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Abstract

The T cell specific RORy isoform RORyt has been shown to be the key lineage-defining
transcription factor to initiate the differentiation program of Ty17 and T.17 cells, cells that have
demonstrated anti-tumor efficacy. ROR-yt controls gene networks that enhance immunity including
increased IL17 production and decreased immune suppression. Both synthetic and putative
endogenous agonists of ROR-yt have been shown to increase the basal activity of RORyt
enhancing Ty17 cell proliferation. Here we show that activation of RORyt using synthetic
agonists drives proliferation of TH17 cells while decreasing levels of the immune checkpoint
protein PD-1, a mechanism that should enhance anti-tumor immunity while blunting tumor
associated adaptive immune resistance. Interestingly, putative endogenous agonists drive
proliferation of TH17 cells but do not repress PD-1. These findings suggest that synthetic agonists
of RORyt should activate Tc17/T17 cells (with concomitant reduction in the Tregs population),
repress PD-1, and produce 1L17 /n situ (a factor associated with good prognosis in cancer).
Enhanced immunity and blockage of immune checkpoints has transformed cancer treatment, thus
such a molecule would provide a unique approach for the treatment of cancer.
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. Chemical structures of SR1078, SR0987, SR2211, ursolic acid, and desmosterol.

. CRC for SR1078 and SR2211 in the presence of ursolic acid (2uM) in the Gal4-ROR~y::UAS-Luc reporter assay
in HEK293T cells.

. CRC for SR1078, SR0987, and SR2211 in a TR-FRET assay using RORy LBD and a FITC labeled SRC1 NR
BOX 1 peptide.

. Differential HDX perturbation Tables; a) Differential HDX Kinetics of RORyt £ Compounds. b) Differential

HDX Kinetics of RORyt pretreated with ursolic Acid + Compounds.

. Primer sequence for Q-PCR analysis.
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The nuclear receptor (NR) superfamily of transcription factors has proven to be rich source
of targets for development of therapeutics for a myriad of human diseases. In addition to
control by cellular localization and PTM status, the transcriptional activity of most NRs can
be modulated (activated or repressed) by small lipophilic molecules such as hormones,
vitamins, steroids, oxysterols, retinoids, fatty acids, and synthetic molecules 1. The NR1F
subfamily of NRs contains the retinoic acid receptor-related orphan receptors (RORS) that
include RORa, RORp, and RORy. These receptors have been shown to regulate a wide
range of physiological processes, have been implicated in the pathophysiology of disease,
and their basal activity can be modulated by sterols 24,

The T cell specific isoform of ROR-y, known as RORyt, is expressed in thymocytes and
regulates survival of T cells during differentiation ® and drives the activation and
differentiation of CD4* and CD8" cells into IL17-producing helper T cells (T17) and
cytotoxic T cells (Tc17)8. T17 and Tc17 are effector cells that promote inflammation,
adaptive immunity and autoimmunity by producing IL17 and other inflammatory cytokines
such as IL21. Since Ty17 cells do not express granzyme B or perforin and do not appear to
have a direct effect on cancer cell proliferation and apoptosis, it is thought that these cells
may not mediate direct cytotoxic activity against tumors 7+ 8,

The programmed cell death 1 receptor PD-1 can inhibit T cell activation when bound by the
ligand PD-L1. Tumor expression of PD-L1 leads to an inactivation of a T cell immune
response to the cancer cells. Activated T cells produce interferon and stimulate PD-L1 on
tumor cells and the PD-1/PD-L1 interaction triggers a process that shuts down the immune
response reducing proliferation of these effector cells. In the tumor microenvironment, T
cells overexpress PD-1 and act in concert to blunt T cell antitumor effects % 10, Among the
most promising approaches to activating therapeutic antitumor immunity is the blockade of
immune checkpoints. While Ty17 cells have a well described role in autoimmune disease,
recent evidence suggests that this subset of effector T cells may play a role in
immunotherapy if the PD-1 pathway is inactivated 11. Enhanced immunity through T-cell
activation and blockage of immune checkpoints has transformed cancer treatment with
therapies targeting PD-1 showing unprecedented rates of durable clinical responses in
patients with various cancers 12-16,

