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Abstract
Chromatin remodeling SWitch/Sucrose-NonFermentable (SWI/SNF) complexes, initially

identified in yeast 20 years ago, are evolutionarily conserved multi-subunit protein complexes that
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use the energy from hydrolysis of adenosine triphosphate (ATP) to remodel nucleosome structure
and modulate transcription. Mutations in proteins of SWI/SNF complexes occur in 20% of human
cancers including ovarian cancer (OC). Approximately 50% of ovarian clear cell carcinoma
(OCCC) carries mutations in the SWI/SNF subunit ARID1A while small cell carcinoma of the ovary
hypercalcemic type (SCCOHT) is driven primarily by genetic inactivation of the SWI/SNF ATPase
SMARCA4 (BRG1) alongside epigenetic silencing of the homolog ATPase SMARCA2 (BRM).
Dual loss of these ATPases disrupts SWI/SNF chromatin remodeling activity and may also
interfere with the function of other histone-modifying enzymes that associate with or are
dependent on SWI/SNF activity. One such enzyme is lysine-specific histone demethylase 1
(LSD1/KDM1A) which regulates the chromatin landscape and gene expression by demethylating
proteins, including histone H3. LSD1 associates with epigenetic complexes such as the
nucleosome remodeling deacetylase complex (NuRD) and SWI/SNF to inhibit the transcription of
genes involved in tumor suppression and cell differentiation. TGCA analysis of human cancers
shows that LSD1 is highly expressed in SWI/SNF-mutated tumors. Further, SCCOHT and OCCC
cell lines show low nM ICsos for the reversible LSD1 inhibitor SP-2577 (Seclidemstat, currently in
clinical phase | trials), supporting that these SWI/SNF-deficient ovarian cancers are dependent
on LSD1 activity. Recently, it has been also shown that inhibition of LSD1 stimulates interferon
(IFN)-dependent anti-tumor immunity through induction of Endogenous Retroviruses Elements
(ERVs) and may thereby overcome resistance to checkpoint blockade. Additionally, SCCOHTs
have been shown to exhibit an immune-active tumor microenvironment with PD-L1 expression in
both tumor and stromal cells that strongly correlated with T cell infiltration. Thus, in this study we
investigated the ability of SP-2577 to promote anti-tumor immunity and T cell infiltration in
SWI/SNF-mutant SCCOHT and OCCC models. Our data shows that the reversible LSD1 inhibitor
SP-2577 stimulates IFN-dependent anti-tumor immunity in SCCOHT cells in vitro in a 3D immune-

organoid platform. Additionally, SP-2577 promoted the expression of PD-L1 in both SCCOHT and
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OCCC models. Together our findings suggest that SP-2577 and checkpoint inhibitors as a

therapeutic combination may induce or augment immunogenic responses in these tumors.

Introduction

An increasing number of cancers are recognized to be driven partly by inactivation of
subunits of the SWIitch/Sucrose-NonFermentable (SWI/SNF) complex, a multi-protein ATP-
dependent chromatin-remodeling complex with central roles in cell differentiation programs (1, 2).
Pathogenic SWI/SNF mutations occur across diverse adult cancers, typically in a genomic
background of numerous other driver mutations and/or genomic instability (3, 4). However,
SWI/SNF driver mutations also occur in a unique subset of more uniform cancers, such as small
cell carcinoma of the ovary hypercalcemic type (SCCOHT) (5), rhabdoid tumors (RT) (6, 7),
thoracic sarcomas (8, 9), and renal medullary cancers (10). These cancers share genetic and
phenotypic features even though they arise from different anatomic sites (1). Shared features
include poorly differentiated morphology, occurrence in young populations, and clinically
aggressive behavior (11, 12). Their genetic makeup is relatively simple, with an overall low tumor
mutation burden, few structural defects, and, in most cases, universal inactivation of a single
subunit in the SWI/SNF complex. Particularly, in ovarian cancers (OCs), the most lethal
gynecologic malignancies in the developed world and the fifth leading cause of cancer-associated
mortality among women in the United States (13), SWI/SNF alterations vary in different histologic
subtypes. The ARID1A (BAF250a) subunit is mutated in approximately 50% of ovarian clear cell
carcinomas (OCCC) and 30% of ovarian endometrioid carcinomas (OEC) (14). SCCOHT (15), a
rare and very aggressive OC, is a single-gene disease with inactivating mutations in the subunit
SMARCA4 (BRG1) (16-18) and epigenetic silencing of SMARCA2 (BRM) expression (17).
SCCOHT is the most common undifferentiated ovarian malignant tumor in women under 40 years.
In contrast, OCCC targets women aged 55 years or older and is characterized by mutations in
phosphatidylinositol-4, 5-bisphosphate 3-kinase catalytic subunit a (PIK3CA) (19, 20) and

