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Abstract

Protein arginine methyltransferases (PRMTSs) are a widely expressed class of enzymes responsible
for catalyzing arginine methylation on numerous protein substrates. Among them, Type | PRMTs
are responsible for generating asymmetric dimethylarginine. By controlling multiple basic cellular
processes, such as DNA damage responses, transcriptional regulation, and mRNA splicing,

Type | PRMTs contribute to cancer initiation and progression. A Type | PRMT inhibitor,
GSK3368715, has been developed and has entered clinical trials for solid and hematological
malignancies. Although Type | PRMTSs have been reported to play roles in modulating immune
cell function, the immunological role of tumor intrinsic pathways controlled by Type | PRMTs
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remains uncharacterized. Here, our TCGA dataset analysis revealed that expression of Type |
PRMTs associated with poor clinical response and decreased immune infiltration in melanoma
patients. In cancer cell lines, inhibition of Type | PRMTSs induced an interferon gene signature,
amplified responses to interferon and innate immune signaling, and decreased expression of the
immunosuppressive cytokine VEGF (vascular endothelial growth factor). In immunocompetent
mouse tumor models, including a model of T-cell exclusion that represents a common mechanism
of anti-PD-1 resistance in human, Type | PRMT inhibition increased T-cell infiltration, produced
durable responses dependent on CD8" T cells, and enhanced efficacy of anti-PD-1 therapy.

These data indicated that Type | PRMT inhibition exhibits immunomodulatory properties and
synergizes with immune checkpoint blockade to induce durable antitumor responses ina T cell-
dependent manner, suggesting that Type | PRMT inhibition can potentiate an antitumor immunity
in refractory settings.
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Introduction

Immunotherapies using antibodies targeting immune checkpoint molecules expressed on
exhausted T cells, such as programmed death 1 (PD-1) and cytotoxic T lymphocyte-
associated protein 4 (CTLA-4), potentiate the activity of the immune system against tumor
cells. These strategies have produced dramatic responses in reducing tumor growth and
prolonging overall survival to unprecedented rates in melanoma, lung cancer, renal cancer,
and mismatch repair-deficient colon cancer patients (1). Despite approval for immune
checkpoint inhibitors in a wide range of cancers, the majority of patients relapse following
initial responses to immunotherapy or fail to respond altogether. These failures can be
attributed to an insufficient immune response against tumors and/or mechanisms co-opted
by tumor cells to produce a suppressive tumor microenvironment (TME)(2). Therefore,
identification of combination strategies to expand the clinical benefit of immunotherapies to
a broader patient population is the current subject of intensive basic and clinical research.

Combination targeted strategies, including upregulation of tumor antigen expression (3)
and sensitization of tumors to T-cell cytotoxicity (4,5), have been proposed with the intent
to transform a refractory TME into one that favors antitumor immunity and improves the
efficacy of the inhibition of the PD-(L)1 signaling axis. The most promising therapies
exploit (i) activation of innate immune signaling within the tumor to stimulate an adaptive
immune response or (ii) attenuation of immunosuppressive cytokines. Combinations of
immune checkpoint inhibitors with agents that modulate either of these mechanisms

are currently under clinical investigation. For example, atezolizumab (anti-PD-L1) is
being tested in combination with carboplatin-paclitaxel and bevacizumab, a neutralization
antibody for the immunosuppressive cytokine VEGF (vascular endothelial growth factor)
and has shown progression-free survival benefit in non-small cell lung cancer patients (6).

Cancer Immunol Res. Author manuscript; available in PMC 2022 October 01.
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Protein arginine methyltransferases (PRMTSs) are a widely expressed class of enzymes
responsible for catalyzing arginine methylation on numerous, diverse protein substrates.
PRMTs can be classified into Type I, I1, or 11l enzymes, based on their capacity to

generate asymmetric dimethyl, symmetric dimethyl, or monomethylated forms of arginine,
respectively. These modifications have distinct effects on protein function and impact
interactions with other proteins and RNAs (7). Modulation of arginine methylation on
PRMT substrates has essential roles in cell biology, including transcription, mRNA splicing,
DNA damage response, and immune signaling (8,9). PRMTSs have been shown to contribute
to progression, proliferation, invasiveness, and survival of cancer cells by modulation of
arginine residues on their substrates (8,10). For example, both runt-related transcription
factor 1 (RUNX1) and mixed lineage leukemia (MLL) fusion proteins can recruit PRMT1 to
methylate histones on target genes, promoting oncogenic transcriptional programs (11,12).
PRMT1 has been also shown to methylate and potentiate the proliferative signaling of
epidermal growth factor receptor (EGFR)(13). Consequently, inhibitors targeting either the
Type | PRMT family or PRMTS5 (the major Type 11 PRMT) have been developed and have
entered clinical trials for a variety of human neoplasms (14).

PRMTs have been described as regulators of immune response pathways in several cell
types via direct arginine methylation on specific substrates, as well as through indirect
mechanisms (15,16). Although targeting Type |1 PRMTSs has been reported to promote
antitumor immune responses (17), the immunoregulatory role of Type | PRMTS in the TME
remains poorly understood. Using The Cancer Genome Atlas (TCGA) of skin cutaneous
melanoma (SKCM) dataset, we show that increased mRNA expression of several Type |
PRMTs, including PRMT1, PRMT3, and PRMT4, associated with poor clinical response
and decreased immune infiltration in melanoma patients. Using a series of preclinical tumor
models with varying degrees of immune infiltration, we demonstrated that inhibition of
Type | PRMTs increased hallmarks of an inflamed TME and sensitivity to inhibition of

the PD-(L)1 signaling axis. Accordingly, Type | PRMT inhibition synergized with immune
checkpoint blockade to induce durable antitumor responses in an array of immunocompetent
tumor models. Overall, these data provide a rationale to combine Type | PRMT inhibition
with immune checkpoint blockade to maximize clinical benefit in cancer patients.

Materials and Methods

Cell lines and mice

Cell lines were obtained from various repositories and licensed accordingly. Cell lines
including NCI-H1975, NCI-H1563, NCI-H522, NCI-H520 and NCI-H226 were obtained
from Drs. Gazdar and Minna at the Department of Health and Human Services (Washington,
D.C.) and the University of Texas Southwestern Medical Center (Dallas, TX). EBC-1 and
LK-2 cell lines were obtained from the Japanese Collection of Research Bioresources Cell
Bank at the National Institutes of Biomedical Innovation, Health and Nutrition (Osaka,
Japan). Capan-2 and SK-MES-1 cells were obtained from the Memorial Sloan Kettering
Cancer Center (New York, NY). A549-Dual and A549-Dual-MAVS knockout (KO) cell
lines with two discrete reporters for NFxB and IRF3 were obtained from Invivogen (San
Diego, CA). HCC1395 was obtained from the University of Texas Southwestern Medical
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Center. SW900, BxPC3, COR-L105, PC-9, HupT4, Panc03.27, Panc08.13, A549, HCC827,
Miapaca-2, Aspc-1, Panc02.03, HPAF-II, A427, CT26, EMT6, and A20 were obtained from
the American Type Culture collection (ATCC, Manassas, VA). Cloudman S91 was obtained
from the Sigma (St. Louis, MO). MC38 were obtained from the National Cancer Institute
(NCI; Bethesda, MD). The MC38/gp100 cell line, pmel-1 T cells used in /n vitro assays and
luciferase-expressing pmel-1 T cells used for /n vivo studies were established and generated
as previously described without modification (18). Mel2357 and TIL2357 cells were derived
from one metastatic melanoma patient enrolled in the ongoing clinical trial at the University
of Texas MD Anderson Cancer Center (MDACC). Written consent was obtained to generate
the cell line, and the study conducted in accordance to ethical standards.

NCI-H1975, NCI-H1563, NCI-H226, NCI-H520, SK-MES-1, SW900, BxPC3, COR-L105,
PC-9, HupT4 HPAF-I1I, NCI-H522, LK-2, HCC827, Miapaca-2, Aspc-1, HCC1395,

and CT26 were maintained in RPMI 1640 medium (Gibco, Carlsbad, CA; 11875093)
supplemented with 10% fetal bovine serum (FBS; sigma, 12176C). Capan-2 was maintained
in RPMI 1640 medium supplemented with 20% FBS. Panc03.27, Panc08.13 and Panc02.03
were maintained in RPMI 1640 medium supplemented with 15% FBS and 10 mg/L bovine
insulin (Sigma, 10516-5mL). A20 was maintained in RPMI 1640 medium supplemented
with 10% FBS and 0.05 M 2-mercaptoethanol (Sigma, 63689-100ml). A549 and MC38
were maintained in DMEM medium (Gibco, 11965-092) supplemented with 10% FBS.
A549-Dual and A549-Dual-MAVS KO cell lines were maintained in DMEM medium
supplemented with 10% FBS with 10 ug/mL blasticidin (Gibco, A1113903). A427 and
EBC-1 was maintained in EMEM medium (Gibco, 31095-029) supplemented with 10%
FBS. Cloudman S91 was maintained in F12K medium (ATCC, 30-2004) supplemented
with 2.5% FBS and 15% horse serum (Gibco, 26050-088). EMT6 was maintained in
Waymouth’s medium (Gibco, 11220-035) supplemented with 15% FBS. When necessary,
the culture medium were supplemented with 1 mM sodium pyruvate (Gibco, 11360-070), 2
mM glutamax (Gibco, 35050-061), 1x non-essential amino acids (Gibco, 11400-050) and
100 pg/mL normocin (Invivogen, ant-nr-2). Mel2357 and TIL2357 cells were cultured as
previously described without modification (19,20). All cell lines were maintained at 37°C
and in 5% CO». Identity of all cell lines was validated by short tandem repeat profiling,

and all cell lines were routinely monitored for mycoplasma contamination by using the
MycoAlert kit (Lonza, Basel, Switzerland; LT07-218). The maximum length of time of /n
vitro cell culture between thawing and use in the described experiments was two weeks.