Several reports have described RORyt synthetic agonists including SR1078, a compound
that induced the expression of the ROR target genes FGF21 and G6Pase in cells and in vivo
17-19_In Rene et af, the authors show that a minor substitution of a phenylsulfonamide for a
benzylsulfonamide within the same chemical scaffold changes the compound from an
inverse agonist to an agonist on RORyt with no activity on RORa 1°. Co-crystal structures
of the benzylsulfonamide and phenylsulfonamide derivatives bound to RORyt provided
further structural insights into the opposing MOA of these compounds. These studies clearly
demonstrate that it is possible to upregulate basal RORyt activity with synthetic modulators.

Our recent efforts to optimize the SR1078 scaffold provided many analogs with improved
biochemical and physiochemical properties. These compounds were evaluated for their
ability to positively modulate IL17 to aid activation of Ty17 cells and for their ability to
impact PD-1 cell surface expression. Here we show that activation of RORyt with the

ACS Chem Biol. Author manuscript; available in PMC 2016 December 22.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Chang et al.

Page 3

SR1078 analog SR0987, leads to increased expression of IL17 while repressing the
expression of the checkpoint receptor PD-1, activities that the recently identified
endogenous sterol agonists do not engender.

Results and Discussion

Competitive radioligand binding assays illustrated direct binding of SR1078 to the ligand
binding domain (LBD) of RORt albeit with weak affinity (ICsg ~15 uM) 18, SR1078 was
also shown to have direct interaction with RORyt via thermal shift assay as measured by
Circular Dichroism (CD) 7. The lack of potency in displacing the radiolabeled orthosteric
inverse agonist T0901317 is likely due to SR1078 binding in the recently described
allosteric pocket on RORyt 20, Initial SAR of the benzamide ring suggests that substituents
are tolerated at the ortho-position leading to SR0987 (Fig. 1a and Supplementary Fig. 1).
Compounds were subsequently screened in a Gal4 UAS-Luc cotransfection system in order
to determine their ability to modulate RORYy activity in a cellular environment. Given that
ROR-yt has high basal activity when expressed in cells, repression by the receptors’ activity
using an inverse agonist (e.g., ursolic acid) followed by test compound treatment offered the
best window to detect agonism 2. Here cells were pre-treated with 2 uM ursolic acid
(IC50~0.8 uM) which afforded approximately 60-70% of ROR-yt activity prior to the
addition of test compounds. Desmosterol was used as a control for agonism as it was
recently identified as a putative endogenous agonist for RORyt capable of restoring RORyt
activity in the presence of ursolic acid. Importantly, in this assay format, the potent inverse
agonist SR221121 22 demonstrated the ability to further repress the expression of the
luciferase reporter gene in the presence of ursolic acid (Supplementary Fig. 2). Initial
screening of compounds was performed at a single concentration of 30uM looking for
compounds with improved reporter gene expression relative to desmosterol. In this screening
format SR0987 afforded the highest fold induction of reporter gene expression (~6 fold),
whereas desmosterol and SR1078 resulted in only a minor induction of luciferase expression
(=2 fold) (Fig. 1b). Furthermore, SR0987 clearly shows a concentration dependent induction
of reporter gene expression with an EC50 of ~800nM (Fig. 1c). Interestingly, desmosterol
only induced luciferase expression at the highest concentration tested (~2 fold at 30uM). The
concentration response curve for SR1078 is shown in Supplementary Fig. 2 confirming the
improved agonist activity of SR0987. In addition, as shown in Supplementary Fig. 3,
SR1078 and SR0987 demonstrate concentration dependent increase in interaction of RORyt
with the SRC1-3 NR box peptide further validating that these compounds drive the agonist
conformation of the receptor. As expected, SR2211 decreases interaction with this co-
activator peptide in a concentration dependent fashion.

