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Introduction

Summary

The orphan nuclear receptor, retinoic acid receptor-related orphan nuclear
receptor yt (RORyt), is required for the development and pathogenic
function of interleukin-17A-secreting CD4" T helper type 17 (Th17) cells.
Whereas small molecule RORyt antagonists impair Th17 cell development
and attenuate autoimmune inflammation in vivo, the broader effects of
these inhibitors on RORyt-dependent gene expression in vivo has yet to
be characterized. We show that the RORyt inverse agonist TMP778 acts
potently and selectively to block mouse Th17 cell differentiation in vitro
and to impair Th17 cell development in vivo upon immunization with the
myelin antigen MOGs;s_s5 plus complete Freund’s adjuvant. Importantly,
we show that TMP778 acts in vivo to repress the expression of more than
150 genes, most of which fall outside the canonical Th17 transcriptional
signature and are linked to a variety of inflammatory pathologies in
humans. Interestingly, more than 30 genes are related with SMAD3, a
transcription factor involved in the Th17 cell differentiation. These results
reveal novel disease-associated genes regulated by RORyt during inflam-
mation in vivo, and provide an early read on potential disease indications
and safety concerns associated with pharmacological targeting of RORyt.
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induced during human and mouse naive T-cell activation
in the presence of cytokines such as IL-6, transforming

Naive CD4" T cells differentiate into a variety of effector
and regulatory subsets, including T helper type 1 (Thl),
Th2, induced T regulatory (iTreg) cells, and Th17 cells.'™
Thl cells are characterized by transcription factor T-bet
and the production of interferon-y (IFN-y), whereas Th2
cells are characterized by transcription factor GATA3 and
the production of interleukin-4 (IL-4), Induced Treg cells,
like their thymic-derived ‘nTreg’ cell counterparts, selec-
tively express the transcription factor Foxp3 and suppress
bystander T-cell activation to regulate inflammatory
T-cell responses. In contrast, Th17 cells are defined by
production of IL-17A, IL-17F, IL-21 and IL-22, and these
cells play a central role in autoimmune pathogenesis.*’
Human monoclonal antibodies against IL-17A or IL-17
receptor A (IL-17RA) have demonstrated clinical efficacy
in both psoriasis and rheumatoid arthritis.”® Differentia-
tion of Thl17 cells requires the retinoic acid receptor-
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related orphan nuclear receptor RORyt, which is
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growth factor-f (TGF-f) and IL-1p8.*%'

The differentiation of Th17 cells in vivo is more com-
plicated, and can lead to functionally distinct pro-inflam-
matory and anti-inflammatory Th17 cell subsets.
Interleukin-23 is critical for both the maintenance of
IL-17A expression as well as pathogenic Th17 cell func-
tion in experimental autoimmune encephalomyelitis
(EAE)."”""> ‘Pathogenic’ Th17 cells express Th17 cyto-
kines together with IFN-y; they express both RORyt and
T-bet, and they are distinguished from non-pathogenic
Th17 cells by their selective expression of the multidrug
transporter, MDR1L.'® In addition to RORyt and T-bet,
the Runx family transcription factors, namely Runxl and
Runx 3, have been recently shown to control IFN-y pro-
duction by pathogenic Th17 cells.'” In mouse and human
CD4" T cells, as well as in 95 T cells, IL-15 and IL-23 are
important, both for high-level IL-17A production and
development of autoimmune inflammation. Given that
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RORyt is expressed in both pathogenic and non-patho-
genic Th17 cells in vivo, it is unlikely that the full reper-
toire of RORyt-dependent transcriptional activity in vivo
has been captured by previous transcriptional profiling
experiments using Th17 cells generated in vitro.

Several small molecule inhibitors targeting RORyt have
been described previously.'"'® 2% These studies provide a
proof-of-principle that pharmacological inhibition of
RORyt can regulate Th17 cell differentiation (and IL-17A
production) in vitro. In vivo, administration of these
compounds shows variable levels of efficacy in EAE. Pre-
vious work from our laboratory has described a novel,
potent and selective RORyt inverse agonist TMP778.%"**
TMP778 inhibits human Th17 signature gene expression
in vitro; and targeting of RORyt in mice via TMP778
administration reduces imiquimod-induced psoriasis-like
cutaneous inflammation*' and severity of EAE progres-
sion.”” Here we demonstrate that TMP778 inhibits mouse
Th17 cell development in vivo in two different mouse
model systems. Further, we show that TMP778 regulates
expression of more than 150 genes during inflammatory
Th17 cell differentiation. Understanding the broader
activity of RORyt inhibitors on gene expression during
physiological inflammation is vital to advancing this class
of compounds for clinical development.

