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Summary eBioMedicine
Background Targeting helper T cells, especially Th17 cells, has become a plausible therapy for many autoimmune 2022;86: 104333
diseases. Published Online xxx

https://doi.org/10.
1016/j.ebiom.2022.

Methods Using an in vitro culture system, we screened an epigenetics compound library for inhibitors of IFN-y and || 4333

IL-17 expression in murine Thl and Th17 cultures.

Findings This identified IOX1 as an effective suppressor of IL-17 expression in both murine and human CD4" T cells.
Furthermore, we found that IOX1 suppresses Il17a expression directly by targeting TET2 activity on its promoter in
Th17 cells. Using established pre-clinical models of intraocular inflammation, treatment with I0X1 in vivo reduced
the migration/infiltration of Th17 cells into the site of inflammation and tissue damage.

Interpretation These results provide evidence of the strong potential for IOX1 as a viable therapy for inflammatory
diseases, in particular of the eye.
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Research in context

Evidence before this study

Differentiation of CD4" T cells is recognized to involve global
alterations in histone modifications such as H3K4me3 and
H3K27me3, as well as DNA methylation at Th subset specific
gene loci including Ifng, l117a, and Foxp3. Therefore, targeting
the epigenetic machinery contributing to the pathogenic
activation of CD4" T cells may offer new therapeutic
strategies for fighting autoimmune diseases. Previous work
from our laboratory demonstrates how the DNA
methyltransferase inhibitor Zebularine and the Bromodomain
and Extra-Terminal Protein Inhibitor OTX015 can both
suppress Th17 mediated inflammation. However, systemic

Introduction
CD4" T helper (Th) cells are critical in host defense
against invading pathogens. However, their aberrant
activation underlies the pathogenesis of many autoim-
mune diseases affecting multiple organ systems,
including joints (eg, rheumatoid arthritis), the brain (eg,
multiple sclerosis), skin (eg, psoriasis), the gut (eg,
Crohn’s disease), pancreas (eg, type I diabetes) and the
eye (eg, uveitis).! Naive CD4" T cells can differentiate
into a diverse repertoire of Th lineages including Thi,
Th2, Th17, Treg, and Tth, which differ in phenotype
and function. Ultimately, these subsets are determined
through coordinated regulatory mechanisms in
response to extrinsic factors (cytokines within the
microenvironment) and intrinsic regulation (master
transcriptional regulators and chromatin accessibility).
Increased understanding of transcriptional and epige-
netic control of Th differentiation now offers the ther-
apeutic opportunities to modulate CD4" T cell mediated
inflammation associated with autoimmune conditions.?
The dynamic nature of the epigenome permits direct
manipulation of epigenetic machinery to alter disease-
associated pathogenic chromatin states.” As an epige-
netically regulated process, differentiation of CD4" T
cells is recognized to involve global alterations in his-
tone modifications such as H3K4me3 and H3K27me3,*
as well as DNA methylation at Th subset specific gene
loci including Ifng, 1l17a, and Foxp3.” The H3K27me3
demethylase JMJD3° and DNA demethylases TET2/
TET3’ are recognized activators of IL-17 expression and
evidence suggests H3K9me3 may also regulate the
expression of IL-17.” Therefore, targeting the epigenetic
machinery contributing to the pathogenic activation of
CD4" T cells may offer new therapeutic strategies for
fighting autoimmune diseases. Previous studies report
histone deacetylase (HDAC) inhibitors,** bromodomain
antagonists,’”"* and histone H3K27me3 demethylase
inhibitors’ can reduce CD4" T cell mediated inflam-
mation. Similarly, previous work from our laboratory

toxicity and low specificity in patients limits the potential for
clinical application of these drugs.

Added value of this study

Our study demonstrates that I0X1 suppresses Il17a expression
directly by targeting TET2 activity on its promoter in

Th17 cells. Treatment with 10X1 in EAU could reduce the
migration/infiltration of Th17 cells into the site of
inflammation and tissue damage.

Implications of all the available evidence
This study supports the strong potential for I0X1 as a viable
therapy for inflammatory diseases, in particular of the eye.

demonstrates how the DNA methyltransferase inhibitor
Zebularine'® and the Bromodomain and Extra-Terminal
Protein Inhibitor OTX015" can both suppress Th17
mediated inflammation. However, systemic toxicity and
low specificity in patients limits the potential for clinical
application of these drugs.'®"

In the current study, we used an in vitro culture
system to screen an epigenetics compound library for
candidate inhibitors of IFN-y and IL-17 cytokine
expression in murine Thl and Thl7 cultures. Our
further in vivo analysis confirmed the anti-inflammatory
effect of I0X1 in Th17-mediated ocular inflammation
models.

Methods
Human peripheral blood CD4" T cell isolation and
treatment
CD4" T cells were obtained by negative selection from
the peripheral blood of healthy controls (HCs) (N = 6; 5
female and 1 male; average age of 32.83) following
informed consent in accordance with National Health
Service Research Ethic Committee approved protocols at
the University Hospitals Bristol Foundation Trust,
United Kingdom (04/Q2002/84). The written informed
consents were obtained from all study participants.
CD4" T cells were obtained by incubating up to 80 ml
uncoagulated peripheral blood with RosetteSep Human
CD4* T cell Enrichment Cocktail (STEMCELL
Technologies, Canada) and Ficoll-Paque PLUS
(GE Healthcare, USA) according to the manufacturer’s
instructions. Enriched CD4" T cells were removed from
the density gradient and washed in RPMI-1640 (Ther-
mofisher, USA) supplemented with 10% fetal calf
serum (Gibco, USA). The purity of human CD4" T cells
was greater than 95%.

CD4" T cells were stimulated with Dynabeads
Human T-Activator CD3/CD28 (RRID: AB_2916088,
Thermofisher Scientific, USA) and seeded in 96 well
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microplates (0.1 million cells/well) with or without
DMSO or indicated concentrations of IOX1 in complete
RPMI1640 medium. Cells were stimulated for 4 h with
PMA and ionomycin prior to harvest at day 5 for pro-
liferation and intracellular cytokine staining assays.

