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Abbreviations: natural killer T (NKT), invariant NK(iNKT), wild-type (WT),
knock-out (KO), double knock out (DKO), house duste (HDM), airways
hyperreactivity (AHR), methacholine (MCh), innayeniphoid cell (ILC), double
negative (DN), promyelocytic leukemia zinc fingBLZF), T-box 21 (T-bet), RAR-
related orphan receptor gamma (R®Rinterleukin (IL), immunoglobulin (Ig),

mesenteric, lymph nodes (MLN), bronchial-associ&getph nodes (BALN).

Word count: 9071 (including supplementary Figurgémds and Methods).
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Abstract:

Background: Natural killer T (NKT) cells express a T cell rpter that recognises
endogenous and environmental glycolipid antigeesefal subsets of NKT cells
have been identified, including IFMroducing NKT1 cells, IL-4-producing NKT2
cells and IL-17-producing NKT17 cells. Howevertlétis known about the factors
that regulate their differentiation and respecfiugctions within the immune system.
Objective: We sought to determine if the polycomb repressomaplex 2 protein
Ezh2 restrains pathogenicity of NKT cells in thetext of asthma-like lung disease.
Methods: Numbers of INKT1, iINKT2 and iINKT17 cells, and tigsdistribution,
cytokine production, lymphoid tissue localisatiorddranscriptional profiles of INKT
cells from wild-type (WT) and Ezh2 knock-out (KOYJKT mice were determined.
The contribution of NKT cells to development of senmeous and house dust mite
(HDM) induced airways pathology including airwaygkrreactivity (AHR) to
methacholine was also assessed in WT, Ezh2 KOEahd KO mice lacking NKT
cells.

Results: Ezh2 restrains the development of pathogenic N&IIE ¢hat induce
spontaneous asthma-like disease in mice. Delefi&zlo2 increased production of
IL-4 and IL-13, and induced spontaneous AHR, lurfammation, mucus
production, and IgE. Increased IL-4 and IL-13, AHilfg inflammation, and IgE
were all dependent on iNKT cells. In HDM exposedrais, Ezh2 KO resulted in
enhanced AHR that was also dependent on INKT cells.

Conclusion: Ezh2 is a central regulator of iINKT pathogeniatyd suppresses the

ability of INKT cells to induce asthma-like pathglo
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Capsule Summary:
The epigenetic regulator Ezh2 suppresses develdpohan IL-4-expressing natural
killer T cell population that causes hyper-lgEway inflammation and airway

hyperreactivity in mice.

Key Messages.

1) Conditional deletion of Ezh2 in T cells resuttyper-IgE, airway inflammation
and both spontaneous and house-dust-mite-induosdyahyperreactivity in mice.
2) Increased asthma-like pathology in mice lacl&zf?2 in T cells is dependent on
invariant natural Killer T (iINKT) cells.

3) Ezh2 suppresses the development of IL-4-produdNKT2 cells and asthma-like

pathology in mice.
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I ntroduction:

Allergic asthma is a chronic inflammatory diseakthe airways that develops
due to aberrant immune responses to common env@otainantigens including dust
mites, pollens and fungi (1). The Type-2 cytokitied, IL-5 and IL-13 contribute to
the development of allergic responses includingpgitiuction, cellular
inflammation, and airway hyperreactivity (AHR) istmatics (2). Type-2 cytokine
production by allergen-specific CDZ-helper (Th) cells promote allergic
inflammation and antibody production by B cells, @)d epigenetic regulation has
been shown to play an important role in the regamadf Th cell cytokine production
(4). Ezh2 is a member of polycomb repressive cormpland is enzymatically
responsible for methylating lysine 17 on histona Bey epigenetic modification
known to repress lineage determining transcriptaamtors during cellular
differentiation (5, 6). We previously found thafideency of Ezh2 in T cells in mice
results in increased Type-2 cytokine productiomfi©@D4 T cells and markedly
elevated levels of serum IgE (7), one of the halkniadicators of atopy in humans. In
addition, lower expression of Ezh2 was reportegarnpheral blood Th cells from
allergic rhinitis patients compared to healthy colst and Th2 cytokine production
after house dust mite stimulation was found to tiegly correlate with Ezh2
expression (8), indicating that Ezh2 may reguldi2 differentiation in allergic
individuals.

In addition to T cells, an innate lymphoid cell Q).subset called ILC2 has
been recently shown to play a role in the develagrogallergic inflammation (9).
Natural killer T (NKT) cells display similaritie®tboth natural killer cells (a type of
ILC) and adaptive T cells, and possess the ahditapidly secrete large amounts of

cytokines. Invariant NKT (iNKT) cells express awvamiant TCR:. chain consisting of
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V0l4/518 in mice or \24/518 in humans, and account for the majority of NKT
cells (10). NKT cells are activated by endogenmgenvironmental glycolipid
ligands presented in the context of the non-polyhimrmajor histocompatibility
complex (MHC) class 1-like antigen-presenting molecCD1d. Fungal and bacterial
antigens fronSphingomonas (11), Aspergillus fumigatus (12), andtreptococcus
pneumoniae (13) have been shown to be recognized by NKT aadapable of
inducing asthma-like symptoms in an NKT-dependeatmner in mouse models. The
involvement of NKT cells in protein-induced asthreanore controversial, with some
studies finding that NKT cells are necessary fterglc pathology in mouse models
(14, 15), and others reporting that NKT cells asenequired (16). In human
asthmatics, increased numbers of NKT cells in BAiples (17-19), and an increase
in NKT cells after allergen challenge (20) haverbesported; however, some studies
have failed to detect a difference in lung NKT celmbers between asthmatics and
non-asthmatics (21, 22), indicating that more negean NKT cells in asthma is
needed.

NKT cells can be differentiated into three subsetsed on cytokine
production and expression of the transcriptiondecpromyelocytic leukemia zinc
finger (PLZF), T-box 21 (T-bet), and RAR-relateghloan receptor gamma (R@R
NKT1 cells produce IFN-and express high levels of T-bet (23), NKT2 cptisduce
IL-4 and express high levels of PLZF (24), and NKT&lls produce IL-17 and
express high levels of RQR(24-26). It is also becoming evident that further
significant heterogeneity exists within the NKTIealbsets (27). For example, Bcl-6-
dependent follicular helper NKT (NKTfh) cells halveen shown to promote antibody
production and provide help for B cells via prodoctof IL-21 (28), and

interfollicular NKT were recently found to be essahfor initiation of antiviral B cell
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immunity via early production of IL-4 (29). It wascently shown that increased
numbers of PLZF-expressing iINKT cells are preseriizh2 KO mice (30, 31), but
the peripheral distribution of these cells andrthemctional characteristics are largely
undefined.