In order to determine if these compounds could modulate RORyt activity in the context of
the full-length receptor, we used a co-transfection system in HEK293T cells in which full
length RORyt was co-transfected along with a luciferase reporter under the control of either
a basic promoter containing five copies of an ROR response element (5XRORE) or a
minimal IL17 promoter. For all subsequent /n vitro pharmacology studies we focused on the
more efficacious synthetic agonist SR0987. As shown in Fig. 1d and 1e, SR0987
demonstrated a concentration-dependent induction of reporter gene expression in both the
5XRORE and IL17 promoter transfected cells in the presence of full-length RORyt whereas
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minimal induction of the reporter gene was observed with desmosterol treatment. As
expected, the inverse agonist SR2211 repressed both promoters in a concentration-dependent
manner.

PD-1 is not expressed on resting T cells but its expression is induced within 24 hours after T
cell receptor stimulation 23 and is involved in the establishment and maintenance of
immunological tolerance in the spontaneous development of autoimmune diseases by PD-1
deficient mice 24 25, Given that PD-L1 is expressed on various tumor cells and PD-1
expression is upregulated and sustained on T cells, it is clear that the PD-1/PD-L1 pathway
plays an important role in tumor immunity. Here we used murine EL4 T lymphocytes or
human Jurkat T cells as model systems to analyze gene expression upon T cell activation.
Following treatment of cells with Phorbol 12- myristate 13-acetate (PMA) and ionomycin,
the expression of granzyme B (cytotoxicity marker), PD-1 (immune checkpoint) and the
ROR-yt target gene /L17were analyzed by gPCR. As shown in Fig. 2a stimulation of EL4
cells led to an increase in the expression of all three genes and when coupled with treatment
with the synthetic RORyt agonist SR0987 a further increase in expression of /L17was
observed suggesting that there was in induction of T cell activation. Surprisingly and
unexpected, treatment with SR0987 led to a decrease in expression of PD-1. Compound
treatment did not impact the expression of granzyme B. Combined these results suggest that
treatment with SR0987 may enhance protective immunity by regulating expression of 1L17
and PD-1 while maintaining the cytotoxic ability of these cells.

Using flow cytometry, surface PD-1 expression was analyzed to determine if the decrease in
gene expression of PD-1 correlate to a decrease of the protein on the cell surface. Cell
surface PD-1 expression was measured in murine and human T cell lines as well as in ex
vivo differentiated murine TH17 cells. SR0987 treatment resulted in a statistically significant
reduction of the surface expression of PD-1 whereas desmostrol treatment showed no effect
(Fig. 2b). Next we examined the impact of compound treatment on differentiated murine
Tn17 cells. Treatment with SR0987 and or desmosterol resulted in a trend towards increased
IL17 production (Fig. 2c). However, in this system SR0987 again demonstrated the ability to
repress surface PD-1 expression whereas desmosterol had no effect (Fig. 2d). To determine
if there was an increase in the active T cell population during Ty17 cell differentiation, the
population of CD62L"PD1™ double negative cells was measured using flow cytometry.
Naive CD4+ T cells isolated from mice were differentiated using a cytokine cocktail in the
presence or absence of ursolic acid. SR0987 resulted in a statistically significant increase in
the CD62L"PD1-CD4" cell population as compared when compared to DMSO treated cells
(Fig. 2e). To determine if the effects of SR0987 on PD-1 expression would be observed in a
human cell line, Jurkat T cells were treated with the compound. As shown in Fig. 2f,
exposure of Jurkat T cells to SR0987 resulted in decreased cell surface PD-1 expression
(Fig. 2f).