Materials and methods

Mice

Female C57BL/6 mice (6-8 weeks) were purchased from
The Jackson Laboratory and were housed in a pathogen-
free barrier facility at Tempero Pharmaceuticals. Green
fluorescent protein-tagged IL-17 (IL-17A-GFP) knock-in
mice were licensed from Biocytogen, Inc. (Worcester,
MA), bred at the Jackson Laboratory (Bar Harbor, ME),
and shipped to Tempero for experiments. All studies were
conducted in accordance with the GSK Policy on the
Care, Welfare and Treatment of Laboratory Animals and
were approved by the Institutional Animal Care and Use
Committee at GSK.

Mouse T-cell culture

Spleens were isolated from C57BL/6 mice and single-cell
suspensions were prepared by passing the spleen through
a 70-um filter. Red blood cells were removed by lysis with
ammonium chloride. Cells were stimulated for 3 days
with anti-CD3 (1 pg/ml)/anti-CD28 (0-5 pug/ml) mono-
clonal antibodies (eBioscience, San Diego, CA) plus the
indicated cytokines and antibodies (eBioscience) at the
following concentrations: IL-6 (10 ng/ml), TGF-f (1 ng/ml),
IL-12 (5 ng/ml), IL-4 (10 ng/ml), anti-IL-4 monoclonal
antibody (2 pg/ml), anti-IL-12p40 monoclonal antibody
(1 pg/ml). Cytokine titres and cell proliferation were
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assessed and values of ICs, were determined using
GrapHPAD Prism (GraphPad, La Jolla, CA). For mouse
Th17 differentiation experiments, naive mouse CD4" T
cells were stimulated with anti-CD3/anti-CD28 antibodies
plus IL-6/TGF-f in the presence of TMP778 or Digoxin
for 4 days. Cells were then re-stimulated with PMA
(10 nm) and ionomycin (1 um) in the presence of brefel-
din A (5 pg/ml) (all from Sigma, St Louis, MO) for 3 hr
before intracellular staining for IL-17 and IFN-y as previ-
ously described.**

Ex vivo myelin oligodendrocyte glycoprotein recall
studies

C57BL/6 mice were immunized with myelin oligodendro-
cyte glycoprotein peptide 35-55 (MOG;5 55) in complete
Freund’s adjuvant (CFA), and 20 mg/kg TMP778 or Vehi-
cle (3% dimethylacetamide, 10% solutol, and 87% saline)
was administered twice daily via subcutaneous injection.
On day 6, draining lymph node cells were isolated and
stimulated with 50 pg/ml MOG;s5 55 in T-cell culture
medium as described previously.”! Cells were harvested
20 hr later for RNA isolation and gene expression analysis,
and cell supernatants were harvested 5 days after MOG
stimulation for detection of IL-17 by Meso Scale Discov-
ery (Rockville, MD). Interleukin-17A-GFP mice were
immunized and treated with or without TMP778 as
described above. Draining lymph node cells were isolated
on day 9, and total mononuclear cells were stimulated
with PMA/ionomycin for 3 hr in the presence of brefeldin
A. Cells were then stained and analysed. The integrated
mean fluorescence intensity MFI (iMFI) was calculated at
the percentage of positive cells multiplied by the MFI. For
each experiment, at least 10 mice were used for vehicle
treatment at least 10 mice for each compound treatment.

Cell proliferation

Cell proliferation was measured using CellTiter-Glo as
instructed by the manufacturer (Promega, Madison, WI),
with luminescence read on a FLUOstar OPTIMA (BMG
Labtech, Cary, NC).

Quantification of secreted cytokines

Interleukin-17A and Th1/Th2 cytokines were measured
using electrochemiluminescent assays from Meso Scale
Discovery as instructed by the manufacturer.

RNA extraction, quantitative RT-PCR

Total RNA was extracted using RNeasy mini kits includ-
ing the optional DNasel digestion (Qiagen, Valencia,
CA). Complementary DNA synthesis and TagMan Real

Time PCR were performed as described previously.*>>
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TaqMan quantitative PCR was performed on a 7900HT
Real Time PCR System (Applied Biosystems, Foster City,
CA). All TagMan reagents were purchased from Applied
Biosystems.