We herein show that loss of the epigenetic reguaat2 in T cells results in
the development of INKT2 cells that produce largeants of Type-2 cytokines and

drive development of AHR and allergic asthma-liked pathology in mice.
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Methods:

Mice: C57BL/6 mice were from CLEA Co. (Tokyo, Japan)cBlivith loxp sites
flanking the SET domain of Ezh2 (EZH3 were generated as described (47) and
backcrossed with C57BL/6 mice for 10 generatioesE mice were bred with mice
expressing transgenic constructs for Cre recombir@B4-Cre mice were purchased
from Taconic. CD1d KO (B6.129S6-Del(3CD1d2-Cd1dDbhpS) mice were
purchased from The Jackson Laboratoml8}deficient mice were generated as
previously described (48). Mice used in this stady shown in Table 1. Controls
were either EzH2' Cre-negative or EzH%" Cre-positive. Similar experimental

results were obtained with control mice irrespextiv Cre transgene expression.

All mice were maintained under specific pathogee ftonditions and animal care

was conducted in accordance with the guidelingShatba University.

M easurement of airway hyperreactivity: Airway hyperreactivity, quantitated by
increased airway resistance, was assessed asysigviescribed (49) by
methacholine (MCh)-induced (Sigma-Aldrich) airfl@lstruction in intubated and
ventilated mice by forced oscillation techniquengsa computer-controlled small

animal ventilator (SCIREQ).

House dust mice challenge model: mice were challenged with f§ of HDM extract
in 20ul phosphate buffered saline (PBS) 8 times on days ©, 8, 9, 14, 15, 16. On

day 17 MCh-induced AHR was analysed.
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Bronchoalveolar lavage and differential cell count: Bronchoalveolar lavage (BAL)
was performed by intratracheal administration aabvery of 2 lavages of 1 mL
PBS. Cell numbers were enumerated by counting Vutts solution. Cells were then
spun onto glass slides by cytocentrifugation (Sbahdnd stained with Diff-Quik
(Sysmex). Differential cell counts were performesdd on cell morphology using

light microscopy.

Enzyme-linked immunosor bent assay (EL1SA): A standard sandwich ELISA
protocol was used to measure the concentrationgtokines in cell-free culture
supernatants and in BAL fluid samples. Clone BVIREt1 and clone BVD6-24G2-
biotin were used for detection of IL-4, clone TRF&#&d clone TRFK4-biotin were
used for detection of IL-5, clone R4-6A2 and clofMG1.2-biotin were used for
detection of IFNy, all purchased from BD Biosciences. IL-13 was meas using a
Duoset mouse IL-13 ELISA set (R&D Systems) andugis measured using an
OptEIA mouse IgE ELISA set (BD Biosystems). ELIS# Derpl used biotinylated
Derpl (Citeq Biologics) to detect Derpl-specifitiandies in serum. Briefly, plate
coated anti-lgG1 Clone A85-3 (BD Biosciences) wsadlito capture total IgG1 from
serum, then Derpl-specific antibodies were detewttdthe biotinylated Derpl

followed by streptavidin-HRP and addition of TMBbstrate (Life Technologies).

ELI1SPOT assay: For detection of IgE-secreting B cells, MAIPSWU nojglates

(Multiscreen HTS; Millipore) were activated with %0ethanol, washed with sterile
water, coated with purified anti-lgE in PBS, blodkeith RPMI11640/10% FCS, and
1.5 x 16 cells per well were incubated for 5 hours at 3#®®wed by washing with

PBS. IgE was detected with alkaline phosphatasg@tgated antibodies to mouse IgE
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(Southern Biotechnology). Spots were visualizedh\i@Opl/well AEC solution

(Sigma) and were counted manually.

Lung histology: For histological analysis, lungs were fixed in 108) formalin in
phosphate buffered saline. Lung sections were fiaexhbedded, sectioned, and
stained with periodic acid-Schiff (PAS) commergialPAS stained sections were
examined for pathological changes under a lightosiope for the presence of

mucus in the airways.

Fluor escence microscopy: Samples were fixed in 4% paraformaldehyde and
equilibrated in 30% sucrose/PBS. Tissue was fraz&CT media (Sakura) and
sectioned using a Cryostat. Sections were staindareunted with Fluorescent
mounting medium (DakoCytomation). A confocal lasecroscope (LSM710, Carl
Zeiss) was used to capture images. Sections waredtwith anti-B220-FITC, anti-
TCRB-APC/Cy7, and PBS-57-Tet-PE. Images were analyzttdimageJ software

(National Institutes of Health).

Preparation of single cell suspensionsfrom tissues: Spleens and lymph nodes were
disassociated using frosted glass slides (Matsynaomgs were dissociated in
digestion buffer (RPMI 1640 supplemented with Cgdlaase Type 111 (200 U/ml)
(Worthington) and DNasel (20@/ml) (Sigma-Aldrich)) with incubation for 30
minutes at 37C with constant agitation. Liver was disassocidtggassing through a
200um wire mesh. Lung and liver mononuclear cells vikem separated by

centrifugation on Percoll (GE Healthcare, UK). Splelymph node, lung and liver

10
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cell suspensions were then passed throughpa7€ell strainer (Greiner bio-one, JP)

and red blood cells were lysed using ACK lysis bufiGibco).