3
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78  phosphatase and tensin homolog (PTEN), in addition to the ARID1A mutations. Both SCCOHT
79 and OCCC respond poorly to conventional chemotherapy, and to date there is no consensus on
80 the optimal therapeutic strategy (5, 20-23).
81 ATP-dependent chromatin remodeling plays a critical role in cell differentiation through
82  control of transcriptional programs. When disrupted, these programs result in abnormal gene
83  expression that creates therapeutically targetable oncogenic dependencies (24). For example, in
84  BRGl1-deficient non-small cell lung cancers, BRM has been identified as a candidate synthetic
85 lethal target (25, 26). Similarly, in BRG1-deficient small cell lung cancer, MYC-associated factor
86 X (MAX) was identified as a synthetic lethal target (27). In ARID1A-mutated OC, inhibition of DNA
87  repair proteins PARP and ATR, and the epigenetic factors EZH2, HDAC2, HDAC6 and BRD2
88 have all shown therapeutic promise (28). In SCCOHT, therapeutic vulnerabilities to receptor
89  tyrosine kinase inhibitors (29), EZH2 inhibitors (30-32), HDAC inhibitors (33), bromodomain
90 inhibitors (34), and CDK4/6 inhibitors (35, 36) have also been identified. Importantly, correlations
91 between SWI/SNF mutations and responses to immune checkpoint inhibitors have also been
92  observed (37). In renal cell carcinoma, patients carrying mutations in bromodomain-containing
93 genes (PBRM1 and BRD8) showed exceptional response to the anti-CTLA-4 antibody Ipilimumab
94  (38). A CRISPR screen to identify genes involved in anti-PD-1 resistance identified three
95  SWI/SNF complex members as important determinants in melanoma (39). A moderate response
96 to anti-PD-1 treatment was also reported in a cohort of four SCCOHT patients expressing PD-L1
97  (40), suggesting that the low tumor mutation burden is not a limitation for checkpoint
98 immunotherapy. OCCC models have also recently been described to be responsive to checkpoint
99 inhibition in combination with HDACSG inhibitors, particularly in the ARID1A-deficient setting (41).
100 InaPhase Il clinical trial testing Nivolumab in platinum-refractory ovarian cancers, one of the two
101  OCCC patients demonstrated a complete response (42). These data suggest that novel treatment
102 approaches and combinations should be adopted to develop targeted therapies against

103 SWI/SNF-mutant ovarian cancers.
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104 LSD1 is an epigenetic enzyme that can either repress target gene expression by
105 demethylating mono- or di-methylated histone H3 lysine 4 (H3K4me1l/2) or activate targets by
106  removing repressive H3K9me1/2. LSD1 is implicated in tumorigenesis and progression of many
107  cancers and high LSD1 levels frequently correlate with aggressive cancer features (43-45). LSD1
108  also promotes tumor progression through demethylation of non-histone substrates such as p53,
109 E2F1, DNMTL, and MYPT1, a regulator of RB1 phosphorylation (46-50). Further, recent studies
110 indicate that LSD1 ablation can trigger anti-tumor immunity through stimulation of expression of
111  endogenous retroviral elements (ERVs) and downregulation of expression of the RNA-induced
112  silencing complex (RISC). The accumulation of double-stranded RNA (dsRNA) results in the
113  stimulation of interferon (IFN) B-dependent immunogenic responses (51). These studies also
114  show that LSD1 inhibition overcomes resistance to checkpoint blockade therapy in vivo by
115  increasing tumor immunogenicity and T cell infiltration (51-53). Several studies have shown
116  interaction between LSD1 and SWI/SNF complexes. In glioma, LSDL1 is part of a co-repressor
117  complex containing TLX, RCOR2 and the SWI/SNF core complex. Together, this co-repressor
118  complex regulates stem-like properties of glioma initiating cells (GICs) (54). When associated with
119 SWI/SNF, CoREST, HDAC1/2 and DMNTs, LSD1 regulates gene expression in the neural
120  network underlying neurodegenerative diseases and brain tumors (55). In breast cancer, LSD1
121  associates with the SWI/SNF subunit SMARCA4 to form a hormone-dependent transcriptional
122 repressor complex (56). A similar association is required for endogenous Notch-target gene
123 expression in T-ALL cells (57). These findings suggest LSD1 as an important therapeutic target
124  in cancers driven by SWI/SNF mutations.

125 In this study, we explored the therapeutic potential of SP-2577 (Seclidemstat, Salarius
126 Pharmaceuticals, Houston TX), a potent reversible LSD1 inhibitor currently in Phase | clinical
127  trials for Ewing Sarcoma (NCT03600649) and for advanced solid tumors (NCT03895684), to
128  promote anti-tumor immunity and T cell infiltration in SWI/SNF-mutant OC. Our findings show that
129  SP-2577 promotes ERV expression, activates the dsRNA-induced IFN pathway, and enhances T

5
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130  cell infiltration in SCCOHT. Treatment with SP-2577 also promotes PD-L1 expression, and thus
131  can potentially overcome resistance to anti-PD-1 therapy in SCCOHT. Finally, the efficacy of SP-
132 2577 to promote T cell infiltration is not exclusive to SCCOHT. We observed similar effects in
133  other SWI/SNF mutation-dependent OCs, such as ARID1A-mutant OCCC. Our data strongly
134  suggest LSD1 as a potential therapeutic target in SCCOHT and provides preclinical evidence
135  supporting the combinatorial use of SP-2577 with anti-PD-L1 for SWI/SNF-mutation-dependent
136 OCs.

137

138  Materials and Methods

139 Cell Lines and 2D Culture Maintenance

140  SCCOHT cell lines BIN67 and SCCOHT-1 (Generously donated by Dr. William Hendrick, TGen)
141  were cultured in RPMI Medium 1640 with L-Glutamine (Gibco) and supplemented with 10% FBS
142 (Gibco) and 1% penicillin/streptomycin (Gibco). SCCOHT cell line COV434 (Generously donated
143 by Dr. William Hendricks, TGen), OCCC cell line TOV21G (ATCC), and the doxycycline-inducible
144  COV434 pIND20 BRG1-2.7 and TOV21G pIND20 ARID1A (generously donated by Dr. Bernard
145  Weissman, University of North Carolina) were cultured in DMEM (Gibco) and supplemented with
146  10% TET free FBS (Corning) and 1% penicillin/streptomycin (Gibco). All cells were maintained at
147  37°C in a humidified incubator containing 5% CO.. All cell lines were routinely monitored for

148  mycoplasma testing and STR profiled for cell line verification.