Pmel-1 TCR/Thyl.1 transgenic mice on a C57BL/6 background were a generous gift
from Dr. Nicholas Restifo (NCI, Bethesda, Maryland) and in-house bred. C57BL/6 mice,
C57BL/6 albino mice, DBA/2N mice, and BALB/c mice were purchased from the Charles
River Laboratories International, Inc. (Wilmington, MA). All mice were maintained in a
specific pathogen-free barrier facility at either MDACC or GlaxoSmithKline (GSK). All
studies were conducted in accordance with the MDACC and GSK Policy on the Care,
Welfare, and Treatment of Laboratory Animals and were reviewed by the Institutional
Animal Care and Use Committee either at GSK or by the ethical review process at the
institution where the work was performed.
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TCGA and cell line RNA-sequencing (RNA-seq) dataset analysis

For the analysis of Type | PRMT expression, The Cancer Genome Atlas (TCGA, https://
tcga-data.nci.nih.gov) RNA-seq data and clinical information of skin cutaneous melanoma
(SKCM, n=469 samples), pancreatic adenocarcinoma (PAAD, n=179 samples), and non-
small cell lung cancer (NSCLC, n=1013 samples) cohorts were used for the analysis.

The Genotype-Tissue Expression (GTEX, https://www.gtexportal.org/home) in normal skin
tissues (n=557 samples), pancreatic tissues (n=167 samples) and lung tissues (n=288
samples) were used as the normal counterparts of tumors. All tissues from each cohort
were pre-treatment tissues and were included without any exclusion. The recomputed RNA
expression was obtained from the UCSC Toil RNA-seq Recompute Compendium (21). The
gene-level transcripts per million (TPM) values were log,-transformed with pseudo-count
1 in Python Individual Edition (https://www.anaconda.com/products/individual, v4.11.0)
for further analysis. The limma package (https://bioconductor.org/packages/release/bioc/
html/limma.html, v 3.36.5) was used for the differential expression analysis (22). The
intratumoral Cytolytic Activity (CYT) score was calculated by taking the geometric mean of
granzyme A (GZMA) and perforin (PRFI) TPM values, and then the cohort was stratified
into CYT score-low and -high groups based on the median of CTY Score. The differential
expression of Type | PRMT genes was calculated between the two groups. The lymphocyte
infiltration score (L Score) information was obtained from the TCGA-SKCM cohort clinical
information. The cohort was stratified into L Score-low (0-3) and -high (4-6) groups, and
the differential expression of Type | PRMT genes was calculated between low and high
groups. Patients in TCGA-SKCM database were stratified into two groups based on the
median expression of each Type | PRMT and the relapse-free survival (RFS) between these
two subsets of patients were analyzed. We also further stratified patients in TCGA-SKCM
database into four groups based on the median expression of PRMT1 and ST/ING and
compared the relapse-free survival (RFS) and L score among these four subsets of patients.

Bulk mRNA-seq expression data (upper-quantile normalized) in the Pan-Cancer

Atlas, including bladder urothelial carcinoma (BLCA), esophageal carcinoma (ESCA),
glioblastoma multiforme (GBM), head and neck squamous cell carcinoma (HNSC),

brain lower grade glioma (LGG), lung adenocarcinoma (LUAD), lung squamous cell
carcinoma (LUSC), mesothelioma (MESQO), PAAD, sarcoma (SARC), SKCM, and stomach
adenocarcinoma (STAD) generated by TCGA Program were downloaded from the NCI
Cancer Genomic Data Commons (NCI-GDC: https://gdc.cancer.gov) to perform Immune
deconvolution analysis. Immune deconvolution analysis was performed using the R
package MCP-counter (https://github.com/cit-bioinfo/mMCP-counter). Pearson correlation
coefficient (/) between the expression of PRMTI and abundances of B, T, cytotoxic
lymphocyte (CTL), and natural killer (NK) cell lineages was computed using R function
stat_cor from the ggpubr package (https://github.com/kassambara/ggpubr) as previously
described without modification (23). Cor.test R function was used to test the significance
level followed by multiple test correction with the Benjamini-Hochberg method (24).

For the correlation between PRMT1 expression and the half maximal growth inhibitory
concentration (glCsp) of PRMTi, PRMT1 expression values in 16 human cancer cell
lines (HupT4, Miapaca-2, Panc08.13, BXPC3, Aspc-1, Panc02.03, Capan-2, HPAF-I1,NCI-
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H1975, HCC827, NCI-H1563, COR-L105, A549, A427, PC-9, HCC1395) were retrieved
from the 21Q2 version of the DepMap Public RNA-seq expression data available on

the DepMap portal (https://depmap.org/portal/). The reported gene expression values were
generated using RSEM and log,-transformed TPM counts were calculated with an added
pseudo-count of 1.

Assay for Transposase-Accessible Chromatin using sequencing (ATAC-seq)

MC38 cells were treated with 0.1% DMSO (Fisher Scientific, Waltham, MA; BP231-100)
or 2 UM GSK3368712 (Type | PRMT inhibitor, PRMTi, GSK, Collegeville, PA) for 4 days.
After 4 days of treatment, cells were resuspended in 500 uL of RPMI 1640 medium with
10% FBS and 5% DMSO, and then transferred to a 1.7 mL tube for freezing using a Mr.
Frosty container (Sigma, C1562-1EA) for DNA fragment preparation.

ATAC-seq was performed by Active Motif (Carlsbad, CA). Duplicates for each group were
used. The raw fastq reads were mapped to mouse genome GRCm38/mm10 using HiSAT2
aligner (26). The peaks were detected with MACS2 package (27), and differentially enriched
peaks were called using the DiffBind package (28). Supplementary Table S1 includes

peaks identified from all the samples. The DESeq2 method was used to call differentially
expressed peaks between DMSO and PRMTi groups. Peaks were visualized using the
University of California, Santa Cruz (UCSC) genome browser (https://genome.ucsc.edu).
The significant peak cut-offs were set as p<0.05 and |Log, fold-change| > 0.585. A peak was
annotated by GENCODE V 23 (https://www.gencodegenes.org/) and assigned to a gene if it
was located in its promoter region (upstream 1.5 kb to downstream 0.5kb of the transcription
start site).

ChIP analysis

MC38 cells were treated with 0.1% DMSO or 2 pM GSK3368712 for 4 days, and then
harvested after cells were crosslinked with 1% formaldehyde (Sigma, F8775-500ML).
ChIP was performed using the Chromatin Immunoprecipitation (ChlP) Assay Kit (Sigma,
17-295) according to manufacturer’s protocol. Briefly, nuclei were isolated from cells,

and Bioruptor Sonicator (Diagenode, Denville, NJ) was used to sonicate the chromatin
DNA, which was sheared into ~500 bp DNA fragments. Protein-DNA complexes were
immunoprecipitated with the appropriate antibodies overnight at 4°C. The complexes were
then incubated with Pierce™ Protein A/G UltraLink™ Resin (Thermo Scientific, 53133)
for 1 hour at 4°C. Bound DNA was eluted, reverse crosslinked, and purified using the PCR
purification kit (Qiagen, 28106). The antibodies used for ChIP assay were anti-H3K4me3
(Abcam, Cambridge, UK; ab8580, 1:500) and anti-H3 (Abcam, ab1791, 1:500). Using

1% DNA purified after ChIP assay as the template, ChIP-gPCR was performed on a
QuantStudio 7 (Applied Biosystems, Waltham, MA) according to manufacturer’s protocol
to evaluate the protein’s occupancy at the Vegfa promoter region, which was one of the
major peak regions shown in the ATAC-seq. The primers used for the ChIP-qPCR: forward:
5’-CATTTCGCGGTAGTGGCCTA-3’ and reverse: 5’-GAAATCTAGCTCCACCCCCA-3’
for the Vegfa promoter region. The relative abundance was calculated relative to input (N=3/

group).

Cancer Immunol Res. Author manuscript; available in PMC 2022 October 01.
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In vitro compound treatment

Type | PRMT inhibitors (Type | PRMTi), GSK3368712 and GSK3368715, were synthesized
at GSK. To determine the dose effect of Type | PRMTi in interferon-stimulated gene (ISG)
induction, Pan08.13 cells were seeded at 100,000 cells per well and treated with 7.8 nM,
31.3 nM, 125 nM, 500 nM, and 2000 nM GSK3368715 for 6 days. For the rest of /n vitro
treatments, all tested tumor cell lines were treated with either 2 uM GSK3368712 or 2 uM
GSK3368715 for 4 or 6 days. Tumor cells treated with 0.1% DMSO were used as controls.
After treating with Type | PRMTI, cells were co-treated with either 30 pg/mL 2’3’cGAMP
(Invivogen, tlrl-nacga23-02), 1 ug/mL of Poly I:C/LMW LyoVec (Invivogen, tlrl-picwlv) or
1ug/mL of Poly 1:C/HMW LyoVec (Invivogen, tlrl-piclv), 1000 U/mL recombinant human
IFNB (R&D Systems, Minneapolis, MN; 8499-1F-010) or 1.0 ng/mL recombinant mouse
IFNB (R&D Systems, 8234-mb), 100 ng/mL human recombinant human IL29 (IFNA; R&D
Systems, 1598-1L-025) or 10 ng/mL mouse 1L28a (IFNA; R&D Systems, 4635-ML-025),
and 1000 U/mL human recombinant IFNy (R&D Systems, 285-1F-100) or 10 ng/mL
recombinant mouse IFNy (R&D Systems, 485-MI-100).

