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Abstract

Background: Radiotherapy has a promising anti-tumor effect in hepatocellular carcinoma (HCC),
depending on the its regulatory effects on both cancer cells and tumor immune microenvironment (TME).
Wnt/B-catenin signaling pathway activation, which is one of the most common alterations in HCC
patients, has been reported to induce radioresistance, and also create immunosuppressive TME. However,
it is unclear whether inhibition of wnt/B-catenin pathway could enhance the treatment efficacy of
radiotherapy. In this study, we aim to explore the effect of wnt/B-catenin inhibitor ICG-001 in combination
with radiotherapy and the underlying mechanism in HCC.

Methods: C57BL/6 and nude mouse subcutaneous tumor models were used to evaluate the efficacy of
different treatment regimens in tumor growth control, tumor recurrence inhibition and survival
improvement. Flow cytometry was performed to assess the alterations of tumor infiltrating lymphocytes
(TILs). Radioresistance was investigated by clone formation assay and y-H2AX measurements. Wnt/-
catenin and cGAS/STING pathway activation was detected by immunoblotting.

Results: The addition of ICG-001 to radiotherapy exhibited better anti-tumor control efficacy in tumor-
bearing C57BL/6 mice than nude mice, which suggested that ICG-001 had a critical role in activating
TME. The comprehensive analysis of TILs revealed that compared with radiotherapy alone, the
combination of ICG-001 with radiotherapy boosted the infiltration and IFN-y production ability of TIL
CD8* T cells, meanwhile reduced the number of TIL Tregs. Moreover, mechanism study demonstrated
that ICG-001 exerted a radiosensitizing effect on HCC cells, thus leading to stronger activation of
cGAS/STING signaling pathway upon radiotherapy in vitro and in vivo. Utilization of STING inhibitor, C-
176, significantly impaired the synergetic effect of ICG-001 with radiotherapy on tumor control and TME
activation. Furthermore, combination therapy led to a stronger immunologic memory and lasting anti-
tumor immunity than radiotherapy, thus preventing tumor relapse in HCC tumor-bearing mice.

Conclusion: Our findings showed that ICG-001 increased radioresistance and improved TME upon
radiotherapy in HCC. Compared with radiotherapy alone, the combination of ICG-001 with radiotherapy
displayed better therapeutic efficacy in inhibiting tumor growth, prolonging survival, and preventing
recurrence in tumor-bearing mice. These data indicated that ICG-001 might be a potential synergetic
treatment for radiotherapy and radioimmunotherapy in HCC.

Background

Worldwide, hepatocellular carcinoma (HCC) is the sixth most common incident cancer and the fourth
leading cases of cancer-related death [1]. Surgical resection and liver transplantation are first-line
treatments for early-staged HCC patients[2]. However, a significant proportion of HCC patients are late
staged at diagnosis, for whom surgery is not a suitable option. Radiotherapy, especially stereotactic body
radiation therapy (SBRT) has emerged as an effective noninvasive alternative and safe approaches for
HCC local control and liver oligo-metastases|3, 4].
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Radiotherapy was widely known to exert its cytotoxic role on cancer cells via radiation-induced DNA
damage[5, 6]. Besides the tumor-cell autonomous effect, radiotherapy also has non-tumor cell-
autonomous aspects by leasing new antigens, meanwhile facilitating dsDNA (double-strand DNA)
production and activating cGAS/STING signaling pathway, thus initiating antitumor immunity and
improving tumor immune microenvironment (TME) [7, 8]. Moreover, increasing preclinical studies have
shown that the combination of radiotherapy and immunotherapy (radioimmunotherapy) improve the
local control and recurrence of varied types of cancers[9-11]. These findings indicated
radioimmunotherapy could be a potential effective therapeutic strategy for cancer treatment. Notably,
what needs to be noticed that several studies have suggested that there are mutual effects between
radiotherapy and immune system. For example, Fu et al. reported that therapeutic effects of radiotherapy
on local tumor require CD8* T cells[12]. Bai et al. revealed that inhibiting the infiltration of CD8+ T cells in
TME after radiotherapy leads to radioresistance in cancer cells [13]. Therefore, these evidences suggested
that disrupting the reciprocal effect between radiation and TME might possibly become a promising
approach for radioimmunotherapy.

Wnt/B-catenin signaling pathway is well studied to be involved in development and progression of HCC
[14, 15]. Numerous studies have shown that wnt/B-catenin signaling activation causes stronger DNA
damage response (DDR) upon radiation, thus attenuating DNA damage and increasing cell survival, and
as a result, leading to radioresistance of cancer cells [16, 17]. Moreover, several preclinical studies have
demonstrated that wnt/f-catenin activation contributed to less infiltration of lymphocytes, which then
created immunosuppressive microenvironment and decreased response to immunotherapy[18, 19]. In
consistent with that, a next-generation sequencing analysis prospectively genotyped 127 advanced HCC
patients revealed that wnt/B-catenin activation was associated with innate resistant to immune
checkpoint inhibitors (ICls), shown by lower disease control rate, shorter median progression free survival
and overall survival upon IClIs treatment[20]. Taken together, we assumed that wnt/B-catenin signaling
might play a critical roles on both increasing anti-tumor effect and activate TME in combination with
radiotherapy. In addition, inhibiting wnt/B-catenin signaling might impair the mutual effects between
radiotherapy response and TME, thus could potentially increase the therapeutic efficacy of radiotherapy
or radioimmunotherapy.