149 The LSD1 screening biochemical assay

150 The LSD1 screening biochemical assay was performed as previously described (58). Briefly, the
151  LSD1 biochemical kit was purchased from Cayman Chemical (Ann Arbor, Ml). SP-2577 and SP-
152 2513 were diluted to 20X the desired test concentration in 100% DMSO and 2.5 pL of the diluted

153  drug sample was added to a black 384-well plate. The LSD1 enzyme stock was diluted 17-fold
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154  with assay buffer and 40 uL of the diluted LSD1 enzyme was added to the appropriate wells.
155  Substrate, consisting of horseradish peroxidase, dimethyl K4 peptide corresponding to the first
156 21 amino acids of the N-terminal tail of histone H3, and 10-acetyl-3, 7-dihydroxyphenoxazine was
157 then added to wells. Resorufin was analyzed on an Envision plate reader with an excitation

158  wavelength of 530 nm and an emission wavelength of 595 nm.
159  Cell Viability Assay

160 Cells were seeded in 96-well plates in triplicate at a density of 500 to 2,000 cells per well
161 depending on the growth curve of each cell line. 24 h later, cells were treated with DMSO, LSD1
162  inhibitor SP-2577, or analog SP-2513 at increasing concentrations (0.001 to 10 uM). Cell viability
163  was assessed with CellTiter-Glo (Promega) 72 h after treatment and 1Csos were calculated using

164  GraphPad Prism 8.0.
165 Organoid Generation

166  SCCOHT cell lines (BIN67, SCCOHT-1, COV434) and the OCCC cell line TOV21G were seeded
167  at 5000 cells per well in 96 well ultra-low attachment treated spheroid microplates (Corning) with
168 the appropriate phenol red free medium containing 1.5% matrigel (Corning). Cells were

169  maintained in culture for 72 h to generate spheroids for use in immune infiltration assays.
170  Immune Infiltration Assay
171  SP-2577/SP-2513 Conditioned Media:

172  The SCCOHT and OCCC cell lines were seeded in T-25 tissue culture treated flasks (Thermo

173  Fisher)at3 x10° cells in 5mL of the appropriate phenol red free complete growth medium. After
174 48 h, at 70-80% confluency, the cells were treated with 3uM or 1uM of SP-2577 or SP-2513. After
175 72 h, the media was collected from the flasks and stored at -80°C until use in the infiltration

176  assays.
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177  Labeling PBMCs with RFP:

178  Peripheral blood mononuclear cells (PBMC) (Lonza) were maintained in CTS OpTmizer T Cell
179  expansion SFM (Thermo Fisher) in a T-75 suspension flask (Genesse Scientific) for 24 h at 37°C.

180  After 24 h, cells were collected and washed with PBS (Gibco) and counted. Approximately 2.5

181 x10° PBMCs were labeled with Molecular Probes Vybrant CM-Dil Cell Labeling Solution
182  (RFP)(Invitrogen) by incubating the PBMCs with a 2 uM solution of CM-Dil for 45 min at 37°C in
183  the dark and then for an additional 15 min at 4°C. After the incubation, cells were washed with

184  PBS twice and resuspended in the appropriate complete growth medium.
185  Checkpoint blockade:

186  The following monoclonal blocking antibodies (final concentration 10 ug/mL) were used for
187  checkpoint blocking on tumors as well as T cells: functional grade PD-L1 (29E.2A3) and CTLA-4
188  (BN13) (Bioxcell, USA). In brief, 2 x 106 PBMCs were treated with 10ug/mL of a-CTLA-4 antibody
189  and incubated at 37°C incubator for 45 min on shaker. Then the cells were washed in serum free
190 media and stained with Molecular Probes Vybrant CM-Dil Cell Labeling Solution as mentioned
191  above. Alternatively, COV434 tumor organoids were incubated with 10 pg/mL of a-PD-L1
192  antibody and incubated at 37°C incubator for 1h. Then the media containing a-PD-L1 was

193  removed carefully and fresh conditioned media was added on all organoids.
194  Immune infiltration and imaging:

195  150uL of SP-2577 conditioned medium was added to each well containing a spheroid. A 5 pm
196 HTS Transwell-96 Well permeable support receiver plate (Corning) was placed on each ultra-low
197  attachment spheroid microplate (Corning) to allow for PBMC infiltration into the tumoroids. RFP-
198  stained PBMCs were then seeded into inserts at 5 X 10° cells/well to ensure tumoroid:PBMC cell

199 ratio of 1:10. After 48 h, inserts were removed, and organoid microplates were analyzed by 3D Z-
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200 stack imaging and morphometric analysis with Cytation 5 software to quantify the lymphocyte

201 infiltration.

202 gPCR

203 COV434, BIN67, and SCOOHT-1 cells were seeded at a 1 X 108cells in 2 mL in 6-well tissue
204  culture treated plates (Corning). After 24 hrs, cells were treated with 1 yM and 3 yM of SP-2577
205 as well as 3uM of SP-2513 for 72 h. DMSO was used as negative control. To quantify gene
206  expression, total RNA was extracted (Qiagen RNeasy Mini Kit) and quantified by spectroscopy
207  (Nanodrop ND-8000, Thermo Scientific). Samples were then reverse transcribed to cDNA using
208  ahigh capacity cDNA reverse transcription kit (Applied Biosystems) and the MJ Research thermal
209 cycler. cDNA was amplified, detected, and quantified using SYBR green reagents (Applied
210  Biosystems) and the ViiA 7 Real-Time PCR System (Applied Biosystems). Data were normalized

211  to GAPDH expression. List of primers used in this study are listed in Supplemental section.