Microarray

After extraction of total RNA using an RNeasy mini kit,
microarray assays were performed at the Boston Univer-
sity Microarray Resource Facility (Boston, MA). Briefly,
the RNA samples were amplified and labelled following
Ambion® WT Expression Kit Protocol (Life Technologies,
Grand Island, NY) and GeneChip® Whole Transcript
(WT) Sense Target Labeling Assay Manual (Affymetrix,
Santa Clara, CA). The cRNA samples were then hybrid-
ized to Affymetrix mouse 1-0ST gene chips. Affymetrix
data were extracted, normalized and analysed using both
in-house-developed MurtipLEX software based on GENE-
PATTERN software of Broad Institute (Cambridge, MA)
and INGenurry IPA software (http://www.ingenuity.com).
Transcriptional factor enrichment analysis was also con-
ducted using IPA. Significance is defined as absolute value
of Z-score > 2 and P-value < 107>, The network model
was reconstructed using Advanced Network Analysis
Tool, a tool for constructing and analysing functional
networks using inference algorithms based on physical
and regulatory associations.””

Calculation of percent of expected composition and sta-
tistics

Percentage ~ of  Expected Composition equals
(Nobs / Nexp) x 100 in which N, represents the number
of genes in the signature that belong to a given family;
and N, is the number of genes expected to be present
in the list if the list were taken at random. Different
groups were evaluated for statistical significance using the
two-tailed unpaired Student’s t-test for Figs 2 and 3. The
P-value in Fig. 4 is calculated using Fisher’s Exact Test.

Results and Discussion

TMP778 inhibits mouse Th17 cell differentiation in
vitro

Previously, we have reported that TMP778 blocks human
Th17 cell differentiation in vitro.”' To study the effect of
TMP778 in animal models, we first assessed whether
TMP778 also inhibits mouse Th17 cell differentiation in
vitro. Mouse CD4" T cells in splenocytes differentiate to
Thi, Th2, Treg or Th17 cells under different conditions.
We stimulated mouse splenocytes under Thl (IL-12/anti-
IL-4), Th2 (IL-4/anti-IL-12), Treg (TGF-f) or Thl7
(IL-23 or IL-6/TGF-f) polarizing conditions for 3 days
and then examined IL-17 production. The IL-6/TGF-f

© 2015 GlaxoSmithKline, Immunology, 145, 347-356

RORyt inverse agonists regulation in vivo

stimulation induced the highest level of IL-17 (Fig. 1a).
Next, we asked whether TMP778 could inhibit IL-6/TGE-
p induced IL-17 production. TMP778 blocked IL-17 pro-
duction in a dose-dependent manner with an ICs, of
0-1 um (Fig. 1b,c). In addition, TMP536, the parental
compound of TMP778, and TMP870, its diastereomer,
also suppressed IL-17 production (Fig. 1b). In contrast,
the diastereomers TMP774 and TMP776 had no signifi-
cant effect on mouse IL-17 production, consistent with a
lack of activity displayed by these compounds in an
IL-17F reporter system.”' The inhibition of IL-17 could
be a result of the non-specific inhibition of T-cell prolif-
eration. However, TMP778 treatment did not impair
T-cell proliferation (Fig. 1d). TMP778 regulation of Th17
cell development was also evident by intracellular IL-17A
staining of purified naive mouse CD4" T cells stimulated
with plate-bound anti-CD3/anti-CD28 antibodies and
cultured for 4 days with IL-6 and TGF-f (Fig. le). Here,
TMP778 had no effect on residual IFN-y-producing Thl
cells in Th17 cultures (Fig. le), nor did it affect produc-
tion of Thl or Th2 cytokines by Thl or Th2 cells that
were polarized in vitro (Fig. 1f). The ICs, for inhibition
of mouse Thl7 cell differentiation by TMP778 was
0-1 um (Fig. 1g). In contrast to the single nanomolar
potency of TMP778, another reported RORyt inhibitor,
digoxin, showed much weaker activity against mouse
Th17 cell differentiation (ICsy = 2-0 um) (Fig. 1g). There
are a variety of small molecule RORyt inhibitors that
have been recently discovered, such as digoxin, SR2211,
SR1001 and ursolic acid.'®?° Although these compounds
do inhibit Th17 cell differentiation, they all have far less
potency than TMP778. In addition, they are not genome-
wide profiled in vivo. Hence, these compounds can only
be used as tool compounds but not possible clinical
inhibitors.

