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Abstract
Purpose

Immune checkpoint inhibitors (ICIs) alone or in combination with chemotherapy can improve the limited efficacy of colorectal
cancer (CRC) immunotherapy. CX-5461 causes substantial DNA damage and genomic instability and can increase ICIs’ therapeutic
efficacies through tumor microenvironment alteration.

Results

We analyzed whether CX-5461 enhances ICIs effects in CRC and discovered that CX-5461 causes severe DNA damage, including
cytosolic dsDNA appearance, in various human and mouse CRC cells. Our bioinformatics analysis predicted CX-5461-based
interferon (IFN) signaling pathway activation in these cells, which was verified by the finding that CX-5461 induces IFN-& and IFN-
B secretion in these cells. Next, cGAMP, phospho-IRF3, CCL5, and CXCL10 levels exhibited significant posttreatment increases in
CRC cells, indicating that CX-5461 activates the cGAS-STING-IEN pathway. CX-5461 also enhanced PD-L1 expression through
STAT1 activation. CX-5461 alone inhibited tumor growth and prolonged survival in mice. CX-5461+anti-PD-1 or anti-PD-L1 alone
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Conclusions

into hot ones.
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exhibited synergistic growth-suppressive effects against CRC and breast cancer. CX-5461 alone or CX-5461+4-anti-PD-1 increased
cytotoxic T-cell numbers and reduced myeloid-derived suppressor cell numbers in mouse spleens.

Therefore, clinically, CX-5461 combined with ICls for CRC therapy warrants consideration because CX-5461 can turn cold tumors
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Introduction

Colorectal cancer (CRC) is a malignancy occurring in the colon and
rectum [1], the prognosis of which is positively correlated with disease stage
at diagnosis. For example, the 5-year survival rates range from 14% to
91% depending on whether it is diagnosed in situ or after metastasis to
other organs [2,3]. CRC treatment options include surgical local excision
or resection of the colon with anastomosis, chemotherapy, radiation therapy,
and targeted therapy [4]. Immunotherapy with different immune checkpoint
inhibitors (ICIs) such as monoclonal antibodies against CTLA-4, PD-1,
and programmed death ligand 1 (PD-L1) is a treatment option for rare
CRC cases, where a tumor mutational burden (TMB) and microsatellite
instability (MSI-H) levels are high [5-7]. André ez al. reported that the
single use of pembrolizumab, a PD-1 antibody, as a first-line therapy for
MSI-H-mismatch repair deficiency (dMMR) metastatic CRC results in a
significantly longer progression-free survival than does chemotherapy with or
without targeted therapy [8]. However, only 10%—15% of patients with CRC
harbor MSI-H, dMMR, or both [9,10]. Several studies have thus evaluated
various ICIs in combination with other modalities including traditional 5-
FU-based regimens, EGFR inhibitors, VEGF inhibitors, radiotherapy, and
even vaccines in the setting of microsatellite stable (MSS) or mismatch repair
protein (MMRp) CRC encompassing the majority of pathology noted in
advanced disease on the basis of the hypothesis that a combination modality
can evoke an immunogenic response enabling effective application of ICIs in
patients with MSS or MMRp tumors [11]. As such, gemcitabine treatment
in vitro has been reported to induce an upregulation of Wilms’ tumor 1
(WT'I) mRNA, PD-L1, and calreticulin (an immunogenic cell death marker)
in primary intrahepatic cholangiocarcinoma cells, cultured from a patient
receiving gemcitabine followed by 5-FU, both combined with dendritic cells
pulsed with WT1 peptides—suggesting that tumor immunogenicity can be
altered by chemoimmunomodulating agents [12].