B-catenin is a core molecule in transducing wnt signaling by binding to LEF-1/TCF4 and promoting the
transcription of targeted genes, including Jun, c-Myc and CyclinD1[21]. ICG-001 is a CBP/B-catenin
inhibitor, which impaired wnt/B-catenin-mediated transcription. As the derivative of ICG-001, PRI-724 has
entered early-phase clinical trial for advanced solid tumors (NCT01302405)[22]. In addition, PRI-724 was
proved to be well-tolerated by patients with HCV cirrhosis[23]. In this study, we explore the synergistic anti-
tumor and immune-editing role of ICG-001 in combination with radiotherapy. Our findings highlighted the
potential of ICG-001 could be developed as a new synergistic treatment paradigm in combined with
radiotherapy or radioimmunotherapy in HCC patients.

Methods
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Cell culture

Hepa1-6 (C57BL/6 murine liver cancer cell line) and HCC-LM3 (Human hepatocellular cancer cell lines)
cells were obtained from the Shanghai Institute of Biochemistry and Cell Biology. Cells were cultured in
DMEM (Gibco, USA) supplemented with 10% fetal bovine serum (Gibco, USA). Both cells were cultured
using standard procedures in a 37°C humidified incubator with 5% CO,.

Mice treatment

C57BL/6 and nude mice (5 to 10 weeks of age) were obtained from the Animal Resource Centre
(Southern Medical University, China) and the Guangdong Medical Laboratory Animal Center (Guangzhou,
China). Mice were housed, fed, and monitored in accordance with protocols approved by the Committee
for Animal Research at Southern Medical University (Guangzhou, China). Hepal-6 cells (1x107) were
implanted subcutaneously in the right hind flank of the C57BL/6 or nude mice. Tumor volumes were
calculated using a standard formula: length x width?/2. For radiotherapy experiment, radiation was
administered when tumors reached approximately 200 mm?2. Mice were anesthetized by intraperitoneal
injection with 2% sodium pentobarbital solution and received three fractions of 6 Gy on days 1, 3, 5 from
the start of treatment. For ICG-001 experiment, mice were intraperitoneally injected with ICG-001 (S2662,
Selleck; 20 mg/kg) on days 1, 3, 5 from the start of treatment. For C-176 experiment, mice were
intraperitoneally injected with C-176 (S6575, Selleck; 5mg/kg/d) daily from one week before radiation till
the complete of radiation.

Lymphocytes extraction

The mice were euthanized to harvest the tumors and spleens. The tumor tissue was immediately
submerged in RPMI media with 0.5mg/ml collagenase IV (Solarbio Life Sciences) and 0.1mg/ml
deoxyribonuclease type | (Solarbio Life Sciences) at 37°C for 1 hour, and then was dissociated. The
spleen was harvested and directly mechanically dissociated on a frosted glass slide to prepare for the cell
suspension. The single-cell suspension of tumor or spleen was obtained by filtration using a 70-uym cell
strainer (Corning Inc.), followed by erythrocyte elimination by lysis in 1T ml erythrocyte lysis buffer (150
mM NH,CI, 70 mM NaHCO3, 0.1 mM EDTA) for 1 minute at room temperature The single-cell suspension

was counted and at least 1 x 10° cells were prepared for subsequent experiments. For detection of IFN-y,

cells were incubated with Leuko Act Cktl With GolgiPlug (550583, BD Biosciences) at 37°C for 4-6 hours,
and were further cultured for 2 hours for subsequent staining.

Flow cytometry analysis

Cells were stained with antibodies for 30 minutes on ice. After permeabilization with Transcription Factor
Buffer Set (562574, BD Biosciences), intracellular staining was performed in perm/wash buffer (BD
Biosciences) at 4°C for 50 minutes. Data were acquired using a LSRFortessa flow cytometer and
analyzed using FlowJo v10.4.0 software (Supplementary Fig. S1). Compensation controls were
performed using splenocytes. All antibodies (clones, catalogue number) were purchased from BioLegend:
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FITC CD3 (17A2, 100204), Brilliant Violet 510™ CD8a (53-6.7, 100752), PE CD25 (PC61, 102008), Brilliant
Violet 421™ FOXP3 (MF-14, 126419), APC IFN-y (XMG1.2, 505810), PerCP/Cyanine5.5 CD45 (30-F11,
103132), Brilliant Violet 421™ NK-1.1 (PK136, 108741), PE CD86 (GL-1, 105008), FITC CD11b (M1/70,
101206), APC F4/80 (BMS, 123116), PE/Cy7 CD206 (C068C2, 141719), APC CD62L (MEL-14, 104412),
PE/Dazzle™ 594 CD44(IM7, 103056).

