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A select group of patients with hepatocellular carcinomas (HCC)
benefit from surgical, radiologic, and systemic therapies that include
a combination of anti-angiogenic and immune-checkpoint inhibi-
tors. However, because HCC is generally asymptomatic in its early
stages, this not only leads to late diagnosis, but also to therapy
resistance. The nucleoside analogue 6-thio-dG (THIO) is a first-in-
class telomerase-mediated telomere-targeting anticancer agent. In
telomerase expressing cancer cells, THIO is converted into the
corresponding 5'-triphosphate, which is efficiently incorporated
into telomeres by telomerase, activating telomere damage responses

Introduction

Hepatocellular carcinoma (HCC) is the most common primary
malignant tumor of the liver and is the third leading cause of cancer-
related deaths including a low 5-year survival rate and limited ther-
apeutic options (1, 2). Although early-stage patients with HCC receive
therapies with curative intent such as liver resection, radiotherapy, and
liver transplantation, patients with advanced-stage liver cancer almost
universally develop recurrence or metastases within 5 years even after
first- and second-line therapies (3, 4). For many years, the commonly
used therapeutic regimens for advanced HCC in clinical practice has
been targeted therapies based on tyrosine kinase inhibitors such as the
multi-kinase inhibitor sorafenib, anti-angiogenic drugs, radiotherapy,
and other chemotherapies. However, these treatments are character-
ized by low response rates, high recurrence rates, and low overall
survival (5).

HCC is considered an immunogenic tumor, containing infiltrating
tumor-specific T-cell lymphocytes and other immune cells (6). In
recent years, application of immune checkpoint inhibitors (ICI) such
as programmed cell death protein 1 (PD1), programmed cell death
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and apoptotic pathways. Here, we show how THIO is effective in
controlling tumor growth and, when combined with immune
checkpoint inhibitors, is even more effective in a T-cell-
dependent manner. We also show telomere stress induced by THIO
increases both innate sensing and adaptive antitumor immunity in
HCC. Importantly, the extracellular high-mobility group box 1
protein acts as a prototypical endogenous DAMP (Damage Asso-
ciated Molecular Pattern) in eliciting adaptive immunity by THIO.
These results provide a strong rationale for combining telomere-
targeted therapy with immunotherapy.

ligand 1 (PDL1), and cytotoxic T lymphocyte antigen 4 (CTLA-4)
mAbs against immune regulatory checkpoints have partially improved
treatment of solid tumors including HCC (7, 8). Because pembroli-
zumab and nivolumab (anti-PD1 humanized antibodies) have shown
efficacy in a subset of relapsed and refractory patients with HCC who
previously received sorafenib, these two drugs were approved by the
FDA as a second-line treatment. However, objective response rates
remained relatively low for nivolumab and pembrolizumab (9, 10).
Patients who fail to respond to immune monotherapy search for new
therapeutic strategies to improve the effect of immunotherapy against
HCC. The combination of atezolizumab (PDL1 inhibitor) and bev-
acizumab (angiogenic inhibitor) has been one of the most successful
treatments to date and currently is approved by the FDA as a first-line
treatment for patients with unresectable HCC (5, 11-13). However,
even with these advances less than 30% of patients have durable
remissions and often become resistant to these therapies.

Antigen-presenting cells (APC) such as dendritic cells (DC), macro-
phages, and Langerhans cells mediate the cellular immune response by
processing and presenting antigens for recognition by lymphocytes
such as natural killer (NK) cells, B cells, and T cells. DCs are considered
an important APC with a vital role in the activation of immune
system (14). Adaptive antitumor immunity is highly dependent on
innate immunity. Innate immunity, as a first host immune barrier, can
sense non-self-material by various pattern recognition receptors such
as cytosolic DNA sensors (15, 16). Formation of cytosolic chromatin
fragments and micronuclei are the source of cancer cell-derived DNA
that is taken up by DCs. This tumor-derived cytosolic DNA activates
cyclic GMP-AMP (cGAMP) synthase-stimulator of IFN genes (cGAS-
STING) pathway. Cytosolic dsDNA directly binds to ¢cGAS and
catalyzes the production of cGAMP, which eventually stimulates the
conformation change of the STING molecule. This activates TANK-
binding kinase 1 (TBK1), phosphorylates IFN regulatory transcription
factor 3 (IRF3), and stimulates type I IFN expression in cancer cells or
DCs, initiating innate anticancer immunity (17-21). Type I IFN
signaling is essential to the cross-priming of tumor-specific T cells
by activating DCs (22, 23).
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Small molecules that cause tumor cell death may activate innate
sensing pathways or target other immunosuppressive factors in the
tumor microenvironment to trigger antitumor immunity. Therefore,
combining immunotherapy with small molecules may induce stronger
antitumor effects and achieve increased long-term patient survival
(24). Recently, we reported that 6-thio-2’deoxyguanosine (6-thio-dG,
also known as THIO), a telomerase-mediated telomere targeting
agent, is preferentially incorporated into de novo synthesized telomeres
by telomerase and causes rapid telomere uncapping, which further
induces telomere-associated DNA damage in cancer cells (25). Addi-
tionally, 6-thio-dG (THIO) overcomes targeted-therapy and chemo-
therapy resistance in advanced preclinical lung cancer models (26).
Since telomerase is overexpressed in ~85% of tumors, but remains
silent in normal cells, telomerase is a highly attractive, almost uni-
versal, target to develop new anticancer drugs (27-29). Modified
nucleoside analogues that target cancer telomeres such as 6-thio-dG
(THIO) are a new therapeutic approach in preclinical/clinical studies.
We have recently shown that damaged DNA fragments induced by
6-thio-dG (THIO) are taken up by DCs and trigger the cGAS-STING
pathway and enhance adaptive immune responses in preclinical
studies of colon and lung cancer (30). Moreover, sequential admin-
istration of 6-thio-dG (THIO) with anti-PDL1 reduces tumor burden
compared with THIO monotherapy by enhancing innate sensing and
adaptive immunity (30).

In this study, we evaluated THIO to determine its therapeutic
effects in vitro and in vivo together with ICIs in preclinical models
of liver cancer. Our results provide an experimental rationale for a
potentially new HCC treatment approach based on the adminis-
tration of a telomere targeting agent in sequential combination with
ICI. This approach represents a different paradigm for treatment
of telomerase-positive tumors, based on the dual mechanism; di-
rectly killing tumor cells and activating innate sensing pathways
or reversing the immunosuppressive microenvironment to enhance
the therapeutic effect of immunotherapies. This strategy could result
in broad therapeutic effects of modified THIO analogues in advanced
telomerase-expressing tumors.