For the recombinant mouse VEGF treatment, 4 ml of A20 mouse cells was plated in

6-well plates with a density of 2,500 cells/mL and pre-treated with 2 uM GSK3368712 or
0.1% DMSO for 6 days. After treatment, cells were treated in combination with 0 or 10
ng/mL of recombinant mouse VEGF (Gibco, PMG0114) for additional 6 hours, followed
by the treatment of 1000 U/mL of recombinant mouse IFNB (R&D Biosystems, 12400-1).
Cells were lysed with Trizol (Life technologies, Carlsbad, CA; 15596018), and RNA was
isolated using the 96-well Direct-Zol kit (Zymo Research, Irvine, CA; R2055) according to
manufacturer’s protocol.

Gene-specific knockdown by siRNAs

Pan08.13, HupT4, Capan-2, A549, HCC827, and A549 Dual cells were seeded in 6-well
plates at 1x10°, 1x10°, 1.5x10°, 6x104, 1x10°, and 6x10* cells/well, respectively. 24
hours after seeding, cells were transfected with either 25 pmol non-targeting sSiRNA
(Dharmacon, Lafayette, CO; D-001810-10-20), ST/NG-specific siRNA (Dharmacon,
L-024333-02-0005), or cGAS-specific siRNA (Dharmacon, L-015607-02-0005) using
Lipofectamine RNAi Max (Invitrogen, 13778-075), according to manufacturer’s protocols.
24 hours after transfection, cells were treated with either 0.1% DMSO or 2 uM
GSK3368712 for 4 days. DMSO-treated cells were then treated with 500 ng/mL of the
cGAS agonist, G3-YSD (Invivogen, tlrl-ydna), in LyoVec (Invivogen, lyec-1) for 24 hours.

Syngeneic mouse xenograft survival and tumor growth

Single-cell suspensions of Cloudman S91 (5x10° per injection), A20 (3x108 per injection),
EMT6 (1x108 per injection), CT26 (3x10° per injection), and MC38 (5X10° cells per
injection) were delivered subcutaneously in the rear flank of DBA/2N (for Cloudman S91),
BALB/c (for A20, EMT6 and CT26) or C57BL/6 (for MC38) mice. Orthotopic EMT6
tumors were formed by injecting 2.5x10° EMT-6 cells suspended in a volume of 50 uL
RPMI 1640 medium into the mammary fat pad (MFP, right upper udder) by means of a
tuberculin syringe. Couldman S91 and A20 models were carried out at GSK. EMT6 and
CT26 models were carried out by Oncodesign and Charles River Laboratories, respectively.

Cancer Immunol Res. Author manuscript; available in PMC 2022 October 01.
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MC38-related models were carried out at MDACC. All experiments were conducted in a
blind, random manner. Once tumor growth was evident, tumor volumes were measured two
to three times weekly by caliper and calculated based on the following formula: tumor
volume = (Length x Width?)/2. Meanwhile, body weights were measured twice weekly.
The number of days after tumor inoculation was used to plot the survival and tumor

growth curves. Following randomization into study groups (N = 5-10 per group) when

the mean tumor size reached ~ 150-250mm3, animals were orally dosed once daily with

75 mg/kg Type | PRMTi (GSK3368712 or GSK3368715 based on compound availability)
for the PRMTi treatment group 3 weeks of bi-weekly intraperitoneal injection of 10 mg/kg
IgG2a isotype control (BioXcell, Lebanon, NH; BE0089) for the vehicle group, 10 mg/kg
anti-PD-1(BioXcell, BE0146) for the anti-PD-1 treatment group, or both 75 mg/kg PRMTi
orally and 3 weeks of bi-weekly intraperitoneal injection of 10 mg/kg anti-PD-1 for the
combination group. For Cloudman S91 xenografts, after 49 days of treatment, animals were
observed for an additional 49 days post the last dose. On day 99, surviving animals were
re-challenged with 5x10° Cloudman S91 tumor cells in the left flank. For CD8 depletion
studies, male DBA/2N mice bearing Cloudman S91 allografts were randomized into study
groups (N = 10 per group) when the mean tumor size reached ~ 150-250 mm?3 and injected
with 100 pg anti-mouse CD8a. (BioXcell, BE0061) or saline once per week for 4 weeks
during dosing.

To determine the synergistic effects of the combination of type | PRMT inhibition and
anti-PD1 activity, first the relative survival was determined by dividing the percent survival
of each treatment group by 100 at Day 133, Day 100, Day 40, day 60, and day 30

for the Cloudman S91, A20, MC38, EMT6, and CT26 models, respectively. The Bliss
model calculation was employed by determining the relative survival of each combination
concentration based on the relative survival obtained with the single agents according to
the calculation Ea+EH-E&*Eb where E is the effect (relative survival), ais Type | PRMT
inhibitor and & is anti-PD1. The highest over single-agent model (HSA) calculation was
employed by subtracting the observed relative growth inhibition by the most potent growth
effect of either single agent. The difference between the expected and observed from both
models were determined and values =20 were considered to be strong synergy, values
between 10 and 20 were considered synergy, =10 and 10 were additive effect, and values
between —10 and —20 were considered antagonistic.

To determine the /n vivo effect of Type | PRMTi on the function of tumor-reactive CD8* T
cells, an adoptive transfer model was used as previously described (18). Briefly, splenocytes
harvested from pmel-1 TCR/Thy1.1 transgenic mice were cultured in RPMI 1640 medium
with 10% FBS, 100 pg/mL normocin, 250 U/mL hlL2 (Prometheus Laboratories Inc., NDC
Code 65483-116-07), and 0.3 ug/mL anti-mouse CD3 (BD Biosciences, San Jose, CA;
553058). 24 hours after culture, pmel-1 T cells were transduced with retrovirus expressing
optimized firefly luciferase (OFL) fused with GFP, and GFP-positive cells were sorted by a
FACSAria flow cytometer (BD Biosciences) after transduction. Sorted T cells were further
expanded in RPMI 1640 medium with 10% FBS, 100 pg/mL normocin and 250 U/mL hIL2
for adoptive T-cell transfer. 1 x 10° of luciferase-expressing pmel-1 T cells were transferred
into C57BL/6 albino mice bearing MC38/gp100 tumors. Mice were imaged using an VIS
100 system (Xenogen) on day 6, 7, and 14 after T-cell transfer.
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Gene expression analysis

Total RNAs were isolated from cell lines using RNeasy Mini Kit (Qiagen, 74134) according
to manufacturer’s instructions. Both RNA-seq and quantitative real-time PCR (qRT-PCR)
were used to determine the mRNA expression. For the RNA-seq analysis, RNA integrity

of samples from all lung cancer cells and MC38 cells was determined using an Agilent
Bioanalyzer. RNA integrity numbers (RIN) of all tested samples are greater than 8. RINs

of samples from pancreatic cells are unavailable. 100-500ng RNA samples were converted
into cDNA libraries using the Illumina TruSeq Stranded mRNA sample preparation kit
(IMlumina, San Diego, CA; 20020595). Duplicates for each group were used for the RNA-
seq. Samples were sequenced at a depth of 100 million paired-end reads per sample at a 100
base-pair read length by Illumina HiSeq 2500 for Pancreatic cells, Illumina HiSeq 4000 for
MC38 cells and lllumina NovaSeq 6000 for the other samples. Analysis of RNA-seq was
performed as previously described without modification (25). For hallmark gene pathway
analysis, a hypergeometric test of enrichment was used to obtain a set of p values for gene
sets matching differential expression criteria. A gene needed to meet a cutoff of |log2(Fold
Change) | = 1 and an adjusted p-value < 0.05 in a given comparison to be considered for

a hypergeometric test of enrichment. P values were then adjusted for multiple hypothesis
testing using the Benjamini and Hochberg method (24). A cut-off of 5% was used to
determine significance.

Reverse transcription was carried out with 1-2.5 pg of RNA using the High-Capacity

cDNA kit (Applied Biosystems, Waltham, MA; 4368814) or iScript™ Reverse Transcription
Supermix (Bio-Rad, Hercules, CA; 1708840) following manufacturer’s instructions.
Tagman or SYBR-green gRT-PCR was carried out using Fast Tagman master mix

(Applied Biosystems, 4444557) or SsoAdvanced Universal SYBR Green Supermix (Bio-
Rad,1725274), respectively, with 1uA cDNA as the template, and triplicate PCR reactions
were run on an ABI ViiA7 or QuantStudio 7 according to manufacturer’s protocols. The
SYBR-green and Tagman probes were normalized using the housekeeper genes, PP/B
and/or GAPDH, and the average 222Ct values were calculated. Fold-change relative to the
respective control was determined. The information of Tagman gene expression assay Kits
used in this study are summarized in Supplementary Table S2. The primers for mouse Vegfa
expression detection using SYBR-green: forward: 5’-CTGTGCAGGCTGCTGTAACG-3’
and reverse: 5’-GTTCCCGAAACCCTGAGGAG-3’. In the experiments to determine
whether the addition of PRR agonists or IFN synergizes ISG induction by Type | PRMTi,

a gene was considered synergistic if the observed effect was greater than 2-fold and greater
than the product of the combined fold-change of the agonist and Type | PRMTi treatment
(the “expected’ effect). To evaluate the effect of Type | PRMTi on gene expression at
single-cell level, we selected the A549-Dual cell line to represent cells derived from a
single cell clone. The /RSE and NFxB reporters in A549-Dual and A549-Dual-MAVS KO
cell lines were assayed using the Quanti-Luc™ (Invivogen, rep-glc2) and Quanti-Blue™
(Invivogen, rep-gbs), respectively, as described in manufacturer’s protocol, and each reporter
was normalized to cell growth using CellTiter-Glo (Promega, Madison, WI; G8462) as
described in manufacturer’s instructions.
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VEGF ELISA

MC38 cells were seeded in a 6-well plate at a density of 1X10° cells per well and treated
with 0.1% DMSO or 2 pM GSK?3368712 for 6 days. 1X10% treated MC38 cells were
re-seeded into a 96-well plate and cultured overnight in 100 pA fresh growth medium.
Undiluted conditioned media was used to determine VEGF production by tumor cells
using Mouse VEGF Quantikine ELISA Kit (R&D system, MMV00) according to the
manufacturer’s recommendation. The optical density of each sample at wavelengths 450nm
was determined by the SYNERGY HT microplate reader (BioTek, Winooski, VT).