Mice

Female C57BL6/], B10.RIII, or B6.Cg(TcraTcrb)
425Cbn/] (OT-II) mice (8-10 weeks) were purchased
from Charles River, UK or Guangdong Medical Labo-
ratory Animal Center (China). The CD4*Tet2/" mice
were a gift from Prof. Guoqgiang Chen in Shanghai
Jiaotong University. All animals were housed in SPF
facilities at University of Bristol or Zhongshan
Ophthalmic Center. All animal experiments were
approved by the Institutional Animal Care and Use
Committees of University of Bristol (PPL 30/3281) or
Zhongshan Ophthalmic Center (2018-159). All animal
work was performed in compliance with the ARVO
Statement for the Use of Animals in Ophthalmic and
Vision Research.

Materials

Epigenetic Compound Library with 128 compounds
(Cat#L1900) was purchased from Selleck, USA. All
compounds were originally in DMSO solution with a
stock concentration of 10 mM and were further diluted
to working solution as indicated in each experiment.
Murine anti-CD3 (Thermo Fisher Scientific Cat# 16-
0031-85, RRID: AB_468848), anti-CD28 (Thermo Fisher
Scientific Cat# 16-0281-86, RRID: AB_468923), anti-IL-4
(Thermo Fisher Scientific Cat# 16-7041-95, RRID: AB_
2573101), and anti-IFN-y (Thermo Fisher Scientific
Cat# 16-7312-38, RRID: AB_2573112) antibodies for cell
culture were purchased from eBioscience, USA. The
murine anti-IL-17 (Thermo Fisher Scientific Cat# 12-
7177-81, RRID: AB_763582), anti-IFN-y (Thermo Fisher
Scientific Cat# 40-7311, RRID: AB_2621469), anti-CD3
(100221, RRID: AB_2057374), anti-CD4 (Thermo
Fisher Scientific Cat# 25-0041-82, RRID: AB_469576
and BioLegend Cat# 100433, RRID: AB_893330), anti-
CD44 (Biolegend Cat# 103024, RRID: AB_493687),
and anti-CD62L (104411, RRID: AB_313098) antibodies
for FACS analysis or sorting were purchased from
Biolegend or eBioscience, USA. Human anti-IL-17
(BioLegend Cat# 512306, RRID: AB_961394), anti-IFN-
vy (BioLegend Cat# 502526, RRID: AB_961355) anti-
bodies for FACS were purchased from Biolegend, USA.
Recombinant murine mlIL-2 (Cat#212-12, PeproTech,
USA) was purchased from PeproTech, USA. Recombi-
nant murine mIL-6 (Cat#406-ML, R&D Systems, USA),
mlL-12 (Cat#419-ML, R&D Systems, USA), and re-
combinant human hTGF-p1 (Cat#240-B, R&D Systems,
USA) were purchased from R&D Systems, USA. The
anti-TET2 (Cell Signaling Technology Cat# 45010,
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RRID: AB_2799277), anti-TET3 (Cat#ab139311, Abcam,
UK), anti-JM]JD3 (Cell Signaling Technology Cat# 3457,
RRID: AB_1549620), and anti-KDM3A (Proteintech
Cat# 12835-1-AP, RRID: AB_1072935) antibodies were
purchased from CST, USA; Abcam, UK; Proteintech,
USA, respectively.

Murine CD4* T cell culture

Murine lymph nodes and spleens were dissected and
processed into single cell suspension. Total CD4™ T cells
were isolated using CD4 (L3T4) Microbeads (Cat#130-
117-043, Miltenyi Biotec, Germany) according to the
manufacturer’s instruction. Alternatively, CD62L"CD44
naive CD4" T cells were FACS sorted using the BD Aria
Sorter. The achieved purity of CD4" T cells was greater
than 95%. Isolated CD4" T cells were seeded into 96-
well plates (0.1 million cells/well) pre-coated with
5 pg/ml anti-CD3 and 2 pg/ml anti-CD28. The following
conditions were used to polarize helper T cells: Thl
(20 ng/ml mlIL-12 and 100 ng/ml anti-IL-4), Th17
(20 ng/ml mIL-6, 1 ng/ml hTGF-p1, 100 ng/ml anti-IL-
4, and 100 ng/ml anti-IFN-y), and iTreg (50 ng/ml mIL-
2 and 10 ng/ml hTGF-p1). All cells were cultured with
RPMI-1640 containing 10% FCS, Pen/Strep, and 2-
mercaptoethanol in a humidified incubator containing
5% CO, at 37 °C. In screening experiments, 128
epigenetic compounds were added into the cultures at
the beginning of cell polarization in concentrations
decided by published data or preliminary experiments.
In OTII experiments, splenocytes from C57BL6/] mice
were collected and irradiated as APCs, CD4" T cells
from C57BL6 OT-II Tg mice were isolated and seeded
with APCs (1CD4:10APC) under polarizing culture
conditions (Th1: 4 ng/ml mIL-12 and 4 pg/ml anti-IL-4
mADb; Th17: 4 pg/ml anti-IL-4 mAb,1.2 ng/ml hTGF-
B,4 ng/ml mIL-6, 2 ng/ml mIL-1a, 4 pg/ml anti-IL-12
mADb and 8 pg/ml Anti-IFN-y mAb) and OVA peptide

(2 pg/ml).

Flow cytometry

The LIVE/DEAD fixable dead cell stain kit (Cat#L34962,
Thermofisher Scientific, USA) was used to exclude dead
cells. After incubated with 24G2 cell supernatant, cells
were stained with the primary antibodies against cell
surface markers, followed by intracellular cytokine
staining using the protocol as previously described.'® All
samples were analyzed using the BD LSR II or BD LSR
Fortessa X-20 (BD Bioscience, USA) flow cytometers
and the FCS data were analyzed with FlowJo v10 (Tree
Star Inc, USA). An overview of flow cytometry gating
strategy is depicted in Fig. S1. Briefly, lymphocytes and
singlets were gated based on side scatter (SSC), forward
scatter (FSC), FSC-area (FSC-A) and FSC-height (FSC-
H). Then live cells were gated as unstained live and
stained dead cells. CD4 positive or CD4 and CD45
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double positive cells were selected to analyze the intra-
cellular staining.