RORyt inverse agonist TMP778 inhibits mouse Th17
cell differentiation in vivo

Given its potent and selective activity in blocking mouse
Th17 cell differentiation in vitro, we next asked whether
TMP778 also regulates Th1l7 cell development during
inflammatory T-cell activation in vivo. EAE models have
recently been shown to be largely caused by the induction
of pathogenic Th17 cells.*'*»*® Mice develop EAE within
10-14 days after immunization with MOG;5 55 in CFA
with pertussis toxin. In vivo administration of TMP778
for 3 weeks significantly delayed the onset of EAE and
substantially reduced the severity of disease progression.>
Here, we modified the model where C57BL/6 mice were
immunized with MOG in CFA without pertussis toxin
and the draining lymph nodes were harvested to assess
their function ex vivo. Lymph node cells from naive mice
did not produce IL-17A upon stimulation with MOG,
whereas lymph node cells from mice immunized with
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Figure 1. Retinoic acid receptor-related orphan nuclear receptor yt (RORyt) inverse agonist inhibits mouse interleukin-17 (IL-17) expression and
T helper type 17 (Th17) cell differentiation in vitro. (a) Mouse splenocytes were stimulated with anti-CD3/anti-CD28 monoclonal antibody
(mAb) plus the indicated cytokine and antibody for 3 days. The IL-17 titres in the supernatants were then determined by Meso Scale Discovery
(MSD). (b) Mouse splenocytes were stimulated with anti-CD3/anti-CD28 mAb plus IL-6 and transforming growth factor-f§ (TGFf) in the pres-
ence of 1 pm of indicated RORyt inverse agonists for 3 days. The IL-17 titres in the supernatants were then determined by MSD. (c) Different
doses of TMP778 were added into the culture as described in Fig. 2(b) for 3 days. The IL-17 titres in the supernatants were then determined and
the ICso was calculated. (d) Cell proliferation from (c) was determined using CellTiter-Glo. (e) Naive mouse CD4" T cells were stimulated with
anti-CD3/anti-CD28 plus IL-6/TGE-f in the presence of small molecule compound for 4 days. Cells were then re-stimulated with PMA/ionomy-
cin for 3 hr before intracellular staining for IL-17 and interferon-y (IFN-y). (f) Mouse splenocytes were stimulated under ThN (anti-CD3/28
mAb), Th17 (anti-CD3/28 mAb, IL-6, TGFf), Th2 (anti-CD3/28 mAb, IL-4, anti-IL12 mAb), or Thl (anti-CD3/28 mAb, IL-12, anti-IL4) skewing
conditions with or without 1 pm TMP778 for 3 days. The Th1/Th2/Th17 cytokines were then determined by Meso Scale Discovery. Data shown
are the log,-fold change between TMP778 and DMSO control. (g) The percentage of IL-17-positive T cells after treatment with TMP778 or
digoxin as in (e) was used to calculate their ICso. Data are representative of two to five separate experiments.
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MOG for 10 days produced detectable levels of IL-17A node cells with MOG showed that cells from immunized

upon ex vivo re-stimulation with MOG (data not shown). mice treated with TMP778 produced substantially less
Further, we performed a time—course study to determine IL-17A than cells dosed with vehicle alone (Fig. 2a). The
the length of immunization required for the development effects of TMP778 on MOG recall-induced IL-17A
of naive T cells into Th17 cells as measured by IL-17A production was dose-dependent (Fig. 2a), and TMP778
production from draining lymph node cells upon stimu- treatment also reduced Il17a, Il17f and 1122 mRNA
lation with MOGss 55 specific antigen. Lymph node cells expression in ex vivo-stimulated draining lymph node
produced a high level of IL-17A after immunization for cells, as measured by RT-PCR (Fig. 2b).

only 6 days (data not shown), indicating differentiation Similar to TMP778, the parental compound TMP536>'
of Th17 cells. After determining the pharmacokinetics inhibited mouse Th1l7 cell differentiation in vitro
and exposure levels of TMP778, we asked whether (ICso = 0-3 um) (see Supporting information, Fig. S2a);
TMP778 regulates the development of Thl7 cells in dosing of MOG/CFA-immunized mice with TMP536 also
response to immunization with MOGss 55 in CFA. inhibited MOG recall-induced IL-17A production (Fig.
MOG/CFA-immunized mice were dosed with TMP778 S2b). A third RORyt inverse agonist, TMP934, which
(20 mg/kg or 5 mg/kg) or vehicle for 6 days. Whereas is structurally distinct from TMP778 and TMP536
TMP778 did not influence the overall numbers or pro- (Fig. S2c¢), also inhibited mouse Th17 cell differentiation
portions of CD4", CD8", B220", NK1.1* or CD11c" cells in vitro (ICso = 1-1 um) (Fig. S2d). TMP934 also reduced
in draining lymph nodes (see Supporting information, ex vivo IL-17A production upon dosing in MOG/CFA-
Fig. S1), re-stimulation of ex vivo-isolated draining lymph immunized mice (Fig. S2e). These results suggest that
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RORyt inverse agonists block the in vivo development of
effector cells capable of expressing IL-17A upon recall
stimulation.