Materials and Methods

Cell lines

HCC53N murine liver cancer cells (new cell line, FVB background,
RRID: IMSR_JAX:001800) were grown in a Medium X (DMEM:199,
4:1; Hyclone) supplemented with 10% cosmic calf serum (Hyclone).
The Hep55-1C cell line (RRID: CVCL_5766) was kindly provided by
Tim Greten (NIH). Hep55-1C murine liver cancer cells (C57BL/6
background) were grown in DMEM with 4.5 g/L glucose and sodium
pyruvate without L-glutamine (Corning, Catalog No. 15-013-CV)
supplemented with 2 mmol/L L-glutamine (Corning, Catalog No. 25—
005-CI) and 10% FBS. Hepl1C7 murine liver cancer cells (C57BL/6
background) were kindly provided by Hao Zhu (UTSW). Hep1C7 cells
were grown in DMEM supplemented with 10% FBS. RIL175 cells
(RRID: CVCL_B7TK) were grown in DMEM (Corning, Catalog No.
15-013-CV) supplemented with 10% FBS, 1% non-essential amino
acids (NEAA; Cyagen, Catalog No. NEAA-10201-50), and 1% sodium
pyruvate (Gibco, Catalog No. 11360-070). Huh7 (RRID: CVCL_0336)
and Hep3B cells (RRID: CVCL_0326) were grown in DMEM (Gibco,
Catalog No. 11965-092) supplemented with 10% FBS (Gibco, Catalog
No. 26140-079), HepG2 cells (RRID: CVCL_0027) were grown in
EMEM media (ATCC, Catalog No. 30-2003) supplemented with 10%
FBS. SNU-387 (RRID: CVCL_0250), SNU-475 (RRID: CVCL_0497),
and SNU-449 cells (RRID: CVCL_0454) were grown at RPMI1640
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(Gibco, Catalog No. 11875-093) supplemented with 10% FBS. All the
cells in this study were grown without antibiotics and incubated in a
humidified atmosphere with 5% CO, at 37°C. THLE2 primary normal
liver cells (RRID: CVCL_3803) were grown in bronchial epithelial cell
growth basal medium (BEGM) without gentamycin/amphotericin
(GA) but included epinephrine (Lonza, Catalog No. CC3170) supple-
mented with 5 ng/mL EGF, 70 ng/mL phosphoethanolamine, and 10%
FBS. THLE2 telomerase silent cells were grown on precoated plates
consisting of a mixture of 0.01 mg/mL fibronectin, 0.03 mg/mL bovine
collagen type I, and 0.01 mg/mL BSA dissolved in bronchial epithelial
basal medium (BEBM).

Cell lines were expanded upon receipt, frozen in aliquots, and only
kept in culture during experiments. Hep55-1C, HeplC7, Huh7,
Hep3B, HepG2, THLE2, and HCC53N cell lines were tested negative
for Mycoplasma using the e-Myco plus Mycoplasma PCR Detection
Kit (LiliF Diagnostics, 25237). No testing was performed for RIL175,
SNU-387, SNU-475, and SNU-449 cell lines.

Drug preparation

6-Thio-dG, Metkinen Oy (THIO) was dissolved in DMSO/water
(1:1) to prepare 10 mmol/L stock solution, and in DMSO to prepare
100 mmol/L stock solutions. For mouse in vivo studies, THIO was
prepared in a 5% DMSO solution in PBS. Libtayo (anti-PD1, cemi-
plimab-rwlc) and tecentriq (anti-PDL1, atezolizumab) were kindly
provided by UT Southwestern Simmons Cancer Center Pharmacy and
was diluted in PBS for a final concentration of 200 [1g per mouse. Anti-
PDLL1 (BioCell, Catalog No. BE0101), anti-VEGFR (BioCell, Catalog
No. BE0060) and anti-CD8 (BioCell, Catalog No. BE0061) were
diluted in PBS for a final concentration of 200 ug per mouse. r84
(anti-VEGF) was kindly provided by Rolf Brekken at UT Southwestern
Medical Center. r84 and anti-VEGFR (BioCell, Catalog No. BE0060)
both target VEGF:-VEGFR?2 interaction.

Cell viability assay for determination of EC5qo

Murine (Hep1C7, Hep55-1C, HCC53N, RIL175) and human liver
cancer cell lines (SNU-449, SNU-475, Hep3B, Huh7, SNU-387,
HepG2) were screened with THIO with a dilution series in 9 different
points in 96-well plates. Cells were plated 24 hrs prior to the addition
of drug, incubated for 4-5 days, and assayed using the CellTiter-Glo
Cell Viability Assay according to the manufacturer’s instructions
(Promega). 3,000 cells for SNU-387, SNU-475, Huh7, Hep3B,
Hep1C7, HepG2, SNU-449, THLE2 and 4,000 cells for Hep55-1C,
and 5,000 cells for HCC53N were seeded. Dose response curves
were generated and ECsos calculated using GraphPad Prism. All
samples were analyzed in duplicate or triplicate.

Telomere dysfunction induced foci (TIF)

Hep3B, Huh7 and Hep55-1C cells were seeded onto a slide pre-
viously sterilized and placed in a 10 cm Petri dish (Falcon). After
24 hrs, Hep3B, Huh7 and Hep55-1C cells were treated with THIO at
ECs, concentrations for each cell line for 48 hrs. Then, slides were
rinsed in PBS 1X for 10 minutes on a shaking platform. Slides were
fixed in 4% formaldehyde (Thermo Fisher) for 10 minutes on ice and
then washed in PBS 1X for 5 minutes, two times. Subsequently, slides
were permeabilized with 0.5% Triton X-100 for 10 minutes on ice and
then blocked with BSA/PBS 1X for 30 minutes at RT. Anti-mouse
primary antibody YH2AX (Millipore) was diluted 1:200 in blocking
solution and cells were incubated in a humid chamber at 4°C O/N.
Following washes with PBS 1 x, cells were incubated with Alexa Fluor
488 conjugated goat anti-mouse, for 45 minutes at RT. After washes
with PBS 1x, TIF assay was conducted as previously described (31)
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with minor modifications. Hep3B, Huh7, and Hep55-1C cells were
seeded, treated, and stained with YH2AX. After PBS 1x washes, cells
were fixed in 4% formaldehyde in PBS for 20 minutes at RT. The slides
were sequentially dehydrated with 70%, 90%, 100% ethanol and
subsequently denatured for 3 minutes at 80°C with 20 UL of hybrid-
ization mixture contained 70% deionized formamide, 1M Tris pH 7.2,
8.56% buffer MgCl,, 5% maleic blocking reagent, and 25 pg/mL Cy3-
conjugated PNA Tel-C (CCCTAA)3 probe (PANAGENE) and incu-
bated overnight at 4°C in a humid chamber. Slides were washed two
times for 15 minutes in a wash solution containing 70% formamide, 10
mmol/L Tris pH 7.2, 0.1% BSA, and washed three times for 5 minutes
in a solution containing 0.1M Tris pH 7.5, 0.15M NaCl, and 0.08%
Tween-20. The slides were dehydrated by ethanol series, air-dried, and
counterstained with Vectashield/DAPI (Vector Laboratories). Images
were captured at 63X magnification with an Axio Imager Z2 (Carl
Zeiss) equipped with an automatic capture system (Metafer; Meta-
systems) and analyzed with ISIS software (Metasystems).