Taken together, these results suggest that SR0987 acts as a RORyt agonist and that use of
such synthetic ligands may enhance immune response in the context of cancer. While the
mechanism of action of RORyt agonists on regulation of the immune checkpoint receptor
PD-1 is unclear, a correlation between ROR+yt and PD-1 expression has been observed in
PD-1 knockout mice 26, Regardless, to gain insights into the structural mechanism for
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agonist activity we examined the impact of putative agonist ligands on the conformational
dynamics of RORyt. To achieve this, we utilized differential hydrogen/deuterium exchange
(HDX) mass spectrometry. Previously, we have demonstrated the utility of HDX to monitor
ligand-induced conformational changes in NRs including RORyt 27-29, The differential
HDX kinetics of RORyt LBD in the absence and presence of ursolic acid (inverse agonist),
SR2211 (inverse agonist), and desmosterol (putative endogenous agonist) are shown
overlaid on the 25-a-OHC:RORYy co-crystal structure (PDB 1D: 3LOL)30 (Fig. 3a). HDX
revealed that helix 11 (H11) shows increased protection to solvent exchange (stabilization)
with all RORyt ligands tested, suggesting common sites of direct interaction for ligands
within the ligand-binding pocket (LBP) of RORyt. No statistically significant change in
HDX kinetics was observed in the activation function-2 helix, helix 12 (H12), for these three
complexes (Supplementary Table 1a). In contrast, Fig. 3b shows differential HDX kinetics of
ROR-yt exposed to ursolic acid followed by addition of desmosterol (putative endogenous
agonist), SR1078 (agonist) and SR0987 (agonist) also overlaid on PDB ID: 3LOL. Protection
to solvent exchange was again observed in H11; In addition, treatment with either SR1078
or SR0987, induced protection to solvent exchange in H12 that was not observed with
desmosterol (Supplementary Table 1b). This observation is consistent with the
concentration-dependent activation of RORyt observed in cells with these two synthetic
agonists and is also consistent with both these synthetic agonists binding in an allosteric
pocket as opposed to desmosterol that binds in the orthosteric pocket 20. Similar agonist
induced H12 protections have been previously observed with other NRs such as PPARy 29,
The differential patterns of H12 protection seen between agonists and inverse agonist are in
line with the recently published crystal structures of RORyt-LBD in complex with synthetic
inverse agonist and a synthetic agonist (PDB 1D: 4WQP and 4WPF) 19, These structures
revealed that synthetic agonists pack against H3 and H11/12 interface and engages with
RORyt LBD residues Trp317 (H3), His479 (H11) and Tyr502 (H12) resulting in a stable
H12 conformation through a direct hydrogen bond between His479 and Tyr502 side chains.
Whereas a synthetic inverse agonist dislodges His479 side chain into an orientation that is
unfavorable for forming the hydrogen bond with Tyr502, which destabilized H12
(disordered in the structure) and disrupted co-activator interactions. Collectively, the HDX
studies provide a structural basis for the agonist properties of SR0987.

Enhanced immunity and blockage of immune checkpoints has transformed cancer treatment
with therapies targeting PD-1 showing unprecedented rates of durable clinical responses in
patients with various cancers. The results presented here suggest that RORy agonists may
enhance T cell activation while repressing PD-1 without reducing the cytotoxic activity of
these cells. Therefore, ROR+yt agonists may provide a unique combination therapy with
approved anti-PD-1 molecules for treatment of cancer and may provide utility in the context
of anti-PD-1 resistance.

Chemicals and solvents were purchased from commercial suppliers. Compounds were
purified using CombiFlash Rf 200 flash chromatography on silica gel on RediSEp Rf from
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Teledyme Isco, Inc. Yields refer to isolated compounds, estimated to be > 98% pure as
determined by 'H NMR or HPLC. Melting points were measured on a Stuart automatic
melting point SMP40. 1H, 13CNMR spectra were recorded on Bruker Spectrometer
operating at 400 MHz and 101 MHz respectively. All chemical shift values, 8, and coupling
constants, J, are quoted in ppm and Hz, respectively. Infra-Red spectrums were recorded on
Perkin Elmer FT-IR Spectrometer.

