but rather surrounding the B cell zones. 505 

Since high levels of IgE are present in Ezh2 KO mice and IgE class switching can 506 

occur in extrafollicular locations within lymphoid tissues (42), it will therefore be 507 

important to further investigate under which conditions interfollicular Tfh-like iNKT 508 

cells can directly promote antibody production by B cells. 509 

Allergic asthma normally develops in response to environmental stimuli such 510 

as pollen, dust mites and fungi. NKT cells have been shown to recognise a variety of 511 

fungal and bacterial antigens (11, 12, 13); however, it is not known if environmental 512 

NKT ligands are required for spontaneous development of asthma-like symptoms in 513 

Ezh2 KO mice. Increased numbers of NKT cells in BAL samples from asthmatics 514 

(14, 18, 19), and an increase in NKT cells after allergen challenge (20) have been 515 

reported; however, some studies have found no difference in NKT cell number 516 

between asthmatics and non-asthmatics (21, 22). In the present study, we did not 517 

detect a change in the numbers of iNKT cells in the lungs of Ezh2 KO mice, but 518 

rather a change from iNKT1 to iNKT2 cells in the lungs and an increase in the 519 

number of iNKT cells in lymphoid tissues. These data indicate that more detailed 520 

analysis of the iNKT phenotype in asthmatics may be necessary. The clear increase in 521 

development of HDM-induced AHR in Ezh2 KO mice that was dependent on the 522 

presence of iNKT cells indicates that iNKT cells are capable of driving increased 523 

AHR and implicate iNKT2 cells in the development of AHR in response to a known 524 

allergen.  525 
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The transcriptional regulators that govern NKT cell subset differentiation into 526 

NKT1, NKT2, or NKT17 cells are beginning to be identified. The transcription factor 527 

PLZF (encoded by Zbtb16) is required for differentiation of the NKT lineage (43), 528 

and Egr1 and Egr2 have been shown to facilitate iNKT development in the thymus 529 

(32). NKT2 cells depend on the transcription factors PLZF, Gata3 and Irf4 for 530 

development (24, 44). T-bet is required for differentiation of IFNγ-producing NKT1 531 

cells (24), and Rorγt expression is linked to production of IL-17 (45). It was also 532 

recently shown that the microRNA Let 7 controls development of NKT1 cells in the 533 

thymus (46). Expression of Zbtb16, Egr1 and Egr2 are all increased in Ezh2 KO 534 

iNKT cells, and Egr2 has been shown to directly bind Zbtb16 and promote its 535 

expression (32). Ezh2 binds to, and regulates, expression of several transcription 536 

factor genes in T cells, including Gata3, Tbx21 and Eomes (7), and we show that 537 

Ezh2 also binds directly to Zbtb16 in differentiated Th cells. Interestingly, an 538 

alternative mechanism for Ezh2-mediated regulation of PLZF has also recently been 539 

proposed, whereby methylation of PLZF by Ezh2 was shown to target PLZF for 540 

degradation (31).  It is therefore possible that both loss of gene repression and altered 541 

PLZF protein stability contribute to the high levels of PLZF in Ezh2 KO T cells.  542 

In summary, our data show that iNKT2 cells may have direct roles in the 543 

development of AHR and IgE production. We find that Ezh2 is required to negatively 544 

regulate the pro-inflammatory properties of NKT cells, and that iNKT cells are 545 

capable of causing spontaneous development of asthma-like symptoms in mice. These 546 

data indicate that further investigation of Ezh2 expression and activity in iNKT cells 547 

in allergic patients, and examination of the relative proportions of NKT subsets in 548 

asthmatics and patients with increased IgE is required.  549 
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Main Figure Legends: 730 

Figure 1: Loss of Ezh2 function in T cells results in spontaneous development of 731 

asthma-like pathology in mice. Wild type (WT) or Ezh2fl/fl  CD4-Cre (Ezh2 KO) 732 

mice were housed under specific pathogen-free conditions and analysed at 3-4 months 733 

old for methacholine-induced airways hyperreactivity expressed as airway resistance 734 

(A), total cell numbers (Total) and numbers of eosinophils (Eos), neutrophils (Neu), 735 

lymphocytes (Lym) and monocyte/macrophages (Mono/Mac) in bronchoalveolar 736 

lavage samples (B), lung tissue and mucus in the airways visualized by periodic acid 737 