Droplet digital TRAP assay (telomerase activity)
Quantitation of telomerase enzyme activity was performed as
described in ref. 32.

Animal experiments

C57BL/6 female mice (6-8 weeks old) were purchased from
Envigo (RRID: IMSR_ENV: HSD-044) or Jackson lab (RRID:
IMSR_JAX:000664) and NSG mice were bred at UTSW in a
limited-access breeding room staffed by UTSW Animal Resources
Center employees. Original breeding pairs for this NSG breeding
colony were purchased from Jackson Laboratory (RRID:
IMSR_JAX:005557). Batf3 ™'~ mice (RRID: IMSR_JAX:013755) in
the C57BL/6 background were kindly provided by Jinming Gao
from UT Southwestern Medical Center. Human-myc liver genet-
ically engineered mouse model was provided by Maralice Conacci-
Sorrell. All procedures and experiments involving mice were
approved by The University of Texas Southwestern Institutional
Animal Care and Use Committee and conducted as per institu-
tional guidelines. A total of 3 x 10° Hep3B, 5 x 10° Hep55-1C, and
1 x 10° RIL175 cells were inoculated subcutaneously into the right
dorsal flanks of female mice (NSG mice, C57BL/6 mice, C57BL/6
mice, respectively) in 100 uL RPMI:matrigel mixture. Tumor-
bearing mice were randomly grouped into treatment groups when
tumors grew to around 100 mm”’. Tumor volumes were measured
by the length (a), width (b), and height (h) and calculated as tumor
volume = abh/2.

For Hep3B in vivo experiment, 3 mg/kg THIO was intraperitoneally
given 3 consecutive days for over 2 weeks on days 26, 27, 28 and days
33, 34, 35. For anti-CD8 depletion in Hep55-1C in vivo model, anti-
CD8 (200 pg) was intraperitoneally given on days 10, 14, 19, and on
days 23, 26, and 30 whereas THIO (3 mg/kg) was given on days 11, 12,
13 and 20, 21, 22. For Batf37/7 mice (male and female) Hep55-1C
in vivo experiment, THIO (3 mg/kg) was intraperitoneally given 3
consecutive days over 2 weeks on days 10, 11, 12 and days 18, 19, 20.

For sequential in vivo treatment experiments in Hep55-1C, 3 mg/kg
THIO alone was intraperitoneally given 3 consecutive days over
2 weeks on days 8, 9, 10 and days 15, 16, 17. Libtayo alone (200 pg)
was intraperitoneally given on days 10 and 17. For sequential treat-
ment, 3 mg/kg THIO was given on days 8, 9, 10 and days 15, 16,17 and
200 pg libtayo was intraperitoneally given on days 12 and 19. Mice
weights were measured every 3 to 4 days. Tumor-free mice in THIO
and THIO +libtayo groups were rechallenged on the left side of the
mice with 10" Hep55-1C on day 114.
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For sequential in vivo treatment experiments in Hep55-1C,
3 mg/kg THIO was intraperitoneally given 3 consecutive days over
2 weeks on days 7, 8, 9 and days 20, 21, 22. Anti-PDL1 (200 ug)
was intraperitoneally given on days 7, 14, 21, and 28. 200 ug of
anti-VEGF was intraperitoneally given on days 9, 12, 16, 19, 23,
26, and 30. 200 pg of anti-CD8 was given on days 6, 10, 13, 17,
20, 24, and 27.

For RIL175 in vivo experiment, 3 mg/kg THIO was intraperito-
neally given 3 consecutive days over 2 weeks on days 11, 12, 13 and
days 20, 21, 22. Anti-PDL1 (200 pg) was intraperitoneally given
on days 11 and 19. For sequential treatments, 3 mg/kg THIO was
given on days 11, 12, 13 and days 20, 21, 22 and 200 pg anti-PDL1
or anti-PDL1+anti-VEGF was intraperitoneally given on days 16
and 25. Tumor volumes were measured every 3 to 4 days.

Human-MYC liver cancer mouse model

The MYC-driven tumor model used was a Tet system to condi-
tionally express human MYC in murine hepatocytes (33, 34). This
mouse was generated by crossing TRE-MYC, which contains the
tetracycline response element adjacent to the human MYC ¢cDNA
with the transgenic line LAP-tTA, containing a liver-specific enhancer
that drives the expression of the tetracycline-transactivating protein.
Male breeders with two copies of LAP-tTA and single copy of TRE-
MYC was crossed with WT FVB female mice to generate LAP-tTA/
TRE-MYC mice used for the experiments. The breeders were main-
tained in doxycycline water (1 mg/mL). The females with the litters
were transferred to a fresh cage on the day of birth to induce MYC
overexpression by removing doxycycline water. Treatment started
when the mice were 31 days old and with tumor burden in the liver.
3 mg/kg THIO was intraperitoneally given on days 31, 32, and 33.
200 pg of anti-PDL1 was given on days 35, 42, and 200 pg r84 on days
37, 40, 44, and 47.

IHC

Formalin-fixed, paraffin-embedded tumor tissue sections (5 pmol/L
thick) were evaluated using antibodies against CD4 (1:50; Cell Sig-
naling Technology, Catalog No. 25229, RRID: AB_2798898), CD8a:
(1:200; Cell Signaling Technology, Catalog No. 98941, RRID:
AB_2756376), CD11c (1:200; Cell Signaling Technology, Catalog No.
97585, RRID: AB_2800282), F4/80 (1:200; Cell Signaling Technology,
Catalog No. 70076, RRID: AB_2799771), granzyme B (1:200; Cell
Signaling Technology, Catalog No. 44153, RRID: AB_2857976),
HMGBI (1:200; Cell Signaling Technology, Catalog No. 6893, RRID:
AB_10827882), p-STING (1:200; Cell Signaling Technology, Catalog
No. 62912, RRID: AB_2799635), or p-TBK1 (1:200; Cell Signaling
Technology, Catalog No. 5483, RRID: AB_10693472) according to our
previous procedures (35). Briefly, slides were deparaffinized in xylene
and rehydrated with decreasing concentrations of ethanol in water.
Antigen retrieval was performed by preheating sodium citrate buffer
(pH 6.0) in a microwave oven for 2 minutes, then incubating slides at
sub-boiling temperature (95°-98°) for 10 minutes and cooling at room
temperature for 30 minutes. Endogenous peroxidases were quenched
by incubating slides in 3% hydrogen peroxide for 10 minutes. Sections
were then washed twice with PBS for 5 minutes each. Endogenous
avidin and biotin were blocked using 1x Animal-Free Blocking
Solution (Cell Signaling Technology, Catalog No. 15019). Sections
were then washed twice with PBS for 5 minutes each. Primary
antibodies were applied overnight in a humidified chamber at 4°C.
After rinsing slides in PBS, they were incubated in one to three drops of
Signal Stain Boost IHC Detection Reagent (Cell Signaling Technology,
Catalog No. 8114) for 30 minutes at room temperature. After washing
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three times with PBS for 5 minutes each, slides were incubated with
Signal Stain DAB (Cell Signaling Technology, Catalog No. 8059) for
2 to 5 minutes, depending on the primary antibody. After washing in
distilled water, sections were counterstained with hematoxylin (Cell
Signaling Technology, Catalog No. 14166), dehydrated by ethanol
and xylene, and cover slipped using SignalStain Mounting Medium
(Cell Signaling Technology, Catalog No. 14177). Images were collected
using an EVOS microscope (Invitrogen).