In vitro proliferation assays

Growth inhibition of tumor cells in response to Type | PRMTi was evaluated as previously
described (25). A20, Cloudman S91, CT26, EMT6 were seeded at 31, 500, 62.5, and 125
cells per well, respectively, in 96-well plates. Data were fit with a four-parameter equation
(y = (A+ ((B-A)/(1+(10((C-x)8D))))), where A is the minimum response (Ymin), B is
the maximum response (Ymax): C is the inflection point of the curve (ECsg) and D is the
Hill coefficient) to generate a concentration response curve. glCsgq of Type | PRMTi was
determined. A minimum of two biological replicates were evaluated for each assay.

Cytotoxicity assays and immunophenotyping by flow cytometry

A flow cytometry-based cytotoxicity assay was used. 1X10° MC38/gp100 cells and
Mel2357 cells were pre-treated by 0.1% DMSO or 2 uM GSK3368712 for 6 days.

Treated tumor cells were labeled with CellTrace™ Far Red Cell Proliferation Kit (Thermo
Fisher Scientific, Waltham, MA; C34564) as described in the manufacturer’s protocol and
co-cultured with paired tumor-reactive T cells (pmel-1 T cells were paired with MC38/
gp100 cells, and TIL2357 cells were paired with Mel2357 cells) at 37°C for three hours.
The cells were fixed with Fix/Perm solution (BD Biosciences, 554714) for 20 minutes at
room temperature and stained with PE-conjugated anti-cleaved caspase-3 (BD Biosciences,
550821), an apoptotic marker, in PBS (Corning, 21-040-CV) supplied with 2% FBS.

The percentage of cleaved caspase-3* cells in total labeled tumor cells was assessed by
FACSCanto Il (BD Biosciences) cytometer, and data was analyzed by DIVA software and
FlowJo from BD Biosciences.

To characterize tumor immune microenvironment in Cloudman S91, A20, EMT6, CT26,
and MC38 mouse models, blood, spleen and tumor were harvested from tumor-bearing mice
after 7 days of tumor inoculation and from MC38 tumor-bearing mice after 14 days of tumor
inoculation. Spleens and tumors were excised and placed in RPMI 1640 medium with 10%
FBS on ice until processing. Spleens were mechanically grinded into single-cell suspensions
with the rough end of a syringe plunger rod (BD, Franklin Lakes, NJ; 309626) in 5 mL

of RPMI 1640 medium with 10% FBS. Tumors were manually minced, and single-cell
suspensions were then generated using a tumor dissociation kit (Miltenyi biotec, Bergisch
Gladbach, Germany; 130-096-730), M-tubes (Miltenyi biotec, 130-093-236), and the
Miltenyi Octo-dissociator. The program setting as “m_imp_tumor_02" was used, followed
by a 45-minute incubation at 37 °C, and then the “m-impTumor_03” program was repeated.
Single cell suspensions were then pelleted, washed with PBS, and filtered through a 30 um
pre-separation filter (Miltenyi biotec, 130-041-407). After lysing red blood cells with ACK
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lysis buffer (Gibco, A1049201), samples were incubated with Fc receptor blocking buffer
(Miltenyi biotec, 130-092-575) for 15 minutes at 4°C. Suspensions were stained with LIVE/
DEAD Fixable Aqua Dead Cell Stain (Invitrogen, L34957) and surface marker antibodies
together for 30 minutes at 4°C protected from light, washed, fixed and permeabilized

using the Fixation/ Permeabilization kit (BD Biosciences, 554714; eBioscience, San Diego,
CA,; 00-5523-00), and then stained with intracellular marker antibodies at 4°C for 30
minutes protected from light using BD Fix/Perm solution. The antibodies used for staining
include anti-CD45 (BD Biosciences, 563053), anti-CD3 (TONBO biosciences, San Diego,
CA,; 20-0031-U100; BD Biosciences, 553062), anti-CD4 (eBioscience, 48-0042-82; BD
Biosciences, 550954), anti-CD8 (TONBO bhiosciences, 60-0081-U025; BD Biosciences,
560182), anti-CD25 (eBioscience, 45-0251-82), anti-FoxP3 (eBioscience, 12-5773-82 and
17-5773-82), anti-CD19 (TONBO biosciences, 35-0193-U500; BioLegend, San Diego,
CA,; 115543), anti-CD49B (BioLegend, 108922), anti-NK1.1 (BD Biosciences, 550627),
anti-CD11b (eBioscience, 48-0112-82; BD Biosciences, 561098), anti-CD11c (TONBO
biosciences, 20-0114-U100; BD Biosciences, 560584), and anti-Ki67 (eBioscience, 25—
5698-82 and 11-5698-82), anti-CD103 (BD Biosciences, 560570). An LSRFortessa X-20
(BD Biosciences) and FACSCanto Il cytometers were used for acquisition. Lymphocytes
were gated either by the combination of forward scatter and side scatter or CD45 expression.
CD8* T cells were defined by CD3* CD8*. CD4* T cells were defined by CD3* CD4*, and
Tregs were defined by CD3* CD4* FoxP3*. NK cells were defined by CD3~ CD19~ NK1.1*
or CD3™ CD19~ CD49*. Dendritic cells were defined by CD11b~ CD11c™.

NanoString analysis of Cloudman S91 xenografts

Whole Cloudman S91 tumors were lysed with Trizol, and RNA was isolated using RNeasy
Mini Kit according to manufacturer’s protocol. RNA integrity was determined using an
Agilent Bioanalyzer (Agilent Technologies), and 100ng of RNA (RIN 9.4-10) was used
for assessing immune gene expression by the NanoString nCounter PanCancer Immune
Profiling Panel (NanoString, Seattle, WA; XT-CSO-MIP1-12) according to manufacturer’s
protocol. Data analysis was performed using the nCounter Advanced Analysis Module,
using the default settings in the normalization module. Z-scores of gene expression were
calculated for a set of genes associated with the T cell-inflamed phenotype.

Immunohistochemical analysis of CD8 localization in EMT6 tumors

Orthotopically implanted EMT6 tumors were excised after 7 days of dosing and

embedded in Tissue-Tek® O.C.T. Compound (Sakura, Torrance, CA; 4583), snapped
frozen in isopentane cooled over liquid nitrogen and stored at —80°C, and used for

CD8 immunohistochemistry (IHC). 10-uM sections were treated with peroxidase and
non-specific protein block (Dako, Santa Clara, CA; X0909) and then incubated with anti-
CD8 primary antibody (Abcam, ab23378; 1:250). Goat anti-Rat 1gG (H&L) secondary
antibodies (Immunoreagents, Raleigh, NC; GtxRt-003-E2HRPX) were added to sections,
and CD8 staining was developed using Dako EnVision®+ System-HRP (Dako, K400111-
2). Sections were counterstained using Mayer’s hematoxylin (Abcam, ab220365). Whole
slide digital scans were obtained on the Hamamatsu Nanozoomer (Shizuoka, Japan) at 20x
magnification. Images were scored for CD8 staining at the periphery (< 150 um from tumor
margin), core (> 150 um from tumor margin), and the entire section on a 0-4 scale, where
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0 reflects no CD8 staining and 4 reflects highest CD8 staining. Double-blind scoring was
repeated twice for each image, and the average score was determined.

Statistical analyses

Summary statistics (e.g., mean, standard error of the mean (SEM)) of the data are reported.
Assessments of differences in continuous measurements between two groups were made
using unpaired two-tailed t-test posterior to data transformation (typically logarithmic,

if necessary). Differences in tumor size and gene expression among different treatments
were evaluated using two-way repeated measures ANOVA (analysis of variance). The

Cox Proportional Hazards (Cox PH) method and log-rank test were used to compare
survival between groups. P<0.05 was considered significant. Graph generation and statistical
analyses were performed using Prism software (GraphPad Software) and R software
programming language (V.3.1.0).

Data Availability Statement

Results

The raw data files and analyzed data files from RNA-seq and ATAC-seq have been deposited
in the NCBI GEO database, including 1) GSE161910: RNA-seq and ATAC-seq of murine
tumor cells with or without Type | PRMT inhibitor treatment; 2) GSE126651: RNA-seq of
human tumor cells with or without Type | PRMT inhibitor treatment.

Increased Type | PRMTs associate with an immunologically ‘cold’ tumor microenvironment

To evaluate the relationship between Type | PRMTs and cancer immune evasion and
disease progression, the expression of the six Type | PRMTs was analyzed in tumors

and normal tissues using TCGA and GTEx datasets, respectively. All Type | PRMTs,
except PRMTEand PRMT2, were significantly overexpressed in skin cutaneous melanoma
(SKCM), pancreatic adenocarcinoma (PAAD), and non-small cell lung cancer (NSCLC)
relative to normal tissues (Fig. LA-C). Melanoma patients with high expression of PRMT1
(stratified by the median expression in tumor tissues), displayed significantly reduced
relapse-free survival (RFS, Supplementary Fig. S1A). A weaker association between poor
RFS and increased expression of PRMT3and PRMT4 was found (HR=1.381, p=0.054;
HR=1.635, p=0.056, respectively, Fig. 1D). Tumor samples with low CYT score, an index
of antitumor immunity (29), had increased PRMTI1, PRMTZ2, PRMT3, or PRMT4 mRNA
expression (Supplementary Fig. S1B). Increased expression of PRMTI1 or PRMT4 was
observed in tumors with reduced numbers of tumor-infiltrating immune cells determined by
histopathology analysis (30) (Fig. 1E).