Colony formation assay

Cells (500—-8000/well) were seeded in 6-well plates. Cells were incubated with/without ICG-001 (5 uM) for
48 hours then replaced with fresh medium. Cells in the control group and ICG-001 group were
subsequently administrated different doses of IR (0, 2, 4, 6, and 8 Gy). Fourteen to twenty days after
seeding, cells were fixed in methanol, and stained with crystal violet. The visible colonies (with > 50 cells)
were manually counted. The plating efficiency (PE) was calculated as the number colonies / the number
of seeded cells x 100%. The survival fraction is the colonies divided by the number of colonies corrected
for the PE. All data were analyzed with GraphPad Prism 8 software, and survival curves were calculated

using the single-hit multi-targeted model (y = 1-(1-exp(-k*x))"N).
Immunoblotting

Cells or tissues were lysed in RIPA buffer with protease inhibitors and phosphatase inhibitor. Cell extracts
were separated on 12% SDS-PAGE gels and transferred to PVDF membranes (Millipore). Before incubated
with specific primary antibody at 4 °C overnight, membranes were blocked with 5% skim milk in Tris-
buffered saline/Tween 20 (TBST) for 1 h at room temperature. Subsequently, three washes were applied
to the membranes, followed by secondary HRP-conjugated antibodies (1:5000) for 1 hour at room
temperature. The immunoblots were detected using ECL (Thermo Fisher Scientific) according to the
manufacturer’s protocol. The following primary antibodies were used: anti-B-catenin (51067-2-AP,
proteintech), anti-c-Jun(Ser139, 60A8, Cell Signaling Technology), anti-CyclinD1 (60186, proteintech), anti-
y-H2AX (Ser139, 20E3, Cell Signaling Technology), anti-cGAS (D3080, Cell Signaling Technology), anti-
STING (D1VS5L, Cell Signaling Technology), anti-p-STING(Ser365, D8F4W, Cell Signaling Technology),
anti-IRF3 (D83B6, Cell Signaling Technology), anti-p-IRF3(Ser396, D601M, Cell Signaling Technology),
anti-TBK1 (D1B4, Cell Signaling Technology), anti-p-TBK1(Ser172, D52C2, Cell Signaling Technology) and
anti-GAPDH (Fdbio science, China).

Immunofluorescence staining

5 x 10* HCC-LM3 or Hepa1-6 HCC cells were seeded on glass coverslips in a 24-well plate. Cells
with/without ICG-001 treatment for 48 hours were administrated 6 Gy IR. After 0, 2, 8 hours of IR, cells
were fixed with 4% paraformaldehyde in phosphate-buffered saline (PBS) for 15 minutes before
permeabilized in 0.25% Triton X-100 in PBS containing 5% BSA for 15 minutes. The permeabilized and
blocked cells were incubated overnight at 4°C with primary antibodies against y-H2AX (Ser139, 20E3, Cell
Signaling Technology) at a 1:100 dilution. Secondary antibodies used were Cy3-conjugated goat anti-
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rabbit IgG (1:100) (Bioworld). Nuclei were counterstained with DAPI. Carl Zeiss LSM880 confocal
microscope was used for fluorescence microscopy.

Hematoxylin-Eosin staining and immunohistochemistry

Formalin-fixed, paraffin-embedded murine tumor tissues sections were used for Hematoxylin & Eosin
(H&E) staining and immunohistochemistry (IHC). The sections (5 um thick) were de-paraffinized,
rehydrated and subjected to heat-induced antigens retrieval in 10mM sodium citrate buffer (pH 6.0). After
blocked with 5% goat serum (SL034, Solarbio Life Sciences) and Minute™ Peroxidase Suppressor (WA-
005, Invent biotechnology Inc.), sections were incubated with anti y-H2AX (Ser139, 20E3, Cell Signaling
Technology) at 4°C overnight and subsequently applied with the secondary antibody for 1 hour at room
temperature. Sections were developed with DAB (GK500705, Gene Tech) and counterstained with
hematoxylin and eosin.

Statistical analysis

The comparisons between three or more groups were performed using one-way ANOVA, followed by
Tukey’s multiple comparison test. The comparison of mice subcutaneous tumor volume from four groups
was analyzed by using mixed-effects model, followed by Tukey’s multiple comparison test. Survival
curves for different groups of mice were generated using the Kaplan-Meier method and analyzed by
performing the log-rank Mantel-Cox test. P< 0.05 was considered as statistical significance. All graphs
were plotted using GraphPad Prism 8.

Results

ICG-001 exerts stronger effect in increasing anti-tumor efficacy and enhancing survival of radiotherapy in
immune-proficient than immune-deficient mice

To determine the treatment efficacy of ICG-001 in combination with radiotherapy, the Hepa1-6 tumor-
bearing nude mice were treated with ICG-001, radiotherapy, or combination of radiotherapy and ICG-001
(Fig. 1a). we destinated the day when the treatments started as day 0. In vehicle group, ICG-001 group,
and radiotherapy group, the designated tumor volume endpoint (1000 mm?3) was reached at day 8, 10,
and 14, respectively (Fig. 1b). While radiotherapy and ICG-001 combination group reached the endpoint
on day 22. Compared with radiotherapy alone, combination treatment significantly inhibited tumor
growth (Fig. 1b and c; mean tumor volume + SEM at day 12: 946.00 + 54.00 mm? radiotherapy vs. 653.00
+ 35.01 mm? radiotherapy plus ICG-001, P< 0.0001). In addition, combination therapy significantly
prolonged survival compared with radiotherapy alone, which was shown by higher median survival time
(Fig. 1d; 10 days radiotherapy vs. 17 days radiotherapy plus ICG-001, P< 0.0001)