Pidnarulex (i.e., CX-5461), originally identified as an RNA polymerase I
inhibitor capable of killing B-lymphoma cells selectively in vivo [13], causes
G2-phase arrest and induces apoptosis in acute lymphoblastic leukemia cells
by activating the canonical ATM/ATR pathway as well as by suppressing
primary TERT-immortalized human foreskin fibroblast (BJ-T) proliferation
by activating the noncanonical ATM/ATR pathway [14,15]. Notably, when
combined with everolimus, CX-5461 can improve the survival of Epu-
Myc lymphoma-bearing mice considerably by inducing nucleolar stress and
p53 pathway activation [16]. The significant survival advantage in both
p53WT and p53null leukemic mice treated with CX-5461 is attributable
to the activation of the checkpoint kinases 1/2, aberrant G2/M cell-cycle
progression, and myeloid differentiation induction in leukemic blasts. CX-
5461 can reduce both the leukemic granulocyte—macrophage progenitor and
leukemia-initiating cell populations and suppress their clonogenic capacity
[17]. CX-5461, used as a G-quadruplex stabilizer, causes severe death in

homologous recombination (HR) and nonhomologous end joining (NHE])—
deficient cancer cells by blocking replication forks and inducing ssDNA gaps
or breaks [18]. CX-5461 also induces DNA damage checkpoint activation
and G2-M arrest with increased levels of y H2AX staining in ovarian cancer
cell lines as well as patient-derived xenografts, with an enhanced effect on
chemoresistant cells [19]. A phase I dose-escalation study demonstrated
that CX-5461 is safe a selective rDNA transcription inhibitor, exhibiting
antitumor activity against advanced hematologic cancers [20]. By contrast
with these findings, CX-5461 has also been demonstrated to exert its
primary cytotoxic effect through topoisomerase II poisoning in various cancer
cells [21,22]. Combination treatment with CX-5461 and talazoparib, a
poly (ADP-ribose) polymerase (PARP) inhibitor, is effective against HR-
proficient tumors unsuitable for monotherapy with PARP inhibitors [23].
A phase 1b clinical trial focused on determining the tolerable dose of CX-
5461 for patients with various solid tumors with BRCA1/2, PALB2, or
HRD mutations is underway (NCT04890613). Notably, ovarian cancer cell
treatment with CX-5461 can cause cytosolic double-stranded (ds) DNA
accumulation and type I interferon (IFN) production by activating the innate
immune pathway cyclic GMP (cGMP)-AMP synthase (cGAS)-stimulator
of interferon genes (STING)-TBK1-IRF3 [24]. In this study, we examined
whether CX-5461 alone has direct cytotoxic effects on various human and
mouse CRC cells and whether CX-5461 can induce type I IFN expression
via the cGAS-STING-TBKI-IRF3 pathway. We determined whether the
addition of CX-5461 enhances the therapeutic efficacy of two immune
checkpoint inhibitors, namely anti-PD-1 and anti-PD-L1, in a Balb/c-CT26
murine CRC model.

Material and methods

Compound

CX-5461 [2-(4-Methyl-[1,4]diazepan-1-yl)-5-oxo-5H-7-thia-1,11b-
diaza-benzo[c]fluorene-6-carboxylic acid (5-methyl-pyrazin-2-ylmethyl)-
amide] was procured from Senhwa Biosciences. /nVivoMAb antimouse
PD-L1 (B7-H1) was purchased from BioCell (catalog# BE0101).

Cell culture

HT-29 and DLD-1 human colon adenocarcinoma cells and CT26 mouse
colon and 4T1 mouse breast carcinoma cells were maintained in RPMI-1640
medium supplemented 10% fetal bovine serum (FBS), 100 U/mL penicillin,
100 pg/mL streptomycin, and 25 pg/mL amphotericin B (PSA, Biological
Industries, USA) at 37°C in 5% CO,.
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Flow cyrometry

After treatment without or with CX-5461 for 24 h, the cells were
detached and resuspended in RPMI medium containing the Alexa Fluor
647 Anti-Calreticulin (EPR3924, ab196159). After incubation at 4°C for
1 h, flow cytometry was applied to identify the subpopulations with surface
translocation of calreticulin in each sample (FACSCanto, BD).

Comet assay

Cells (8 x 10°) seeded in p60 dishes were treated with or without 10
pM CX-5461 for 24 h before being scraped, collected, and resuspended in
phosphate-buffered saline (PBS) at a density of (1-3) x 10° cells/mL. In total,
50 pL of cell-containing LMAgarose was layered on a frosted glass slide; this
was followed by electrophoresis at 21 V for 20 min. The cells on the slides
were stained with Protech DNA dye for 1 h at a 1:10000 dilution and then
observed under a fluorescent microscope.