RNA-seq analysis

Total RNA from IOX1 or DMSO treated Th17 cells
(N = 2) was extracted with the MasterPure Complete
DNA and RNA Purification Kit (Epicentre, UK) accord-
ing to the manufacture’s instruction. A total of 100 ng
RNA was sonicated into fragments of 300-400 base
pairs using Bioruptor PLUS (Diagenode, Belgium). The
mRNA library construction was prepared using VAHTS
mRNA-seq V3 Library Prep Kit for Illumina (Vazyme,
Nanjing, China) following the manufacture’s protocol
and were sequenced on the Illumina HiSeq2500
sequencer with HiSeq SR Cluster Kit V4 and HiSeq SBS
Kit V4 50 cycle kit (Illumina). The initial processing was
performed by CASAVA (v1.8.2). Sequencing reads were
then subjected to quality control processed by FastQC
(v0.11.5) and trimmed by Cutadapt (v1.9.1). Quality
controlled reads were then analyzed for differentially
expressed genes (DEG) using DEseq2 and for pathway
analysis using Ingenuity Pathway Analysis (IPA).

Quantitative real-time PCR (qPCR)

Total RNA was extracted from induced Thl or Th17 cells
using RNAzol RT RNA Isolation Reagent (GeneCopoeia,
USA). cDNA was then reverse transcribed using HiScript I11
RT SuperMix for qPCR (Vazyme, China) after treated with
DNA wiper. The qPCR was performed with ChamQ
SYBR Color qPCR Master Mix (Vazyme, China) on the
Light Cycler 480 instrument (Roche, Switzerland). The
following primer pairs were used: murine GAPDH-F:
TGGCCTTCCGTGTTCCTAG; murine  GAPDH-R:
GAGTTGCTGTTGAAGTCGCA; murine IFN-y-F:
ATGAACGCTACACACTG CATC; murine IFN-y-R:
CCATCCTTTTGCCAGTTCCTC; murine IL-17A-F: TTTA
ACTCCCTTGGCGCAAAA; murine IL-17A-R: CTTTCCC-
TCCGCATTGACAC; murine CCL20-F: GTGGGTTTCA-

CAAGACAGATGGC; murine CCL20-R: CCAGT
TCTGCTTTGGATCAGCG.
ELISA

Supernatants were collected from the DMSO or 10X1
(20 pM) treated Th17 cell cultures at 72 h and were
analyzed with the CCL20 ELISA kit (R&D Systems) ac-
cording to the manufacturer’s instructions.

Bisulfite sequencing

DNA was extracted from cultured Th17 cells using
Epicenter MasterPure Purification Kit (EpiCentre,
USA), and was then converted with EpiTect Bisulfite
Kits (Qiagen, Germany) according to the manufacturer’s
instruction. After the conversion, DNA was purified and
eluted into 20 pl elution buffer. The Il117a promoter
sequence was PCR amplified, TA-cloned, and

sequenced for more than 30 clones. The following
primer pairs were used: Bisulfite-F: TAAATATTAA-
TAGGTTTTTTGATAATATGT; Bisulfite-R: AATAAAA-
CTCTCCCTAAACTCATATTTA.

Chromosome immunoprecipitation (ChiP)

The ChIP assay was performed using the ChIP-IT Kit (Active
Motif, USA). In brief, I0X1 or DMSO treated Th17 cells were
fixed with fixation buffer containing 1% formaldehyde at
room temperature for 15 min. The nucear DNA-protein
complex was then extracted and sonicated using Bioruptor
PLUS (Diagenode, Belgium). Samples were incubated with
the anti-TET2 antibody at 4 °C overnight. Antibody-DNA
complexes were then captured by protein G agarose beads.
The immunoprecipitated DNA was then purified and quan-
tified by real-time PCR. The following primer pairs were used:
CpG-6-8-F:  TCTGCCCTTCCCATCTAC;  CpG-6-8-R:
TCCCTGGACT-CATGTTTG; CpG-5-F: TGCTCTCTAGC-
CAGGGAA; CpG-5-R: ATGGGAAGGGC-AGAAGTT.

Cellular thermal shift assay (CETSA)

The CETSA was performed as described previously.
Briefly, total CD4" T cells were isolated and polarized
under Th17 condition for 3 days. I0X1 (20 pM) was
added into the culture 4 h prior to harvest. Following
harvesting, cells were washed in PBS in room temper-
ature twice and resuspend in PBS containing proteinase
inhibitor in 200 ul PCR tubes. Cells were then heated to
different temperatures and snap frozen in liquid nitro-
gen. Extracted protein from treated cells was then load
on 7.5% 15 well mini-gels in Bio-Rad Mini-PROTEAN
Tetra system and analyzed using antibodies against
JMJD3, KDM3A, TET2, and TET3.

Biolayer interferometry (BLI)

BLI is a label-free technique that monitors light intensity
interference to analyze biomolecular interactions. In our
study, we immobilized his-tagged TET2 (ab271754,
Abcam, USA) on a Ni-NTA sensor (18-5101, Fortebio,
Pall Life Sciences, Menlo Park, USA) at the concentra-
tion of 20 pg/ml in PBS. IOX1 was reconstituted with
DMSO and further diluted with 1% DMSO-PBST. The
concentrations of I0X1 were 15 pM, 7.5 pM, 3.75 pM,
1.88 pM, and 0.9375 pM. The baseline was established
for 60s, then the sensor with or without immobilized
TET2 was immersed into wells containing serial con-
centrations of IOX1 to obtain the association signal.
Then dissociation curve was obtained by dipping the
sensor back into PBST buffer. With FortéBio’s Data
Analysis software 10.0, the equilibrium dissociation
constant (KD) was evaluated.