Interestingly, in Hepa1-6 tumor-bearing C57BL/6 mice, we found that radiotherapy alone and combination
treatment group did not reach the endpoint yet until day 40. In addition, the combination of ICG-001 with
radiotherapy almost eliminated the xenografts (Fig. 1e and f, mean tumor volume + SEM at day 40:
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787.75 + 186.88 mm? radiotherapy vs. 32.27 + 32.27 mm? radiotherapy plus ICG-001, P= 0.0011).
Furthermore, the median survival time of the mice treated with vehicle, ICG-001, and radiotherapy alone
was 20, 30, and 40 days, respectively. Whereas the survival of the mice in combination group was 90% at
the end of observation period (Fig. 1g). In addition, the xenografts from C57BL/6 mice showed higher
complete response rate than those in nude mice after the combination therapy (90% C57BL/6 mice vs.
0% nude mice). Therefore, although the addition of ICG-001 to radiotherapy significantly inhibited tumor
growth and prolonged the survival time of tumor bearing mice in both immune-proficient C57BL/6 mice
than immune-deficient nude mice, the synergistic effect was dramatically stronger with the presence of
normal immune condition.

Combination of ICG-001 and radiotherapy improves immune microenvironment in mice HCC xenografts

Previous results have shown that ICG-001 displayed more substantial therapeutic effect with
radiotherapy in the context of immune, we hypothesized that ICG-001 could regulate tumor immune
microenvironment (TME) in combination with radiotherapy in HCC. To confirm this, we analyzed the
alterations of varied tumor-infiltrating lymphocytes (TILs) in xenografts from Hepa1-6-bearing C57BL/6
mice treated with ICG-001, radiotherapy, or the combination. Compared with vehicle, radiotherapy
evaluated the ratio of TIL CD8*/CD3* T cells (Fig. 2a; 39.31% + 6.00% vehicle vs. 51.54% + 5.57%
radiotherapy, P = 0.025). Meanwhile, radiotherapy alone also increased the number of TIL CD8* T cells,
but the difference did not reach statistical significance (Fig. 2b; 42.85 + 28.93 vehicle vs. 120.70 + 71.77
radiotherapy, P = 0.6666). Moreover, the addition of ICG-001 further increased the percentage (Fig. 2a;
51.54% * 5.57% radiotherapy vs. 67.62% + 7.91% radiotherapy plus ICG-001, P= 0.0021) of TILCD8* T
cells, and the number (Fig. 2b; 120.70 + 71.77 radiotherapy vs. 325.30 + 204.60 radiotherapy plus ICG-
001, P=0.0321).

Next, we explored the role of ICG-001 on effector function of TIL CD8* and CD4* T cells. After the
stimulation of IFN-y production by phorbol 12-myristate 13-acetate (PMA) and ionomycin, we found that
the percentage of TIL CD8* T cells that produced IFN-y in combination treatment group was significantly
higher than that in other treatment groups (Fig. 2c; 23.03% * 7.79% radiotherapy plus ICG-001 vs. 6.95% +
2.65% vehicle, P< 0.0001; vs. 14.80% + 3.926% ICG-001, P=0.0424; vs. 12.48% * 3.87% radiotherapy, P=
0.0073). We additionally examined the percentage of TIL CD4* T cells that produced IFN-y. Similar with
CD8* T cells, compared with other treatment regimens, the combination of ICG-001 and radiotherapy
significantly increased the percentage of TIL IFN-y* CD4™ T cells (Fig. 2d; 34.13% + 14.93% radiotherapy
plus ICG-001 vs. 6.76% * 4.87% vehicle, P< 0.0001; vs. 13.08% * 4.82% ICG-001, P= 0.0018; vs. 10.53% %
3.92% radiotherapy, P=0.0005).

Besides the positive effect, radiation also confers negative effect on TME. In our study, the upregulated
number of TIL Tregs was observed in radiotherapy alone group (Fig. 2e; 4.12 + 1.50 vehicle vs. 6.25 +
1.49 radiotherapy, P = 0.0246). The addition of ICG-001 to radiotherapy reduced the infiltration of Tregs
(Fig. 2€; 6.25 * 1.49 radiotherapy vs. 4.66 + 0.86 radiotherapy plus ICG-001, P = 0.1225), but the
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difference did not reach statistical significance. Meanwhile, compared with radiotherapy, combination

treatment significantly increased the CD8%/Tregs ratio (Fig. 2f; 23.02% * 12.49% radiotherapy vs. 54.84%
+ 16.88% radiotherapy plus ICG-001, P=0.0398).

We also investigated the status of innate immunity in xenografts from the mice with different treatments.
No differences in the numbers of macrophage, dendritic cells, NK cells, and M2/macrophage ratio were
observed between radiotherapy and combination treatment (Fig. 3a, b, ¢, and d, Supplementary Fig. S2).
However, we found that adding ICG-001 to radiotherapy dramatically increased the ratio of
M1/macrophage (Fig. 3€; 44.00% + 6.99% radiotherapy vs. 57.55% + 7.11% radiotherapy plus ICG-001, P
=0.0234).

In summary, the addition of ICG-001 to radiotherapy activated TME in mice HCC xenografts by increasing

the frequency and function of cytotoxic TILs (CD8" and CD4" T cells), and decreasing the infiltration of
suppressive TILs (Tregs).