Cell purification: For purification ofcD44"CD4" T cells and iNKT cells used in the
functional experiments in this manuscript and foiARSeq analysis of INKT cells,
cells were first enriched by positive magnetic sita of T cells using biotinylated
anti-CDZ (clone 145-2C11) and anti-biotin microbeads (MijteBiotec), followed
by staining with anti-TCR, anti-CD4, anti-CD44 and PBS-57-loaded CD1d-
tetramers (PBS-57-Tet). PBS-57 is an analogudpbbBagalactosylceramide
(aGalCer). Either PBS-57 eGalCer presented in the context of CD1d can be
recognised by the invariant T cell receptor of iN&dIlls. PBS-57-Tet were provided
by the National Institutes for Health Tetramer CBaility. TCR3*, PBS-57-Tet
iINKT cells and TCR*, CD4", CD44" conventional T cells were further purified
using a FACSaria cell sorter (BD Biosciences). INKKT RNA-Seq analysis, iINKT
cells from the spleens of 3 WT and 3 Ezh2 KO mieeerxcombined to obtain
150,000 iNKT cells for each of the two RNA-Seq bumkal replicates (6 WT and 6
Ezh2 KO mice in total). For purification of CD¥@D4" T and CD42CD4" T cells in
Fig. S3 and Fig. S4, CD4 T cells were obtainedasiltD4 T cell isolation kit with
anti-CD4 microbeads (Miltenyi Biotec) and CO42ZD4" T cells were then further
purified using a FACSaria cell sorter (BD Biosciest For RNA-Seq of
CD44"'CD4" T cells, 1 x 18 cells were purified by FACS from one WT and on&Ez
KO mouse. CDAACD4" T cells and iNKT cells were purified from spledosall

experiments.
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In vitro stimulation: Tissue culture plates (Costar) were pre-coatedoytat with 10
pug/ml agonistic anti-TCR antibody (clone H57-597). For stimulation of splecells,
3 x 10 cells were plated into wells of 24 well tissuetate plates in 1 ml culture
media, and for purified iNKT cells and CD¥@D4" T cells 1 x 18 cells were plated
into 96 well tissue culture plates in 2@tissue culture media. Tissue culture media
consisted of RPMI supplemented with 10% foetal beserum (Equitech-Bio), 1mM
Sodium Pyruvate, 10mM HEPES, and MEM Non-EsseAinaino Acids, and 5pM
2-Mercaptoethanol (Gibco). Cells were cultured #C3for 16 hours before

measurement of cytokine production.

RNA sequencing: RNA-seq was carried out as previously describedl (3otal

RNA was extracted with TRIzol reagent (InvitrogenjuSeq RNA Sample Prep Kit
v2 (lllumina) was used for cDNA library construaticaccording to the
manufacturer's protocol. Sequencing was perforomed HiSeq 1500 sequencer
(lumina). Read sequences (50 bp) were alignadeanm10 mouse reference
genome (University of California, Santa Cruz (UC®@&cember 2011) using Bowtie
2 (version 2.0.0) and TopHat (version 1.3.2). Rragts per kilobase of exon per
million mapped reads (FPKM) for each gene wereutated using Cufflinks (version
2.0.2). Genes with low expression (less than 5 FR&MIl samples) were excluded
form the analysis. Differential gene expression aaalysed using limma. GlmFit and
gImLRT were used for generalized linear modelint) (&enes with a FDR < 0.1

were used for gene ontogeny enrichment analysigu3AVID (52).

Chromatin immunoprecipitation (ChlP)-sequencing: ChIP-Segwvas performed as

previously described (7). Polyclonal anti-Ezh2 (p880-50, Diagenode) was used

12
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for immunoprecipitation (IP). Read sequences (36t two or less mismatches
were aligned to the mm9 mouse reference genomevéiniy of California, Santa
Cruz (UCSC) July 2007) using Eland software (llloa)i For visualization of Ezh2
binding, data was converted to wiggle file forma2a bp resolution and uploaded to

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

Quantitative Real-Time PCR: Total RNA isolation, cDNA synthesis, and
Quantitative real-time PCR was described previo(ig)y Primers and Roche
Universal probes were purchased from Sigma and &awebpectively. Gene
expression was normalized to amount of hypoxantpirenine phosphoribosyl

transferaseHprt) mRNA in each sample.

Antibodies used for cell surface and cytoplasmic staining:

Antibodies used for cell surface staining were-ai@Rp (clone H57-597), anti-
CD44-APC (clone IM7), anti-CD62L-PE (clone MEL-140d-B220-PerCP/Cy.5.5
(clone RA3-6B2) from BD Biosciences, anti-CD4 (&#@oRM4-5) from Biolegend.
PBS-57-Tet -PE was from the National Institutesieélth tetramer facility.
Antibodies used for cytoplasmic staining were: 4idi-PE (clone 11B11), anti-IFN-
y-FITC (clone XMG1.2), anti-PLZF-APC or FITC (cloml7-809), anti-Ratt-APC
(clone Q31-378) from BD-Biosciences and anti-T-Be¥421 (clone eBio4B10), from

eBioscience.

Statistical analysis: Unless otherwise indicated, p values were caledlasing

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

performed.
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283 Table 1: description of the mouse strains usedigstudy.

Genetic Strain Sour celreference Description
background
C57BL/6 Ezh2 fl/fl/ Hirabayashi Yet al. Loxp sites flanking exons
Ezh2M1Yugo Neuron 63(5): 600-613 18 and 19 ofzh2
C57BL/6 CD4-Cre/ Purchased from Taconi¢ Crossed with Ezh2 fl
B6.Cg-Tg(CD4-cre)1Cwi mice to generate Ezh2
N9 KO mice
C57BL/6 CD1d KO/ B6.129S6- Purchased from The Deficient in both
Del(3CD1d2-Cd1d1)1Sbp/)  Jackson Laboratory Cd1d1/Cd1d2 loci.
C57BL/6 Jo18 KO/ Cui J, et al., Science. Deletion of the Tcra-J
Tcra-Jm 1997 Nov region results in lack of
28;278(5343):1623-6 iNKT cells

284
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Results:
L oss of Ezh2 function in CD4" T cellsresultsin spontaneous development of
asthma-like pathology.