Chemical-immunoprecipitation-PCR assay
Our method was adopted from a previous study by
Anders et al”' Briefly, biotinylated IOX1 was
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synthesized by Dangang Peptides Inc. (China). The
liquid chromatograph-mass spectrometer and Nuclear
Magnetic Resonance were used to verify the product.
Total CD4" T cells were isolated and polarized under the
Th17 condition for 3 days. Twenty pM IOX1-biotin or
20 pM biotin was added into the Th17 cells 3 h before
harvesting cells. The cells were then fixed with fixation
buffer containing 1% formaldehyde at room tempera-
ture for 15 min and the fixation was stopped by adding
stop buffer for 5 min. After sonication using Bioruptor
PLUS (Diagenode, Belgium), all samples were incu-
bated with streptavidin beads (MyOne Streptavidin T1,
Invitrogen) in 4 °C overnight, washed with PBS con-
taining 0.1% BSA, and eluted with elution buffer from
ChIP kit mentioned above at 70 °C. The immunopre-
cipitated DNA was then purified and quantified by real-
time PCR.

Experimental autoimmune uveoretinitis (EAU)

On Day 0, B10.RIII mice were immunized subcutane-
ously with 100 pL of recombinant human interphotor-
eceptor retinoid binding protein (IRBP) peptide
(161-180) (1 mg/mL) emulsified 1:1 (v:v) in complete
Freund’s adjuvant containing 2.5 mg Mycobacterium
tuberculosis complete H37Ra (BD Biosciences). After
immunization, each mouse was injected with 1 pg of
Bordetella pertussis toxin (Tocris Bioscience) intraperi-
toneally. Intraperitoneal administration of I0X1
(12.5 mg/kg) or DMSO solution was performed twice
daily post-immunization. At peak disease (Day 14), mice
were sacrificed, and tissues collected for ex-vivo analysis.
To assess the clinical score of EAU, we used either a
TEFI system” or a Micron IV murine fundus camera
(Phoenix Research Labs, USA) and contemporaneous
Spectralis-optical coherence tomography (OCT) scan-
ning.”* The clinical scores were given by two indepen-
dent experienced observers in a blindfold manner based
on the criteria for EAU scoring as described
previously.?»*

Uveitis induced by adoptive transfer of CD4" T cells
EAU was induced in the donor mice as described above.
On Day 11, spleens and lymph nodes from donor mice
were harvested and single cell suspensions prepared.
About 7.5 x 10° cell/Flask were cultured in 25 ml
complete RPMI1640 media supplemented with 20 ng/
ml murine IL-23 and 10 pg/ml hIRBP161-180 peptide,
with DMSO or I0X1 (20 pM). At 24 h, an additional
10 ml of fresh media supplemented with murine IL-2
(final concentration 10 ng/ml) was added to each flask.
Blasting CD4" T cells were separated using CD4 (L3T4)
Microbeads (Miltenyi Biotec, Germany) after 72 h, and
the cell number was calculated. A total of 2 million
CD4" T cells (in 200 pl PBS) was adoptively transferred
into each naive recipient mouse intraperitoneally.

www.thelancet.com Vol 86 December, 2022

Statistics

The statistical analyses were performed with Prism
Graphpad 7.0 (GraphPad Software, USA). Mann-
Whitney U, Kruskal-Wallis or two-way ANOVA tests
were used accordingly.

Role of funders

The funders had no role in study design, collection,
analysis, or interpretation of data or in the writing of the
publication.

Results

In vitro screening of epigenetic drugs to suppress
IFN-y and IL-17A expression in CD4" T cells
Evidence from our previous investigations further
highlights how epigenetic regulation plays a key role in
the differentiation of different CD4" T helper subsets.
To assess which molecular components of the epige-
netic machinery to target in order to inhibit inflamma-
tory cytokine expression in Th subsets, we screened a
commercially available “Epigenetics Compound Li-
brary” (purchased from Selleck in 2015) for their po-
tential effects in the proliferation and differentiation of
Th1, Th17, and Treg cells. The compound library com-
prises 128 inhibitors of different epigenetic enzymes
and signaling molecules including Histone Deacetylase
(HDACs), JAKs, Histone demethylases, Histone Ace-
tyltransferases (HATs), DNA and Methyltransferase
(DNMTs) (Fig. 1a). The murine Th1, Th17, and induc-
ible Treg (iTreg) culture system was used to screen the
effects of these 128 compounds on Th cell differentia-
tion and viability (Fig. 1a). Two doses (named low and
high doses) were selected for each compound based on
previous application found in relevant literature (the
highest dose used in previous literature was defined as
the “high” dose and 1/10 of the high dose was defined
as the “low” dose in our assays) or from preliminary
results we carried out in the murine Th cell cultures
(Table S1). Over 4000 cultures were performed to
characterize the responses of Th1, Th17, and iTreg cells
to all 128 compounds. The signature cytokine IFN-y and
IL-17, as well as transcription factor Foxp3, detected by
FACS staining, were used as the differentiation markers
of Thl, Thl7, and iTreg, respectively. As shown in
Fig. 1b and Table S2, eleven compounds (i.e. the se-
lective Aurora A inhibitor Alisertib) at high dose were
found to promote the frequency of IFN-y* cells by at
least 2 fold in Th1 cultures, while 52 compounds (i.e.
the JAK2 inhibitor CEP-33779) were found to reduce the
frequency of IFN-y* cells by at least 2 fold in Thl cul-
tures. On the other hand, ten compounds (i.e. the PARP
inhibitor AZD2461) at high dose were found to promote
the frequency of IL-17" cells by at least 2 fold in Th17
cultures, while 42 compounds (i.e. the bromodomain-
containing proteins inhibitor Molibresib) were found
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Fig. 1: Screening of a “Epigenetics Compound Library” for anti-inflammatory molecules targeting helper T cells. (a) Schematic view of the
in vitro compound screen and in vivo confirmation process that identified I0X1 as an inhibitor of Th17 cells. (b) left panel: hierarchical clustering
of the fold changes in cytokines (IFN-y and IL-17) and Foxp3 positive cell frequencies in Th1, Th17, and iTreg cells in response to low or high
dose drug treatments; right panel: hierarchical clustering of the viability changes of Th1, Th17, and iTreg cells in response to low or high dose
drug treatments. Sample#: the replicates in each drug dose used in screening.

to reduce the frequency of IL-17" cells by at least 2 fold
in Th17 cultures. None of the compounds we tested was
able to promote Foxp3 expression in iTreg cells.