To further examine the effects of Type | PRMTSs on the composition of immune cells in

the TME in human tumors, immune deconvolution analysis by the R package MCP-counter
was performed using bulk RNA-seq data from the TCGA-SKCM cohort. Expression of
PRMTI1 or PRMT4 inversely correlated with tumor infiltration of B cells, T cells, cytotoxic
lymphocytes (CTLs), and natural killer (NK) cells (Fig. 1F). In addition to melanoma,
PRMT1 expression consistently showed a negative correlation with the immune scores
among patients with bladder urothelial carcinoma (BLCA) and PAAD (Supplementary Fig.
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S1C). Taken together, these observations indicate that increased Type | PRMTSs, particularly
PRMT1, associate with an immunologically ‘cold’ tumor microenvironment.

Type | PRMT inhibition promotes immune-stimulated gene expression in cancer cells

To evaluate the involvement of Type | PRMTSs in antitumor immune responses in both
immunogenic and non-immunogenic cancer types, we selected melanoma, lung cancer,

and lymphoma to represent immunogenic tumors, and pancreatic and colon cancers to
represent non-immunogenic tumors. Because both tumor intrinsic and extrinsic mechanisms
contribute to the inflammatory state of the TME (31), gene expression changes induced

by Type | PRMT inhibitors (Type | PRMTi) GSK3368712 or GSK3368715 in a panel of
human lung and pancreatic cancer cell lines were evaluated by RNA-seq. Both compounds
show similar potency against all Type | PRMTSs tested, with minimal activity against

other PRMTs and histone methyltransferases (25). Analysis of gene expression changes
indicated that pathways related to immune signaling were enriched upon treatment with
Type | PRMTi across cell lines representing immunogenic (NSCLC) and non-immunogenic
(PAAD) tumors (Fig. 2A). Specifically, hallmark gene pathways for interferon (IFN)
signaling were significantly altered in 10 of 15 cell lines analyzed, with most genes showing
increased expression with Type | PRMTi treatment (Fig. 2A; Supplementary Fig. S2A). In
Panc08.13 cells, Type | PRMTi induced high CXCL10expression at both 4 and 6 days, with
a dose-dependent induction of gene expression (Supplementary Fig. S2B-C).

Induction of ISGs in tumors associates with better immune infiltration and response to
immunotherapy (32,33). In addition to IFNs present in the TME, ISG induction can occur
through the activation of pattern recognition receptors (PRRs) on tumor cells in response
to evolutionarily conserved hallmarks of bacterial or viral infection (34) or cytosolic self-
DNA due to genomic instability in cancer (35). To functionally investigate whether PRR
activation contributed to ISG induction by Type | PRMTi, siRNAs were utilized to test

the requirement of DNA sensing pathways in a series of human pancreatic and non-small
cell lung cancer cell lines (Supplementary Fig. S2D). Type | PRMTi treatment upregulated
the expression of I1SGs, including CXCL10and /SG54, whereas knockdown of STING, a
component of the DNA sensing pathway, significantly suppressed the expression of ISGs in
tumor cells (Supplementary Fig. S2E). Knockdown of either ST/NG or cGAS diminished
the induction of ISGs or reporter gene activity by Type | PRMTi to near baseline levels

in all tested human cancer cell lines (Fig. 2B; Supplementary Fig. S3A-H). In contrast,
knockout of mitochondrial anti-viral signaling protein (MAVS), a critical component of the
dsRNA sensing pathway, had no effect on ISG induction or reporter gene activity by Type

| PRMTi in A549-Dual KO reporter cell line (Supplementary Fig. S3I1-J). Knockdown of
STING or cGAS decreased basal expression of ISGs in tumor cells (Supplementary Fig.
S2E, Supplementary Fig. S3G), suggesting that Type | PRMT activity may function to
suppress intracellular responses to cytosolic DNA. To determine whether the correlation of
PRMT1 expression with clinical outcome and immune score was independent on STING
expression, we stratified patients in TCGA-SKCM cohort into four groups based on the
median expression of PRMT1and STING. Significantly shorter RFS was observed in
patients with high PRMT1 expression than those with low PRMT1 expression, regardless
the STING expression (Supplementary Fig. S4A). The inverse correlation between PRMT1
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expression and tumor lymphocyte infiltration was also independent of S7T/NG expression
(Supplementary Fig. S4B).

To determine whether inhibition of Type | PRMTs in cancer cells could enhance the
induction of ISGs by immune stimuli encountered by tumor cells in the TME, the effect
of Type | PRMTi on ISG induction in human pancreatic and lung cancer lines and mouse
cell lines were systematically examined using the addition of PRR agonists or interferons.
Although the magnitude and number of changes in response to treatment varied among
tested human and mouse cell lines, synergistic effects on ISG induction were observed

by combining Type | PRMTi with all immune stimuli tested (Fig. 2C—F, Supplementary
Fig. S5). Addition of 2’3’-cGAMP produced the most robust induction of gene expression
with Type | PRMTi across cell lines, with the significant synergistic effects observed in
NCI-H1975, HupT4, and A20 (Fig. 2E-F). These observations suggest that inhibition of
Type | PRMT activity can further stimulate gene expression induced by interferon signaling.

Type | PRMT inhibition downregulates expression of VEGF in cancer cells

To understand the mechanistic effects of Type | PRMT inhibition on gene expression,

the global chromatin accessibility and transcriptional profile of tumor cells after treatment
with Type | PRMTi were assessed using ATAC-seq and RNA-seq, respectively. Although
global changes induced by Type | PRMTi were limited, both chromatin accessibility and
MRNA expression of 23 genes were significantly changed after Type | PRMTi treatment
(Fig. 3A). Among them, a 19% decrease in chromatin accessibility at the Vegfa promoter,
together with lower VegfamRNA, were observed (Fig. 3A). Beyond its angiogenic role,
VEGF can promote an immunosuppressive TME and repress activity of T cells (4,36).
Quantitative real-time PCR (gQRT-PCR) validated that VEGFA expression decreased by
25% or more in 7/8 human and 3/5 mouse cancer cell lines upon Type | PRMT inhibitor
treatment (Fig. 3B). To validate the ATAC-seq results, ChIP assays using antibody against
the transcriptional activation marker, methylated histone H3 (H3K4me3), were performed
to determine H3K4me3 modification on the promoter region of Vegfa. Occupancy of
H3K4me3, but not histone H3, at Vegfa promoter region was reduced after Type | PRMT
inhibition (Fig. 3C), further confirming that Vegfawas less transcriptionally active in Type
| PRMTi-treated tumors. Consistent with this decrease in mRNA, reduced secretion of
VEGF was detected by ELISA in the media from MC38 mouse colon cells treated with
Type | PRMTi (Fig. 3D). Together, these data indicate that Type | PRMT inhibition alters
chromatin accessibility at the Vegfa promoter region and decreases Vegfa expression.

VEGF signaling is reported to repress transcriptional activation of the interferon response
(37), so the effect of Type | PRMTi on ISG induction could be secondary to the suppression
of VEGF. However, amplification of 1SGs by Type | PRMTi in murine tumor cells was

not attenuated by adding exogenous recombinant mouse VEGF, and decreases in VEGFA
expression by Type | PRMTi were not affected by knockdown of cytosolic DNA sensing
components in human tumor cells (Supplementary Fig. S6A-B). These data indicate that
inhibition of Type | PRMT activity results in decreased VEGF expression and secretion from
cancer cells through a mechanism that does not require cytosolic DNA sensing components,
nor does VEGF impair Type | PRMTi mediated 1SG induction. Moreover, the expression
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of PRMT1, the degree of ISG induction, or decrease in VEGFA expression in cell lines do
not correlate with sensitivity to GSK3368715 (Supplementary Fig. S6C), suggesting that the
immunomodulatory effects of Type | PRMT inhibition are distinct from the mechanisms of
growth inhibition.

Type | PRMTs regulate the rate-limiting steps of T cell-mediated antitumor immune

responses

ISGs and VEGFA expression changes induced by Type | PRMTi in cancer cells suggest the
capacity of PRMTs to modulate the two rate-limiting steps of T cell-mediated antitumor
immunity: T-cell trafficking to tumors and T cell-mediated cell killing. To evaluate the effect
of Type | PRMTi on the trafficking of T cells into tumors, an established adoptive T cell
transfer (ACT) mouse model (18) was used to visualize the localization of tumor-reactive

T cells following addition of a Type | PRMT inhibitor (Fig. 4A). Although this model is
based on gp100-expressing MC38 (MC38/gp100), a carcinogen-induced colorectal cancer
cell line, MC38 tumor cells have been reported to display more immune-related features of
human melanoma cells, such as the expression of MHC molecules and cytokine production
(18). Our previous genome-wide immune screen using MC38 cells revealed the contribution
of PRMT1 to immune resistance (38), further supporting the selection of this model to
evaluate the /n vivo effect of Type | PRMTi on T-cell function. Based on transferred

T-cell luciferase intensity, treatment with Type | PRMTi significantly increased trafficking
of tumor-reactive T cells into tumor tissues on day 6 and day 7 after T-cell transfer (Fig.
4B-C).