212 Fluorescent staining and imaging of Organoid

213 Organoids grown in Matrigel were initially fixed in 4% PFA for 1.5 h. After PBS washing, organoids
214  were embedded in Histogel, processed with an automated tissue processor (Tissue-Tek VIP),
215 and embedded into a paraffin block (Tissue-Tek TEC). Samples were sectioned at 4 um onto
216 poly-L-lysine coated slides and air-dried at room temperature over- night for any subsequent
217  immunofluorescence staining. All slides for fluorescence were deparaffinized and antigen
218  retrieved in pH 6 citrate buffer for a total of 40 min. After protein blocking, nuclei were stained with
219  DAPI (Sigma). Infiltrating PBMCs were pre-stained with RFP as described previously. Imaging

220  was performed on a Zeiss LSM880 fluorescent microscope with Zen Black software.

221  Flow Cytometry and antibodies
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222 Adigestion step was performed for the harvest and characterization of lymphocytes infiltrated into
223 the organoids. After immune infiltration experiments, organoids were removed from culture insert,
224  washed with PBS twice to eliminate the PBMCs not inside the organoids and incubated with
225 Gentle Cell Dissociation reagent (Stem Cell Technologies) for 2 min at RT and mechanically
226  disrupted by pipetting. After complete disaggregation, single cell suspensions were dissolved in
227  Cell Staining buffer (Biolegend, San Diego, California) and incubated at 4°C for 10 min prior

228  antibody staining.

229  Cells were stained for CD45 (Miltenyi Biotech), CD3, CD8, CD4, CD56, and CD19 (Biolegend).
230  Cell viability was assessed by negative live/dead antibody staining (Miltenyi Biotech). Analysis
231 was performed on a BD FACS Canto Il (BD Biosciences). BV421+ and single cells were gated
232 out, followed by CD45+ cell selection. Analysis of CD3, CD8, CD4, CD56, and CD19 lymphocyte

233  populations was performed with FlowJo software (Tree Star Inc.)

234  Western Blot

235 COV434 pIND20 BRG1-2.7 cells were plated in 6 well tissue culture plates at a density of 5 X 10°
236  cells per well and left to adhere overnight. Once adherent, cells were treated with 1uM doxycycline
237  (SIGMA) daily for 8 days. Cells were harvested daily and proteins were extracted from cell lysates

238 and immunoblotted for SMARCA4 expression.

239  TCGA analysis

240 TCGA PanCancer Atlas data was downloaded from cBioPortal. To identify SWI/SNF cancers
241  cBioPortal was used to query samples with SMARCA4, ARID1A, SMARCB1, SMARCC1, and
242 KDM1A mutations. Samples were removed that had only KDM1A mutations, KDM1A deletions,
243 no profiling of SWI/SNF genes, or did not have expression data. Expression of KDM1A was

244  plotted using RStudio.

10
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245  U-PLEX MSD analysis

246 MSD analysis was performed following manufacturer protocol. Briefly, conditioned media (CM)
247  from SP-2577 and DMSO treated cells were collected and centrifuged at 1500 RPM for 5 min at
248  4°C to eliminate cell debris. CM was then concentrated using Centricon 10 KDa (Sigma) and 25
249  uL of the resulting CM was added in each well in the MSD plate (KIT #K15067L-2) and analyzed

250 using Discovery Workbench 4.0 software.

251  Statistical analysis

252  Student’s T-tests were performed using GraphPad Prism 8.0. Symbols for significance: NS, non-
253  significant; *=p<0.05; **=p<0.01; ****=p<0.0001. All the in vitro experiments were performed in

254  triplicate and repeated at least three times.

255

256  Results

257

258 LSD1 is highly expressed in SWI/SNF-mutant cancers and the LSD1 inhibitor SP-2577 inhibits
259  SWI/SNF-mutation-dependent tumor cell proliferation

260 TGCA analysis using cBioPortal showed that LSD1 is highly expressed in the majority of
261  human cancers, including in SWI/SNF-mutant tumors (59, 60) (Fig. 1 A and B). To determine the
262  effects of SP-2577 on SWI/SNF-mutant cell viability, we performed drug-dose-response (DDR)
263  studies with 72 h CellTiterGlo viability endpoints in SCCOHT (SMARCA47), OCCC (ARID1A"),
264  lung (SMARCA47), kidney (SMARCB17), and colorectal cancer cell lines (SMARCA47). All cell
265 lines were sensitive to the treatment and showed sub-micromolar 1Cses (Table 1). SP-2513, an
266 analog of SP-2577, which only poorly inhibits LSD1 enzymatic activity (Table 2), showed

267  significantly higher 72 h ICsos that ranged from 3.5 to 10 uM (Table 1).