Importantly, among those inhibitors of Thl (52) and
Th17 (42) differentiation, we found ~62% caused sig-
nificant cell death (at least 20% reduction in cell
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viability). Among these 36 compounds that did not
significantly affect T cell viability, we found five ones
(INO-1001, AZD1208, I0X1, OTX015, and Tubastatin
A) that demonstrated equivalent inhibitory effects in
suppressing both IFN-y and IL-17 expression in Th1 and
Th17 cells, respectively (Fig. S2a). Therefore, our results
suggest that the suppression of key inflammatory cyto-
kine expression in Thl and Th17 cells often associates
with compromise of cell viability in response to epige-
netic drugs.

The Thl and Thl7 cultures using the antigen-
specific OVA stimulated OTII system, as well as the
peripheral blood total CD4" T cells from healthy vol-
unteers were used to examine whether the five candi-
date compounds were still able to control the expression
of IFN-y and IL-17 in vitro (Fig. la). As shown in
Fig. S2b and ¢, none of the five compounds suppressed
IFN-y expression in Th1 cells, while IOX1 and OTX015
suppressed the expression of IL-17 in Thl7 cells.
Moreover, an inhibition of both IFN-y and IL-17 were
observed in Thl and Th17 cells in response to the
stimulation of high doses of AZD1208, I0X1, and
OTXO015 (Fig. S2d and e). These data demonstrated that
I0X1 and OTX015 might be candidates for inhibitors of
Th1 and Th17 differentiation.

I0X1 suppression of IL-17 expression in CD4* T cells
in vitro

Further investigations using OTX015 (a new BET in-
hibitor) demonstrated in vitro suppression of both pro-
liferation and subset-dependent proinflammatory
cytokine expression in murine and human CD4" T cells,
including selective suppression of IL-17 in human
memory CD4" cells.”” Then we focused on evaluation of
I0X1, a potent and broad-spectrum inhibitor of 20G
oxygenases, including the JmjC demethylases and DNA
demethylases (Fig. 2a). Initially, we examined whether
I0X1 could suppress Thl and Th17 subsets induced
from total CD4" T cells isolated from mouse lymphoid
tissue. Cells were polarized into Th1 or Th17 subsets in
the presence or absence of I0X1 at two doses (10 and
20 pM) for 72 h (Fig. 2b—d and S3a—e). This highlighted
how IOX1 has a more profound effect on IL-17
expression from induced Th17, than on IFN-y from
Th1 cells, albeit without any impact on cell viability or
proliferation of each subset. These results were also
confirmed using assays in which FACS sorted naive
CDG62L"CD44™ T cells were polarized in the presence of
I0X1 (Fig. S4a—d). In other experiments, using polar-
ized transgenic OT-II CD4" T cells activated with their
cognate OVAs;; 339 peptide, IOX1 treatment only sup-
pressed antigen specific Th17 differentiation without
affecting Th1 differentiation (Fig. S4e). The different
effects of IOX1 on Th1 differentiation compared with
total CD4" T cells isolated from mouse lymphoid tissue
may associate with the difference between antigen-
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nonspecific vs antigen-specific Thl responses. To test
the potential to translate these murine observations to
human disease, we also applied I0X1 on human CD4*
cells. I0X1 suppressed, in a dose-dependent manner,
both T cell proliferation and the frequency of IFN-y" and
IL-17* subsets in the mixed population of human cells
(Fig. 2e and f). Collectively, these results indicated that
I0X1 treatment in vitro exerts anti-inflammatory effects
on T helper cell populations, preferentially inhibiting
Th17 cells.

10X1 suppresses ll17a expression by targeting TET2
protein

To understand at the molecular level how I0X1 treat-
ment modulates Th17 cells, next we performed RNA-
seq analysis to profile the genome-wide expression
changes of Th17 cells, polarized from total CD4" T cells,
in response to the treatment of I0X1 (20 pM) for 72 h.
As shown in the Volcano plot (Fig. 3a), the expression of
36 genes were significantly downregulated (P < 0.05,
fold change>2, DEseq2) by I0X1 in Th17 cells, while
only 7 genes were upregulated by IOX1 (Table S3). The
expression of Th17 signature cytokines Il17a and Ccl20
were both significantly suppressed by 10X1 (Fig. 3a).
With qPCR, we also verified that IOX1 could effectively
suppress the mRNA expression of Ifng, Il17a as well as
ccl20 in murine induced Th17 cells (Fig. S5d—f). How-
ever, none of transcription factors promoting Th17 dif-
ferentiation such as Rorc, Rora, Stat3, or Irf4 were
altered in response to IOX1 treatment. Further gene
ontology studies using Ingenuity Pathway Analysis
revealed that pathways such as IL-17A signaling and
inflammasome were significantly enriched among the
43 10X1 response genes (Fig. 3b), while diverse up-
stream regulators potentially were responsible for the
regulation of IOX1 response genes (Fig. 3c). Therefore,
our transcriptomic analysis suggests that IOX1 may
directly regulate expression of IL-17 in Th17 cells.