To further examine the relationship between Type | PRMT activity and antitumor immunity,
the impact of Type | PRMT inhibition on sensitizing tumor cells to T cell-mediated killing
was evaluated in cancer cell lines /n vitro. Mouse MC38/gp100 cells were pre-treated

with Type | PRMTi for 6 days, and then co-cultured with pmel-1 T cells expressing a
gp100-specific T-cell receptor. Co-culture with pmel-1 T cells increased apoptosis in tumor
cells treated with Type | PRMTi relative to DMSO controls (Fig. 4D). Pretreatment of
patient-derived melanoma cells (Mel2357 cells) with Type | PRMTi enhanced the sensitivity
of tumor cells to apoptosis by autologous tumor-reactive T cells (T1L2357 cells) (Fig. 4E).
Together with our previous studies demonstrating that inhibiting VEGF can improve tumor
trafficking of T cell /n vivo (4) and that upregulating ISGs in tumor cells can sensitize
tumors to T cell-mediated killing /n vitro (5), these results indicate that Type | PRMT
inhibition can enhance key steps of T cell-mediated antitumor responses by induction of 1ISG
and reduction of VEGF.

Type | PRMT inhibition enhances the efficacy of anti-PD-1 in immunocompetent tumor

models

To determine whether inhibition of Type | PRMT activity could contribute to the
establishment of a TME favoring T cell-mediated antitumor activity, the efficacy of Type

I PRMTi was evaluated in multiple syngeneic tumor models. Although derived from various
tissue types, these models have been suggested to better represent a range of different TMEs,
rather than their histology of origin (39). Therefore, we used these models to represent
varying degrees of responsiveness to checkpoint blockade and, by extension, antitumor
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immune activity. /n vitro Type | PRMT inhibition demonstrated minimal anti-proliferative
activity against a panel of mouse cancer cell lines, suggesting these cell lines do not have
intrinsic sensitivity to Type | PRMTi (Supplementary Fig. S7A; Supplementary Table S3).
Although Cloudman S91 cells showed limited sensitivity to Type | PRMT inhibition /n
vitro, Type | PRMTi alone significantly increased survival of mice bearing subcutaneous
Cloudman S91 melanoma allografts (Fig. 5A). Survival benefit was reduced when CD8*
T cells were depleted, with 0/10 animals surviving beyond day 25 (p=0.086; Type |
PRMTi-treated versus Type | PRMTi-treated with CD8* T-cell depletion), suggesting that
the efficacy of Type | PRMTi in this model is dependent on cytotoxic CD8* T cells. This
is consistent with our previous findings observed in mice bearing PRMT1-knockout tumors
(38).

To determine if this activity could be further potentiated by immune checkpoint blockade,
the antitumor efficacy of Type | PRMTi was evaluated in combination with anti-PD-1

in multiple subcutaneous, syngeneic tumor models. Although efficacy of single-agent anti-
PD-1 or Type | PRMTi varied between models, the best responses to Type | PRMTi

alone were observed in mice bearing Cloudman S91 tumors, with other models showing
little to no treatment effect on tumor growth or survival (Fig. 5B-G, Supplementary Fig.
S7B-E). However, combination treatment significantly extended survival of tumor-bearing
mice and delayed tumor growth in Cloudman S91, A20, and MC38 tumor models (Fig.
5B-G). Combining Type | PRMTi with anti-PD-1 suppressed /in vivo growth of EMT6

and CT26 tumors, with limited effect on survival of tumor-bearing mice (Supplementary
Fig. STB-E). No significant changes in body weights or other health-related signs were
observed in the tumor models or in the three strains of mice (C57BL/6, DBA/2N and
BALBI/c) (Supplementary Fig. S7TF-H). To determine whether the effects of the combination
treatment on survival were synergistic, we estimated additivity using both the bliss and HSA
approaches as descried in the method section. Although these approaches are typically used
for /n vitro combination studies where ranges of concentrations can be evaluated, they have
been applied to clinical data, where doses are more limited (40). Combined treatment with
Type | PRMTi and anti-PD-1 significantly extended survival in each model relative to either
single agent, and to a greater degree than would have been predicted by an additive effect of
the two agents (Fig. 5H). Responding animals remained tumor-free beyond the completion
of dosing, demonstrating a durable effect (Supplementary Fig. S8A). In the Cloudman S91
model, animals that were tumor-free for 7 weeks after the final dose of Type | PRMTi were
re-challenged with Cloudman S91 tumor cells injected on the opposite flank of the original
inoculation. Tumors failed to grow in 4/4 mice previously treated with Type | PRMTi,
whereas tumor growth occurred in 5/5 naive mice (Supplementary Fig. S8B), suggesting
Type | PRMTi-induced immune memory against Cloudman S91 tumors.

To understand which immune cell types may be participating in Type | PRMT inhibition to
modulate antitumor immunity, we performed flow cytometric and transcriptomic profiling
of the periphery and tumors in syngeneic tumor models. Type | PRMTi treatment led

to significant increases in intratumoral total (CD3™) T cells in 3 of the mouse models

and increased intratumoral cytotoxic (CD8*) T cells in two models (Fig. 6A-B). Of note,
significant T-cell responses in the A20 and MC38 models is consistent with the significant
synergistic antitumor effect of Type | PRMTi and PD-1 checkpoint blockade. Regulatory
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T cells (Tregs) were significantly increased in the Cloudman S91 and MC38 models,
whereas Tregs remained unchanged in A20 and CT26 models (Fig. 6C). NK cells were
only significantly increased in the Cloudman S91 model (Fig. 6D). In addition to changes
within the tumor, dendritic cells (DCs) were significantly increased in the peripheral blood
of mice bearing Cloudman S91 and A20 tumors (Supplementary Fig. S9A-B). In tumors,
only Cloudman S91 showed a significant increase in DCs, whereas DCs were decreased

in the A20 model, which had the lowest proportion of DCs among the 4 models analyzed
(Supplementary Fig. S9B-C). Type | PRMTi had no detrimental effects on the proliferation
of either CD4* T cells, CD8" T cells, or DCs in the MC38 model (Supplementary Fig. S10).
Together, inhibition of Type | PRMT activity has the potential to increase T cell-mediated
antitumor immune responses.

To relate efficacy /n vivoto gene expression changes /n vitro, the effects of Type | PRMT
inhibition on ISG induction and Vegfa expression in cell culture were compared to the
efficacy of the Type | PRMTi and anti-PD-1 combination in mouse models for each cell
line (Supplementary Fig. S11). The A20, Cloudman S91, and MC38 models had the highest
synergy for ISG induction and/or greatest decreases in V&gfa expression and the most
durable responses. In contrast, the CT26 and EMT6 models exhibited the lowest survival
and lowest response to the Type | PRMTi in the context of both ISG synergy and Vegfa
decrease. These results underscore the involvement of ISG induction and Vegfa suppression
in enhanced antitumor immune responses by Type | PRMTi.

A study has identified a predictive gene expression signature of clinical response to anti-
PD-1 therapy, including a set of genes associated with the T cell-inflamed phenotype

(41). Genes in this signature include T-cell markers and genes related to IFN+y pathway
activation. Given the effect of Type | PRMTi at inducing ISG expression and reducing
VEGF production /n vitro, we determined whether expression of this gene set would be
affected /n vivo. Using the NanoString platform, the expression levels of a panel of mouse
orthologous to the human genes in the T cell-inflamed gene signature were higher in
Cloudman S91 tumors with Type | PRMTi treatment relative to tumors from vehicle-treated
mice (Fig. 6E). Vegfaexpression was decreased in Type | PRMTi-treated Cloudman S91-
bearing mice, consistent with previous /7 vitro results (Fig. 6E). Together, the increased
expression of a T cell-inflamed signature and VEGF reduction, along with increased T-cell
number in tumors, indicate that Type | PRMTi modulates these known biomarkers predictive
of clinical response to PD-(L)1 inhibition.

Type | PRMT inhibition increases T-cell infiltration into the core of T cell-excluded tumors

Mechanisms that restrict T cells to the tumor periphery are a major source of resistance

to immune checkpoint blockade in human patients across multiple tumor types, including
melanoma and NSCLC (32). To determine whether Type | PRMTi can potentiate a response
to immunotherapy in a T cell-excluded microenvironment, the activity of Type | PRMTi
alone and in combination with anti-PD-1 was evaluated in a mouse model that recapitulates
many of the features of T-cell exclusion. The orthotopically implanted EMT6 breast cancer
model recapitulates many features of an excluded TME, including localization of T cells

to the stromal boundary of the tumor and increased markers of TGFp signaling activity
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(42). Whereas anti-PD-1 had no effect on survival or tumor growth in this model, Type |
PRMTi alone significantly extended survival with one mouse showing a durable regression
(Fig. 7A-B). The combination treatment showed significant improvement over either single
agent, with four animals showing regressions that were durable 2 and 5 weeks after the

final dose of Type | PRMTi and anti-PD-1, respectively (Fig. 7B). To determine effects of
the inhibitor on the TME in this model, the localization of CD8* T cells was evaluated

by immunohistochemistry. T cells in vehicle-treated animals were limited to the tumor
periphery, whereas tumors from Type | PRMTi-treated animals showed a significant increase
of intratumoral CD8* T cells (Fig. 7C-E). Therefore, inhibition of Type | PRMT activity
can promote T-cell infiltration in a model of T-cell exclusion and sensitizes immune resistant
tumors to PD-1 inhibition.