To gain further insight into the effects of RORyt inhi-
bition on Th17 cell differentiation in vivo, we next
tracked the development of Thl7 cells upon MOG/CFA
immunization using a transgenic IL-17A-GFP reporter
system and flow cytometry.”> We immunized IL-17A-GFP
mice with MOG/CFA, treated these animals +/—
TMP778, and then analysed the development of IL-17A-
GFP" effector (CD4" CD25~ CD44™ CD62L"°) T cells
from draining lymph nodes after 9 days by ex vivo FACS
analysis. Detectable GFP expression in effector T cells
from IL-17A-GFP mice required immunization with
MOG/CFA (Fig. 3a,b), and treatment of these immunized
mice with TMP778 almost completely abolished GFP
expression (Fig. 3b). The effects of TMP778 on in vivo
Th17 cell development in this model were evident, both
in terms of the number of GFP™ effector T cells (Fig. 3b)
and the level of GFP expression iMFI observed in residual
GFP" effector cells (Fig. 3c). Collectively, these data indi-
cate that pharmacological inhibition of RORyt potently
blocks Th17 cell development in vivo.

A number of groups have discovered small molecule
inhibitors targeting RORyt."* ?° These molecules inhibited
Th17 cell differentiation and demonstrated efficacy in
EAE. The efficacy of these molecules in vivo could be due
to either inhibition of Th17 cell differentiation or acute

Naive mice

regulation of Th17 signature gene expression by mature
Th17 cells, or both. Here, we demonstrated that RORyt
inverse agonist TMP778 inhibited in vivo Thl7 cell
differentiation in two different models, indicating the
important role of RORjpt inverse agonists in treating
Th17-related autoimmune inflammatory diseases.

Whole genome transcriptional profile of in vivo
RORyt inhibition by TMP778

We next sought to analyse the broader effects of RORyt
inhibition on gene expression during Th17 cell differenti-
ation in vivo. For these experiments, we analysed the
RNA of lymph node cells from vehicle- or TMP778-trea-
ted mice, prepared as in Fig. 2(b) above, by microarray.
As expected, expression of Thl7-signature genes, includ-
ing Il17a, 1117f, 1122, 11237, Rorc and Ccr6 were reduced in
cells from TMP778-treated mice (Fig. 4a). In addition, a
large number of genes outside the established Th17 tran-
scriptional signature were significantly different in cells
from TMP778-treated versus vehicle-treated mice, with
the vast majority of these differentially regulated genes
being reduced by TMP778 treatment. For example,
expression of Il1a and Il1b was reduced by TMP778 treat-
ment in vivo. Expression of other, non-canonical Th17-
related genes, namely Ifng, 112, Tnf, 119 and Ahr, which
can be expressed in pathogenic and non-pathogenic Th17
cells at varying levels, were modestly decreased by

Mice immunized with MOG/CFA 9 days

Jo 0265

Vehicle

6-57 10° 40 1.93

10° 4

10° 4
TMP778

/

IL-17/GFP
-2

IL-17/GFP
2

0 10*
CD4

10°

7 2 -
( 10o ,('

933 10 98:1.
10*  10° o 10* 10° 10° 10°

12 000 q
10 000
8000
6000 1

IL-17 iMFI

4000
2000

Vehicle TMP778

Figure 3. Retinoic acid receptor-related orphan nuclear receptor yt (RORyt) inverse agonist inhibits the generation of interleukin-17 (IL-17) -
producing CD4" T cells in an IL-17/GFP transgenic model. (a) IL-17/GFP expression from naive lymph nodes. (b) IL-17-IRES-GFP transgenic
mice were immunized with myelin oligodendrocyte glycoprotein peptide 35-55 (MOGss 55) in complete Freund’s adjuvant (CFA). TMP778