11
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268 Inhibition of LSD1 by SP-2577 promotes ERV expression and induces expression and release of

269  effector T cell attracting chemokines in conditioned medium

270 Inhibition of LSD1 activity has been suggested to enhance anti-tumor immunity through
271  activation of ERVs and production of dsRNA, followed by activation of an IFN-B-dependent
272 immune response (51). To investigate whether SP-2577 treatment could promote a similar
273 response in SCCOHT tumors, we analyzed the expression of ERVL, HERVK, and IFN-B in
274  SCCOHT cell lines (COV434, BIN 67 and SCCOHT-1) treated with SP-2577. After 72 h treatment
275  with 3uM SP-2577, quantitative PCR (qPCR) analysis showed that SP-2577 significantly
276  upregulated the expression of ERVs, IFN-B, and interferon-stimulated genes ISG15 and CXCL10,
277  suggesting activation of an IFN-dependent immune response (Fig. 2A). Recently it has been
278  shown that LSD1 inhibition in triple negative breast cancer cell lines induces expression of CD8*
279 T cell-attracting chemokines including CCL5, CXCL9, and CXCL10 (61). The expression of these
280 genes along with PD-L1 was shown to have increased H3K4me2 levels at proximal promoter
281  regions (61) in response to LSD1 inhibition. To determine whether SCCOHT cell lines release
282  CD8* T cell-attracting chemokines after LSD1 inhibition, we analyzed the conditioned media from
283  COV434 cells treated with SP-2577 for 72 h. Our U-PLEX MSD data showed that treatment with
284  SP-2577 stimulated chemokine secretion in COV434 culture medium (Fig. 2B). Further, secretion
285  of cytokines including IL-1, IL-2, and IL-8 were also observed in the treated conditioned medium.
286  Together, these data suggest that SP-2577 may play a role in the promotion of anti-tumor
287  immunity.

288

289  SP-2577 promotes lymphocyte infiltration in 3D culture of SCCOHT cell lines

290 To examine whether SP-2577-dependent cytokine and chemokine secretion could
291 enhance lymphocyte trafficking and tumor infiltration, we carried out an ex Vvivo

292  migration/infiltration assay. SCCOHT cell lines COV434, BIN67, and SCCOHT-1 were grown in

12
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293  low concentration matrigel to form 3D organoids. To prevent SP-2577 cytotoxic damage from
294  directly impacting cell viability, the organoids were cultured in conditioned media from SCCOHT
295  cell lines collected 72 h post-treatment with SP-2577. At this time point there was no drug present
296 in the conditioned medium. Migration and infiltration of lymphocytes was determined utilizing
297 RFP-stained human allogeneic PBMCs. PBMCs were added to organoid cultures and migration
298 toward the organoids was assessed by three dimensional Z-stack imaging and morphometric
299  analysis (Cytation 5, BIOTECK). SP-2577 promoted PBMC infiltration in organoids more
300 efficiently than the less active analog SP-2513 (Fig. 3A). Immunofluorescence analysis further
301 demonstrated the presence of stained PBMCs in the sectioned organoids that were treated with
302  SP-2577 conditioned medium while they were absent in organoids cultured in SP-2513 or DMSO-
303 conditioned medium (Fig. 3B). Finally, to determine the dependency of PBMC infiltration on SP-
304 2577, we performed ex vivo migration/infiltration studies with higher concentrations of the LSD1
305 inhibitor (0.03 -3uM). SP-2577 induced PBMC infiltration into the SCCOHT organoids in a dose-
306 dependent manner (Fig. 3C). Together, these observations suggest that the chemokines and
307 cytokines secreted by SCCOHT cells in response to SP-2577 treatment promote the migration
308 and infiltration of PBMCs in tumor organoids.

309

310 Treatment with SP-2577 promotes infiltration of T cells CD8* into SCCOHT organoids.

311 Next we investigated which lymphocyte populations infiltrated the in SCCOHT organoids
312  after SP-2577 treatment in vitro. Flow cytometry analysis of the dissociated COV434 organoids
313  shown the predominance of CD3* T lineage cells (Fig. 4 Ai, Bi). CD8* T cells percentile in SP-
314 2577 treated organoids is highly significant compared to the untreated (Fig. 4 Aii, Bii). Similarly,
315 CD4* and CD4*CD8* Double Positive T cells levels increased significantly after treatment with
316  SP-2577 (Fig. 4 Aii, Bii). CD56* NKT cells and CD19* B cells were present in small percentile in
317 the total CD45* cell population. CD56* NKT cells level increased approximately 15 folds after
318 treatment with SP-2577 (Fig. 4 Aiii, Biii), while CD19* B cells decreased by approximately 3 folds
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319 (Fig. 4 Aiv, Biv). All together these data suggest that treatment with SP-2577 promotes T cells
320 and NKT cells infiltration into the tumor which leads to tumor cytotoxicity.

321

322

323  Inhibition of LSD1 by SP-2577 induces expression of PD-L1

324 LSD1 expression has been shown to negatively correlate with expression of immune-
325 related genes including PD-L1 (61). Further, LSD1 has been shown to play a critical role in
326  epigenetic silencing of the expression of PD-1 (62) and LSD1 inhibition results in increased
327  expression of PD-L1 in tumor cells (51, 61). To investigate the effect of SP-2577-dependent LSD1
328 inhibition on the expression of PD-L1 in SCCOHT, we treated COV434 organoids with 3 uM SP-
329 2577 and performed gPCR analysis for PD-L1 expression. We observed a significant increase in
330 PD-L1 expression (Fig. 5A). Next, we tested if checkpoint blockade could amplify the immune cell
331 infiltration effect in the presence of SP-2577 in immune-organoids. As shown in Fig. 5B, co-
332 treatment of low doses (100 nM) of SP-2577 with a-PD-L1 significantly increased lymphocyte
333 infiltration. Moreover, the combination of a-PD-L1 and a-CTLA-4 was able to significantly enhance
334  theinfiltration of PBMCs in the SP-2577-treated COV434 organoids (Fig. 5B).