Discussion

Growing appreciation of the importance of aberrant arginine methylation in promoting
tumor growth has resulted in the development of more than 20 inhibitors of PRMT activity
(43). Among them, four PRMT5 inhibitors (JNJ-64619178, GSK3326595, PF-06939999,
and PRT811) and one Type | PRMT inhibitor (GSK3368715) display antitumor activity

in preclinical models and have entered Phase | clinical trials in patients with solid

tumors and hematopoietic malignancies (NCT03573310, NCT02783300, NCT03614728,
NCT03854227, NCT04089449, and NCT03666988). Many oncology agents require
combinations in order to reveal maximal efficacy. In this regard, immune checkpoint therapy
has been transformational, yet many patients do not respond. Here, we further characterized
the immunomodulatory properties of Type | PRMT inhibition that create an environment to
support antitumor immune activity (Fig. 7F). In cancer lines, inhibition of Type | PRMT
activity decreased expression of VEGFA and increased expression of ISGs. Type | PRMTi
treatment also enhanced infiltration and cytotoxic activity of T cells into the TME in
immunocompetent tumor models. Consistent with increased hallmarks of an inflamed TME,
Type | PRMT inhibition reduced tumor growth /in vivoin a T cell-dependent manner, and
combination with PD-1 inhibition produced synergistic activity and durable responses in
multiple models. In addition to subcutaneous tumor models, Type | PRMT inhibition led

to robust combination activity in a model refractory to anti-PD-1, in which T cells are
restricted to the tumor periphery (42). The pro-inflammatory changes and activity observed
in this diverse range of TME reflected by these subcutaneous and orthotropic models suggest
that Type | PRMT inhibition can overcome numerous barriers to antitumor immunity. Our
previous genome-wide CRISPR/cas9-based immune screen led to the discovery of PRMT1
as a tumor intrinsic factor governing immune resistance (38). Because PRMT1 catalyzes
more than 80% of cellular asymmetric dimethylarginine modification (ADMA) of proteins
(44), these studies further confirm a link between dysregulated Type | PRMT activity and
immunosuppressive mechanisms within the TME.

ISG expression in human cancers correlates both with T-cell infiltration and clinical benefit
to anti-PD-1 (41). Therapeutics that increase the expression of ISGs are considered a viable
strategy for combination with anti-PD-1, particularly in patients that have an insufficient
antitumor immune response. ISGs comprise a set of molecules that stimulate adaptive
immunity, including T-cell chemoattractants and components of the antigen processing
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and presentation machinery. ISGs can be activated both directly by STING and TLR9
agonists, and indirectly through induction of DNA damage and subsequent activation of
STING/cGAS DNA sensing pathways (i.e. radiation, chemotherapy, and PARP inhibitors).
Both mechanisms are currently an area of active investigation in multiple clinical trials

(45). Inhibition of Type | PRMTs increased basal expression of 1ISGs in cancer cells, which
was predominantly dependent upon the DNA sensors STING and cGAS. This dependence
indicates that Type | PRMTs may either directly regulate components of the DNA sensing
signaling pathway or increase cytosolic DNA. Although arginine methylation of STING or
cGAS has not been reported, a number of Type | PRMT substrates are involved in the DNA
damage response, and a subset of these have been proposed to participate in the sensing of
cytosolic DNA, including MRE11, HNRPA2B1 and DNAPK (46). Changes in asymmetric
arginine methylation on these proteins may increase cytosolic DNA by compromising DNA
repair activity, or sensitize their activity as DNA sensors to potentiate detection of basal
cytosolic DNA. Beyond increasing basal expression of STING-dependent genes in cancer
cells, Type | PRMTi amplified transcriptional responses to cytosolic DNA and dsRNA
sensing pathways and interferons. The amplification effect of Type | PRMT inhibition was
most pronounced upon stimulation of the DNA sensing pathway, but synergistic effects were
achieved in combination with other stimuli, and the extent was variable among cell lines.
This may be due to basal responsiveness of a cell line to each stimulus, both in number

of genes and magnitude of transcriptional effect, and whether additional increases may be
achieved by a combination. A similar priming effect has been described for deficiency of the
ATM DNA damage response kinase, where increased DNA damage activates cytosolic DNA
sensing and subsequently enhances responses to a number of PRR and TLR stimuli (47).
Because these represent stimuli that cancer cells may encounter in the TME, Type | PRMT
inhibition can potentiate multiple nodes important for 1ISG induction and offer the potential
to prime the TME for responding to anti-PD-1.

In addition to ISG modulation, Type | PRMT inhibition reduced expression of the pro-
angiogenic and immunosuppressive cytokine, VEGF. In the TME, VEGF can suppress

an antitumor immune responses through inducing exhaustion of effector T cells (48) and
inhibiting the activation and maturation of antigen-presenting DCs (49). VEGF can expand
immunosuppressive immune cell populations in the TME, including Tregs and myeloid-
derived suppressor cells (MDSCs)(50). Similar to Type | PRMTI, inhibiting the VEGF
signaling axis increases T-cell infiltration and efficacy when combined with anti-PD-1 in
preclinical models (50), and VEGF inhibitors are currently being evaluated with anti-PD-1
in numerous clinical trials (6). Combinations of anti-PD-1 with inhibitors of VEGFR kinase
activity have shown benefit in early phase trials and appear greater than what would be
predicted by the additive effect of each agent acting through independent mechanisms (6).
These data support VEGF modulation as an approach to increasing the clinical activity

of immune checkpoint inhibition and suggest that Type | PRMT inhibition may provide a
novel strategy of engaging both VEGF and innate immune signaling pathways in cancer
cells to promote an inflamed TME. Together, Type | PRMT inhibitors represent a class of
agents that act pleiotropically to engage multiple nodes of tumor inflammation, producing a
synergistic effect to sensitize patients to immunotherapy.
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In addition to tumor intrinsic mechanisms, systemic Type | PRMT inhibition may influence
the inflammatory state of the TME through other mechanisms, including direct effects on
the function of immune cells within the TME. For example, PRMT1 activity has been linked
to Th17 and Treg differentiation (51). Complicating the understanding of the molecular
mechanisms by which Type | PRMT activity modulates the inflammatory state of the TME
are hundreds of substrates and thousands of splicing changes induced by Type | PRMTi

in cancer cell lines (25). Notably, these widespread alterations in arginine methylation

and splicing may themselves produce novel, immunogenic peptides (52). Although these
drug-induced immunogens would only be present in the presence of sufficient compound,
their induction could lead to antigen spreading and lead to production of long-lasting
immunological memory. Additional studies are required to evaluate the contribution of these
mechanisms to the immunomodulatory effects of Type | PRMT inhibition.

Type | PRMT inhibition modulates a number of biomarkers associated with antitumor
immunity and clinical response to PD-1 inhibitors, including increasing ISG expression and
T-cell number within the TME. In the cancer types for which anti-PD-1 is approved, these
biomarkers associate with better individual responses to PD-1 inhibition (53). Therefore,
inhibition of Type | PRMT activity may increase the overall responses to PD-1 inhibition in
these tumor types. Likewise, Type | PRMT inhibition may be utilized in tumor types where
combinations of PD-1 and VEGF inhibitors have produced responses, with the added benefit
of Type | PRMTi increasing I1SG expression and T-cell infiltration. Type | PRMTi increased
localization of T cells into the tumor core of an anti-PD-(L)1-resistant model, where T cells
were restrained at the tumor periphery. This immune-excluded microenvironment accounts
for a substantial proportion of human tumors, where it associates with lower response rates
to PD-(L)1 inhibitors (32). Therefore, Type | PRMT inhibition may provide a mechanism

to overcome clinically relevant barriers of resistance to immunotherapy and sensitize tumors
with refractory microenvironments to immune checkpoint blockade. Collectively, Type |
PRMT inhibition is a promising therapeutic strategy to extend the transformative benefit of
immune checkpoint inhibitors to a larger patient population.
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Synopsis

Type | PRMT inhibition can override tumor immune evasion mechanisms and sensitize
tumors to immune checkpoint blockade (ICB). The data highlight and provide support for
the combination of Type | PRMT inhibition and ICB to enhance antitumor responses.
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Fig. 1: Association of Typel PRMT expression with clinical outcome and immune char acteristics
in melanoma patients.

A-C, Comparison of the expression of Type | PRMTSs between the tumor tissues and normal
tissues in (A) skin cutaneous melanoma (SKCM, 469 tumor samples and 557 normal
samples), (B) pancreatic adenocarcinoma (PAAD, 179 tumor samples and 167 normal
samples) and (C) non-small cell lung cancer (NSCLC, 1013 tumor samples and 288 normal
samples) from the TCGA and GTEx databases respectively. Fold-changes (FC) for the mean
of each PRMT in tumors versus normal tissues and -Log1g p values are shown. Statistical
significance for panels A-C was determined by the empirical Bayes moderated t-statistics
test implemented in the limma package. D, Correlation of Type | PRMT expression with
relapse-free survival in melanoma patients from the TCGA-SKCM cohort. Patients were
stratified in two groups based on the median expression of each Type | PRMT gene. Hazard
ratios (HRs) and -Logq p values of relapse-free survival for patients with different PRMT
expression were calculated by Cox Proportion Hazards Regression analysis. E, Comparison
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of Type | PRMT expression in melanoma patients (TCGA-SKCM) with varying tumor
immune infiltration, determined by the lymphocytic infiltration score (L score) based on
pathological assessment of immune cell abundances at the tumor site. Fold-changes for the
mean of each PRMT between melanoma patients with high (L>3, N=130) and low (L<3,
N=198) L scores and -Log1g p values are shown. Statistical significance was determined

by the empirical Bayes moderated t-statistics test implemented in the limma package. F,
Correlation of Type | PRMT expression with different immune signature score. Bulk RNA-
seq data from the TCGA-SKCM cohort were used to determine the association between
Type | PRMT expression and immune cell components at tumor site. Statistical significance
was determined by Pearson correlation. Values of Pearson correlation coefficient (/) and p
values are shown.
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_Fig:é: Induction of interferon stimulated genes (1SGs) in cancer cell lineswith Typel PRMT
Inhibition.