(20 mg/kg) or Vehicle was subcutaneously injected twice a day for 9 days. The draining lymph node cells were purified and stimulated with
PMA/ionomycin in the presence of brefeldin A for 3 hr before staining for mouse CD4. (c) Average of integrated MFI (iMFI) of individual
animal CD4" IL-17/GFP* quadrant, as in Figure 4(b). *P < 0-05 TMP778 20 mg/kg versus Vehicle. Data are representative of two separate

experiments.
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P-value is calculated using Fisher Exact Test and the value is used in colouring the bars (the more significant the P-value, the darker blue/red a
bar is). All of the enriched genes in the figure happened to be down-regulated genes. (c) Canonical pathway analysis by INGENUITY. Genes from
(b) were analysed for their role in canonical pathways by IPA of INGexurty. Each canonical pathway has a different total number of genes as indi-
cated. Pathways shown are the percentage of our down-regulated or up-regulated genes. Graphs were selected from data of which — log (P-value)
is equal or higher than 4. P-value was also calculated using right-tailed Fisher Exact test. (d) Transcriptional factor enrichment analysis was con-
ducted using IPA. The network model was reconstructed using the Advanced Network Analysis Tool (ANAT). SMAD3 was discovered by tran-
scriptional factor enrichment analysis, the green nodes were genes down-regulated by TMP778 treatment, and the grey nodes were predicted
genes connecting SMAD3. The arrow indicates direct regulation and the straight line indicates correlation between two nodes.
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TMP778 treatment. The vast majority of other T helper
cell signature genes were not influenced by in vivo inhibi-
tion of RORyt (Fig. 4a).

Outside the conventional T helper cell-related genes,
more than 150 genes were found to be reduced at least
1-5-fold in TMP778-treated mice compared with control
animals, whereas 13 genes were up-regulated. Among
them, Dcpp, Mucl9 and Abpb were markedly repressed by
in vivo TMP778 treatment. In defining gene families
among the non-Thl7 signature genes significantly influ-
enced by in vivo RORyt inhibition, we found that chemo-
kines, cytokines and receptors were highly enriched, and
all were down-regulated by in vivo TMP778 treatment
(Fig. 4b). We next analysed TMP778-modulated genes
for functional pathways using IPA. TMP778-modulated
genes were classified into at least 51 distinct pathways,
where the —log (P-value) is equal to or is higher than 2-0
or P <001 (data not shown). Twenty-seven of these

Table 1. Down-regulated molecules in the top canonic pathways

pathways showed —log (P-value) > 4-0 or P < 0-0001
(Fig. 4c). Only one gene, Glycaml, was up-regulated in
these 27 pathways. Interestingly, the top two pathways
modulated by in vivo TMP778 treatment are involved in
granulocyte/agranulocyte adhesion and diapedesis (Fig. 4c
and Table 1). Other pathways regulated by TMP778 treat-
ment are those involved in cell activation, cytokine signal-
ling and regulation, and are also associated with
autoimmune inflammatory diseases such as rheumatoid
arthritis, atherosclerosis, psoriasis, chronic obstructive
pulmonary disease and airway allergic inflammation.
Other classes of TMP778-modulated pathways were those
associated with Dbacterial/viral infection, liver function,
cancer signalling and graft-versus-host disease signalling.
The individual genes of these pathways are summarized
in Table 1.

Using IPA’s transcriptional factor enrichment analysis,
we found that several transcription factors were correlated

Canonical pathways

Down-regulated molecules

Granulocyte adhesion and diapedesis

IL1A, ILIRL1, MMP14, CXCL 1, CCL17, CCL22, SDC3, CLDN7, CXCL 10,

IL1R2, CXCL3, IL36G, CLDN4, MMPS8, Ccl2, PPBP, MMP12, Ccl6, C5AR1,
PF4, IL1 R1, FPRI, Ccl9, ITGAM, CCL7, IL1 RN, CLDNI, IL1 B, MMP9

Agranulocyte adhesion and diapedesis LXR/RXR activation

IL1A, C5AR1, PF4, MMP14, CXCL1, CCL 17, CCL22, IL1R1, CLDN7, Ccl9,

CXCL10, CXCL3, IL36G, CCL7, CLDN4, CLDN1, IL1RN, MMPS8, Ccl2,
PPBP, IL1 B, MMP12, Ccl6, MMP9

IL-10 signalling PPAR signalling

IL1A, MSR1, IL1RL1, CD36, ARG2, IL1R1, IL1R2, IL36G, CCL7, IL1RN, IL

1B, S100A8, PTGS2, MMP9, IL1R2, HMOXI, FOS, IL36G, IL1A, IL IRN,
ILIRLI, IL 1B, ARG2, IL1 R1

Hepatic fibrosis I Hepatic stellate cell activation

IL1R2, FOS, IL36G, IL1A, PDGFA, IL 1RN, IL1RL1, IL 1B, IL1R1, PTGS2,

osteoblasts, osteoclasts and chondrocytes in RA
regulation of cytokine in intestinal cells by IL-17
atherosclerosis signalling
Role of PRR in recognition of bacteria and viruses role
of cytokines in communication in immune
cells altered T-cell and B-cell signalling in RA
communication in innate and adaptive immune cells
Macrophages, fibroblasts and endothelial cells in
RA hypercytokinaemia/hyperchemokinaemia in
influenza graft-versus-host disease signalling
Role of IL-17A in psoriasis IL-6 signalling