HMGBI release assay

HMGBI released into cell culture supernatants was evaluated by
Western blot analysis or enzyme-linked immuno-absorbent assay kits
(Shino-Test Corporation, Catalog No. 326054329) according to the
manufacturer’s instructions. Serum HMGB1 was evaluated by
enzyme-linked immuno-absorbent assay kits from the Shino-Test
Corporation.

Western blot analysis

Proteins from cell lysates or supernatants were resolved on 4% to
12% Criterion TX Bis-Tris gels (Bio-Rad, Catalog No. 3450124) and
transferred to a nitrocellulose membrane (Bio-Rad, Catalog No.
1620233) using the Trans-Blot Turbo Transfer Pack and System
(Bio-Rad). Membranes were blocked with TBST buffer containing
5% skim milk (Cell Signaling Technology, Catalog No. 9999) for 1 hour
and incubated overnight at 4°C with various primary antibodies
(1:1,000). Following three washes in TBST, membranes were incubated
with goat anti-rabbit or anti-mouse IgG HRP secondary antibody
(1:1,000; Cell Signaling Technology, Catalog No. 7074, RRID:
AB_2099233 or Cell Signaling Technology, Catalog No. 7076, RRID:
AB_330924) at room temperature for 1 hour and washed. Chemilu-
minescence substrate was applied using SuperSignal West Pico Chemi-
luminescent Substrate (Thermo Fisher Scientific, Catalog No. 34580)
or SuperSignal West Femto Maximum Sensitivity Substrate (Thermo
Fisher Scientific, Catalog No. 34095), and blots were analyzed using the
ChemiDoc Touch Imaging System (Bio-Rad) and Image Lab Software
(Bio-Rad).

RNA-sequencing (RNA-seq)

RNA-seq was performed by Genewiz and the data processing
was done using Trim Galore Trim Galore (RRID: SCR_011847;
https://www.bioinformatics.babraham.ac.uk/projects/trim_galore/)
for quality and adapter trimming. The mouse reference genome
sequence and gene annotation data, mm10, were downloaded
from Illumina iGenomes (https://support.illumina.com/sequencing/
sequencing_software/igenome.html). The quality of RNA-seq librar-
ies was estimated by mapping the reads onto mouse transcript and
ribosomal RNA sequences (Ensembl release 89) using Bowtie
(v2.3.4.3). STAR (v2.7.2b) and was set to align the reads onto
the mouse genome. SAMtools (v1.9; RRID: SCR_002105) was used
to sort the alignments, and HTSeq Python package (RRID:
SCR_005514) was used to count reads per gene. DESeq2 R Bio-
conductor package (RRID: SCR_015687) was used to normalize
read counts and identify differentially expressed genes. KEGG
pathway data were downloaded using KEGG API (https://www.
kegg.jp/kegg/rest/keggapi.html) and gene ontology (GO) data were
downloaded from NCBI FTP (ftp://ftp.ncbinlm.nih.gov/gene/
DATA/gene2go.gz). The enrichment of DE genes to pathways and
GOs were calculated by Fisher exact test in R statistical package.
The reads were aligned to mouse RefSeq RNA sequences using the
Burrows-Wheeler Aligner (BWA, v0.7.17; RRID: SCR_010910)
and the MEM algorithm with the options, -T 19 -h 200 -Y, and
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primary alignments with proper read pairs were selected by
SAMtools with the options, -f 3 -F 2316, to count the reads aligned
to ribosomal RNA sequences defined by the sequence descrip-
tions containing the keyword of ribosomal RNA or rRNA. The
reads were aligned to human MYC RNA isoform 1 sequence
(NM_002467.6) using BWA with MEM algorithm. The alignments
were compared with the alignments to mouse genomic and RNA se-
quences from NCBI Assembly, GRCm38.p6, using a custom Perl script
named REMOCON (https://github.com/jiwoongbio/REMOCON) and
the reads with better alignments to human MYC were counted.

Digital spatial profiling (DSP) of immuno-oncology-related
proteins

Spatial profiling of immuno-oncology-related proteins was
performed in the Hep55-1C mouse tumor tissues by using DSP
using the GeoMx platform (NanoString; ref. 36) according to
the manufacturer’s protocol. Mice were treated one cycle with
THIO monotherapy (3 mg/kg, days 6, 7, 8), combination of anti-
PDL1 (atezolizumab, 200 pg) and anti-VEGF (r84, 200 ug; on
day 8) and combination of THIO (days 6, 7, 8), anti-PDL1 (day 10),
anti-VEGF (day 10). Tumors were collected 5 days after the last injection
for DSP. First, immunofluorescent staining of 5-um-thick formalin-
fixed paraffin-embedded tumor tissues were performed using the
following morphology markers for the segment selection: anti-CD3
(Bio-Rad, Catalog No. MCA1477A647, RRID: AB_10841760), anti-
CD45 (Novus Biologicals, Catalog No. NBP1-44763AF594), and
anti-pan-cytokeratin (Pan-CK; GeoMx Solid Tumor TME Morphol-
ogy Kit, NanoString). Antibodies for 35 immuno-oncology-related
proteins and three housekeeping proteins (56, Histone H3, GAPDH)
conjugated with UV-cleavable capture probes (Supplementary
Table S1) were hybridized to the tissues overnight. Three to five
representative regions of interest (ROI) were selected in each tissue
in the Digital Spatial Profiler software. Within each ROI, areas
enriched for cell types of interest were defined as “segments” based
on the immunofluorescent staining, and abundance of the immuno-
oncology-related proteins was measured in each segment as follows.
T-cell-enriched segments were first selected as CD3-positive area
(CD3™), from which hybridized capture probes were collected by
UV exposure. Subsequently, segments of other leukocytes were
selected as CD45-positive segments (CD3/CD45") and the cap-
ture probes were similarly collected. Finally, Pan-CK-positive or
rest of the areas (CD37/CD45 /Pan-CK+) were profiled as seg-
ments of HCC/stromal cells. Raw abundance of each protein was
measured by using the nCounter SPRINT Profiler (NanoString) and
normalized by scaling with geometric mean of the housekeeping
proteins using GeoMx DSP system (NanoString).

Statistical analysis

All the data analyses were performed with GraphPad Prism (RRID:
SCR_002798) statistical software. P value determined by two-way
ANOVA for tumor growth and shown as mean &+ SEM or log-rank
test for survival or unpaired two-tailed ¢ tests for other analysis. Welch
correction (****, P < 0.0001) was used between control and THIO
samples in TIF assay. A value of P < 0.05 was considered statistically
significant.