To understand the molecular mechanism by which
I0X1 suppressed Il17a expression, we next investigated
the potential target(s) of IOX1 in Th17 cells. As an in-
hibitor of 20G oxygenases, potential targets of I0X1
include both histone and DNA demethylases. Deme-
thylases play pivotal roles in mediating the demethyla-
tion of methylated DNA and histone marks, including
H3K4me3, H3K9me3, and H3K27me3, which collec-
tively coordinate the epigenetic regulation of Th17 dif-
ferentiation.” Since the H3K27me3 demethylase JMJD3¢
and DNA demethylases TET2/TET3° are recognized
activators of IL-17 expression and evidence suggests
H3K9me3 may also regulate the expression of IL-17,” we
examined whether 10X1 targeted histone demethylase
JMJD3, KDM3A, as well as DNA demethylase TET2/
TET3 to suppress Il17a expression in Th17 cells.
Cellular thermal shift assays® were performed to
determine whether I0X1 directly interacts with these
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Fig. 2: Effects of 10X1 on murine and human CD4" T cells in vitro. (a) Structural representation of 10X1. (b) Representative FACS plots
showing IFN-y and IL-17 expression in induced Th1 and Th17 subsets derived from activated murine CD4" T cells, in the presence or absence of
10X1. Summary graphs of IFN-y* and IL-17" cell frequencies in murine Thil (c) and Th17 (d) cultures (N = 6 for each condition). (e) Repre-
sentative FACS staining of IFN-y, IL-17, and CFSE in peripheral human CD4" T cells stimulated by anti-CD3/CD28 coated beads in response to
indicated doses of 10X1 treatments at Day 5. (f) Summary of IFN-y* and IL-17" cell frequencies from human CD4" T cell cultures following anti-
CD3/CD28 stimulation in the presence of I0X1 (25 vs 100 pM) at Day 5 (N = 6 for each condition). (*P < 0.05, **P < 0.01, Mann-Whitney

U test).

target proteins. As shown in Fig. 3d and e, no in-
teractions were identified between I0X1 and JMJD3,
KDM3A, or TET3, while potential interaction between
I0X1 and TET2 was suggested. To further verify po-
tential interaction between TET2 and IOX1, biolayer
interferometry was used to show the binding kinetics
and affinity between these two molecules. We found
that I0X1 in PBST could bind to TET2, with an equi-
librium dissociation constant (KD) of 1.20E-05 M

(Fig. 3f and Table S4). The binding affinity between
I0X1 and TET2 was higher than a previously identified
TET?2 interactor Bocat339,>* which had an KD of 5.10E-
05 (Table S5). These results indicate I0X1 functions
through interaction with the TET2 DNA demethylase in
Th17 cells.

To confirm TET2 was the target of IOX1 in
Th17 cells, the DNA demethylation status of Il17a pro-
moter might be altered in response to IOX1 treatment,
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we performed bisulfite sequencing assays to determine
the frequency of demethylated DNA on all 12 CpG sites
present on the Il17a promoter (—600 to +200 bp of the
transcription start site) (Fig. 4a). The results demon-
strate that IOX1 significantly reduced the frequency of
demethylated DNA on CpG sites 7 and 8 (Fig. 4b).
Moreover, chromatin immunoprecipitation (ChIP)
demonstrated that TET2 is directly bound to the CpG-6-
8 site (Fig. 4c), while chemical-immunoprecipitation
(Chem-IP) assays (the chemical structure of bio-
tinylated IOX1 was shown in Fig. 4e) confirm I0X1
binds the CpG-6-8 site of the Il17a promoter (Fig. 4d).
Taken together, these results indicate I0OX1 directly in-
teracts with TET2 on the Il17a promoter, which may
counteract the DNA demethylase function of TET2.

To validate whether IOX1 directly targets TET?2, its
capacity to suppress IL-17 expression in TET2 deficient
(CD4“ mediated conditional deletion of Tet2 in T cells)
Th17 cells was assessed. As shown in Fig. 4f and g,
Th17 polarization is significantly inhibited both in CD4"
T cells and TET2 deficient CD4" T cells. Furthermore,
the average fold reduction of IL-17" cells in response to
I0X1 treatment was reduced 3 fold in TET2 deficient
Th17 cells (Fig. 4h). In addition to Il17a, our earlier
RNA-seq analysis and qPCR revealed that expression of
Ccl20 was also significantly decreased in Th17 cells in
response to I0OX1 treatment (Fig. 3a and S5f). To
demonstrate whether this effect was directly mediated
through I0X1 interaction with TET2, we assayed the
culture supernatants for CCL20 protein levels. As shown
in Fig. 4 and j, in TET2 deficient Th17 cells, IOX1
treatment led to a 2-fold reduction in CCL20 protein
expression, confirming the direct role for TET2 in
mediating I0X1 inhibition of IL-17 expression.

10X1 controls intraocular inflammation in vivo

To assess in vivo efficacy of I0X1 as a potential treat-
ment for autoimmune disease, we employed the estab-
lished experimental autoimmune uveoretinitis (EAU)
model of ocular inflammation.” Using the highly sus-
ceptible B10.RIII strain, in which the immunizing
regimen produces consistent moderate disease
severity,”” we assessed whether systemic I0X1 admin-
istration could modulate disease outcome. Groups of
immunized mice were treated via daily intraperitoneal
injections (see methods section) with I0X1 or control
(DMSO), and clinically monitored until peak disease
(Day 13 post-immunization). The IOX1 treatment
regimen did not impact the overall health or behavior of
animals, with no deviation in mean weights between the
experimental groups (Fig. S6a). Clinical assessment
fundal images and optical coherence tomography (OCT)
scans were scored to evaluate the severity of intraocular
inflammation at different time-points during EAU. As
shown in Fig. 5a—c, DMSO treated mice exhibit typical
clinical disease features, with initial signs of
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inflammation evident between Day 7 and Day 11,
with rapidly progressing vasculitis and vitreous infil-
trate to peak disease at Day 13. In contrast, mice that
received 10X1 treatment exhibit significantly reduced
clinical disease severity. To assess the efficacy of
IOX1 treatment on local and systemic immunity,
single cell suspensions from the eyes, eye draining
lymph nodes, inguinal lymph nodes, and spleens
were prepared for FACS analysis of CD4" T cell
subsets. By Day 14, IOX1 treatment significantly
reduced the absolute number and frequency of
intraocular CD4*, CD4'IFN-y", CD4'IL-17", and
CD4'IFN-y*IL-17" T cell populations (Fig. 5c¢-h). In
contrast, analysis of secondary lymphoid tissues
demonstrated that IOX1 treatment only impacted the
frequency of CD4'IL-17" T cells present in the
inguinal lymph nodes (Fig. S7a-0). As shown in
Fig. 3a and S5f, the IOX1 treatment also significantly
reduced the expression of Ccl20, which mediates the
Th17 cell migration.” These data suggest that sys-
temic administration of I0X1 can limit the migration
and infiltration of antigen-specific effector populations
to the eye, without any significant alteration to the
systemic pool of CD4" T cell populations.