Bladder cancer signalling

Regulation of cytokine in immune cells by IL-17
inhibition of matrix metalloproteases

Airway pathology in COPD

IL-17F in allergic inflammatory airway diseases p38
MAPK signalling

IL-17A signalling in gastric cells role of IL-17A
in arthritis hepatic cholestasis

ILIR2, MET, CXCL3, IL1A, EDNRB, EDN1, PDGFA, IL1RL1, IL 1B, IL1RI,
MMP9, ILIR2, FOS, IL36G, IL1A, IL 1RN, IL1IRL1, MMP8, MMP14, IL1B,
ILIR1, CSFIR, LRP1, IL17A, IL1A, LCN2, CXCL 1, IL1B, IL17F, IL17A

IL36G, IL1A, MSR1, PDGFA, ILIRN, CD36, IL1B, SIOOAS8, PLA2G7, MMP9,
CLEC7A, OAS1, IRF7, C5AR1, OAS2, IL1B, CLEC6A, OAS3, C3AR1, IL36G,
IL1A, ILIRN, IL1B, 1L22, IL17F, IL17A, IL36G, IL1A, IL1RN, FCERIG,
TIr13, IL 1B, IL22, IL17A

CXCLIO, IL36G, ILIA, IL1IRN, FCERIG, TIr13, IL1B, Ccl9

IL1R2, FOS, IL36G, IL1A, C5ARI, ILIRN, ILIRLI, PDGFA, IL1B, TIr13, ILIRI,
LRPI, IL17A, CXCL10, IL36G, IL1A, ILIRN, IL1B, IL17A

IL36G, IL1A, IL1RN, FCERIG, IL1B, GZMB, CXCL3, CXCL1, S100A8,
IL17A, IL1IR2, FOS, IL36G, ILIA, ILIRN, IL1RLI1, IL1B, IL1R1

CDH1, THBS1, MMP14, MMP8, CDKN1A, MMP12, MMP9, CXCL1,
IL1B, IL17F, IL17A

MMP14, MMP8, MMP12, MMP9, LRP1, CXCL3, MMP8, MMP9

CXCL10, CCL7, CXCL1, IL1B, IL17F, IL1R2, IL36G, IL1A, IL1RN, ILIRLI,
IL1B, IL1R1, CXCL10, FOS, CXCLI, IL17A

CXCL3, CCL7, CXCLI1, PTGS2, IL17A, IL1R2, IL36G, IL1A, IL1RN, ILIRLI,
IL1B, IL1IR1

The table lists the specific down-regulated gene names in Fig. 4(c) except Glycaml, which is up-regulated in agranulocyte adhesion and diapedesis

pathway.
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with the 150 genes regulated by our RORyt inverse ago-
nist (data not shown). These data were further analysed
to generate a network model using the Advanced Network
Analysis Tool.”’” Interestingly, more than 30 genes were
downstream of or related with transcription factor
SMAD3 (Fig. 4d). As we know, TGF-f is critical for
the differentiation of Th17 cells and Thl7-mediated
pathology.”® SMAD3 is required for TGF-B-induced
gene expression. After phosphorylation by TGF-f signal-
ling, SMAD3 binds SMAD4, which then cooperates
with c-Jun/c-Fos to medicate TGF-f-induced transcrip-
tion. ** Recently, Dong and colleagues discovered that
SMAD3 interacts with RORyt and decreases its transcrip-
tional activity. Furthermore, Smad3-deficiency led to
enhanced Th17 differentiation in vitro and in vivo.>* Here,
we discovered that RORyt inverse agonist inhibited more
than 30 SMAD3 downstream genes (Fig. 4d), indicating
that RORyt could in turn regulate the function of SMAD3.
The precise mechanism remains to be determined.