Western blotting

Cells were lysed at 4°C in RIPA buffer supplemented with protease and
phosphatase inhibitors. Total lysates (containing 30 pg of protein) were
separated through sodium dodecyl sulfate polyacrylamide gel electrophoresis
and then transferred onto PVDF membranes (Millipore, Bedford, MA,
USA). After they had been blocked with 5% nonfat milk, the membranes
were probed with specific antibodies [y H2AX, Millipore #05-636-I; p-IRF-
3 (ser396), Invitrogen #70012; IRF-3, Cell Signaling #4302; STING, Cell
Signaling #13647; NF-« B, Cell Signaling #8242; p-NF-«B (ser536), Cell
Signaling #3033; Lamin A/C, Genetex #GTX101127; p-STAT1 (Try701),
Cell Signaling #9167; STAT1, Santa Cruz #sc-417; PD-L1, Genetex
#GTX104763, Abcam #ab269674; B-actin, Millipore #MAB1501] at 4°C
overnight and then incubated with the horseradish peroxidase-conjugated
secondary antibody for 1 h. All signals were visualized using the ECL-Plus
detection kit (PerkinElmer Life Sciences, Boston, MA, USA).

Quantitative reverse transcription polymerase chain reaction

Reverse transcription was performed using 3 pg of total RNA with
a reverse transcriptase by using a ¢cDNA kit from Invitrogen, and real-
time and quantitative polymerase chain reaction (PCR) was performed
using primers designed for mRNA sequences to assess expression of
MYC (forward: 5-CCTGGTGCTCCATGAGGAGAC-3’' and reverse:
5'-CAGACTCTGACCTTTTGCCAGG-3"), CAV1  (forward: 5'-
CCAAGGAGATCGACCTGGTCAA-3" and reverse: 5-GCCGTCAAAA
CTGTGTGTCCCT-3), IFIT1 (forward: 5-GCCTTGCTGAAGT
GTGGAGGAA-3' and reverse: 5'-ATCCAGGCGATAGGCAGAGATC-
31, IFIT2 (forward: 5-GGAGCAGATTCTGAGGCTTTGC-3' and
reverse: 5'-GGATGAGGCTTCCAGACTCCAA-3'), IFIT3 (forward: 5'-
CCTGGAATGCTTACGGCAAGCT-3" and reverse: 5-GAGCATCTGA
GAGTCTGCCCAA-3), PLAAT4 (forward: 5-GCAGGAACTGTGA
GCACTTTGTC-3 and reverse: 5'-GCAACAACCAGGATTCCAAGCG-

3), CDKNIA (forward: 5-AGGTGGACCTGGAGACTCTCAG-
3" and reverse: 5-TCCTCTTGGAGAAGATCAGCCG-3’), PD-L1
(human) (forward: 5-TGCCGACTACAAGCGAATTACTG-3' and

reverse: 5'-CTGCTTGTCCAGATGACTTCGG-3') and PD-L1 (mouse)
(forward: 5-TGCGGACTACAAGCGAATCACG-3" and reverse: 5'-
CTCAGCTTCTGGATAACCCTCG-3'). Cycling conditions for real-time
PCR included an initial denaturation cycle at 95°C for 15 min followed by
40 amplification cycles of 95°C for 15 s, 60°C for 60 s, and a final extension
at 72°C for 30 sec followed by melting curve analysis with SYBR Green dye
(Invitrogen).