ICG-001 increases radiation-induced DNA damage of HCC cells in vitro and in vivo

Previously we have shown that ICG-001 increased radiosensitivity in nude mice, which implied that other
than immune-editing, ICG-001 also played a critical role in radio-sensitizing regulation. To confirm this, by
performing clonogenic survival assays, we found that ICG-001 inhibited colony formation of both Hepa1-
6 and HCC-LM3 cells (Fig. 4a and b). These findings indicated the role of ICG-001 in increasing instinct
radiosensitivity of HCC cells. Since it is widely reported that radiation-induced DNA damage is closely
associated with radiosensitivity. Thus, we investigated the effect of ICG-001 on radiation-induced double-
strand breaks (DSBs) by detecting the accumulation nuclear foci of y-H2AX by immunofluorescence
staining, a specific marker of DSBs, at a serial timepoints after IR treatment. We found that there were
significantly more cells with > 10 foci in combination treatment group than radiation alone group (Fig. 4c
and e). In addition, compared with radiotherapy, the addition of ICG-001 caused higher protein level of y-
H2AX post IR (Fig. 4d and f). Consistent with in vitro results, we observed more cell death and higher level
of y-H2AX in mice treated with combination treatment than radiotherapy alone (Fig. 4g and h).
Collectively, our results demonstrated that ICG-001 enhanced radiation-induced DNA damage and
increased radiosensitivity of HCC cells in vitro and in vivo.

ICG-001 promotes the anti-tumor efficacy and immune-improvement effect of radiation via activation of
CcGAS/STING

Previous reports have demonstrated that radiation promoted T cell infiltration through producing double-
strand DNA (dsDNA) and activating cGAS/STING signaling pathway. In this study, we showed that the
addition of ICG-001 to radiotherapy increased radiation-induced DNA damage, improved TME of HCC and
prolonged HCC-bearing mice survival. Next, we investigated whether the anti-tumor and immune-editing
role of ICG-001 in combination with radiotherapy relies on cGAS/STING signaling pathway activation. By
analyzing the protein levels of several key factors involved in cGAS/STING signaling pathway, including
cGAS, p-STING, and p-TBK1, in Hepa1-6 or HCC-LM3 cells treated with different treatment regimens. We
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found that ICG-001 further enhanced radiation-induced cGAS/STING signaling pathway activation in HCC
cells (Fig. 5a, Supplementary Fig. S3). Consistent with these findings in vitro, similar results were
observed in xenografts derived from the mice treated with radiotherapy or combination treatment (Fig.
5b). All these data implied that ICG-001 might exert an anti-tumor effect with radiotherapy by boosting
the radiation-induced activation of cGAS/STING pathway in HCC, which shed light on the possibility that
blockage of cGAS/STING pathway could weaken the synergistic therapeutic efficacy of ICG-001 with
radiotherapy. By challenging the tumor-bearing mice with STING inhibitor C-176, we found that C-176
impaired the anti-tumor effect of the combination treatment (Fig. 5¢ and d; day 20: 499.00 + 158.98 mm?
combination therapy vs. 1246.90 + 393.74 mm? combination therapy plus C-176, P< 0.0001). Moreover,
C-176 decreased the percentage (Fig. 5e and Supplementary Fig. S4a; combination therapy 56.83% +
11.92% vs. combination therapy plus C-176 34.33% + 6.16%, P=0.0003) and number of TIL CD8" T cells
(Fig. 5f; combination therapy 272.10 + 136.00 vs. combination therapy plus C-176 54.33 + 37.89, P =
0.0002), and the IFN-y production activity of CD8* T cells (Fig. 5g and Supplementary Fig. S4b;
combination therapy 19.89% + 5.31% vs. combination therapy plus C-176 6.92% + 3.02%, P = 0.0006).
Taken all these together, our findings indicated that ICG-001 exerted the synergistic tumor-control and
TME-activation effect with radiotherapy in a cGAS/STING dependent manner.

The addition of ICG-001 to radiotherapy prevented HCC recurrence

We analyzed the memory status of CD8* T cells in mice spleens. Compared with radiotherapy, the
addition of ICG-001 increased the percentage of TIL CD8" effector memory T (Tgy) cells (Fig 6a;
radiotherapy 18.28% + 1.52% vs. radiotherapy plus ICG-001 39.23% * 6.03%, P< 0.0001). It is well
demonstrated that the activation and memory status of CD8" effector T cells is closely related with long-
term tumor control, next we determined the effect of ICG-001 on tumor recurrence. We re-implanted new
HCC tumors into the contralateral flank of the tumor bearing mice with complete course of varied
treatments, and then monitored the new tumors in each group. Results revealed that, compared with
radiotherapy alone, the addition of ICG-001 retarded the speed of tumor growth and reduced the
secondary tumor volume, suggestive of the potent inhibitory role of ICG-001 with radiotherapy in
secondary tumor growth (Fig. 6b and c). These data suggested that combination treatment improved
immunologic memory and delayed recurrence of HCC by increasing Ty cells in tumors.

Discussion

In our study, we found that the addition of ICG-001 enhanced the anti-tumor and survival-prolong efficacy
of radiotherapy on the HCC cells-derived xenografts regardless of the immune state of the mice.
Nevertheless, this synergetic effect was more significant in immune-proficient mice than immune-
deficient mice, which suggested that other than tumor cell autonomous effect, ICG-001 also boosted the
non-tumor cell autonomous effect of radiotherapy. By analyzing the tumor infiltrating lymphocytes, we
found that, compared with radiation alone group, the total infiltration amount and the ones with IFN-y
secretion ability of CD8* T cells increased, meanwhile the CD8*/Tregs ratio evaluated in combination
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treatment. These findings uncovered that the addition of ICG-001 exerts not only radio-sensitizing but
also a synergistic immune microenvironment stimulating effect upon radiotherapy.