A, Heatmap of genes in the IFN-y response pathway in the indicated tumor cell lines with/
without Type | PRMTi treatment. Tumor cells were treated with 0.1% DMSO or 2 pM

Type | PRMTi for 4 days. RNA-seq was used to determine gene expression. Log,-fold
differential expression of genes was plotted. B, Human Panc08.13 pancreatic tumor cells
were transfected with either pooled non-targeting control (NTC) or pooled S7T/NG-specific
SiRNAs (siST/ING), and transfected cells were then treated with either 0.1% DMSO or 2 uM
Type | PRMTi for 6 days. Treatment with 24 hours of cGAS (G3-YSD, 500 ng/mL) agonist
was served as positive control. qRT-PCR was used to determine the expression of CXCL10
or /SG54 in treated tumor cells (N=2). C-D, Type | PRMTi, PRR agonists, and interferon
effects on CXCL10and /SG54 expression in tumor cells. (C) Human A549 lung cancer cells
and (D) mouse A20 lymphoma cells were treated with 0.1% DMSO or 2 uM Type | PRMTi
for 6 days with/without 24-hour exposure to PRR agonists or interferons. qRT-PCR was
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used to determine the expression of CXCL10and /SG54 in treated tumor cells (N=2). Open
circles: predicted additive effect of the combination treatment. E-F, Heatmap of percentage
of ISGs’ synergistic effects with Type | PRMTi and PRR agonists or interferons in a panel

of (E) human and (F) mouse cell lines. Cells were treated with 0.1% DMSO or 2 uM Type

I PRMTi for 6 days with/without 24-hour exposure to PRR agonists or interferons. The
percentages of 1ISGs synergistic for the combination of Type | PRMTi with individual PRR
agonist were calculated based on the expression of ISGs induced by the indicated treatment.
All data are presented as mean£SEM. N indicates number of biological replicates for each
group. Three technical replicates were performed for each biological replicate. P values were
calculated by student’s 2-tailed t-test; *p<0.05, **p<0.01; ***p=<0.001; ****p<0.0001.
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Fig. 3: Reduction of VEGFA mRNA in tumorswith Typel PRMT inhibition.
A, VENN diagrams showing the overlap of significantly changed genes revealed by ATAC-

seq or RNA-seq in Type | PRMTi-treated MC38 tumors. MC38 cells were treated with 0.1%
DMSO or 2 uM Type | PRMTi for 4 days. Chromatin and RNA were harvested for ATAC-
seq and RNA-seq, respectively. The p value of peak difference between DMSO and PRMTi
groups in ATAC-seq was calculated by negative binomial model implemented in DESeq?2.
Statistical significance for RNA-seq analysis was determined by the empirical Bayes
moderated t-statistics test implemented in the limma package. Genes whose chromatin
accessibility and expression were significantly changed by Type | PRMTi treatment (p<0.05)
were selected for the analysis. B, Type | PRMTi effects on VEGFA mRNA in human and
murine cancer cell lines. Fold-change of VEGFA expression was determined by qRT-PCR in
cell lines treated with 0.1% DMSO or 2 uM Type | PRMTi for 6 days (N=2). N indicates
number of biological replicates for each group. Three technical replicates were performed
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for each biological replicate. C, Abundance of tri-methylation of histone H3K4 (H3K4me3)
at the Vegfa promoter region with Type | PRMT inhibition. MC38 tumor cells were treated
with 0.1% DMSO or 2 uM Type | PRMTi for 4 days. The occupancy of H3K4me3 and

H3 at the major peak region within the Vegfa promoter region shown in the ATAC-seq

was determined by ChIP-qPCR. The relative abundance was calculated relative to input
(N=3). Mouse Vegfagene structure and the relative enrichment in each treatment group were
shown. Short blue bar: Vegfa promoter region corresponding to the ChIP-gPCR products
(-1156/ —1054 bp from transcription start site, TSS). D, Production of VEGF by tumors
treated with Type | PRMTi. MC38 cells were treated with either 0.1% DMSO or 2 uM Type
| PRMTi for 6 days. Treated cells were re-seeded and cultured overnight in fresh medium.
VEGEF in conditioned media was measured by ELISA (N=4). All data are presented as
mean+SEM. At least two independent experiments were performed for all the assays except
RNA-seq and ATAC-seq. P values were calculated by student’s 2-tailed t-test for panels
B-D; *p=<0.05, **p=<0.01; ***p<0.001; ****p< 0.0001.
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Fig. 4: Enhanced T cell-mediated antitumor activity with Typel PRMT inhibitor treatment.
A, Schematic of the adoptive transfer model to evaluate the trafficking of tumor-reactive T

cells in tumors. Luciferase-expressing pmel-1 T cells (1x106) were transferred into C57BL/6
albino mice bearing MC38/gp100 tumors (N=4-5). A DC vaccine and IL-2 treatment were
administered. Either vehicle or Type | PRMTi (75 mg/kg/day) was orally administrated after
T-cell transfer until the end of experiment. Luciferase intensity at the tumor sites was used to
determine the trafficking of transferred tumor-reactive T cells. B, Representative images and
quantitative imaging analysis showing the luciferase intensity of transferred T cells at tumor
sites 6 days after T-cell transfer. Quantification was performed as the average of photon flux
within region of interest (ROI). C, Time course of quantitative imaging analysis of tumor
trafficking of transferred T cells. D-E, Type | PRMTi treatment increased sensitivity to T
cell-mediated Killing /n vitroin (D) mouse MC38/gp100 tumor cells and (E) patient-derived
melanoma Mel2357 cells. MC38/gp100 and Mel2357 tumor cells were pretreated with 0.1%
DMSO or 2 uM Type | PRMT:i for 6 days, re-seeded in fresh culture medium, followed

by co-culture with pmel-1 T cells or autologous T cells (TIL2357), respectively. Tumor

cell apoptosis was determined by the percentage of cleaved caspase-3* tumor cells (N=3).
All data are presented as means£SEM. Statistical significance was determined by student’s
2-tailed t-test (for panels B, D and E) or two-way repeated measures ANOVA (for panel C).
*p<0.05, **p<0.01; ***p=<0.001.
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Fig. 5: Typel PRMT inhibitor treatment synergizeswith PD-1 inhibition in murine
subcutaneous tumor models.

A, Survival curves of tumor bearing mice in response to Type | PRMTi and CD8 depletion
treatment. C57BL/6 mice bearing established Cloudman S91 tumors were treated with
vehicle, Type | PRMTi, vehicle with CD8 depletion, or Type | PRMTi with CD8 depletion
(N=10). B-D, Survival curves for (B) Cloudman S91, (C) A20, or (D) MC38 tumor models
treated with vehicle, Type | PRMTI, anti-PD-1, or combination Type | PRMTi and anti-
PD-1 (N=5-10). E-G, Average tumor volumes in multiple models: (E) Cloudman S91,

(F) A20, and (G) MC38 for animals from (B-D) (N = 5-10). H, The evaluation for the
synergistic effect of combination with Type | PRMTi and anti-PD-1 treatment (see Methods
for calculation). All data are presented as mean+SEM. For all the tumor models, Type |
PRMTi was orally administrated at a dose of 75 mg/kg once per day. Statistical significance
was determined by log-rank test (for panels A-D) or two-way repeated measures ANOVA
(for panels E-G); *p<0.05, **p<0.01; ***p<0.001; ****p<0.0001.
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Fig. 6: Typel PRMT inhibitor treatment increasestheinfiltration of CD8* T cellsinto tumor
tissues.
A-B, Percentage of (A) CD3* T cells and (B) CD8* T cells in Cloudman S91, A20,

MC38 and CT26 tumor models. Mice were treated with vehicle or Type | PRMTi (N=5).

C, Percentage of FoxP3* T cells within the CD4* T-cell population in Cloudman S91,

A20, MC38 and CT26 tumor-bearing mice treated with vehicle or Type | PRMTi (N=5).

D, Percentage of NK cells in Cloudman S91, A20, MC38 and CT26 tumor-bearing mice
treated with vehicle or Type | PRMTi (N=>5). Representative gating strategy is shown in
Supplementary Figure S12. Individual values and mean of each group are plotted. Statistical
significance was determined by student’s 2-tailed t-test. *p<0.05, **p<0.01; ***p<0.001;
****n<0.0001. E, Z-scores of gene expression associated with the antitumor activity of
PD-1 inhibition in Cloudman S91 tumors treated with Type | PRMTi. For all the tumor
models, Type | PRMTi was orally administrated at a dose of 75 mg/kg once per day for 7-14
days.
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Fig. 7: Typel PRMT inhibitor synergizeswith anti-PD-1 treatment to inhibit tumor progression
in a murine orthotopic tumor model.

A-B, Mice bearing EMT®6 orthotopic tumors were treated with vehicle, Type | PRMTi,
anti-PD-1, or the combination of both agents (N=10). (A) Individual growth and (B)
survival curves are shown. Type | PRMTi was orally administrated at a dose of 75 mg/kg
once per day. Statistical significance was determined by log-rank test. C, Representative
images of CD8 immunohistochemistry (IHC) on EMT6 orthotopic tumors from (A). D-E,
Localization CD8" T cells in the tumor core (D) and periphery (E) for animals in (A).

The score was determined using the CD8 IHC results (N=5). All data are presented as
mean+SEM. Statistical significance was determined by student’s 2-tailed t-test. *p<0.05,
**p<0.01; ***p<0.001. F, The tumor intrinsic and extrinsic immunomodulatory effects of
Type | PRMT inhibition. High Type | PRMTSs associate with an immunosuppressive state,
characterized by lower tumor inflammation (right). Left, global changes to monomethylation
(MMA), asymmetric and symmetric dimethylation (ADMA, SDMA, respectively) induced
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by Type | PRMT inhibition have broad effects on splicing and transcription (dashed arrows).
Interferon-stimulated genes (ISGs) are potentiated by Type | PRMT inhibition, promoting
T-cell recruitment and infiltration and a more inflamed tumor microenvironment. Moreover,
Type | PRMTi treatment attenuates the immunosuppressive function of VEGFA by lowering
VEGFA transcript levels.
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