Whilst induction of EAU using active immunization
generates robust intraocular inflammation, it relies on
the use of adjuvants (Complete Freund’s adjuvant and
pertussis toxin), which have detectable effects on disease
phenotype.”” Additionally, we recognized that our sys-
temic I0X1 administration approach may also influence
the severity of intraocular inflammation via regulation
of other populations of immune cells. To refine our
capability to delineate IOX1 specificity for CD4" T cells,
independently from any innate immune influences of
the induction method, we elected to use an adoptive
transfer EAU model.”* In this model, following systemic
transfer of purified donor autoantigen-specific T cells
into naive recipients, initial signs of ocular inflamma-
tion are evident (Day 5) rapidly progressing to a peak of
severe clinical disease (Day 10), which then develops
into persistent uveitis. Adapting the standard protocol,
donor antigen-specific spleen and lymph node cells were
harvested and in vitro cultured in media supplemented
with IOX1 or DMSO for two days, before transfer of
purified CD4" T cells populations into naive recipient
mice (Fig. 6a). Clinical assessment demonstrates mice
receiving control (DMSO) treated cells develop expected
disease onset (Day 5) and progressive inflammation,
whereas disease severity in response to I0X1 treated
CD4" T cells was delayed (Day 7), with an overall
significantly reduced level of intraocular inflammation
(Fig. 6b and c). Reduced clinical disease severity in mice
transferred with IOX1 treated cells was associated with
significant reduction in the numbers of infiltrating
ocular CD4" T cells, specifically Th17 cells (Fig. 6d-i),
and reduced presence of Th17 cells in the eye draining
lymph nodes (Fig. S8a-o). This data supports the
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concept that IOX1 treatment can control Th17 mediated
inflammation in vivo.

Discussion

Anti-Th17 therapies

It is well recognized that dysregulated Th17 cell re-
sponses contribute to the immunopathogenesis of
multiple inflammatory and autoimmune diseases,
including autoimmune uveitis.! Therefore, targeting
Th17 cells as well as those molecules mediating the
differentiation and inflammatory functions of these cells
is an attractive therapeutic approach for autoimmune
disease. Whilst biologic agents (monoclonal antibodies
or recombinant proteins) targeting IL-17 and IL-23, as
well as inhibitors of RORyt have shown potent efficacy
in treating diseases such as psoriasis and rheumatoid
arthritis, this potential has not been realized in other
conditions such as uveitis and Crohn’s disease.””*' In
our current study, the screening strategy we employed
identified IOX1 as a direct suppressor of Il17a expres-
sion, without significant alteration of RORyt expression.
In addition, I0X1 blocked the expression of Th17 spe-
cific chemokine Ccl20 (Fig. 3a and S5f), which corre-
lated with the reduction of Th17 migration to the
diseased sites in vivo (Figs. 5, 6, S7h, and S8c). There-
fore, our data highlights IOX1 as an effective anti-Th17
therapeutic agent to control Th17 cell migration and
function.

TET2 as a potential drug target of 10X1 in

Th17 cells

The Ten-Eleven-Translocation (TET) proteins TET1,
TET2, and TET3 catalyze 5-methylcytosine (5 mC) con-
version to 5-hydroxymethylcytosine (5hmC) to mediate
DNA demethylation process.”” Our previous study
demonstrates how the TET2 protein, which is highly
expressed in activated helper T cells, promotes DNA
demethylation and expression of inflammatory cyto-
kines in Thl and Th17 subsets.” Therefore, targeting
TET2 may function to modulate cytokine expression in
Th1 and Th17 cells. The therapeutic potential for in-
hibitors of TET proteins has until now not been fully
appreciated or developed to modulate TET-mediated
immunoregulation. Our study has identified I0X1 as
the potential small molecule that suppresses Th17
function via targeting TET2 binding on the Il17a pro-
moter. Recognizing that IOX1 is a general 20G enzyme
inhibitor which can also target other histone and DNA
demethylases, we examined whether 10X1 directly
interacted with demethylases that potentially activate

1117a expression, including the H3K27me3 demethylase
JMJD3, H3K9me3 demethylase KDM3A, and DNA
demethylase TET3. Our results demonstrated no inter-
action with IOX1 (Fig. 3d and e), however it may be that
I0X1 suppresses Th17 cells through targeting other
20G enzymes. I0X1 is the most potent broad-spectrum
inhibitor of 20G oxygenases, including the JmjC
demethylases. More than 30 human JmjC oxygenases
have been identified,* and further studies are needed to
elucidate the potential targets of IOX1 in Th17 cells.
In Th17 cells, transcriptional regulation of Il17a is
largely orchestrated by a group of transcription factors
including RORyt, RORa, IRF4, Batf, c-Maf, c-Rel, and
AHR?* Nonetheless, bioinformatic analyses of genes
altered in response to IOX1 treatment in Th17 cells did
not reveal any enrichment of these transcription factors’
downstream genes (Fig. 3c). Importantly, [I17a and
Ccl20 are among the top 6 ranked genes directly regu-
lated by TET2 in Th17 cells,” and were also regulated by
I0X1 treatment (Figs. 3a and S5d and f). Moreover, we
have demonstrated the direct interaction between TET2
and I0X1 (Fig. 3e and f), association of TET2 and I0X1
on the promoter of 11174 in Th17 cells (Fig. 4c and d),
and the dependency of IL-17 and CCL20 suppression in
I0X1 stimulated Th17 cells on TET2, as revealed in
experiments using TET2 deficient cells (Fig. 4f—j). Taken
together, our data suggest that IOX1 suppresses I117a
expression through targeting TET2 activity in Th17 cells.