Mice with conditional inactivation of Ezh2 in T te(referred to herein as
Ezh2 KO) develop a spontaneous increase in thésleveirculating IgE and an age-
dependent increase in CD4aD4" T cells that produce the Type-2 cytokines
including IL-4 and IL-13 (7). A schematic repressrdn of the conditional
inactivation of Ezh2 in cells that express CD4hisvgn in Supplementary Figure 1.
We examined 3-4 month old WT and Ezh2 KO mice fetlracholine (MCh)-
induced airway resistance, an indicator of airmaystriction and airway
hyperresponsiveness (AHR) using a Scireq flexivErh2 KO mice exhibited
increased AHR compared to wild type (WT) mice & #ame age (Fig. 1A). We also
detected a significant increase in the number®sihephils, neutrophils, and
lymphocytes in bronchoalveolar lavage (BAL) samptesn Ezh2 KO mice (Fig.
1B). We used flow cytometry to further define whlgmphocytes were increased in
the BAL of Ezh2 KO mice. We found a significantiease in the number of CD19
B cells and no change in the number of BCR cells in the BAL (Fig. S2A and
S2B). Approximately one-third (7 out of 22 mice exaed) showed visible signs of
airways inflammation and mucus production in thegk (Fig. 1C). In contrast, we
did not detect obvious signs of inflammation orhaddgy in the intestines, heart, or
kidneys. Using ELISPOT, we found increased numbétgE producing cells in the

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

Ezh2 regulatesiNKT cell numbersin vivo.
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Increased numbers of CO%@D4" T cells accumulated in Ezh2 KO mice
(Fig. S3A), as we reported previously (7). To fertbharacterise these cells, we
performed RNA-Seq on CDA€DA4' T cells purified from the spleen of WT and
Ezh2 KO mice. We found that the most upregulatetegencluded many killer cell
lectin-like receptor genes, the NK cell associateptor gen€d160, andZbtb16
(that encodes the transcription factor PLZF, a erasgulator of NKT cell
differentiation) (Fig. S3B). Increased expressidZlaib1l6 was confirmed by qPCR
(Fig. S4A) and increased expression of PLZF pratemfirmed by intracellular
staining (Fig. S4B). We also found that PLZF expi@s was restricted to
CD44"CD4" T cells (Fig. S4C). To determine if Ezh2 direddygetedzbtbl6 in T
cells, we used chromatin immunoprecipitation wigh#-specific antibody and
massively parallel sequencing (ChIP-Seq). We diddetect Ezh2 binding at the
Zbtb16 gene in naive CD4T cells (Fig S4D); however, a strong peak of Ezh2
binding was evident at tl#btb16 gene after differentiation of CDA cells into
effector Th cells (Fig. S4D). These data show B#i2 directly targets and controls
Zbtb16 expression in differentiated T cells.

To confirm that the numbers of INKT cells were e&sed in Ezh2 KO mice,
we used CD1d tetramers loaded with the INKT cghitid PBS-57 (PBS-57-Tet).
PBS-57 presented in the context of CD1d is spetificecognised by the invariant T
cell receptor of INKT cells. We found significanilycreased frequencies of INKT
cells in both the thymus (Fig. 2A) and spleen (Rig) of Ezh2 KO mice. To further
characterize the distribution of INKT cells in theripheral tissues of Ezh2 KO mice,
we also assessed the numbers of INKT cells in tegemteric lymph nodes (MLN)
and bronchial-associated lymph nodes (BALN), amdlitrer and lungs. We found

that both the proportions and total numbers of iNg€lls were increased in the MLN,

16
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BALN, and the liver, but not in the lungs themsel{Eig. S5A and S5B). The
absolute numbers of INKT cells and iINKT1, iINKT2 ailNKT17 cells were
determined based on transcription factor expreq$ian 2C). Significantly increased
proportions of PLZF-expressing iNKT2 cells wereai#ed in the thymus (Fig. 2D)
and spleen (Fig. 2E) of Ezh2 KO mice. A more modestase in T-bet-expressing
INKT1 was also evident in the spleen, but not thegrtus of Ezh2 KO mice. These
data indicate that Ezh2 regulates PLZF expressidndells and that loss of Ezh2
function results in the expansion of PLZF-expregsNKT2 cells. INKT cells can be
divided into CD4 and CD4ACDS8 double negative (DN) subsets. We found that the
increase in PLZFNKT2 cells was evident in both CD4nd DN subsets in the spleen
and thymus of Ezh2 KO mice (Fig. S5C-S5D). In casiirthe increase in T-Bet
INKT1 cells was restricted to the DN iNKT subseig{FS5E and S5F). To determine
if there was an increase in the proportion of INKCERS in the lungs of Ezh2 KO
mice, we digested lungs from WT and Ezh2 KO mia# maeasured the proportions
of INKT subsets using intracellular staining. Werfid that there was a switch from
predominately iINKT1 cells to iINKT2 cells in the lgs of Ezh2 KO mice (Fig. 2F and
2G).

We also detected increased numbers of PLZF-expige3scells that did not
bind PBS-57-Tetramers in both the thymus and spé&izh2 KO mice (Fig. S6A),
as reported previously (30). To determine if theslés were non-invariant NKT cells
or conventional T cells, we crossed Ezh2 KO middwwice lacking CD1d (CD1d
KO) that have no NKT cells to make Ezh2/CD1d dow® (DKO) mice. In
Ezh2/CD1d DKO mice, PBS-57-Tet-negative PLZF-exgires T cells were still
present in both the thymus (Fig. S6B) and sple@an &6C), showing that they are

not CD1d-restricted and that they develop via te#ht pathway to NKT cells.
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INKT cellsin Ezh2 KO miceresemble Th2 and Tfh-like cellsbut remain in the
interfollicular zonein lymphoid tissues.

To further characterize the iNKT cells that accuatelin response to loss of
Ezh2, we compared transcriptional profiles of iN&&lls purified from the spleens of
WT and Ezh2 KO mice (Fig. S7A). We found that theere 184 genes upregulated
and 112 genes downregulated in Ezh2 KO INKT ceallmgared to WT INKT cells.
Gene ontogeny analysis of the differentially expeelsgenes showed significant
enrichment in “Cytokine-cytokine receptor interacti (KEGG pathway, p=4.2xf})
“Cell surface” (Goterm Cellular-Component, p=1.3(X), and “Transcription factor
activity” (Uniprot keyword, p=4.2x19) genes. Enriched “Cytokine-cytokine receptor
interaction” and “Cell surface” genes (Fig. 3A) amtiched “Transcription factor
activity” genes (Fig. 3B) are shown. iNKT cellsiindEzh2 KO mice displayed a Th2-
like phenotype with increased expression of genesaing the Th2-associated
chemokine receptor Ccr4 and the cytokine IL-4, laekr expression of genes
encoding the Thl-associated proteinsyFIN12RB, STAT-4, and T-bet (encoded by
Tbhx21). As expected, we found a significant increastnéexpression of the gene
encoding PLZFZbtb16) in Ezh2 KO iNKT cells. Egr2 has also been shown t
regulate INKT development (32), and expressioB@P was also increased in Ezh2
KO iNKT cells.