Enzyme-linked immunosorbent assay

HT-29, DLD-1, and CT-26 cells were seeded in a 24-well plate in
the absence or presence of 5 ptM CX-5461. After incubation at 37°C for
0, 3, 6, 12, 18, and 24 h, the culture media were collected, and the
concentrations of type I IFNs were determined using the following enzyme-
linked immunosorbent assay (ELISA) kits: IFN-o (human), R&D # 41100-
1; IFN-a (mouse), R&D # 42120-1; IFN-B (human), R&D # DIFNBO;
IFN-B (mouse), R&D # MIFNBO. To analyze other cytokines, cells were
seeded in the absence or presence of 1 and 5 pM CX-5461 for 48 h.
Next, the culture media were collected, and the concentrations of TNF-c,
IL-6, and CXCL10 were measured using the following ELISA kits: R&D
#DTA00D, R&D #D6050, and R&D #DIP100, respectively. To measure
cGAMDP, the cells were collected and resuspended in RIPA buffer. After
centrifugation, the cGAMP levels in the supernatant were determined using
a 2/,3'-Cyclic GAMP ELISA Kit (ArborAssay #K067-H1). The results were
calculated using an online tool provided from MyAssays (www.myassays.com/
arbor-assays-detectx-2- 3- cyclic-gamp-cia-kit.assay).

Cytosolic dsDNA detection

Immunofluorescent staining was performed to detect and analyze
cytosolic dsDNA. HT-29, DLD-1, and CT-26 cells were seeded onto
coverslips precoated with poly-D-lysine (Sigma-Aldrich, P6407) and then
treated with or without 10 pM CX-5461 for 24 h. Next, the coverslips were
fixed with 4% cold-paraformaldehyde, permeabilized using permeabilization
buffer (0.1% Tween 20 and 0.01% Triton-X in PBS), and then blocked
with PBS containing 1% BSA, 0.1% Tween 20, and 2.25% glycine.
The coverslips were subsequently incubated with an anti-dsDNA (abcam,
#ab27156, 1:1000) at 4°C overnight before being incubated with a
rhodamine-conjugated rabbit secondary antibody (Jackson ImmunoResearch
#211-295-109). Nuclei were then stained with DAPI. The coverslips were
subsequently mounted with Flouromount-G (SouthernBiotech #0100-01)
and then photographed using a charge-coupled device camera (CoolSNAP
HQ2, Photometrics) mounted on an Olympus BX50 microscope by using
Metaview.

Animal study

All animal experiments were performed in accordance with a protocol
approved by the Academia Sinica Institutional Animal Care and Utilization
Committee. To assess the growth-suppressive effects of CX-5461 alone, ICI
alone, and their combinations against CRC, 1 x 10° CT-26 cells were
resuspended in 100 pL of PBS and subcutaneously injected into male BALB/c
mice (aged 6 weeks and weighing 20-25 g). When the tumors grew to
30 mm?, randomization was initiated for different treatments. The mice
were equally divided among four groups—namely vehicle (twice per week,
intraperitoneal injection), PD-L1 (200 pg twice per week, intraperitoneal
injection), CX5461 (50 pg/kg twice per week, intraperitoneal injection), and
CX5461+4PD-L1. The volume of the tumors and body weight of the mice
were measured weekly. Tumor masses were harvested after 5 weeks.

4T1 tumor cells were maintained in vitro in a monolayer culture in RPMI-
1640 medium supplemented with 10% fetal bovine serum at 37°C under 5%
CO;. Cells in their exponential growth phase were harvested and counted for
tumor inoculation. Each mouse was inoculated in the right flank with 3 x 10°
4T1 tumor cells in 0.1 mL of PBS for tumor development. The date of tumor
cell inoculation was denoted as day 0. The randomization was initiated when
the mean tumor size reached approximately 80-120 mm?. In total, 61 mice
were enrolled in the efficacy study.
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Microarray and in silico analyses

Microarray analysis was performed as described previously [25]. In brief,
total RNAs were extracted from the HT-29 and DLD-1 cells after they were
treated with low-dose (1 pM) or high-dose (10 uM) CX-5461 for 18 h
and then reverse-transcribed into cDNAs. Affymetrix human U133 2.0 plus
arrays were then performed, and the chips were scanned. Gene expression
levels were normalized next and used to generate log2 values. The genes that
exhibited a more than twofold change in expression were analyzed using
Ingenuity Pathway Analysis (IPA; Qiagen, Valencia, CA, USA). We have
uploaded the profile, GSE201899, to the GEO website (https://www.ncbi.
nlm.nih.gov/geo/query/acc.cgitacc=GSE201899).