335

336  SMARCAA4 re-expression in SCCOHT cell lines blocks lymphocyte infiltration

337 Although SCCOHT is characterized by low tumor mutation burden, recent studies have
338 indicated that the tumor microenvironment of SCCOHT is similar to other immunogenic tumors
339 that respond to checkpoint blockade (37, 40, 63), suggesting that mutations in the subunits of the
340 SWI/SNF complex may contribute to immunotherapy sensitivity. We questioned whether the
341  restoration of SWI/SNF functionality in SCCOHT would affect the lymphocyte trafficking and tumor
342 infiltration observed with SP-2577 treatment. To investigate this hypothesis, we used an isogenic
343 COV434 cellline (COV434 pIND20 BRG1 2.7) where SMARCA4 (BRG1) was re-expressed under
344 a doxycycline inducible system (29). qPCR and Western blotting analysis confirmed the
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345  expression of SMARCA4 in doxycycline-treated cells (Fig. 6A, B). SMARCA2 (BRM), which is
346 normally silentin SCCOHT tumors, was also overexpressed by 14-fold after BRG1 induction (Fig.
347  6B). We observed a significant reduction in the level of infiltrated lymphocytes in SMARCA4 re-
348 expressed organoids after SP-2577 treatment (Fig. 6C). Remarkably, expression of ERVL,
349 HERVK, IFNB, as well as interferon-stimulated genes 1SG15 and CXCL10 was significantly
350 downregulated in SMARCA4-induced cells after treatment with SP-2577 (Fig. 6D). In addition, re-
351  expression of SMARCAA4 resulted in downregulation of PD-L1 expression in SCCOHT cell lines
352  (Fig. 6E). Lastly, the production and secretion of cytokines and chemokines that were induced by
353  SP-2577 treatment were negatively affected by the re-expression of SMARCA4 in SCCOHT cells
354  (Fig. 6F).

355 To determine if the reduction of lymphocyte infiltration was solely dependent on the re-
356  expression of SMARCAA4, we cultured doxycycline treated COV434 pIND20 BRG1 2.7 organoids
357  with conditioned medium generated from SP-2577-treated parental SCCOHT cells lacking
358 SMARCA4 expression. As shown in Fig. 6G, the presence of cytokines and chemokines in SP-
359  2577-treated conditioned medium was not sufficient to overcome the impaired infiltration of
360 lymphocytes in SMARCA4-expressing organoids, suggesting that SMARCA4-dependent
361  epigenetic changes may have altered the immunogenicity of the organoids.

362

363  SP-2577 promotes lymphocyte infiltration in ARID1A deficient cells

364 To investigate if SP-2577 promotes tumor immune response in other SWI/SNF-mutant
365 tumor types, we performed ex vivo migration and infiltration of lymphocytes in ARID1A-deficient
366 OCCC cells. These studies were conducted in isogenic TOV21G cells, which re-express ARID1A
367 under the control of doxycycline treatment. As previously observed in SCCOHT cell lines, SP-
368 2577 promotes lymphocyte infiltration in a dose-dependent manner in parental TOV21G
369 organoids (Fig. 7A). Re-expression of ARID1A resulted in a significant reduction in infiltration of
370 lymphocytes (Fig. 7B). In addition, the combination of a-PD-L1 and o-CTLA-4 was able to
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371  significantly enhance the infiltration of PBMCs in the low dose (300 nM) SP-2577-treated parental
372  TOV21G organoids (Fig. 7C).

373

374

375 Discussion

376 SWI/SNF complexes have previously been implicated in regulation of the immune system,
377  particularly in enhancing interferon-stimulated gene (ISG) expression (64) through a STAT-
378 dependent mechanism. However, it has been reported that inactivating mutations in SWI/SNF
379 subunits (ARID1A, PBRM1, SMARCB1, and SMARCAA4) also sensitize cancer cells to T cell-
380 mediated destruction (37). SWI/SNF loss-of-function enhances the expression of immune
381 checkpoint regulators and neoantigen presentation (37, 39, 65). Even monogenic tumors like
382  SCCOHTs are immunogenic and exhibit biologically significant levels of T cell infiltration and PD-
383 L1 expression (40). It has been reported that several patients with mutations in the SWI/SNF
384 complex have benefited from checkpoint blockade immunotherapy (37, 39, 40). Although immune
385  checkpoint inhibitor treatment has shown promising results, only a minority of treated patients
386  exhibit durable responses (40, 66). Additionally, many of those who initially respond to treatment
387  eventually experience relapse due to acquired resistance. As with conventional cancer therapies,
388  one way to improve clinical responses with immune checkpoint blockade is through combination
389 therapy strategies.

390 Numerous studies have revealed that epigenetic modulation plays a key role in tumor
391 immune escape. Cancer cells show frequent loss or epigenetic silencing of the cytosolic DNA
392  sensor cGAS and/or STING to promote immune evasion (67). Conversely, aberrant LSD1 activity
393  suppresses the expression of immune protective factors (61) such as PD-L1 and CTLA-4.
394  Recently, it has been shown that inhibition of LSD1 significantly increases tumor immunogenicity
395 (51) primarily through changes in methylation levels. An increased methylation level promotes
396 endogenous retroviral (ERV) expression, leading to dsRNA stress. Methylation of the RISC
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397 complex member AGO2 results in destabilization of the integrity of complex and inhibition of
398 dsRNA degradation. dsRNA stress activates IFN-dependent immune response that consequently
399  sensitizes tumors to T cell immunity and T cell infiltration. As LSD1 is highly expressed in
400 SCCOHT cell lines and interacts with members of the SWI/SNF complex to regulate gene
401  expression (55, 68, 69), it is an ideal therapeutic target for the treatment of SCCOHT and
402  potentially other SWI/SNF loss of function- dependent cancers.