Schiff stain (C), IgE producing cells in the spleen, mesenteric lymph nodes, and bone 738 

marrow by ELISPOT (D), * significantly different from WT mice p<0.05, data 739 

expressed as mean +/- SEM. A and B, n= 5 WT, 8 Ezh2 KO, C, representative data 740 

showing airway mucus production where 7/22 Ezh2 KO mice had visible goblet cell 741 

hyperplasia and mucus in the airways compared to 0/20 WT mice. D, n=4 WT, 4 742 

Ezh2 KO. 743 

 744 

Figure 2: Ezh2 regulates the numbers of invariant NKT cells and PLZFhi CD4 T 745 

cells. Proportions of TCRβ+PBS-57-Tet+ invariant natural killer T (iNKT) cells in the 746 

thymus (A), and spleen (B), total numbers of iNKT1 (PLZFloT-bethi) and iNKT2 747 

(PLZFhiT-betlo) cells were identified by intracellular staining for PLZF and T-bet (left 748 

panels), and iNKT17 (PLZFloRorγthi) cells were identified by staining for PLZF and 749 

Rorγt (right panels) (C), in the thymus (D) and spleen (E) of 3-4 months old wild type 750 

(WT) or Ezh2fl/fl  CD4-Cre (Ezh2 KO) mice. Lung iNKT1 (PLZFloT-bethi), iNKT2 751 

(PLZFhiT-betlo), and iNKT17 (PLZFloT-betlo) cells in 3-4 month old WT and Ezh2 752 

KO mice were identified by intracellular staining for PLZF and T-bet (F), proportions 753 

of lung iNKT1, iNKT2, iNKT17 cells (G), * significantly different from WT mice 754 
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p<0.05, data expressed as mean +/- SEM. A and B, n=8 WT, 12 Ezh2 KO, 755 

representative data showing intracellular staining for NKT1, NKT2, NKT17 cells in 756 

(C) the spleen and (F) the lung. D and E, n=6 WT, 7 Ezh2 KO, G, n=6 WT, 6 Ezh2 757 

KO. 758 

 759 

Figure 3: iNKT cells from Ezh2 KO mice produce IL-4 and express genes 760 

associated with Tfh cells. Transcriptional profiling by RNA-seq on purified 761 

TCRβ+PBS-57-Tet+ iNKT cells recovered from spleens of wild type (WT) or Ezh2fl/fl  762 

CD4-Cre (Ezh2 KO) mice at 2 months of age, read counts are expressed as reads per 763 

kilobase of transcript per million mapped reads (blue indicates highest expression and 764 

purple indicates lowest expression for each row/gene) and fold change (Log2, red 765 

indicates higher expression in Ezh2 KO and green indicates lower expression in Ezh2 766 

KO), false detection rate (FDR) and raw p values are also shown for each gene (A 767 

and B). Intracellular staining for IL-4 and IFN-γ in TCRβ+PBS-57-Tet+ iNKT cells 768 

analysed by flow cytometry after 16 hours stimulation of spleen cells with anti-TCRβ 769 

in vitro (C). iNKT cells (TCRβ+PBS-57-Tet+) and CD44hiCD4+ T cells were purified 770 

from spleens of mice and 5 x 104 cells stimulated with anti-TCRβ in vitro for 16 hours 771 

followed by measurement of IL-4 in supernatant by ELISA (D). Visualisation of 772 

iNKT location in mesenteric lymph node sections from Ezh2 KO mice by 773 

fluorescence immunohistochemistry; sections were stained with PBS-57-Tet (red), 774 

anti-TCRβ (purple), and anti-CD45RA/B220 (green) (E). * significantly different 775 

from WT mice p<0.05, data expressed as mean +/- SEM. C, representative data from 776 

3 independent experiments D, n=4 WT, 4 Ezh2 KO. 777 

 778 
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Figure 4: iNKT cells in Ezh2 KO mice produce large amounts of Type-2 779 

cytokines and drive spontaneous development of airway pathology. CD44hiCD4+ 780 

T cells were purified from the spleen of WT, Ezh2 KO, and Ezh2/CD1d DKO (A) or 781 