Synthesis of SR1078 was performed as previously described!8. Synthesis of SR0987: To a
solution of 4-(1-hydroxy-1-trifluoromethyl-2,2,2-trifluoroethyl)aniline (60mg, 0.232 mmol)
in CH,Cl5 (2 mL) were successively added at RT A, A-diisopropylethylamine (80 uL, 0.463
mmol) and 2-chlorobenzoyl chloride (41 pL, 0.324 mmol). The mixture was stirred for 3 h
and concentrated under reduce pressure. The crude residue was directly purified by column
chromatography on silica gel without any workup by hexane/AcOEt (8/2) to obtain 65 mg
(71%) of SR0987 as a white powder: FTIR cm™ 3338, 3028, 1643, 1521, 1410, 1254, 1219,
1188, 1112, 968, 944, 826; IH NMR (400 MHz, MeOD-d4) & = 7.97 (t, /= 1.8 Hz, 1 H),
791-7.86(m,1H),7.85-7.80(m,2H),7.75-7.70 (m, 2 H), 7.63 - 7.58 (m, 1 H), 7.51 (t,
J=17.8 Hz, 1 H); 13C NMR (101 MHz, MeOD-d4) §; = 167.5, 141.5, 138.2, 135.9, 133.1,
131.4,129.0 (2C), 128.9, 128.5, 127.3 (2C), 121.7 There are tree carbons missing for the
description of SR0987. They correspond to the three carbons of the (1-hydroxy-1-
trifluoromethyl-2,2,2-trifluoroethyl) moiety. The fluorine coupling with these carbons give
multiplets that are very difficult to see on the 13C spectrum even with a prolonged number of
scans. HRMS (ESI) m/z [M+H*] calculated for C1gH1oCIFgNO,, 398.0377; found,
398.0395; Mp = 170-172°C. Sterols were purchased from Avanti Polar Lipids and all other
chemicals were purchased from Sigma.

Solution-phase amide HDX was performed with a fully automated system as described
previously with minor modifications3l: 32, For differential HDX experiments, 5uL of a
10uM RORyt LBD solution (Apo or in complex with 10-excess compound) was diluted to
25uL with D,0O-containing HDX buffer, and incubated at 4°C for; 10s, 30s, 60s, 900s, and
3,600s. Following on-exchange, unwanted forward or back exchange is minimized and the
protein is denatured by dilution to 50uL with 0.1% TFA in 3M urea (held at 4° C, pH 2.5).
Samples are then passed across an immaobilized pepsin column (prepared in house) at 50uL
min-1 (0.1% TFA,15°C) and the resulting peptides are trapped onto a Cg trap cartridge
(Thermo Fisher, Hypersil Gold). Peptides were then gradient eluted (4% CH3CN to 40%
CH3CN, 0.3% formic acid over 5 minutes, 4°C) across a Imm x 50mm C1g HPLC column
(Hypersil Gold, Thermo Fisher) and electrosprayed directly into a high resolution orbitrap
mass spectrometer (Exactive, Thermo Fisher). Percent deuterium exchange values for
peptide isotopic envelopes at each time point were calculated and processed using HDX
Workbench32 and overlaid onto RORyt crystal structures using pyMOL (DeLano Scientific).
HDX data is presented as an average of three individual replicates across 6 time points (10s,
60s, 300s, 900s, and 3600s).
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NR box peptide interaction assay

A TR-FRET-based interaction assay was used. The His-Sumo RORy ligand binding domain
(LBD) and FITC-labeled SRC1-3 peptide (sequence: ASNLGLEDIIRKALMGSFD) was
used. TR-FRET reaction contains 2.5nM ROR+y LBD, 450nM SRC1-3 peptide in assay
buffer (TR-FRET Coregulator Buffer D, Life Technologies). The mixtures were incubated
for 2hr at R.T., and fluorescence intensity was measured on an Envision pate reader with
excitation at 340nm and emission at 490nm and 520 nm. The ratio of intensity at 520 nm/
490nm was used to calculate cofactor recruitment activity.

Luciferase reporter assay

HEK 293T cells were transfected with a UAS: luciferase reporter and a Gal4-ROR~y
encoding plasmid (using X-trememGENE 9, Roche). Cells were pre-treated with ursolic
acid before compounds were added. Luciferase activity was measured 20 hr after compound
addition.