Epigenetic therapy for inflammatory diseases
Epigenetic reprogramming is known to play an impor-
tant role in the pathogenesis of autoimmune disease.
Remarkably, ~60% of likely causal variants for 21
autoimmune diseases, including Behcet’s disease, map
to enhancer-like elements, with preferential correspon-
dence to stimulus-dependent CD4" T-cell enhancers
that respond to immune activation by increasing histone
acetylation and transcribing noncoding RNAs.* A
single-cell multi-omic study of PBMCs demonstrates
that the T cells in Vogt-Koyanagi-Harada patients
exhibited activation phenotypes, with compositional and
epigenomic alterations.**

Epigenetic therapy has proven effective for the
treatment of multiple cancers® and a growing number
of reports also demonstrate potential benefits in the
treatment of inflaimmatory and autoimmune
diseases.”»'>* However, there are still no FDA
approved epigenetic drugs on the market for use as
immunosuppressants. Our screening experiments
compared a selection of epigenetic drug candidates that
function in different ways to modify chromatin

(c) Potential upstream regulators of I0X1 induced DEGs were analyzed using IPA. Th17 cells were collected at 72 h. The CETSA was performed to
analyze the potential association between 10X1 and JMJD3, KDM3A (d) and between I0X1 and TET2, TET3 (e). (f) The response curve of TET2
and I0X1 in biolayer interferometry assay. The red rectangle highlights the changes identified in the CETSA of TET2.
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Fig. 5: The effects of 10X1 on murine EAU. (a) Representative fundus images and corresponding OCT scans showing the severity of ocular
inflammation on Days 7, 9, 11, and 13 post immunization. Scale bar = 100 um. (b) Summary of the EAU clinical scores (N = 10 for each of
DMSO and 10X1 treated mice). (c) Representative FACS staining of Th1 and Th17 populations from a single retina. (d) Graph showing the
absolute number of retinal CD45"CD4" cells per eye. (e) The frequency of retinal CD45"CD4" cells among all live cells from each retinal tissue. (f)
The frequencies of retinal CD45*CD4"IL-17" cells among all live cells from each retinal tissue. (g) The frequencies of retinal CD45"CD4 IFN-y*
cells among all live cells from each retinal tissue. (h) The frequencies of retinal CD45*CD4"IL-17*IFN-y" cells among all live cells from each retinal
tissue. (N = 10 for each of DMSO and I0X1 treated mice). (*P < 0.05, **P < 0.01, Mann-Whitney U test).

structures in helper T cells, aiming to find the best Th17  suggesting the limited cytotoxicity of I0X1 on T cells
suppressors in terms of balancing the effectiveness of  and limited systemic toxicity of I0X1 in mice. However,
IL-17 suppression and cellular toxicity. Compared to  the concentration or dose of IOX1 is still a very complex
previously known inhibitors of IL-17 mediated inflam-  issue that needs further in-depth study.

mation such as JQ1 and Tofacitinib,"® I0X1 presented Therefore, this study identifies IOX1 as a strong
similar efficacy with less cellular toxicity. The results  candidate therapeutic agent for intraocular inflamma-
indicated that IOX1 exerts anti-inflammatory effects on ~ tion. During non-infectious uveitis, activated T cells
T helper cells without significantly affecting T cell ~ produce cytokines and chemokines that comprising
viability (Fig. S3) and the body weight of mice (Fig. S6)  among others upregulation of adhesion molecules such
at the concentration of IOX1 (20 pM) we used,  as P selectin, ICAM-1 and VCAM-1 and downregulation

(CD4%Tet27) Thi7 cells. (g) Summary of 10X1 induced IL-17 suppression in WT (CD4<") and TET2 deficient (CD4<"Tet2%) Th17 cells (N = 3).
(h) The fold suppression of IL-17* cell frequencies induced by 10X1 in WT (CD4"®) and TET2 deficient (CD4<"*Tet2f) Th17 cells (N = 3).
(*P < 0.05, **P < 0.01, Mann-Whitney U test). (i) Summary of I0X1 induced suppression of CCL20 expression (in culture supernatants,
measured by ELISA) in WT (CD4“"®) (N = 4) and TET2 deficient (CD4Tet2") (N = 3) Th17 cells. (j) The fold suppression of CCL20 expression
induced by 10X1 in WT (CD4") (N = 4) and TET2 deficient (CD4<*Tet2”) (N = 3) Thi7 cells. (*P < 0.05, Mann-Whitney U test).
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Fig. 6: The effects of 10X1 on adoptively transferred CD4" T cell induced intraocular inflammation. (a) Schematic detailing the generation
and treatment of autoantigen specific CD4" cells with 10X1 or DMSO for transfer to naive recipients. (b) Representative fundus image and OCT
scan showing the severity of ocular inflammation on Days 5, 7, 9, and 11 post cell transfer. Scale bar = 100 pm. (c) Summary of the EAU clinical
scores (N = 10 for each of DMSO and 10X1 treated mice). (d) Representative FACS staining for Th1 and Th17 populations from a single retina.
(e) Absolute number of retinal CD457CD4" cells. (f) The frequencies of retinal CD45"CD4" cells among all live cells from each retinal tissue. (g)
The frequencies of retinal CD45"CD4"IL-17" cells among all live cells from each retinal tissue. (h) The frequencies of retinal CD45"CD4"IFN-y*
cells among all live cells from each retinal tissue. (i) The frequencies of retinal CD45"CD4"IL-17" IFN-y" cells among all live cells from each retinal
tissue. (N = 10 for each of DMSO and IOX1 treated mice). (*P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001, Mann-Whitney U test).

of tight junction proteins. This leads to the recruit-
ment of a wide range of immune cells such as NK
cells, monocytes/macrophages, NKT cells. A recent
study reported that IOX1 increased the IFN-y" NK cell
ratio in PBMCs from healthy donors in the presence

of IL-15.%° Further study is warranted to elucidate the
molecular mechanisms by which I0X1 epigenetically
regulates the expression of these key cytokines and
transcription factors in T cells and other immune
cells.
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