Both of the stimulatory and inhibitory effects of radiation on immune microenvironment have been well
reported[12, 24]. However, as for the Hepal-6 subcutaneous xenograft model in our study, we found that
although there is a trend that radiation increased the number and the IFN-y secreting ability of TIL CD8* T
lymphocytes, and also decreased the number of Tregs and increased the CD8*/Tregs ratio. But the
difference did not reach statistical significance. Analogously, the similar trends regarding TIL CD8* T cells
and Tregs were observed in CT26 colorectal cells-derived xenografts upon radiotherapy reported by
Vendetti et al[25]. While these differences reached significance at day 9 but not day 5 after radiotherapy.
Taken this previous study into consideration, besides that we focused on distinct cancer types, the other
possible explanation for the insignificant alterations of TILs in our case may be the timepoints we
analyzed TILs at day 7 after radiotherapy.

The interaction and communication between radioresistance and TME of cancer cells is complicated[26,
27]. Basically, the instinct radioresistant property protects cancer cell form death, thus generating less
dsDNA and weakening antigen presentation upon radiation[28]. As the result, the TME cannot be
substantially activated, and the cytotoxic T cells including TIL CD8* T cells cannot be sufficiently
primed[18]. In return, numerous studies have reported that CD8* T cell infiltration after radiation is critical
for tumor response to radiotherapy, deletion of CD8" T cell caused radioresistance in cancer cells[12, 13].
Thus, one key to efficiently improve the efficacy of radiotherapy is to target the regulators involved in both
cell instinct radioresistance and TME suppression. Hou et al. has identified that NF-kB pathway, which
plays a crucial role in radioresistance in tumor cells, also participates in radiation-induced anti-tumor
immunity[29]. Moreover, by inhibiting non-canonical NF-kB pathway, DCs were activated and the
therapeutic efficiency of radiotherapy was enhanced in cancer cells[29]. These findings suggested that
targeting non-canonical NF-kB may be designed as a therapeutic strategy that benefits both cell intrinsic
radiosensitivity and TME upon radiation.

As for HCC, there are about 30-40% HCC patients carrying wnt/B-catenin activation mutation[14, 20, 30].
Wnt/B-catenin signaling was reported to induce radioresistance in several human cancers including head
and neck, breast, nasopharyngeal, esophageal, glioblastoma, and colorectal cancers[31-36]. In addition,
wnt/B-catenin signaling was associated with immune-desert TME[37-39]. For example, Sia et al.
demonstrated that HCC samples with wnt/B-catenin activation showed significantly lower enrichment
score for several immune signatures, especially T cells[40]. A preclinical study also demonstrated that -
catenin activation led to a defective recruitment of DCs and antigen-specific T cells[18]. As a following
consequence, anti-tumor immune response was impaired. Taken all these reports into consideration, wnt/
B-catenin seems to be a promising signaling pathway in coordinating cancer cells and TME to protect
HCC cells from radiation-induced damage. In our study, we found that ICG-001 increased radiosensitivity
of HCC cells by enhancing radiation-induced DNA damage, and meanwhile augmented cell-killing T cells
infiltration by strengthening radiation-induced cGAS/STING signaling. Thus, targeting wnt/B-catenin
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might be an appropriate approach for increasing radiosensitivity and activating TME, finally promoting
anti-tumor efficacy of radiotherapy and creating suitable condition for radioimmunotherapy in a large
group of HCC patients who carries wnt/B-catenin alterations.

It is widely demonstrated that DCs are critical in priming CD8™ T cells, and B-catenin activation
downregulated several chemokines required for DCs recruitment, thus impairing anti-tumor immunity[41].
According to this report, inhibition of B-catenin should increase the infiltrating DCs in HCC. However, in our
study, ICG-001 did not significantly altered the numbers of DCs in xenografts. The reason for this
contradiction was unclear, but we can get a clue form the observation in one study showing that
radiation-induced dsDNA translocated from tumor cells to DCs and activated cGAS/STING signaling, and
then promoted the antigen processing and presenting capacities of DCs[29]. Our results revealed that ICG-
001 further evaluated radiation-induced cGAS/STING activation and increased the percentage of TIL
CD8™* T cells with IFN-y production ability. We assumed that ICG-001 might exert stronger effect in
potentiating the function rather than priming the infiltration of DCs via enhancing radiosensitivity and
stimulating cGAS/STING signaling pathway of HCC cells in our context.

Interestingly, we found that compared with non-treated group, the CD8*/CD3" ratio in xenografts from
tumor-bearing mice treated with ICG-001 was dramatically increased. However, the addition of
radiotherapy with ICG-001 did not further increase this ratio, even though the treatment efficacy was
remarkably better in combination group than ICG-001 alone group. Given the evidence establishing
radiotherapy led to further increase in the percentage of TIL IFN-y* CD8* and IFN-y* CD4™ T cells upon
ICG-001 treatment, we speculated that, compared with ICG-001, the additional treatment benefit of the
combination therapy was mainly dependent on potentiating the cytotoxic ability of CD8" T cells but not
increasing the absolute frequency of infiltrating CD8* T cells.