Data availability

The DSP data generated in this study are publicly available
in Gene Expression Omnibus (GEO; RRID: SCR_005012) at
GSE219108. The raw data are available on request from the cor-
responding author.
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Human liver cancer cells
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Figure 1.

THIO shows potent activity against telomerase positive human and murine HCC Cells. A and B, Cell viability of human liver cancer and normal epithelial cells treated
with the indicated concentrations of THIO for 3 to 5 days. C, Telomerase activity of human liver cancer and normal epithelial cells. D, Cell viability of murine HCC cells
treated with the indicated concentrations of THIO for 3 to 5 days. Cell viability was measured using the CellTiter-Glo Assay. Samples were analyzed in duplicate or

triplicate, and ECso values were calculated using Graphpad Prism.
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Results

Reduced cell viability and induced telomere dysfunction by
THIO in human and mouse liver cancer cells

To explore whether THIO is effective in killing liver cancer cells, we
first determined the inhibition of cell viability by THIO in a panel of
human and mouse liver cancer cells. Although half maximal effective
concentration (ECs,) was 0.42, 0.45, 0.68, 0.74, 0.82, and 0.98 umol/L
in SNU-475, SNU-387, HepG2, Huh7, SNU-449, and Hep3B in
telomerase positive human cancer cell lines, respectively (Fig. 1A),
ECs was over 100 umol/L in THLE2, a telomerase negative human
normal liver epithelial cell line derived from normal liver (Fig. 1B
and C). ECs, values were also determined in Hep1C7, RIL175, Hep55-
1C, and HCC53N mouse cancer cell lines, and they were 1.6, 2.3, 2.5,
and 6.3 umol/L, respectively (Fig. 1D). To evaluate whether THIO
induces damage of telomeres in liver cancer cells, we treated Hep55-1C
(mouse cancer cells), Huh7, and Hep3B (human cancer cells) at ECs,
concentrations of THIO for each cell line for 48 hours. As expected,
THIO significantly induced telomere damage (telomere induced
dysfunctional foci, TIF) in all three cell lines tested (Supplementary
Fig. SIA).

The role of CD8™ T cells and DCs in therapeutic efficacy of THIO

Our previous studies with xenograft models showed tumor growth
control with intensive THIO treatment (daily or every other day for
over 10 days; refs. 25, 26). However, we recently showed the role of
THIO in the adaptive immune system, and how it controls tumor
growth by modulating cellular immunity. We used Ragl knockout
mice, which do not generate mature T and B cells. The therapeutic
effect of THIO was abolished in the MC38 tumor model in Ragl
knockout mice, indicating adaptive immune cells are largely required
for tumor control in vivo. In addition, in the same study, we tested
THIO in HCT116 cells derived colon tumor model in immunode-
ficient mice. In this immunodeficient mouse model, we did not observe
any significant differences in THIO treated mice compared with the
control group, whereas experiments in humanized mice showed
significant difference in tumor growth reduction between the control
and THIO-treated groups (30). Here we first evaluated if THIO
reduces tumor burden more in syngeneic mouse models compared
with immune-deficient HCC mouse models. As an immunocompro-
mised mouse model, we used NSG mice that are immunodeficient,
lacking functional/mature T, B, and NK cells, as well as having many
defects in innate immunity. As a syngeneic mouse model, we used
C57BL/6 mice that are fully immunocompetent. We subcutaneously
inoculated Hep3B human liver cancer cells into NSG mice and 26 days
after tumor inoculation (when the tumor volume was ~100 mm?>),
3 mg/kg THIO was administered daily intraperitoneally for only 3
consecutive days, and then we analyzed tumor growth for 2 weeks. We
subcutaneously inoculated RIL175 and Hep55-1C mouse liver cancer

Telomerase-Mediated Telomere Targeting Therapeutics for HCC

cells into C57BL/6 mice and 8 to 10 days after tumor inoculation (when
the tumor volume was ~100 mm?), 3 mg/kg THIO was administered
daily for only 3 consecutive days and tumor volume was monitored for
2 weeks. Tumor growth was significantly reduced in immunocompe-
tent models, whereas tumor growth was only slightly reduced over
control levels in the immunocompromised mice (Fig. 2A-C).

To determine if CD8" T cells contribute to the THIO-mediated
antitumor effect, we depleted CD8" T cells while giving THIO
treatment in wild-type B6 mice. Depletion of CD8" T cells abol-
ished the therapeutic effect of THIO (Fig. 2D). These indicate that
the immune T-cell system contributes to the therapeutic efficacy
of THIO. Basic leucine zipper ATEF-like transcription factor 3
(BATF3)-dependent DCs are critical for the priming of antigen-
specific CD8" T cells (37). THIO treatment in Batf3’~ mice
abolished the effect of THIO, suggesting an important role of
BATF3-dependent DCs in the therapeutic effect of THIO in the
Hep55-1C syngeneic mouse model (Fig. 2E).

THIO overcomes immunotherapy resistance in advanced
tumors

PD1/PDLI1 interactions contribute to functional T-cell impairment
(38) and immunotherapies against this interaction significantly
enhance T-cell responses facilitating antitumor activity (39). Because
THIO plays an important role in T-cell activation, we next evaluated
the immunomodulatory effects of THIO when sequentially combined
with immunotherapy. Thus, we tested the therapeutic efficacy of a
mAD targeting PD1 molecule, cemiplimab (libtayo), when sequentially
combined with THIO. In such an advanced tumor, there was limited
tumor growth inhibition by two treatments with libtayo as a mono-
therapy. In contrast, THIO alone was able to delay tumor growth
resulting in 66.6% of mice becoming completely tumor-free. Sequen-
tial treatment with THIO and libtayo completely inhibited tumor
growth in all mice (Fig. 2F). Even though statistical differences were
not significant between THIO and THIO plus libtayo combination,
this trend shows that sequential therapy may improve the efficacy
of libtayo treatment. In addition, we did not observe any body weight
loss in mice in the sequential treatment group (Supplementary
Fig. S2A). We rechallenged tumor-free mice both from THIO alone
and sequential treatment groups to check the immune memory
response. All mice in both groups spontaneously rejected Hep55-
1C tumors and induced durable antitumor immunologic memory
in a syngeneic mouse model (Fig. 2G). On the basis of these results,
THIO appears to enhance the efficacy of immunotherapy in advanced
HCC tumors, and this will potentially benefit PD1/PDLI blockade-
resistant patients with HCC.

Atezolizumab and bevacizumab is approved by the FDA for
patients with HCC. We next determined if THIO improves the
efficacy of anti-PDL1+4-anti-VEGF in vivo. We used the Hep55-1C
liver syngeneic mouse model and compared anti-PDL1+anti-VEGF

Figure 2.