To confirm that iINKT cells from Ezh2 KO mice proditmore Th2
cytokines, we stimulated spleen cells from WT agtiZKO mice and analysed IL-4
and IFNy by intracellular staining. A higher proportionidfKT cells from Ezh2 KO
mice produced IL-4 (3.5-fold increase), and a lop@portion produced IFN(2-fold

decrease) compared to iINKT cells from WT mice @). To examine the amount of
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IL-4 produced by iNKT cells from WT and Ezh2 KO rajqurified iINKT were
stimulatedn vitro with anti-TCR3 for 16 hours followed by measurement of IL-4
production. Ezh2 KO iNKT cells produced significgnnore IL-4 than WT iNKT
cells, and both WT and KO iNKT cells produced muubre IL-4 than CD44CD4"
conventional T cells from either WT or Ezh2 KO m{€é&g. 3D).

INKT cells from Ezh2 KO mice expressed increasedamis of several genes
associated with follicular T helper (Tfh) cell idgp and chemokine-induced T cell
positioning within lymphoid tissues. Tth cells egps high levels of IL-21, Cxcr5 and
PD1 (33), and these genes were among the mosyhegptessed in Ezh2 KO INKT
cells (Fig. 3A). The transcription factors Bcl6,043, Tcf7, Lefl have been shown to
regulate Tfh development (34-38), and of these &ecid Lefl were expressed more
highly in Ezh2 KO iNKT cells (Fig. 3B). Bcl-6 exmsion was very low in both WT
and Ezh2 KO iNKT cells. Ezh2 KO iNKT cells theredoshare several key genes
expressed by Tfh cells. Down-regulation of Ccrpiie-Tfh cells facilitates
localization to the border between the T cell anceB zones of lymphoid tissue (T/B
border), and upregulation of Cxcr5 facilitates Rfhming to germinal centers (33).
INKT cells from Ezh2 KO mice express increased lewé genes encoding both
Cxcr5 and Ccr7 compared to WT INKT cells (Fig. 3Ad determine if INKT cells
were present in B cell follicles, and were thugtiNKT-Tfh hybrid cells, we
analyzed iNKT localization in spleen and MLN tissUée found that INKT cells
were not within B cell follicles of Ezh2 KO miceubinstead localized in the T cell
zone closely surrounding the follicles (Fig. 3E &gl S7C). In WT mice, iINKT cells
were rarely detected. We have previously shownEza®2 KO mice have
significantly higher production of IgE (7) and FiD. To determine if Ezh2 KO mice

also have increased levels of other isotypes, wasaored 1gG1, 1gG2c, IgA and IgM
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by ELISA. We found that Ezh2 KO results in decrelasounts of IgG1 (Fig. S8A)
and IgM (Fig. S8B), increased IgG2c (Fig. S8C) anachange in the amount of IgA
(Fig. S8D). These data indicate that Ezh2 KO d#fféially alters immunoglobulin
production and that Ezh2 KO does not result inreega increase in all

immunoglobulin isotypes.

INKT cellsdrive spontaneous development of aller gic asthma-like pathology in
Ezh2 KO mice.

We previously reported that CDA@D4" T cells from Ezh2 KO mice
produced markedly elevated levels of the Type-Blapes IL-4 and IL-13 when
stimulatedn vitro (7). To determine if the increased production gybhd-2 cytokines
was due to the presence of INKT cells within thegpplation, we analysed
CD44"CD4" T cells from Ezh2/CD1d DKO mice. We found thatedigin of CD1d
returned cytokine production from Ezh2 KO CH@D4" T cells to levels
comparable to, or less than, that produced by frelfls WT mice (Fig. 4A). This
indicates that NKT cells may be the predominanttgpke responsible for producing
Type-2 cytokines in Ezh2 KO mice. To differentiaetween NKT cells with the
invariant Vu14/118 TCR (iINKT) and non-invariant TCR NKT cells, wis@
generated mice lacking the gene encodirigxogether with Ezh2 ¢18 KO mice
lack only iNKT cells). Analysis of cytokine prodimt by CD44'CD4" T cells from
Ezh2/418 DKO mice produced results very similar to thé HZD1d DKO mice,
indicating that INKT cells are the predominant gedpulation responsible for
producing Type-2 cytokines in Ezh2 KO mice (Fig)4B contrast, production of

IFN-y was comparable between WT and Ezh2 KO cells ¢ and C) and IL-17

was significantly decreased from Ezh2 KO cells (§§B and D). IFN¢was also
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significantly lower than both WT and Ezh2 KO in R2GD1d DKO and Ezh241.8
DKO groups (Fig. S9A and C), and IL-17 productioasminchanged compared to
Ezh2 KO (Fig. S9B and D). We next examined 6-7 tihahd mice to determine if
the iINKT2 cells that accumulate in Ezh2 KO couldune a switch toward
conventional Th2 cells in older mice. We sortedwestiional CD44CD4" T cells
(excluding INKT cells) from the spleens of 6-7 moweid WT, Ezh2 KO, and
Ezh2/418 DKO mice and compared cytokine production afhours stimulatiom
vitro. We found that conventional CD4@D4" T cells from Ezh2 KO mice did
produce more IL-4 (Fig. S9E) and IL-13 (Fig. S9art CD44'CD4" T cells from
WT mice. Moreover, this increase in IL-4 and IL{i®duction was not evident in
CD44"'CD4" T cells from Ezh2418 DKO mice, indicating that iNKT cells in Ezh2
KO mice can induce the accumulation of Th2 cellg vo.