Statistical analysis

All data are presented as means & standard deviations (SDs). Student’s
¢ test was applied to compare the differences between the experimental and
control groups. A p value of <0.05, <0.01, and <0.005 indicated statistical
significance.

Results

CX-5461 causes DNA damage and the appearance of cytosolic dsDNA
in CRC cells

Because CX-5461 induces DNA damage in various cancer cells [24], we
assessed whether this drug causes DNA damage in CRC cells by examining
the levels of y H2AX, a hallmark of dsDNA breaks after CX-5461 treatment.
A dose-dependent increase in y H2AX levels was observed in the human HT-
29 and DLD-1 and in the mouse CT26 cells after they were treated with
various concentrations of CX-5461 (Fig. 1A). We also performed the comet
assay, frequently used to detect DNA damage at the single-cell level; the length
of the comet tails increased considerably in all three cell lines after treatment
with 10 pM CX-5461 for 24 h (Fig. 1B). We next determined whether
this drug induced the appearance of cytosolic dsSDNA, a key component of
antitumor immune response [26], in these cells through immunofluorescence
staining with an anti-dsDNA antibody. Perinuclear signals representing the
dsDNA molecules were detected in three CRC cell lines only after treatment
with CX-5461 (Fig. 1C). Because certain DNA-damaging drugs enhance the
cross-presentation of tumor antigens by dendritic cells (DCs) characterized
as immunogenic cell death (ICD) [27,28], we examined whether CX-
5461 stimulates the release of some damage-associated molecular patterns.
Flow cytometry demonstrated that CX-5461 treatment increased surface
calreticulin levels in HT-29 and CT26 cells (Fig. 1D). Taken together,
our data demonstrate that CX-5461 causes DNA damage, including the
leakage of nuclear DNA into the cytosol and the cell surface translocation
of calreticulin, a hallmark of ICD.

CX-5461 activates production of type I interferon and its signaling
pathway

To investigate the potential signaling pathways involved in the effects
of CX-5461, we performed a microarray analysis for HT-29 and DLD-1
cells to establish the transcriptomic datasets. After the treatment of cells
with low (1 pM) and high (10 pM) doses of CX-5461 for 18 h, cDNA
samples were hybridized on Human Genome U133 Plus 2.0 Array chips
(Fig. 2A & supplementary table). After normalization, we selected probes
with a >2.0-fold change in the 1 or 10 pM group compared with that in
the controls for further prediction through IPA (Fig. 2B). Our core analysis
indicated promising activation of type I or Il interferons (IFNs) and the IFN
signaling pathways (Fig. 2C). Notably, the genes encoding several common

downstream mediators of IFNA2 and IFNB1, including MYC, CAV, IFIT1,
IFIT2, IFIT3, PLAAT4, and CDKNIA (p21), were identified through core
analysis (Fig. 2D); MYC downregulation and CDKN1A upregulation in CX-
5461-treated HT-29 and DLD-1 cells were identified through RT-qPCR—
consistent with the IPA prediction (Fig. 2E). To ensure that CX-5461 induces
type I IFN production in CRC cells, we used ELISA to measure the amounts
of IFN-o and IFN- in HT-29 and CT26 cell culture media after they were
treated with 5 ptM CX-5461 for various periods. Even though the kinetics of
IFN induction by this drug were dissimilar, particularly at later timepoints,
in two cell lines, we detected significant increases in both IFN-« and IFN-8
levels in these cells (Fig. 2F). These results demonstrate that the production of
type I IFN and its downstream signaling pathway in both human and mouse
CRC cells are activated by CX-5461 treatment.