WT, Ezh2 KO, and Ezh2/Jα18 DKO (B) 3-4 month old mice, and stimulated in vitro 782 

with anti-TCRβ antibody for the indicated times followed by measurement of IL-4 783 

and IL-13 production by ELISA. Airway hyperreactivity to methacoline expressed as 784 

airway resistance (C).  Total numbers of eosinophils (Eos) and neutrophils (Neu) in 785 

bronchoalveolar lavage samples from WT, Ezh2 KO, Ezh2/CD1d DKO, and 786 

Ezh2/Jα18 DKO mice (D). Serum IgE was measured by ELISA (E). * significantly 787 

different from WT mice p<0.05, data expressed as mean +/- SEM. A, n=4 WT, 4 788 

Ezh2 KO, 4 Ezh2/CD1d DKO, B n=4 WT, 4 Ezh2 KO, 4 Ezh2/Jα18 DKO, C, n7 789 

WT, 13 Ezh2 KO, 5 Ezh2/Jα18 DKO, 5 Ezh2/CD1d DKO, D,  n=4 WT, 6 Ezh2 KO, 790 

7 Ezh2/Jα18 DKO, 7 Ezh2/CD1d DKO, E, n=6 WT, 12 Ezh2 KO, 6 Ezh2/CD1d 791 

DKO. 792 

 793 

Figure 5: iNKT cells in Ezh2 KO mice drive increased house dust mite-induced 794 

airway hyperreactivity. Airway hyperreactivity to methacholine (MCh) expressed as 795 

airway resistance, * Ezh2 KO MCh challenged mice significantly higher than WT and 796 

Ezh2/Jα18 DKO MCh challenged mice and all phosphate buffered saline (PBS) 797 

challenged mice p<0.05, ** WT and Ezh2/Jα18 DKO MCh challenged mice higher 798 

than PBS challenged mice, data expressed as mean +/- SEM. n=5 WT MCh 799 

challenged, 4 Ezh2 KO MCh challenged, 5 Ezh2/Jα18 DKO MCh challenged, 4 WT 800 

PBS challenged, 4 Ezh2 KO Saline challenged, 3 Ezh2/Jα18 DKO PBS challenged.  801 
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Supplementary Figure Legends: 1 

Supplementary figure 1: Schematic representation of conditional inactivation of 2 

Ezh2 after crossing Ezh2fl/fl  mice with CD4-Cre mice. The SET domain of Ezh2 is 3 

primarily encoded by exons 18 and 19 and Loxp sites have been inserted either side of 4 

exons 18/19 in Ezh2fl/fl  mice. Cre-driven recombination results in deletion of exons 5 

18/19 and inactivation of Ezh2. 6 

 7 

Supplementary figure 2: Analysis of lymphocytes in recovered by bronchiolar 8 

lavage from 3 month old WT and Ezh2 KO mice. Flow cytometry was used to 9 

determine the number of CD19+ B cells (A) and TCRβ+ T cells (B). * significantly 10 

different from WT mice p<0.05. Data expressed as mean +/- SEM, A and B, n=6 WT 11 

and 7 Ezh2 KO,  12 

 13 

Supplementary figure 3: Flow cytometry analysis of CD44 and CD62L staining on 14 

CD4+ T cells from the spleen of WT and Ezh2 KO mice (A). RNA-seq analysis of 15 

CD44hiCD4+ WT and CD44hiCD4+ Ezh2 KO spleen cells purified by fluorescence 16 

activated cell sorting; data are expressed as reads per kilobase of transcript per million 17 

mapped reads (RPKM) and fold increase (Log2) in CD44hiCD4+ Ezh2 KO cells 18 

compared to CD44hiCD4+ WT cells is shown (B). 19 

 20 

Supplementary figure 4: Zbtb16 expression measured in CD44loCD4+ T cells and 21 

CD44hiCD4+ T cells purified from spleens of WT and Ezh2 KO mice by fluorescence 22 

activated cell sorting (A). Intracellular staining for PLZF (encoded by Zbtb16) in 23 

CD4+ T cells from WT (blue) and Ezh2 KO (red) mice (B), and staining for CD44 24 

together with PLZF in CD4+ T cells from Ezh2 KO mice (C). Chromatin 25 
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 2 

Immunoprecipitation (ChIP)-seq analysis of Ezh2 binding at the Zbtb16 gene in naïve, 26 

and differentiated Th1 and Th2 CD4+ T cells (D). A, * significantly different from 27 