We next sought to determine if INKT cells drove pontaneous
development of allergic asthma-like pathology tvatobserved in the Ezh2 KO
mice. To do this we analysed lung cell numbers, Akl serum IgE in 3-4 month
old Ezh2/CD1d and Ezh2/18 DKO mice so that we could assess the contribuifo
all NKT cells (Ezh2/CD1d DKO), and iNKT cells (Ezk3218 DKO) to the
development of allergic asthma-like pathology. Vaia detected a significant
increase in AHR in Ezh2 KO mice. In contrast, tteaZEKO mice that also lacked
either all NKT cells (Ezh2/CD1d DKO), or INKT cel(&zh2/&18 DKO) did not
display any increase in AHR compared to WT micg.(BC). Likewise, the increase
in eosinophil and neutrophil numbers in the lunfjEzh2 KO mice were similarly
dependent on NKT cells and iNKT cells (Fig. 4D) eTihcrease in IgE in Ezh2 KO

mice was also shown to be dependent on NKT (Fi. 4E
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Lastly, we examined if intranasal challenge wite kmown allergen house
dust mite (HDM) would result in a greater increas@HR and antigen-specific
antibody production in Ezh2 KO mice compared to Wi€e, and whether this
increase was dependent on INKT cells (using EsHBDKO mice). For this
experiment we used 8 week old mice where the EZB2jkoup had not yet
developed spontaneous AHR. We challenged mice%Gtiy of HDM extract 8 times
ondays0,1,7,8,9, 14, 15, 16 and analysed ARRay 17. We detected a
significant increase in Derpl-specific IgG1 aftddM exposure, but this was not
significantly different between WT and Ezh2 KO mit#erestingly Ezh26118 DKO
mice showed a significant reduction in Derpl-sped¢gGl compared to both WT
and Ezh2 KO mice (Fig. S10). We found that WT, EKIQ2 and Ezh2/318 DKO
mice all developed AHR in response to intranasaMH&xposure. Importantly, Ezh2
KO mice developed significantly increased AHR conmegato WT mice and AHR in
Ezh2/#&18 KO mice was almost identical to that observed/ih mice (Fig. 5).
These data show that Ezh2 KO results in increas¢ld i response to HDM
exposure in the airways and that this increaseeddent on the presence of INKT
cells.

Together, these data indicate that iINKT cells agable of driving asthma-

like disease in mice, and that Ezh2 is a centgalledor of INKT pathogenicity.
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Discussion:

We herein show that mice lacking Ezh2 function icells spontaneously
develop allergic-asthma like pathology. By 4 mordhage, Ezh2 KO mice
developed allergic-asthma-like symptoms includiagieophil and neutrophil
accumulation in the lungs, AHR, and mucus productiothe airways. Both airway
inflammation and AHR were found to be completelpeledent on iINKT cells.
Moreover, AHR in response to exposure to the knallergen house dust mite
(HDM) is increased in Ezh2 KO mice and this wa® a@spendent on iNKT cells.

Increased serum IgE and Type-2 cytokine-produ€ibg’ T cells are
typically present in atopic individuals and arecasated with diseases such as atopic
dermatitis and allergic asthma. We previously reggbthat CD4%4CD4" T cells from
Ezh2 KO mice produce large amounts of Type-2 cyiekiwhen activatea vitro,
and that Ezh2 KO mice have markedly increased ségtn(7). We show here that
genetic deletion of CD1d or the INKTI8 TCR chain also rescues the increased
Type-2 cytokines and spontaneous increase in skybrtevels in Ezh2 KO mice.
Transcriptional profiling showed that Ezh2 KO iNK&lls expressed genes normally
associated with Tth cells, including those encoddxgr5, PD-1, and IL-21. iINKT
cells are capable of activating B cells (39), ceovige help to B cells responding to
CD1d-restricted antigens (40, 41), and folliculalper NKT (NKTfh) cells have been
shown to provide IL-21-dependent help to antigeeesjr B cells (28). In addition,
NKT cells located in the interfollicular regionsislarly positioned to the INKT cells
described here, were recently found to be reqdoethitiation of antiviral B cell
immunity (29). This study also shows that iINKT pimsied close to the follicular
borders rapidly produce IL-4 and are required féicient formation of germinal

centres and antibody production (29). Interestinglyile we did not detect a

23



502

503

504

505

506

507

508

509

510

511

512

513

514

515

516

517

518

519

520

521

522

523

524

525

difference in Derpl-specific antibody productiorHBM-challenged WT or Ezh2
KO mice, mice lacking both Ezh2 and iNKT cells dielvelop significantly less HDM
specific IgG1 compared to both WT and Ezh2 KO mWe. did not detect iNKT cells
within B cell follicles in Ezh2 KO mice, but ratheurrounding the B cell zones.
Since high levels of IgE are present in Ezh2 KOawind IgE class switching can
occur in extrafollicular locations within lymphotgsues (42), it will therefore be
important to further investigate under which comahis interfollicular Tfh-like INKT
cells can directly promote antibody production bygeis.

Allergic asthma normally develops in response tdrenmental stimuli such
as pollen, dust mites and fungi. NKT cells havenb&®own to recognise a variety of
fungal and bacterial antigens (11, 12, 13); howet&s not known if environmental
NKT ligands are required for spontaneous developrmkeasthma-like symptoms in
Ezh2 KO mice. Increased numbers of NKT cells in B#amples from asthmatics
(14, 18, 19), and an increase in NKT cells aftiargén challenge (20) have been
reported; however, some studies have found nordiffee in NKT cell number
between asthmatics and non-asthmatics (21, 2®)elpresent study, we did not
detect a change in the numbers of INKT cells inltimgs of Ezh2 KO mice, but
rather a change from iINKT1 to iINKT2 cells in tha$is and an increase in the
number of INKT cells in lymphoid tissues. Theseadadicate that more detailed
analysis of the INKT phenotype in asthmatics mayéeessary. The clear increase in
development of HDM-induced AHR in Ezh2 KO mice theats dependent on the
presence of INKT cells indicates that INKT cells aapable of driving increased
AHR and implicate INKT2 cells in the developmentAHiR in response to a known

allergen.
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The transcriptional regulators that govern NKT seilbset differentiation into
NKT1, NKT2, or NKT17 cells are beginning to be itiéed. The transcription factor
PLZF (encoded b¥btb16) is required for differentiation of the NKT lineag43),
and Egrl and Egr2 have been shown to facilitateTidivelopment in the thymus
(32). NKT2 cells depend on the transcription fagtBt.ZF, Gata3 and Irf4 for
development (24, 44). T-bet is required for differation of IFNy-producing NKT1
cells (24), and Ragt expression is linked to production of IL-17 (4B)was also
recently shown that the microRNA Let 7 controls@lepment of NKT1 cells in the
thymus (46). Expression @btb16, Egrl andEgr2 are all increased in Ezh2 KO
INKT cells, and Egr2 has been shown to directlydkdbtb1l6 and promote its
expression (32). Ezh2 binds to, and regulatesesspyn of several transcription
factor genes in T cells, includirfgata3, Thx21 andEomes (7), and we show that
Ezh2 also binds directly tdbtb16 in differentiated Th cells. Interestingly, an
alternative mechanism for Ezh2-mediated reguladioALZF has also recently been
proposed, whereby methylation of PLZF by Ezh2 wasa to target PLZF for
degradation (31). Itis therefore possible thahloss of gene repression and altered
PLZF protein stability contribute to the high levelf PLZF in Ezh2 KO T cells.