cGAS-STING-IRF3 pathway in CRC cells is activated by CX-5461

treatment

Numerous studies have reported that type I IFN production can be
triggered by the cGAS-STING pathway, which is crucial in the immune
response stimulated by cytosolic dsSDNA [29-31]; therefore, we examined
whether CX-5461 treatment induces cGAMP production. A significant
increase in the cGAMP level in HT-29 cells was observed 1 to 6 h after
drug treatment (Fig. 3A). Because IRF3 and NF-« B are the key transcription
factors responsible for driving the expression of type I IFN and other
proinflammatory cytokine genes, respectively, after STING activation [32],
we examined whether CX-5461 treatment activates IRF3 in CRC cells.
Significant increases in active IRF3 (phospho-Ser 396) levels in HT-29, DLD-
1, and CT-26 cells were detected after treatment with 5 pM CX-5461 for >18
h (Fig. 3B). Active NF-« B levels in total lysates and nuclear NF-«B levels in
HT-29 and DLD-1 cells treated with and without 5 pM CX-5461 for 24
h were analyzed. Neither p-NF-«B levels in total lysate nor those of nuclear
NF-«B were affected after CX-5461 treatment (Fig. 3C & D). These results
suggest that IRF3 but not NF-«B in CRC cells was activated by CX-5461.
To confirm this speculation, ELISA was performed to analyze the levels of
CCL5 and CXCL10—two chemokines whose genes are IRF3 downstream
targets—as well as TNF-o and IL-6—two cytokines whose genes are NF-« B
downstream targets—in HT-29 and DLD-1 cells after treatment with various
CX-5461 concentrations. Although considerable increases in CCL5 levels
were detected in both the cell lines, significant elevation in CXCL10 levels was
noted in only HT-29 cells (Fig. 3E). By contrast, significant increases in TNF-
« and IL-6 levels were observed in neither of the cell lines. Taken together,
these data indicate that CX-5461 treatment induces IRF-3-mediated gene
expression by activating the cGAS-STING pathway.

CX-5461 induces PD-L1 expression in CRC cells through STAT1
activation

The IFN/JAK/STAT pathway plays critical roles in PD-L1 expression
(33], where type I IFNs induce the JAK1/TYK2-mediated phosphorylation
of STAT1 on the tyrosine residue 701 (Tyr701). This results in the
formation of STAT1-STAT1 homodimers, which translocate to the nucleus
and bind GAS (IFN-y-activated site) elements to initiate the transcription
of numerous genes, including PD-L1 [34-36]. We observed that CX-5461
treatment activates the expression of type I IFNs as well as their downstream
signaling in CRC cells; therefore, we analyzed the status of STAT1 in these
cells after drug treatment. Our results demonstrate that the levels of p-STAT1
(Tyr701) in three CRC lines were considerably elevated 32-48 h after drug
treatment (Fig. 4A). Because IFN induces PD-L1 expression by activating
STAT1 and STAT?3 as well as their downstream target, IRF1, in melanoma
cells [37], we next examined the protein levels of PD-L1 in HT-29 and DLD-
1 cells after treatment with CX-5461 for 24 and 48 h. We detected a dose-
dependent increase in the protein levels of PD-L1 in the cells treated with
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Fig. 1. CX-5461 causes DNA damage in colorectal cancer cells. a Total lysates (30 pug) from HT-29, DLD-1, and CT26 cells were treated with 0, 1, 5, and 10
1M CX-5461 for 24 h and then subjected to Western blot analysis using anti-y H2AX as the probe. 8-Actin was used the loading control. b Comet images of
the HT-29, DLD-1, and CT26 cells treated with or without 10 uM CX-5461 for 24 h, stained with Protech DNA dye, and then observed under a fluorescent
microscope (magnification: 200 x). ¢ Immunofluorescent staining of dsDNA (red) and nucleus (DPAL blue) in the HT-29, DLD-1, and CT26 cells treated
with or without 10 uM CX-5461 for 24 h. Photographs were taken using a fluorescent microscope (magnification: 200 x). Scale bar=50um. d Relative
expression levels of calreticulin in each cell type after the administration of different CX-5461 dosages were measured through flow cytometry after the cells
were incubated simultaneously with the APC-conjugated anticalreticulin. The quantitative results are presented as the mean &= SD from three independent
experiments. *p < 0.05 and **p < 0.01, compared with untreated cells, Student’s t test.
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untreated cells at 0 h, Student’s ¢ test.
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CX-5461 (Fig. 4B). Subsequently, we demonstrated that PD-L1 mRNA levels
in the two human CRC cell lines and CT26 cells were significantly elevated
after treatment with 5 pM CX-5461 for 48 h (Fig. 4C). Taken together, our
data suggest that CX-5461 induces PD-L1 expression by activating the cGAS-
STING-IFN-STAT1 pathway in CRC cells.