Sequential treatment with THIO and Libtayo Overcomes Checkpoint Inhibitor Resistance and Induces Immune Memory. Antitumor effects of THIO were greater in
immunocompetent mice than immunocompromised mice. A total of 3 x 10° Hep3B cells (n = 6; A) or 1 x 108 RIL175 (n = 5; B), or 5 x 108 Hep55-1C (n = 3-5; C--F)
were injected subcutaneously into the right dorsal flanks of NSG mice (A) C57BL/6 mice (B-D, F), or C57BL/6 Batf3”~ mice (E). When tumors reached ~100 mm?,
tumor-bearing mice were randomly assigned to control or THIO (3 mg/kg i.p. on 3 consecutive days for 2 weeks) with or without anti-CD8 antibody (200 ng
administered 1 day before treatment initiation and then twice/week for 3 weeks; n = 5). F, When tumors reached ~100 mm?, tumor-bearing mice were randomly
assigned to treatment with THIO (3 mg/kg; n = 3), libtayo (cemiplimab, 200 ug; n = 3), or sequential THIO and libtayo (n = 3). THIO was given on days 8, 9,10 and 15,
16,17 and libtayo was given on days 12 and 19 after tumor inoculation. G, On day 114, tumor-free mice from THIO (n = 2) and THIO-+libtayo (n = 2) groups and control
naive mice (n = 3) were re-challenged with 1 x 107 Hep55-1C tumor cells in the opposite (left) flank. Tumor growth was measured every 3 days. Tumor volumes were
calculated using the formula abh/2, where a = length, b = width, and h = height of the tumor. P value was determined by two-way ANOVA for tumor growth and
shown as mean 4 SEM. P = 0.0038, P < 0.0001, and P < 0.05, significant; ns, nonsignificant.
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Figure 3.

THIO reduces tumor burden in vivo through activation of a CD8* antitumor immune response. A, A total of 5 x 10® Hep55-1C cells were injected
subcutaneously into the right dorsal flanks of C57BL/6 mice (n = 10/group). When tumors reached ~100 mm?, tumor-bearing mice were randomly assigned
to control, THIO or anti-PDL1 plus anti-VEGF or THIO plus anti-PDL1 plus anti-VEGF, or THIO plus anti-PDL1 plus anti-VEGF plus anti-CD8. 3 mg/kg THIO was
intraperitoneally given 3 consecutive days for 2 weeks on days 7, 8, 9, and 20, 21, and 22; 200 pg anti-PDL1 (BioCell, Catalog No. BEO101) was
intraperitoneally given on days 7, 14, 21, and 28; 200 ug anti-VEGF (BioCell, Catalog No. BEOO60) was intraperitoneally given on days 9, 12, 16, 19, 23, 26,
and 30; 200 pg anti-CD8 was given on days 6, 10, 13,17, 20, 24, and 27. IHC staining of CD8, CD4, F4/80, CD11c, Granzyme B (B) and p-STING and p-TBK1 (C).
Scale bars of all panels in these B and C are the same, 100 um. Tissues are from mice treated with THIO or anti-PDL1 plus anti-VEGF or THIO plus anti-PDL1
plus anti-VEGF or THIO plus anti-PDL1 plus anti-VEGF plus anti-CD8. P value determined by two-way ANOVA for tumor growth and shown as mean + SEM.
P < 0.0001, significant.
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with THIO+anti-PDL1+anti-VEGF. Although the difference between
groups was not statistically significant, THIO trended to improve the
efficacy of anti-PDL1+-anti- VEGF (Fig. 3A). Moreover, this combination
therapy significantly increased the expression of CD8 and granzyme B,
showing the dependency of antitumor effect of THIO and anti-PDL1/
anti-VEGF to CD8" T cells (Fig. 3B; Supplementary Fig. S3A).

We previously showed that tumor-derived DNA damage triggers
the cytosolic DNA sensing cGAS/STING pathway and activates the
IFN-I pathway (30), suggesting an essential role of the STING pathway
in THIO triggered innate sensing. In previous studies, we also showed
the essential role of host STING signaling in THIO-treated innate
sensing (30). Here, we further evaluated the role of STING activation in

Figure 4.
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a HCC model. We observed an increase of STING and TBK1 phos-
phorylation in THIO treated Hep55-1C tumors and even more
pronounced phosphorylation observed in THIO+anti-PDL1+anti-
VEGEF tumors. Surprisingly, these effects were completely diminished
when we depleted CD8" T cells while giving THIO or THIO plus anti-
PDLI plus anti-VEGF treatment (Fig. 3C; Supplementary Fig. S3B),
indicating an essential role of CD8" T cells in mediating HCC tumor
control.

To gain insight into immune landscape underlying the therapeutic
response, DSP of 35 immuno-oncology-related proteins was per-
formed in the implanted Hep55-1C tissues from the mice treated
with THIO alone, anti-PDL1/anti-VEGF, or THIO in combination
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with the anti-PDL1/anti-VEGF therapy (Supplementary Fig. S4A).
Compared with the vehicle control group, immune checkpoint pro-
teins, PD1/PDL1 and CTLA4-related proteins were induced in the
treatment arms. THIO monotherapy increased CTLA-4 in T cells,
potentially limiting T-cell activation. However, combination of THIO
with anti-PDL1/anti-VEGF did not increase CTLA-4 and can be one of
the reasons of increased antitumor immunity. Interestingly, another
set of immune checkpoint proteins, that is, T-cell immunoglobulin
mucin-3 (Tim-3), lymphocyte activating 3 (LAG3), and glucocorti-
coid-induced tumor necrosis factor receptor-related protein (GITR),
were distinctly induced when THIO was combined with anti-PDL1/
anti-VEGF therapy (Supplementary Figs. S4B and S5A). Of note,
abundance of the indicators of T-cell-mediated cytotoxicity, that is,
granzyme B (GZMB), CD40L, and inducible T-cell costimulator
(ICOS, a.ka. CD278), was the highest in the THIO plus anti-PDL1/
anti-VEGF group, providing an additional rationale of the triple
combination therapy. Markers of immune-suppressive regulatory T
cells [forkhead box P3 (FOXP3)] and myeloid-derived-suppressor cell
(MDSGC; CD11b and Ly6G/C) were reduced in THIO monotherapy
and combination therapies. These observations collectively support
enhanced T-cell cytotoxicity and mitigated immune-suppressive tissue
microenvironment with the combination therapies with THIO. The
distinct pattern of induced immune checkpoint proteins may inform
further improvement of therapeutic efficacy in future studies. How-
ever, it is important to note that analysis of large datasets with
screening technologies produce noise and require independent vali-
dation using additional technologies.