403 In this study, we demonstrate that inhibition of LSD1 activity by the reversible inhibitor SP-
404 2577 (Seclidemstat) induces the expression of ERVs and IFNf in SCCOHT. In agreement with
405 the previous observation that LSD1 negatively regulates expression of chemokines and immune
406  protective factors such as PD-L1 (61), inhibition of LSD1 with SP-2577 promoted expression of
407 chemokines and PD-L1 in SCCOHT cell lines, which results in activation of T cell infiltration.

408 The contribution of ERVs to the immune response is not limited to the dSRNA/MDAS5
409 interaction followed by activation of the IFN pathway. Tumor neoantigen analysis has shown that
410 ERVs can encode for strictly tumor-specific antigens, otherwise silent in normal tissue, capable
411  of eliciting T cell specific antitumor immunity. Schiavetti et al have shown that ERV-K antigens
412  are highly expressed in a variety of malignancies such as breast, melanoma, sarcoma, lymphoma,
413  and bladder cancer (70), and the ERV-E encoded antigen is selectively expressed in RCC kidney
414  tumors (71). Moreover, it has been shown that in epithelial ovarian cancer and in colon cancer
415  high levels of ERVs expression correlates robustly to immune checkpoint therapy response (72,
416  73). Expression of ERV elements is subjected to genome-wide regulation by epigenetic silencing
417 (74, 75). However, many ERVs are still transcribed in adult cells and contribute to autoimmune
418 pathologies such as systemic lupus erythematous and Aicardi—Goutieres syndrome (76).
419  Similarly, dysregulation of epigenetic pathways also contributes to reactivation of ERV elements
420  intumor cells (77).

421 SWI/SNF may play a role in the establishment of ERV silencing. In embryonic stem cells
422 SMARCAD1, a SWI/SNF-like chromatin remodeler, negatively regulates the retrotransposon
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423  activity through recruitment of KRAB associated protein 1 (KAP1) (78). Docking KAP1 at the ERV
424  elements in the genome triggers the formation of a complex with the histone methyltransferase
425  SETDBI, resulting in formation of H3K9me3 and silencing of ERV class | and Il. Lack of
426 SMARCAD1 compromises the stability of KAP1-SETDB1 association at ERVs, which lead to
427  reduction of H3K9me3 and activation of ERV transcription. Restoration of SMARCAD1 activity
428  reverses the ERV upregulation (78). Similarly, SWI/SNF complex members, including SMARCA4
429  and LSH1, are known to ensure silencing of retrotransposons in the stem cells through interaction
430 with DNMT3a and HDACs (75, 78). Transcriptome analysis of rhabdoid tumors cell lines with
431 inducible SMARCB1 re-expression identified significant ERVs overexpression in SMARCB1-
432  deficient conditions (79). In support of this, our studies show that re-expression of SMARCA4 in
433  SCCOHT or ARID1A in OCCC results in the loss of ERV expression and reduction of T cell
434  infiltration, even in the presence of conditioned medium enriched in cytokines and chemokines,
435 implying that T cell infiltration may be related to the loss of SWI/SNF complex function.
436  Together these results suggest that SWI/SNF deficiency plays a crucial role on ERVs epigenetic
437  silencing, resulting in enhancement of tumor immunogenicity. Moreover, LSD1-dependent
438  histone modifications result in significant downregulation of ERVs (74, 80). By inhibiting LSD1,
439  SP-2577 ensures increased ERV activation and cytokine production, resulting in enhanced T cell
440 immune response. In addition, SP-2577 treatment promotes PD-L1 expression, and co-treatment
441  with a-PD-L1 or a-CTLA-4 antibodies significantly amplifies the CD8* T cell infiltration in SCCOHT
442  and OCCC immune organoids.

443 Collectively, these findings demonstrate the important role of SP-2577 in the regulation of
444 T cell recruitment to the tumor microenvironment and highlight the potential of combining SP-
445 2577 with checkpoint immunotherapy in SCCOHT, OCCC, and other SWI/SNF mutated
446  malignancies.

447
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680
681
682 Legends

683

684  Figure 1: LSD1 expression in tumors and SP-2577 toxicity in SWI/SNF mutated tumors. (A)
685 TCGA analysis for LSD1 expression in different human cancers. (B) TCGA analysis for LSD1
686  expression in SWI/SNF-mutated tumors. Table 1: Cytotoxicity of SP-2577 and SP-2513 in
687  SWI/SNF-mutated cancer cell lines. Table 2: Inhibition of LSD1 enzymatic activity of SP-2577

688 and SP-2513.

689  Figure 2: SP-2577 promotes ERVs expression and activation of IFNB pathway in SCCOHT
690 cell lines. (A) gPCR analysis of SCCOHT cell lines BIN67, COV434 and SCCOHT-1 after 72h of
691  SP-2577 treatment showing increased expression of ERVs and IFN pathway cytokines. (B) MSD
692 panel of chemokines and cytokines from SCCOHT COV434 cell conditioned media in the

693  presence or absence of SP-2577 for 72h. *=p<0.05, **=p<0.01.