In vivo tumor growth suppressive effects of CX-5461 alone and its
combination with an ICI on CT26 and 4T1 cells

To assess the in vivo antitumor effects of CX-5461 alone as well as its
combination with ICI, BALB/c mice bearing syngeneic CT26 tumors were

used as the models. When tumor volume was 30 mm?, mice were randomized
into groups (n = 4) for different treatments (Fig. 5A). Our results indicate
that the growth of CT26 (Fig. 5B) as well as their final weight (Fig. 5C)
were considerably suppressed by the respective treatments of CX-5461 and an
antimouse PD-L1 antibody (an ICI) alone. The highest therapeutic efficacy
was detected in mice receiving CX-54614-anti-PD-L1. No significant change
in body weight was observed in all the groups (Fig. 5D), suggesting that the
dosage (50 pgrkg) of CX-5461 used here was well tolerated. To confirm these
findings, a similar syngeneic tumor mouse model was applied with two main
modifications: (1) higher dose of CX-5461 (62.5 mg/kg/week) administered
intravenously and (2) anti-PD-L1 replaced by anti-mPD-1 (10 mg/kg, twice
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a week, intraperitoneal injection) for 4 weeks. The respective treatment with
CX-5461 and anti-PD1 alone significantly prolonged mouse survival, and
a much longer survival was observed in animals receiving the combination
therapy (Fig. 5E). These data suggest that CX-5461 not only has a direct
growth-suppressive effect on CRC but also can synergize with both anti-PD-
1 and anti-PD-L1 antibodies against this malignancy.

To assess whether CX-5461 alone can inhibit the in vivo growth of other
cancer types as well as whether its combination with an ICI demonstrated
synergism, BALB/c mice bearing syngeneic 4T'1 breast tumors were selected
as models. Tumor growth was inhibited by the treatments with CX-5461
alone, anti-PD-1 alone, and their combination (Fig. 6A). Consistent with
our findings, the combination of CX-5461 and mPD-1 antibody exhibited
stronger inhibition. In addition, no considerable body weight loss was
observed in these animals, further suggesting the safety of a high dose
(62.5 mg/kg) of CX-5461. To examine whether these treatments affected
the composition of immune cells, which might be associated with their
therapeutic effects in the major lymphoid organ, we first analyzed the T-
cell composition in the spleens of mice after various treatments. Notably,
the numbers of CD3", CD4", CD8", activated CD8", and even Treg
cells considerably increased after treatments with CX-5461 alone and CX-
54614anti-PD-1. However, the effects of the combined treatment were
similar to those of CX-5461 alone (Fig. 6C), suggesting that CX-5461
activates the cell-mediated immune system in tumor-bearing mice. By
contrast, the populations of myeloid-derived suppressor cells (MDSCs)
were significantly decreased by CX-5461 alone and CX-5461+anti-PD-1
(Fig. 6D).

Taken together, our data demonstrate that CX-5461, by activating
the cGAS-STING-IFN-STAT1-PD-L1 pathway, enhances the antitumor
immune response in the tumor microenvironment, resulting in an improved

efficacy of ICI therapy in CRC (Fig. 7).

Discussion

Surgery remains the primary option for patients with CRC; however, in
patients with unresectable CRC, chemotherapy, radiation, targeted therapy,
or a combination thereof may be administered before or after resection
[38,39]. For instance, conventional chemotherapeutic drugs such as 5-
fluorouracil (5-FU) with folic acid (leucovorin) and oxaliplatin (FOLFOX)
or irinotecan (FOLFIRI) or capecitabine plus oxaliplatin (XELOX) could
be combined with monoclonal antibodies against VEGF (bevacizumab) or
EGFR (cetuximab or panitumumab) as first-line therapies for patients with
unresectable metastatic CRC [40-44]. However, these regimens have several
side effects and limitations, which must be resolved during the treatment
course.