In summary, our data show that iINKT2 cells may hdivect roles in the
development of AHR and IgE production. We find tBah?2 is required to negatively
regulate the pro-inflammatory properties of NKTigehnd that INKT cells are
capable of causing spontaneous development of adikeasymptoms in mice. These
data indicate that further investigation of Ezhpression and activity in INKT cells
in allergic patients, and examination of the rgfproportions of NKT subsets in

asthmatics and patients with increased IgE is redqui
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Main Figure L egends:

Figure 1: Lossof Ezh2 function in T cellsresultsin spontaneous development of
asthma-like pathology in mice. Wild type (WT) or Ezh#" CD4-Cre (Ezh2 KO)

mice were housed under specific pathogen-free tondiand analysed at 3-4 months
old for methacholine-induced airways hyperreadtiepressed as airway resistance
(A), total cell numbers (Total) and numbers of eodnis{Eos), neutrophils (Neu),
lymphocytes (Lym) and monocyte/macrophages (MonajMabronchoalveolar
lavage sample@), lung tissue and mucus in the airways visualizeg@driodic acid
Schiff stain(C), IgE producing cells in the spleen, mesentericdgmodes, and bone
marrow by ELISPOTD), * significantly different from WT mice p<0.05, ta
expressed as mean +/- SEMandB, n=5 WT, 8 Ezh2 KOC, representative data
showing airway mucus production where 7/22 Ezh2rKiCe had visible goblet cell
hyperplasia and mucus in the airways compared2® /T mice D, n=4 WT, 4

Ezh2 KO.

Figure 2: Ezh2 regulatesthe numbersof invariant NKT cellsand PLZF" CD4 T
cells. Proportions of TCR'PBS-57-Tet invariant natural killer T (iNKT) cells in the
thymus(A), and spleeiiB), total numbers of iINKT1 (PLZ#T-bef") and iNKT2
(PLZF"T-bet°) cells were identified by intracellular stainimy PLZF and T-bet (left
panels), and iINKT17 (PLZfRont™) cells were identified by staining for PLZF and
Romyt (right panels)C), in the thymugD) and spleei(E) of 3-4 months old wild type
(WT) or Ezh?™ CD4-Cre (Ezh2 KO) miceLung iNKT1 (PLZF°T-bet"), INKT2
(PLZF"T-bet°), and iNKT17 (PLZET-bet®) cells in 3-4 month old WT and Ezh2
KO mice were identified by intracellular stainingy PLZF and T-betF), proportions

of lung INKTL1, INKT2, INKT17 cells(G), * significantly different from WT mice
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755 p<0.05, data expressed as mean +/- SEMNdB, n=8 WT, 12 Ezh2 KO,

756 representative data showing intracellular staifiovgNKT1, NKT2, NKT17 cells in
757 (C) the spleen an(F) the lung.D andE, n=6 WT, 7 Ezh2 KOG, n=6 WT, 6 Ezh2
758 KO.

759

760 Figure 3: iINKT celsfrom Ezh2 KO mice produce I L-4 and express genes

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

762 TCRB'PBS-57-TetiNKT cells recovered from spleens of wild type (WoF Ezh2"
763 CD4-Cre (Ezh2 KO) mice at 2 months of age, readhtsoare expressed as reads per
764  kilobase of transcript per million mapped readsi€dhdicates highest expression and
765 purple indicates lowest expression for each ronéyand fold change (Legred

766 indicates higher expression in Ezh2 KO and greditates lower expression in Ezh2
767 KO), false detection rate (FDR) and raw p valuesadso shown for each ge(fe

768 and B). Intracellular staining for IL-4 and IFMin TCR3*'PBS-57-TetiNKT cells

769 analysed by flow cytometry after 16 hours stimwalatof spleen cells with anti-TGR
770 invitro (C). iNKT cells (TCRB'PBS-57-Tet) and CD44'CD4" T cells were purified
771  from spleens of mice and 5 x“€ells stimulated with anti-TGRin vitro for 16 hours
772 followed by measurement of IL-4 in supernatant hy3A (D). Visualisation of

773 INKT location in mesenteric lymph node sectionsrirezh2 KO mice by

774  fluorescence immunohistochemistry; sections weameatl with PBS-57-Tet (red),
775 anti-TCR3 (purple), and anti-CD45RA/B220 (gred). * significantly different

776 from WT mice p<0.05, data expressed as mean +/-.KENepresentative data from
777 3 independent experimerds n=4 WT, 4 Ezh2 KO.

778
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779 Figure4: iNKT celsin Ezh2 KO mice produce large amounts of Type-2

780 cytokinesand drive spontaneous development of airway pathology. CD44"CD4*
781 T cells were purified from the spleen of WT, Ezh@ kand Ezh2/CD1d DKQA) or
782 WT, Ezh2 KO, and Ezh2418 DKO (B) 3-4 month old mice, and stimulatauvitro
783 with anti-TCR3 antibody for the indicated times followed by measwent of IL-4
784 and IL-13 production by ELISA. Airway hyperreactivio methacoline expressed as
785 airway resistancéC). Total numbers of eosinophils (Eos) and neutrgpiNleu) in
786 bronchoalveolar lavage samples from WT, Ezh2 KWAZD1d DKO, and

787 Ezh2/318 DKO mice(D). Serum IgE was measured by ELIFA). * significantly
788 different from WT mice p<0.05, data expressed asmg¢- SEMA, n=4 WT, 4

789 Ezh2 KO, 4 Ezh2/CD1d DK@ n=4 WT, 4 Ezh2 KO, 4 Ezh2/18 DKO, C, n7

790 WT, 13 Ezh2 KO, 5 Ezh2418 DKO, 5 Ezh2/CD1d DKOD, n=4 WT, 6 Ezh2 KO,
791 7 Ezh2/418 DKO, 7 Ezh2/CD1d DKCE, n=6 WT, 12 Ezh2 KO, 6 Ezh2/CD1d
792 DKO.