Gene expression and Cell sorting

Jurkat T cells were pre-incubated with compounds for 48 hr and activated with phorbol 12-
myristate 13-acetate (PMA, 50 ng/mL; Sigma) and ionomycin (1ug/mL; Sigma) for 5hr. For
gPCR, mRNA was isolated with an RNeasy midi kit using DNase | (Qiagen), and cDNA
was synthesized with high capacity cDNA Reverse Transcription kit (Applied Biosystems).
IL17A, PD-1, and granzyme B gene expression were normalized to the expression of
GAPDH. The sequence of primers used in this study are found in Supplemental Table 2. For
cell sorting, activated Jurkat T cells were stained with APC conjugated anti-human PD-1
antibody (eBioscience). Cell sorting was performed using LSRII (BD Bioscience).

TH17 cell differentiation

For naive T cell differentiation, CD4*T cells were enriched by negative selection using a
magnetic-activated cell sorter kit (Millipore). Enriched CD4+ T cells activated with 5ug/mL
of plate- abound anti CD3 antibody and 1 pg/mL of anti- CD28 antibody in the presence of
20 pg/mL of anti- IFNy, 20 pg/mL of anti- IL-4, 1ng/mL of TGFB, AND 10 ng/mL of IL-6.
Four-five days post differentiation, all cells were stimulated for 5 hr with 5 ng/mL of
phorbol-12-myristate-13-acetate (Sigma) and 500 ng/mL of ionomycin (Sigma) contained
with brefeldin A solution (eBioscience).

Data analysis and statistics

All experiments were done with three or more biological replicates. Error bars represent
standard deviation. Statistics were calculated using an unpaired, two sample Student’s t-test.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. In vitro characterization of synthetic RORyt agonist and endogenous ligand
a) compound structure. b) ROR-yt agonist transactivation. Activation of Gal4- RORyt::UAS-

Luc reporter assay for SR1078, SR0987, and desmosterol at a 30 UM concentration. c)
concentration-response curve (CRC) for SR0987 and desmosterol in the presence of ursolic
acid (2uM) in the Gal4-RORyt::UAS-Luc reporter assay in HEK293T cells (right panel). All
error bars denote s.e.m. d) Activation of full-length RORyt in the presence of ursolic acid
(2uM) in HEK293T cells and co-transfected with 5XRORE-Luc reporter. €) Activation of
full-length RORyt receptor in the presence of ursolic acid (2uM) in HEK293T cells and co-
transfected with IL17-Luc reporter.
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Figure 2. Decreasing PD-1 by synthetic RORyt agonist
a) IL17A, PD-1 and granzyme B mRNA expression in stimulated EL4 cells (activated with

PMA/lonomycin treatment for 5 hr). b) PD-1 surface expression in EL4 cells. Cells were
pretreated with compound (desmosterol, SR0987) for 48 hr. c) intracellular staining of
IL17A in Tyl7 cells. d) cell surface expression of PD-1. ) CD62L-PD1- cell population. f)
PD-1 expression in human Jurkat T cells.
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Figure 3. Conformational Dynamics Probed by HDX
a) Differential HDX kinetics of RORyt LBD + compounds plotted over the crystal structure

PDB:3LOL. b) Differential HDX kinetics of ursolic acid treated RORyt LBD + compounds
plotted over the crystal structure PDB:3LOL. Residues are colored corresponding to the
average percent change in deuteration between apo and ligand bound RORyt LBD over 6
time points (10, 30, 60, 300, 900, and 3600 seconds) run in triplicate (7= 3) using the color
scale bar shown. Cool colors are increased protection to solvent exchange (increased
stabilization) and warm colors are decreased protection to solvent exchange (decreased
stabilization). Grey color represents no statistically significant change (NS) observed in this
region in HDX data sets comparing apo and ligand-bound receptor as determined using a
paired two-tailed student’s t-test (p<0.05).
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