Radiation-generated dsDNA plays a crucial role activating cGAS/STING signaling pathway in both tumor
cells and immune cells[9, 42, 43]. For example, radiation-activated cGAS/STING mediated tumor-
suppressive effects, meanwhile, triggers the capability of DCs and promotes the anti-tumor immunity[44].
In our study, we found that the combination of ICG-001 with radiotherapy led to the activation of
cGAS/STING pathway and increased TIL IFN-y* CD8" T cells infiltrates in HCC tissues. These
observations shed light on the possibility that the blockage of cGAS/STING signaling pathway could
weaken the anti-tumor and immune-stimulatory effect of ICG-001. As our data shown, the addition of
STING inhibitor C-176 reduced the percentage of TIL IFN-y* CD8" T cells in xenografts from HCC tumor-
bearing mice treated with the combination of radiotherapy and ICG-001. Moreover, C-176 impaired the
anti-tumor efficacy of combination therapy in tumor-bearing mice.

As a potent antagonist of CBP/B-catenin-mediated transcription, ICG-001 displayed cytotoxic effect in
varied types of cancers. For example, ICG-001 induced apoptosis against T-cell acute lymphoblastic
leukemia cells in combination with ZSTK-474, a PI3K inhibitor [22]. ICG-001 has also shown to increase
sensitivity to cisplatin in platinum-resistant ovarian cancer cells[45]. Importantly, numerous clinical

studies are being conducted to explore the effect of wnt/B-catenin inhibitors in varied types of tumors,
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including pancreatic adenocarcinoma, colorectal cancers, and acute myeloid leukemia[46-48). As the
second-generation clinical-grade wnt/B-catenin antagonist, PRI-724 has already entered early stage of
clinical trials for advanced solid tumors (NCT01302405), and advanced myeloid malignancies
(NCT01606579). Moreover, PRI-724 was well-tolerated by patients with HCV cirrhosis[23]. Here, we
revealed that ICG-001 dramatically enhanced radiosensitivity, meanwhile promoted radiation-induced
TME activation and boosted immunologic memory in HCC tumor-bearing mice. Thus, ICG-001 in
combination with radiotherapy prolonged survival, and delayed recurrence of the tumor-bearing mice.
Although the safety evidence is still lacking in cancer patients, our data provide a promising cure role of
ICG-001 to combine with either radiotherapy or immunoradiotherapy.

Zhang et al. reported that ICG-001 decreased sphere formation and the migration capacity of glioma
stem-like cells[49]. In addition, Cui et al. has shown that ICG-001 effectively inhibited the metastatic
progression of HCC tumors in both cell line and patient-derived xenograft mouse models[50]. Moreover,
PRI-724, the derivative of ICG-001, was reported to induce CD8" T-cells infiltrates and IFN-y production in
liver metastatic lesions in a mouse model of colon cancer with liver metastasis[51]. The combination
treatment of anti-PD-L1 antibody and PRI-724 resulted in regression of tumor growth. Analogously, we
found that ICG-001 also increased IFN-y production ability of CD8* T cells in our context, which implied
that combining ICG-001 and radioimmunotherapy may be a promising therapeutic approach to eradicate
the in situ and the metastatic cancer cells in HCC patients.

In this study, we showed the two-sided benefits of ICG-001 combined with radiotherapy on both radio-
sensitizing and immune-editing in HCC. Our data raised the possibility that ICG-001 might be applicable
for the combination therapy with radiotherapy or radioimmunotherapy in HCC patients. Our study was of
high clinical significance, and the combination treatment paradigm merits evaluation on future clinical
trials in HCC patients.

Conclusion

In summary, we have demonstrated that the addition of ICG-001 to radiotherapy displayed stronger
synergistic anti-tumor efficacy and survival extension in immune-proficient mice than in immune-deficient
mice. Compared with radiotherapy alone, the TME of the xenografts from the mice treated with the
combination of ICG-001 and radiotherapy was improved, exhibited by the increased infiltration and IFN-y
production ability of TIL CD8* T cells, and decreased number of TIL Tregs. In addition, ICG-001 increased
DNA damage response and radiosensitivity of HCC cells. As the consequence, ICG-001 further enhanced
the activation of radiation-induced cGAS/STING signaling pathway, and STING inhibitor C-176 impaired
the anti-tumor efficacy of combination therapy. Importantly, ICG-001 also resulted in an increase in the
percentage of splenic CD8* Ty, thus preventing recurrence in tumor-bearing mice.

Taken all these two-sided benefits of ICG-001 combined with radiotherapy on both HCC intrinsic
radiosensitivity and TME together, our data suggested a novel potential synergistic therapeutic approach
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to combine with radiotherapy and radioimmunotherapy in HCC patients. Remarkedly, this study provided
a preclinical evidence for future clinical human studies into the treatment of HCC.
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The addition ICG-001 exhibited stronger synergistic effect with radiotherapy in C57BL/6 mice than nude
mice. (a) Treatment schedules of IR and ICG-001. (b-d) The tumor growth curves (b), the individual tumor
volume curves (c), and Kaplan-Meier survival plots (d) of the nude mice receiving vehicle, IR alone, ICG-
001 alone or combined treatment. Data represent the mean + SEM. (e-g) The tumor growth curves (e), the
individual tumor volume curves (f), and Kaplan-Meier survival plots (g) of the C57BL/6 mice receiving
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vehicle, IR alone, ICG-001 alone or combined treatment. Data represent the mean = SEM. For (b) and (e),
statistical analyses were performed using a mixed-effects model, followed by Tukey’s multiple
comparison test. For (d) and (g), survival data was compared using the log—rank Mantel—Cox test. ***P <