We have previously reported that TMP778 does not
affect the gene expression of Illa and IlIb in human
CD4" T cells in vitro.*' Here, Illa and Il1b gene expres-
sion was significantly inhibited by TMP778 treatment in
vivo. As CD4" T cells express a low level of Il1, the Illa
and I11b we observed may be mainly expressed in macro-
phages within the draining lymph nodes after the MOG
immunization. The inhibition of Illa and IlIb gene
expression by TMP778 treatment may be an indirect
effect such as through the change of SMAD3 activity
(Fig. 4d); the exact mechanism remains to be determined.
Importantly, as IL-1 signalling is critical for the differenti-
ation of Th17 cells and IL-17 production by y0 T cells,
inhibition of mRNA expression of Illa and IlIb could
result in a synergistic effect on the inhibition of Th17 cell
differentiation and IL-17 production.

Here, we discovered that Dcpp, Abpb and Mucl9 were
expressed in lymph node cells from mice immunized with
MOG in CFA and their expression was down-regulated
by TMP778 treatment. However, their roles in the
immune system have not yet been determined. Dcpp gene
is expressed in embryo-containing oviduct.”®> Hence,
RORyt might have some role in embryo development.
Abpb is the f-subunit of the androgen-binding protein
and is expressed in salivary gland and lacrimal glands;*®
its function in the immune system needs to be explored.
Mucus covers the epithelial surface of various tissues,
providing lubrication and protection. The gel-like proper-
ties of mucus are generally attributed to the physical
properties and structural features of gel-forming mucins,
including Muc19.”” Mucus has a protective function for
the intestine,”® and genome-wide association studies have
shown an association between Mucl9 and Crohn’s
disease.”® As Mucl9 is down-regulated by TMP778
administration in vivo, RORyt inverse agonist should
be evaluated in animal models of inflammatory bowel
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diseases such as Crohn’s disease. In addition, digestive
system symptoms should be monitored when treating
other diseases by RORyt small molecule inverse agonists
in clinic.

Most of the works in this study were carried out in
mixed cell population (spleen cells or lymph node cells).
We purposely designed the study to use mixed cell popu-
lations so that the compound data we obtained could be
one step closer to the clinic because a RORyt inverse ago-
nist would eventually be administered to human patients.
The RORyt inverse agonist affect could be due to its inhi-
bition of RORyt function in different cell types not just
CD4" Th17 cells. RORyt is expressed not only in CD4" T
cells, but also CD8" Tcl7 cells,>"*° innate lympho-
cytes,"™ 95 T cells,"** and macrophage.*” Hence,
RORyt inverse agonists should also affect the function of
these cells.

This whole genomic approach has led us to discover
that in vivo administration of TMP778 inhibited a variety
of gene expression in addition to the Thl7 signature
gene, which is different from in vitro studies. These tran-
scriptomic results provide new and important insight into
the broader impact of targeting RORyt in vivo. Further,
these studies provide an unbiased view of potential dis-
ease indications and side-effects for RORyt inhibitors,
and so may facilitate clinical development.

In summary, we have demonstrated that the RORyt
inverse agonist TMP778 blocks Th17 cell differentiation
in vivo. This transcriptomics study provided critical infor-
mation for understanding the possible mechanisms of
RORyt inhibitors in vivo. This study should enable disease
indication identification for RORyt inhibitors, and may
also help to predict adverse effects in clinic and hence
improve clinical trials for the RORyt small molecule
inverse agonists.
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Supporting Information

Additional Supporting Information may be found in the
online version of this article:

Figure S1. No change of cell surface markers by
administration of TMP778. C57BL/6 mice were immu-
nized with MOG;5 55 in complete Freund’s adjuvant.
TMP778 (20 mg/kg or 5 mg/kg) or Vehicle was subcuta-
neously injected twice a day for 6 days as in Fig. 2.
Draining lymph node cell were harvested, stained for cell
surface markers, and analysed by flow cytometry.

Figure S2. In vivo differentiation of T helper type 17
(Th17) cells was blocked by administration of TMP536 or
TMP934. (a and d) C57BL/6 mouse splenocytes were
stimulated with anti-CD3/anti-CD28 monoclonal anti-
body plus interleukin-6 (IL-6) and transforming growth
factor-ff (TGF-f}) in the presence of the indicated concen-
tration of RORyt inverse agonist TMP536 (a) or TMP934
(d) for 3 days. The IL-17 titres in the supernatants were
then determined and the ICs, were calculated. (b and e)
C57BL/6 mice were immunized with MOGs3s 55 in CFA.
TMP536 (20 or 50 mg/kg) (b) or TMP934 (50 mg/kg)
(e) were subcutaneously injected twice a day for 6 days.
The draining lymph node cells were isolated and stimu-
lated with MOGs;5_s5 for 5 days, after which the superna-
tants were harvested to detect IL-17 titers by Meso Scale
Discovery. (c) Chemical structure of TMP934.
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