694  Figure 3: SP-2577 promotes lymphocytes infiltration in SCCOHT tumor organoids. (A)
695 Immune infiltration assay in SCCOHT organoids imaging analysis. COV434, BIN67 and
696 = SCCOHT-1 derived- organoids were incubated with conditioned medium pretreated with 3 uM

697 SP-2577, SP-2513 or DMSO in the presence of RFP-tagged PBMCs. After 48h the levels of
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698  lymphocyte infiltration were measured by z-stack analysis by Cytation 5 imaging. P values for
699 COV434=<0.0001, BIN67 = 0.0016, and SCCOHT-1 = 0.0196. Right panel: Experimental design
700 (B) IF analysis: RFP-tagged lymphocytes infiltration in SCCOHT organoids micro sections was
701  assessed by analysis of RFP levels on confocal scope after 48h co-culture in presence of SP-
702 2577 or SP-2513 conditioned medium. (C) Immune infiltration assay of COV434 cells treated with
703  increased concentration of SP-2577 for 48h. The levels of lymphocytes infiltration correlate with

704  SP-2577 dose.

705  Figure 4: Flow cytometry analysis of the COV434 organoids after lymphocyte infiltration
706  assay. COV434 organoids were dissociated and the infiltrated lymphocytes were stained with
707  different markers and analyzed in Flow Cytometry as described in materials and methods. Panel
708 A and B are showing the status of lymphocytes infiltrated in DMSO control organoids and SP-
709 2577 treated organoids respectively in the representative dot plots. (Ai and Bi) The dot plots
710 showed the CD3+ population in CD45+ gated lymphocytes. (Aii and Bii) The status of CD4+ and
711  CD8+ T cells gated on CD3+ cells are presented in different quadrants. (Aiii and Biii) Percentage
712  of CD56+ NK in CD3+ cells are presented with quadrant statistics. (Aiv and Biv) The status of

713 CD19+ B cells are shown in CD3+ cells.

714  Figure 5: SP-2577 promotes PD-L1 expression and rescues checkpoint inhibition
715  sensitivity in SCCOHT COV 434 cell line. (A) RT-PCR analysis of COV434 cells after SP-2577
716  treatment shows increase of PD-L1 expression levels, which are lost after Doxycycline treatment.
717  (B) Co-treatment of SCCOHT organoids with SP-2577 and anti PD-L1 antibodies and
718  lymphocytes treated with anti CTLA-4 antibodies showed an increase in lymphocyte infiltration as

719 checked after 48h.

720 Figure 6: SMARCAA4 re-expression in SCCOHT cell lines blocks lymphocyte infiltration.
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721 (A) Densitometry analysis of western blot for SMARCA4 expression level in COV434 pIND20
722  BRG1-2.7 after 1uM Doxycycline daily treatment (D=days) (B) RT-PCR for BRG1 and BRM
723  expression levels in COV434 pIND20 BRG1-2.7. Both gene expression increased after SP-2577
724  treatment. (C) The levels of lymphocyte infiltration are significantly reduced after SMARCA4 re-
725  expression in COV434 pIND20 BRG1-2.7 (P value = 0.038). (D) RT-PCR analysis of SMARCAA4-
726  induced COV434 pIND20 BRG1-2.7 after 72h SP2577 treatment shows decrease of ERVs activity
727  and INF expression. (E) RT-PCR analysis of COV434 cells after SP-2577 treatment shows
728 increase of PD-L1 expression levels, which are lost after Doxycycline treatment (F) MSD analysis
729  of SMARCA4-induced COV434 pIND20 BRG1-2.7 after 72h SP-2577 treatment shows significant
730 decrease of cyto/chemokines released in medium after treatment. (G) Treatment of SMARCA4-
731  induced COV434 pIND20 BRG1-2.7 organoids with conditioned medium (CM) from SMARCA4-
732 deficient COV434 pIND20 BRG1-2.7 does not affect lymphocyte infiltration suggesting SMARCA4

733  plays role in immune response. Left panel: Experimental design.

734  Figure 7: SP-2577 promotes lymphocyte infiltration in ARID1A deficient cells.(A) level of
735 lymphocytes infiltration is dependent of SP-2577 treatment in TOV21G pIND20-ARID1A cells line.
736  (B) lymphocytes infiltration is significantly reduced in TOV21G pIND20-ARID1A cells after
737  ARID1A re-expression upon Doxycycline treatment (P value = 0.004). (C) co-treatment of SP-
738 2577 and CTLA-4 antibodies in the immune infiltration assay showed an increase in lymphocyte
739  infiltration in TOV21G-pIND20-ARID1A after 48h.

740
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Table 1
Cellline Cancer Drug IC,, (pM) SWI/SNF
t tati
ype sp-2577 | sp-2513 | oeven
cov43a SCCOHT 0.529 9.985 SMARCA4
BING7 SCCOHT 0.417 10 SMARCA4
SCCOHT-1 SCCOHT 1.098 3.65 SMARCA4
TOV21G acec 0.203 24.54 ARID1A
SKov3 Ovary ADC 0.013 — SMARCC1
A427 Lung ADC 0.1422 — SMARCA4
H522 Lung ADC nsel 2.819 — SMARCA4
A549 Lung ADC 0.248 — SMARCA4
H1299 Lung ADC 0.212 — SMARCA4
nscl
G401 Kidney 0.3874 ——- SMARCB1
Rhabdoid
G402 Kidney renal 1.179 — SMARCB1
leiomyoblast
HCC15 CRC 0.117 SMARCA4
Table 2
Drug IC;, (M)
SP-2577 0.013
SP-2513 >1

LSD1 screening biochemical assay
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