WT mice p<0.05. Data expressed as mean +/- SEM, n=4 WT and 4 Ezh2 KO. 28 

 29 

Supplementary figure 5: Proportions of iNKT cells (A) and total numbers of iNKT 30 

cells (B) in mesenteric lymph nodes (MLN), bronchial associated lymph nodes 31 

(BLN), lung tissue (Lung) and liver tissue (Liver) of WT and Ezh2 KO mice, and the 32 

total numbers of CD4+ (C and D) and CD4-CD8- double negative (DN) (E and F) 33 

iNKT1, iNKT2, iNKT17 cells in the spleen (C and E) and thymus (D and F) of WT 34 

and Ezh2 KO mice. * significantly different from WT mice p<0.05, data expressed as 35 

mean +/- SEM. A and B, n= 4 WT, 5 Ezh2 KO mice, C to F n=6 WT, 7 Ezh2 KO 36 

mice. 37 

 38 

Supplementary figure 6: Total numbers of NKT-like cells identified as TCRβ+PBS-39 

57-Tet-PLZF+ cells in spleen and thymus of WT and Ezh2 KO mice. Proportions of 40 

iNKT and NKT-like cells in the thymus (B) and spleen (C) of WT, Ezh2 KO, and 41 

Ezh2/CD1d double KO mice shown, data are representative of 3 independent 42 

experiments. A, * significantly different from WT mice p<0.05, data expressed as 43 

mean +/- SEM. n= 6 WT, 7 Ezh2 KO mice. 44 

 45 

Supplementary figure 7: Fluorescence activated cell sorting (FACS) of iNKT cells 46 

for RNA-seq shown in Figure 3A and B, upper panels show CD3ε+ enriched spleen 47 

cells and lower panels show purified iNKT cells (A). Cells were gated on TCRβ+ 48 

PBS-57-Tet+ cells for FACS. Visualisation of iNKT location in spleen sections from 49 
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 3 

Ezh2 KO mice by fluorescence immunohistochemistry; sections were stained with 50 

PBS-57-Tet (red), anti-TCRβ (blue), and anti-CD45RA/B220 (green) (B). 51 

 52 

Supplementary figure 8: Serum IgG1 (A), IgM (B) IgG2c (C), IgA (D), and from 3 53 

month old WT and Ezh2 KO mice. Serum immunoglobulins were measured by 54 

ELISA. * significantly different from WT mice p<0.05. Data expressed as mean +/- 55 

SEM. A, B, D, n=7 WT and 13 Ezh2 KO. C, n=6 WT and 13 Ezh2 KO 56 

 57 

Supplementary figure 9: CD44hiCD4+ T cells were purified from the spleen of 3-4 58 

month old WT, Ezh2 KO, and Ezh2/CD1d DKO (A and B) or WT, Ezh2 KO, and 59 

Ezh2/Jα18 DKO (C and D) mice, and stimulated in vitro with anti-TCRβ antibody for 60 

the indicated times followed by measurement of IFN-γ (A and C) and IL-17 (B and 61 

D) production by ELISA. CD44hiCD4+PBS-57-Tet- conventional T cells were 62 

purified from the spleen of 6-7 month old WT, Ezh2 KO, and Ezh2/Jα18 DKO (E 63 

and F) mice, and stimulated in vitro with anti-TCRβ antibody for 72 hours followed 64 

by measurement of IL-4 and IL-13 production by ELISA. * significantly lower than 65 

WT and Ezh2 KO, ** Significantly higher than Ezh2 KO or Ezh2/CD1d DKO and 66 

Ezh2/Jα18 DKO, *** significantly lower than Ezh2 KO p<0.05, data expressed as 67 

mean +/- SEM. A and B, n= 4 WT, 4 Ezh2 KO, 4 Ezh2/CD1d DKO, C and D, n=4 68 

WT, 4 Ezh2 KO, 4 Ezh2/Jα18 DKO, E and F, n= 4 WT, 4 Ezh2 KO, 4 Ezh2/Jα18 69 

DKO. 70 

 71 

Supplementary figure 10: Serum Derp1-specific IgG1 was measured by ELISA in 72 

serum after intranasal challenge of mice with either PBS or house dust mite. * p<0.05, 73 

data expressed as mean +/- SEM.  n= 5 WT, 4 Ezh2 KO, 5 Ezh2/Jα18 DKO. 74 
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