793

794  Figure5: INKT cellsin Ezh2 KO micedriveincreased house dust mite-induced
795 airway hyperreactivity. Airway hyperreactivity to methacholine (MCh) expsed as
796 airway resistance,Ezh2 KO MCh challenged mice significantly higliean WT and
797 Ezh2/$18 DKO MCh challenged mice and all phosphate batfexyaline (PBS)

798 challenged mice p<0.05, ** WT and Ezh2l8 DKO MCh challenged mice higher
799 than PBS challenged mice, data expressed as me8kEM. n=5 WT MCh

800 challenged, 4 Ezh2 KO MCh challenged, 5 EzaPBIDKO MCh challenged, 4 WT

801 PBS challenged, 4 Ezh2 KO Saline challenged, 3 Bah& DKO PBS challenged.
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Supplementary Figure L egends:

Supplementary figure 1: Schematic representation of conditional inactivatd
Ezh2 after crossing EzH? mice with CD4-Cre mice. The SET domain of Ezh2 is
primarily encoded by exons 18 and 19 and Loxp $ita®e been inserted either side of
exons 18/19 in EzH#2 mice. Cre-driven recombination results in deletéexons

18/19 and inactivation of Ezh2.

Supplementary figure 2: Analysis of lymphocytes in recovered by bronchiola
lavage from 3 month old WT and Ezh2 KO mice. Flotometry was used to
determine the number of CD1B cells(A) and TCHB" T cells(B). * significantly
different from WT mice p<0.05. Data expressed aarnmeg- SEMA andB, n=6 WT

and 7 Ezh2 KO,

Supplementary figure 3: Flow cytometry analysis of CD44 and CD62L stainamgy
CD4" T cells from the spleen of WT and Ezh2 KO mi8¢. RNA-seq analysis of
CD44"'CD4" WT and CD44CD4" Ezh2 KO spleen cells purified by fluorescence
activated cell sorting; data are expressed as fadsdlobase of transcript per million
mapped reads (RPKM) and fold increase @iy CD44"CD4" Ezh2 KO cells

compared to CD44CD4" WT cells is showifB).

Supplementary figure 4: Zbth16 expression measured in CI¥2D4" T cells and
CD44"'cD4" T cells purified from spleens of WT and Ezh2 KGcenby fluorescence
activated cell sortingA). Intracellular staining for PLZF (encoded Bigtb16) in

CD4" T cells from WT (blue) and Ezh2 KO (red) mi@&), and staining for CD44

together with PLZF in CD4T cells from Ezh2 KO mic€C). Chromatin
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Immunoprecipitation (ChlP)-seq analysis of EzhZimg at theZbtb16 gene in naive,
and differentiated Th1 and Th2 CD# cells(D). A, * significantly different from

WT mice p<0.05. Data expressed as mean +/- SEMWiF4nd 4 Ezh2 KO.

Supplementary figure 5: Proportions of INKT cell§A) and total numbers of INKT
cells(B) in mesenteric lymph nodes (MLN), bronchial assiecldymph nodes
(BLN), lung tissue (Lung) and liver tissue (Livef)WT and Ezh2 KO mice, and the
total numbers of CD4(C and D) and CD4CD8 double negative (DNJE and F)

INKT1, INKT2, INKT17 cells in the splee(C and E) and thymugD and F) of WT

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

mean +/- SEMA and B, n=4 WT, 5 Ezh2 KO mice& to F n=6 WT, 7 Ezh2 KO

mice.

Supplementary figure 6: Total numbers of NKT-like cells identified as TERBS-
57-TetPLZF cells in spleen and thymus of WT and Ezh2 KO niRreportions of
INKT and NKT-like cells in the thymu@) and spleeitC) of WT, Ezh2 KO, and
Ezh2/CD1d double KO mice shown, data are repreSeataf 3 independent
experimentsA, * significantly different from WT mice p<0.05, daexpressed as

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

Supplementary figure 7: Fluorescence activated cell sorting (FACS) of iN&€lls
for RNA-seq shown in Figure 3A and B, upper pasélsw CD2" enriched spleen
cells and lower panels show purified INKT cels). Cells were gated on TGR

PBS-57-Tet cells for FACS. Visualisation of iNKT location spleen sections from
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Ezh2 KO mice by fluorescence immunohistochemistegtions were stained with

PBS-57-Tet (red), anti-TOR(blue), and anti-CD45RA/B220 (grediB).

Supplementary figure 8: Serum IgG1A), IgM (B) IgG2c(C), IgA (D), and from 3
month old WT and Ezh2 KO mice. Serum immunoglolsiiiere measured by
ELISA. * significantly different from WT mice p<03 Data expressed as mean +/-

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

Supplementary figure 9: CD44"CD4" T cells were purified from the spleen of 3-4
month old WT, Ezh2 KO, and Ezh2/CD1d DK® and B) or WT, Ezh2 KO, and
Ezh2/418 DKO (C and D) mice, and stimulateih vitro with anti-TCR3 antibody for
the indicated times followed by measurement of {Hp&and C) and IL-17(B and
D) production by ELISA. CD44CD4'PBS-57-Tetconventional T cells were
purified from the spleen of 6-7 month old WT, EAQ, and Ezh2/d18 DKO (E

and F) mice, and stimulateih vitro with anti-TCR3 antibody for 72 hours followed
by measurement of IL-4 and IL-13 production by EAIS significantly lower than
WT and Ezh2 KO, ** Significantly higher than EzhDkor Ezh2/CD1d DKO and
Ezh2/&18 DKO, *** significantly lower than Ezh2 KO p<0.Q08ata expressed as
mean +/- SEMA and B, n=4 WT, 4 Ezh2 KO, 4 Ezh2/CD1d DKO,and D, n=4
WT, 4 Ezh2 KO, 4 Ezh2418 DKO,E and F, n=4 WT, 4 Ezh2 KO, 4 Ezh2/18

DKO.

Supplementary figure 10: Serum Derpl-specific IgG1 was measured by ELISA in
serum after intranasal challenge of mice with @ifPBS or house dust mite. * p<0.05,

data expressed as mean +/- SEM. n=5 WT, 4 Ezh2SKE2h2/318 DKO.
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Supplementary Figure 3
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Supplementary Figure 5
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Supplementary Figure 6
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Supplementary Figure 7
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Supplementary Figure 8
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Supplementary Figure 9
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Supplementary Figure 10
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