We next tested another liver syngeneic mouse model RIL175 to
determine the therapeutic response of sequential therapy. We
showed reduced tumor burden, higher tumor-free mice (80%)
following THIO plus atezolizumab plus anti-VEGF and/or THIO
plus atezolizumab (60% tumor-free mice) compared with atezoli-
zumab (40% tumor-free mice) and THIO (20% tumor-free mice)
groups in the RIL175 syngeneic mouse model at the end of day 56.
Even though the number of tumor-free mice was higher in THIO
plus atezolizumab plus anti-VEGF, the statistical difference
between THIO plus atezolizumab plus anti-VEGF and THIO plus
atezolizumab was not significant, showing the efficacy of both
treatment options in the RIL175 liver model (Fig. 4A). We
continued to monitor tumor-free mice in both treatment groups
and found one tumor in THIO plus atezolizumab plus anti-VEGF
group started to come back at day 77. However, 60% of mice were
still tumor-free in both THIO plus atezolizumab and THIO plus
atezolizumab plus anti-VEGF groups.

MYC-driven tumors display an upregulation in the mRNA
levels of genes that encode for telomerase accessory proteins
(Ruvbll, Ruvbl2, Garl, Dkcl, Nop2; Fig. 4B), suggesting that

Telomerase-Mediated Telomere Targeting Therapeutics for HCC

MYC-driven liver tumors have an upregulation in telomerase
activity. Given that increased in MYC levels is correlated with
poor outcome of patients with HCC. Strategies to use telomerase-
mediated telomere targeted therapy alone (e.g., THIO) or in
combination with other drugs may enhance treatment of these
patients. To test this hypothesis, we used a human-MYC liver
cancer mouse model and tested THIO alone and together with
atezolizumab plus anti-VEGF. We showed an increased overall
survival following THIO plus atezolizumab plus anti-VEGF treat-
ment compared with THIO monotherapy and/or atezolizumab
plus anti-VEGF groups in the human-MYC liver cancer mouse
model (Fig. 4C).

Induced HMGBT release in THIO-treated tumors

High-mobility group box 1 protein (HMGB1) release from
dead or dying cells is characterized with immunogenic cell death
induced by anticancer therapies (40). HMGBI is the most abun-
dant nonhistone nuclear protein and extracellular HMGBI acts as
a prototypical endogenous damage associated molecular pattern
(DAMP) in eliciting adaptive immunity (41). Once HMGBI is
secreted, it engages the Toll-like receptor (TLR4) on DCs to
accelerate the processing of phagocytic cargo in the DC and
facilitate antigen presentation by DCs to T cells (42). Here, we
investigated the role of HMGBI in THIO-treated tumors due
to the role of THIO in antitumor immune responses. We found
that THIO induced the release of HMGBI in the Hep55-1 murine
and HepG2 human liver cancer cells in a time-dependent manner
(Fig. 5A). HMGBI release was not observed in HMGB1 ™'~ MEFs
in vitro (Fig. 5A). The loss of HMGBI inhibited THIO-induced
HMGBI release, suggesting a potential role of HMGBI1 in THIO-
induced cell death. HMGBI released by cancer cells is known to be
processed by APCs, such as DCs and macrophages, and they produce
interleukins such as IL12 and IL15 to promote the cytotoxic effect
of NK cells, cytotoxic T lymphocytes, and induce IFNY release (43).
Our in vitro results indicated that HMGBI released from Hep55-1C
and HepG2 dying cells may mediate immunogenic cell death during
THIO treatment. Therefore, we next determined if THIO also induces
HMGBI release in vivo by comparing serum HMGBI release and
HMGBI expression in control, THIO, anti-PDLI plus anti-VEGF and
THIO plus anti-PDL1 plus anti-VEGF cohorts. We observed that
THIO and THIO plus anti-PDL1 plus anti-VEGF treatments induced
HMGBI release (Fig. 5B) and HMGBI protein expression (Fig. 5C
and D) compared with control and anti-PDLI plus anti-VEGF treat-
ments. However, the statistical differences between groups in Fig. 5B
are not significant, but there is a trend that THIO and THIO plus
anti-PDL1 plus anti-VEGF treatments induce HMGBI release. Inter-
estingly, when we depleted CD8™ T cells, the HMGBI level decreased to

Figure 5.

THIO induces HMGBI release in vivo and in vitro. A, Western blot analysis of HMGBT in THIO-treated Hep55-1C samples (500 nmol/L, Tumol/L, and 2.5 umol/L at 24
hours). Whole cell lysate and supernatant were collected following THIO treatment at indicated concentrations and time. Actin was used a loading control. HMGB1
release in THIO-treated samples at 24, 48 and 72 hours with ELISA Kit in Hep55-1C, HepG2, ngbl”*MEF, and ngbl’/’MEF. Pvalues were determined by unpaired
t tests. P values between untreated vs. THIO (24, 48, and 72 hours) in Hep55-1C are **, P = 0.0019; ***, P = 0.0001; ****, P < 0.0007; respectively. P values between
untreated vs. THIO (24, 48,and 72 hours) in HepG2 are **, P=0.0020; ****, P< 0.0001; ****, P< 0.0007; respectively. P values between untreated vs. THIO (24, 48, and
72 hours)in ngbl“+ MEF are *, P=0.0355; ***, P=0.0004; ***, P< 0.0002; respectively. P values between untreated vs. THIO (24, 48, and 72 hours) in ngbl’/’
MEF are not significant (ns). B, HMGB1release in THIO or anti-PDL1(BioCell, Catalog No. BEO101) plus anti-VEGF (BioCell, Catalog No. BEOO60) or THIO plus anti-PDL1
plus anti-VEGF or THIO plus anti-PDL1 plus anti-VEGF plus anti-CD8 treated samples with ELISA Kit (n = 4/group). The statistical differences between groups in this
figure are not significant. C, IHC staining of HMGBT in tumor tissues that were treated with THIO, anti-PDL1 plus anti-VEGF, THIO plus anti-PDL1 plus anti-VEGF or THIO
plus anti-PDL1 plus anti-VEGF plus anti-CD8. Scale bar of all panels in this figure is the same, 50 um. D, The quantification of IHC data on HMBG1 expression level is
shown. P values were determined by unpaired t tests. P values between control vs. THIO, control vs. anti-PDL1+anti-VEGF, anti-PDL1+anti-VEGF vs. THIO+anti-
PDL1+-anti-VEGF, control vs. THIO-+anti-PDL1+-anti-VEGF+anti-CD8 ™", THIO+anti-PDL1+-anti-VEGF vs. THIO+anti-PDL1+-anti-VEGF+anti-CD8 ™" are ****P < 0.0001,
P = 0.5410 (ns), ****P < 0.0001, P = 0.2086 (ns), and P = 0.5410 (ns), respectively.
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untreated control or anti-PDLI1 plus anti-VEGF serum/expression
baseline levels. Because interactions between HMGBI released by dying
tumor cells and TLR4 in DCs are important for the cross-presentation
of tumor antigens to T cells and success of anticancer therapies, these
results suggest that HMGBI can be one of the important DAMP in
THIO-mediated anticancer immune responses.