0.001, ****P < 0.0001.
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ICG-001 increases radiation-induced infiltration and cytotoxic function of T cells in tumor
microenvironment. (a) Representative contour plots (left panel) and quantification (middle panel) of
CD8+/CD3+ ratios. (b) The quantitation of the number of TIL CD8+ T cells per 104 cells was shown. (c)
Representative contour plots (left panel) and quantitation (right panel) of percentage of IFN-y-secreting
CD8+ TILs with PMA/ionomycin stimulation. (d) Representative contour plots (left panel) and
quantitation (right panel) of percentage of IFN-y-secreting CD4+ TILs (g) with PMA/ionomycin
stimulation. (e) Representative contour plots (left panel) and quantitation (middle panel) of the
percentage of Tregs (CD25+ Foxp3+) was shown. (f) The quantitation of the number of TIL Tregs per 104
cells was shown. Data represent the mean + SD. Ns, not significant, *P < 0.05, **P < 0.01, ***P < 0.001,
****P < 0.0001 via ANOVA using Tukey’s multiple comparisons test.
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Figure 3

Combination therapy enhances M1 macrophages infiltration in mice HCC tumors. Representative contour
plots and quantitation of DC cells (CD11b- CD45+ CD86+) per 104 cells (a), NK cells (NK1.1+) per 104
cells (b), macrophages (CD11b+ F4/80+) per 104 cells (c), M2 (CD206+)/macrophages ratios (d), and M1
(CD86+)/macrophages ratios (e). Data represent the mean + SD. Ns, not significant, *P < 0.05,**P < 0.01,
***P < 0.001 via one-way ANOVA with Tukey’s multiple comparisons test.
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Figure 4

ICG-001 enhances radiosensitivity and radiation-induced DNA damage response in HCC cells. (a-b)
Colony formation assays were performed in Hepa1-6 cells (a) or HCC-LM3 cells (b) with pretreatment of
ICG-001 (5uM, 48h) before radiation (left panel, representative images of colony formation; right panel,
survival curve). (c,e) Hepa1-6 cells (c) or HCC-LM3 cells (e) pretreated with ICG-001 (5uM, 48h) were
exposed to IR (6 Gy). Cells were collected at the indicated timepoints after IR, and prepared for
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immunofluorescence analysis of y-H2AX nuclear foci. The 0 timepoint indicated no IR. (left panel,
representative images; right panel, quantification for the percentage of cells with more than 10 foci from
three independent experiments). Scale bar: 20puM. Data represent the mean + SD. Ns, not significant, *P <
0.05, **P < 0.01, and ***P < 0.001 by one-way ANOVA with Tukey’s multiple comparisons test. (d,f) Cell
lysates from Hepa1-6 cells (d) or HCC-LM3 cells (f) with the same treatment as that in panel c or e were
made for immunoblotting of the indicated proteins. GAPDH was used as a loading control. (g) H&E and
IHC staining for y-H2AX of the xenografts from the mice treated with IR or IR+ICG-001. (f) The cells
lysates from the xenografts with the same treatment as that in panel g were made for immunoblotting for
the indicated proteins. GAPDH was used as a loading control.
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Figure 5

ICG-001 promotes anti-tumor and TME-improvement effect of radiotherapy in HCC via activating
cGAS/STING signaling pathway. (a-b) The key factors of cGAS/STING pathway were detected in Hepa1-6
cells (a) or Hepa1-6 subcutaneous tumors from mice (b) treated with radiotherapy or combination
therapy group. (c) Schematic showing schedules of IR, ICG-001, and C-176 treatment. (d) Response of the
Hepa1-6 subcutaneous tumors from C57BL/6 mice to IR, IR+ICG-001, and IR+ICG-001+C-176. Data
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represent the mean + SD. Statistical analysis was performed by using mixed-effects model, followed by
Tukey’s multiple comparison test. Ns, not significant, ***P < 0.001. (e-g) Tumor-bearing C57BL/6 mice
were treated as that shown in panel ¢, and TILs from the xenografts were isolated and analyzed by flow
cytometry. Quantitation of the percentage of TIL CD8+ T cells (e), the number of the TIL CD8+ T cells per
104 cells(f), and the percentage of TIL CD8+ T cells that elicit IFN-y following stimulation with
PMA/ionomycin(g) were shown. The mean and SD bars shown. Ns, not significant, *P < 0.05, **P < 0.01,
and ***P < 0.001 by one-way ANOVA with Tukey’s multiple comparisons test.
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Figure 6

Triple therapy enhances immune memory activation in mice. (a) Tumor-bearing C57BL/6 mice were
treated as that shown in fig. 1a, and splenic lymphocytes were isolated and analyzed by flow cytometry.
Quantitation of the percentage of TEM (CD62L- CD44+) cells was shown. Data represent the mean + SD.
Ns, not significant, ***P < 0.001, and ****P < 0.0001 by one-way ANOVA with Tukey’s multiple
comparisons test. (b-c) C57BL/6 mice tumors were re-challenged with Hepal-6 cells in the contralateral
flank and treated with the indicated treatments. The tumor growth curves (b), the individual tumor volume
curves (c) were shown. Data represent the mean + SD. Statistical analysis was performed using mixed-
effects model, followed by Tukey’s multiple comparison test. *P < 0.05, ***P < 0.001.
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