Immune checkpoint inhibition using antibodies against CTLA-4 or the
PD-1/PD-L1 axis may be effective in the treatment of various malignancies.
However, regardless of the cancer type, the response rates for the single
treatment with these ICIs are relatively low except in patients with specific
biomarkers such as MSI-H, TMB, and PD-L1 tumor proportion score
[45,46]. Similarly, a clinical study revealed that high somatic mutation loads
were associated with prolonged progression-free survival in both CRC and
non-CRC patients receiving pembrolizumab (an anti-PD1 antibody) [47].
In addition, the results of a clinical trial suggested that nivolumab (an anti-
PD1 antibody) plus low-dose ipilimumab (an anti-CTLA-4 antibody) is a
promising treatment option for patients with dAMMR/MSI-H Mcrc [48].
However, only approximately 5% of patients with mCRC have MSI-H or
dMMR tumors [9]; hence, increasing the response rate of the remaining
major CRC patients to immunotherapy is necessary.

We examined the feasibility of combining various ICIs with CX-5461,
a novel anticancer drug with G-quadruplex stabilizing activity, because it
can block replication forks and induce ssDNA gaps or breaks, which can
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be repaired by the Breast Cancer gene (BRCA) and nonhomologous end
joining (NHE]) pathways [18], in CRC therapy. We noted that CX-5461
treatment induced significant increases in several critical DNA damage
markers including y H2AX and comet tail length as well as cytosolic dsDNA
appearance in both human and mouse CRC cells (Fig. 1). In silico analysis
of the microarray data then predicted the activation of IFNs and their
downstream target genes in CRC cells treated with CX-5461 (Fig. 2A-D),
which was confirmed by ELISA and RT-qPCR analyses, respectively (Fig. 2E
& F). Taken together, these findings suggest that CX-5461 treatment activates
the cGAS-STING pathway in CRC cells; this postulation is supported by the
increases in cGAMP and active IRF3 levels in various CRC cells after drug
treatment (Fig. 3A & B). By contrast, our results (Fig. 3C-E) do not support
the activation of the NF-« B pathway by CX-5461 in CRC cells. Regarding
the downstream mediator of type 1 IFN, we noted the activation of STAT1
and PD-L1, one of its well-known target genes, (Fig. 4). Because PD-L1
expression is one of three predictive biomarkers approved by the US Food and
Drug Administration for anti-PD-(L)1 therapies in patients with advanced
NSCLC, we performed animal experiments to examine the antitumor
effects of CX-5461 alone, anti-PD-1 or PD-L1 antibody alone, and the
combinations of CX-5461 and either ICI. Notably, the suppressive effects of
CX-5461 alone on tumor grown from both CT26 and 4T1 cells were even
more substantial than those of either antibody alone. The highest antitumor
efficacies were detected in mice receiving the combination therapies (Figs. 5
& 6), which might be attributable to the robust increase in PD-L1 levels in
tumor cells after CX-5461 treatment (Fig. 4). To explain the highly effective
in vivo antitumor effect of CX-5461 alone, we analyzed the numbers of
various immune cells in the spleen of mice under different treatments. Our
results demonstrate that CX-5461 alone as well as its combination with anti-
PD1 antibody but not the antibody alone significantly increased the numbers
of various T-cell types (CD3*, CD4™, regular and activated CD8%, as well as
regulatory T cells) in the spleen of mice. In addition, considerable decreases
in the numbers of MDSCs were observed in the spleen of mice receiving
CX-5461 alone and CX-5461+anti-PD1 (Fig. 6C & D). Taken together,
our results demonstrate that CX-5461 can kill CRC (and other tumor) cells
directly through various mechanisms as well as indirectly by activating the
cGAS-STING-IFN pathway and then triggering STAT1-mediated PD-L1
expression; this may enhance the therapeutic efficacies of available IClIs.
Hence, this study provides strong evidence supporting the inclusion of CX-
5461 in cancer immunotherapy.
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