Discussion

Telomeres are (TTAGGG)n DNA repeats located at the ends
of chromosomes where with shelterin proteins they protect chro-
mosome ends from being recognized as DNA damage structures
(44). The telomere-synthesizing enzyme telomerase is silenced in
most human somatic cells, ultimately resulting in replicative
senescence, whereas most (>85%) human tumors exhibit telome-
rase activation, allowing continued cell proliferation. Therefore,
telomerase is a highly attractive target for anticancer therapy
(reviewed in ref. 45). We recently showed that a modified nucle-
oside analogue 6-thio-2'deoxyguanosine (6-thio-dG, THIO) is a
telomerase-mediated telomere targeting small molecule. Thus, the
5'-triphosphate of THIO is efficiently recognized by telomerase
and incorporated into de novo synthesized telomeres inducing
telomere damage, resulting in cell death for almost all cancer cells,
but not normal telomerase silent cells (25). THIO also induces
immunogenic cell death in colon and lung cancer mouse models
in vivo (30). Here, we investigated the therapeutic effect of THIO
in HCC. HCC is the most common primary liver cancer type in
the United States. Although the combination of atezolizumab
(PDL1 inhibitor) and bevacizumab (angiogenesis inhibitor) has
become a successful treatment for advanced HCC, disease recur-
rence and metastasis remain the foremost concern for almost all
patients with liver cancer (46).

Tyrosine kinase inhibitors are used for treatment of patients with
advanced HCC. Sorafenib and Lenvatinib are approved as first-line
and regorafenib and cabozantinib are used as second-line therapies.
THIO is currently in phase II clinical trials in where it is used in
sequential combination with an immune checkpoint inhibitor. One of
our goals is to make immunologically “cold” tumors into “hot” tumors,
by changing the tumor microenvironment and activating innate and
adaptive patient immune systems with THIO. Therefore, in clinical
trials we lead with THIO treatment, and then follow with immune
checkpoint inhibitor(s). We do not believe that tyrosine kinase inhi-
bitors will add to the immune activation functions of THIO. However,
we previously showed THIO can overcome EGFR tyrosine kinase
inhibitor resistance in NSCLC (26).

The concept of immunogenic cell death in cancer that is triggered
by cytotoxic agents has become the interest of researchers due to
antitumor specific T-cell immune responses in preclinical stud-
ies (30,47,48). Some anticancer treatments, such as ionizing radiation,
chemotherapy, and telomere targeted therapy are far more efficient
when applied to immunocompetent mice compared with immuno-
deficient mice developing tumors from the same cellular origin. This
concept prompted the search for the molecular links between tumor
cell death, stimulation of pathogen recognition receptors, innate,
and adaptive immunity (30, 49). In this study, we showed antitumor
immune effects of THIO in HCC using immunocompetent mice.
DCs and CD8" T cells have an important role in THIO-associated
activity. We also showed the effect of sequential treatment of THIO
and/or anti-PD1, anti-PDL1, anti-VEGF in different mouse models
and importantly that this effect was abolished when CD8" T cells
were depleted. Moreover, tumor-free mice from these treatment
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groups with THIO developed antitumor immune memory, indi-
cating acquired cellular immunity against rechallenging liver tumor
cell injections.

The cGAS-STING pathway is an important DNA-sensing machin-
ery in innate immunity. cGAS (cyclic GMP-AMP synthase) is an
innate cytosolic DNA sensor and activation of cGAS stimulates STING
(stimulator of interferon genes) protein to trigger IFN signaling.
STING recruits TANK binding kinase-1 (TBK1) and IFN regulatory
factor 3 (IRF3). IRF3 translocates to the nucleus and exerts its
transcriptional function in immune-stimulated genes (ISG) and type
I IFN (50). We showed the phosphorylation of STING and TBK1
in Hep55-1C murine liver tumors following THIO and THIO plus
anti-PDLI plus anti-VEGF. This activation was lost following CD8"
T-cell depletion, showing the role of the cGAS-STING pathway and
the interaction of innate sensing and adaptive immunity in THIO
treatment.

Preclinical studies showed that dying tumor cells can release a series
of danger signals, namely DAMPs. These signals contribute to the
recruitment and activation of antigen presenting cells leading to
propagation of antitumoral immunity to enhance therapeutic effica-
cy (40). The release of HMGBI is a well-characterized endogenous
mediator of anticancer immune responses. Such an immune response
involves a complex hierarchy of immune effectors, including mono-
cyte-derived DCs producing IL1f, y/8 T cells producing IL17 and
conventional CD8" 0/B T cells producing IFNYy (42, 51-53). HMGBI
is a highly conserved chromosome-binding protein that acts asa DNA
chaperone to maintain genome stability. In addition to its nuclear
role, HMGBI protein can also be actively secreted by inflammatory
cells or passively released by dead or dying cells to mediate immune
responses (54-56). Previous studies also suggest that HMGBI can
amplify cGAS/STING activation during DNA stress (57). Telomere
function is tightly linked to chromatin structure and many of the
chromatin structural changes are mediated by HMG proteins, includ-
ing HMGB1, HMGB2, HMGB3, and HMGB4. Previous studies
showed reduced telomerase activity and telomere dysfunction in
HMGBI1 knockout mouse embryonic fibroblasts (58). The absence
of HMGBI expression by dying tumor cells exposed to anthracyclines
or oxaliplatin compromises DC-dependent T-cell priming by tumor-
associated antigens (49). Because we showed DC-dependent T-cell
priming by THIO, we tested for the presence of HMGBI in dying
tumor cells exposed to THIO. We showed HMGBI presence in THIO
treated samples, suggesting that HMGB1 may play a role in DC-
dependent T-cell priming.

There are other factors which play a role in the anticancer effects of
THIO. One of them is the conversion of THIO into corresponding 5'-
triphosphate, as well as biochemical stability of this triphosphate in
cells. 6-Thio-2'-deoxyguanosine 5'-triphosphate (6-thio-dGTP) is the
actual telomerase substrate, which is incorporated into de novo
synthesized DNA. As a result of this process, guanine bases are being
substituted with 6-thioguanine bases, and this substitution leads to
DNA damage and cell death. In addition, the induction of both general
DNA damage and telomere damage may potentiate the overall effect of
THIO in telomerase positive cancer cells and is another reason why we
do not see a direct correlation between ECs, values and telomerase
activity in HCC cells.

Opverall, our results reveal the anti-tumor immune response role of
THIO as a telomerase-dependent telomere targeting therapeutic in
HCC. THIO induces telomere damage, activates the cGAS-STING
pathway, enhances the cross-priming capacity of DCs and tumor-
specific T-cell activation. Moreover, we showed a potential role of
HMGBI in THIO induced T-cell activation. In addition, our study
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showed efficacy of sequential administration of THIO and anti-PDI,
anti-PDL1, and anti-VEGF in advanced tumors, thus providing a
strong scientific rationale to translate combination therapy into clin-
ical trials in HCC. Importantly, THIO has received FDA Orphan Drug
Designation for HCC and small cell lung cancer (SCLC), indicating the
importance and clinical relevance of our current studies. The sequen-
tial treatment of THIO and immune checkpoint inhibitors are also
planned to be evaluated in HCC, SCLC, colorectal cancer, and other
types of solid tumors.
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