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: Cancer stem cells (CSCs) are known to participate in tumor

initiation, drug resistance, and metastasis in cancers.
Targeting CSCs is considered as the key for the development
of anti-cancer drugs. Programmed cell death receptor
ligand-1 (PD-L1) is one of the immune checkpoint molecules
that can inhibit anti-tumor immunity by binding to PD-1 on
the surface of T cells and causes the inactivation of
tumor-infiltrating T cells. PD-1/PD-L1 signals have been
found in cancer cells to increase the epithelial-
mesenchymal transition characteristics of breast cancer



cells or cause drug resistance in myeloma cells.
Indoleamine 2, 3-dioxygenase 1 (IDO1) can metabolize
tryptophan to kynurenine followed by the suppression of T
cell activation in tumor microenvironemnt. IDOl has been
reported to regulate the cell cycle and cause radiation
resistance in cancer cells. These studies have shown that
immune checkpoint molecules may have non-immune modulation
functions on cancer cells or CSCs, leading to cancer
progression, but the underlying molecular mechanisms have
not been clearly proven. The specific aims of this study
include two parts: (1) the effect of IDOl and tryptophan
metabolites on cervical CSCs; (2) the effect of PD-LI
reverse signal on the self-renewal of CSCs. In the first
part, we found that the IDOl expression in cervical CSCs
was higher than that of non-CSCs, and the increase in IDO1
protein and its activity could also be observed in cervical
cancer cells after exposure to radiation. Using the RNA
interference or INCB-0234360, the small molecule inhibitor
of IDO1, we found that the inhibition of IDOl in cervical
cancer cells led to an increase in radiosensitivity and the
treatment of kynurenine increased the radioresistance. In
the molecular mechanisms, we confirmed that the activation
of Notchl mediated the increase of IDOl in cervical CSCs.
The treatment of Ro-4929097, the small molecule inhibitor
of gamma-secretase, inhibited the expression of IDOl in
cervical CSCs. Besides, we also found that the inhibition
of IDO1 in cervical CSCs caused a decrease in Notchl
activity, which was mediated by the binding of aryl
hydrocarbon receptor nuclear translocator to the Notchl
promoter. We also confirmed for the first time in the
xenograft tumor model that INCB-0234360 displayed a
radiosensitization effect. These results confirm a
reciprocal regulation mechanism between IDO1 and Notchl in
cervical CSCs to participate in their radioresistance. In
the second part, we first found that the treatment of PD-1-
Fc recombinant protein to the PD-L1 highly expressing SCC4
oral cancer cells stimulated the self-renewal of CSCs and
the expression of genes involving in cancer stemness.
Through RNA sequencing analysis, we found that PDI-Fc
stimulation increased the G2/M cell cycle, TGF-beta, and
Wnt/beta-catenin related genes in SCC4 cells. The analysis
of HNSCC dataset in The Cancer Genome Atlas database, we
also found that the mRNA expression of PD-L1 positively
correlates with genes associated with EMT or cancer
stemness, such as SERPINE1/TGFB1/TGFBR1/CTNNB1/MYC/NANOG.
Our data suggest that PD-L1 displayed on the surface of
oral cancer cells could transduce signals to increase cell
proliferation and CSC activity.



# <% M 43 © Indoleamine 2, 3-dioxygenase 1, cervical cancer, Notchl,
radioresistance, Programmed cell death receptor ligand-I,
oral cancer, cancer stem cells
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Cancer stem cells (CSCs) are known to participate in tumor initiation, drug resistance, and metastasis in
cancers. Targeting CSCs is considered as the key for the development of anti-cancer drugs. Programmed cell
death receptor ligand-1 (PD-L1) is one of the immune checkpoint molecules that can inhibit anti-tumor
immunity by binding to PD-1 on the surface of T cells and causes the inactivation of tumor-infiltrating T cells.
PD-1/PD-L1 signals have been found in cancer cells to increase the epithelial-mesenchymal transition
characteristics of breast cancer cells or cause drug resistance in myeloma cells. Indoleamine 2,3-dioxygenase
1 (IDOT1) can metabolize tryptophan to kynurenine followed by the suppression of T cell activation in tumor
microenvironemnt. IDO1 has been reported to regulate the cell cycle and cause radiation resistance in cancer
cells. These studies have shown that immune checkpoint molecules may have non-immune modulation
functions on cancer cells or CSCs, leading to cancer progression, but the underlying molecular mechanisms
have not been clearly proven. The specific aims of this study include two parts: (1) the effect of IDO1 and
tryptophan metabolites on cervical CSCs; (2) the effect of PD-L1 reverse signal on the self-renewal of CSCs.
In the first part, we found that the IDO1 expression in cervical CSCs was higher than that of non-CSCs, and
the increase in IDO1 protein and its activity could also be observed in cervical cancer cells after exposure to
radiation. Using the RNA interference or INCB-0234360, the small molecule inhibitor of IDO1, we found that
the inhibition of IDO1 in cervical cancer cells led to an increase in radiosensitivity and the treatment of
kynurenine increased the radioresistance. In the molecular mechanisms, we confirmed that the activation of
Notch1 mediated the increase of IDO1 in cervical CSCs. The treatment of Ro-4929097, the small molecule
inhibitor of gamma-secretase, inhibited the expression of IDO1 in cervical CSCs. Besides, we also found that
the inhibition of IDOT1 in cervical CSCs caused a decrease in Notchl activity, which was mediated by the
binding of aryl hydrocarbon receptor nuclear translocator to the Notchl promoter. We also confirmed for the
first time in the xenograft tumor model that INCB-0234360 displayed a radiosensitization eftect. These results
confirm a reciprocal regulation mechanism between IDO1 and Notchl in cervical CSCs to participate in their
radioresistance. In the second part, we first found that the treatment of PD-1-Fc recombinant protein to the
PD-L1 highly expressing SCC4 oral cancer cells stimulated the self-renewal of CSCs and the expression of
genes involving in cancer stemness. Through RNA sequencing analysis, we found that PD1-Fc stimulation
increased the G2/M cell cycle in SCC4 cells. The analysis of HNSCC dataset in The Cancer Genome Atlas
database, we also found that the mRNA expression of PD-L1 positively correlates with genes associated with
EMT or cancer stemness. Our data suggest that PD-L1 displayed on the surface of oral cancer cells could
transduce signals to increase cell proliferation and CSC activity.

Keywords: Indoleamine 2,3-dioxygenase 1, cervical cancer, Notchl, radioresistance, Programmed cell death

receptor ligand-1, oral cancer, cancer stem cells
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IDOI is Upregulated in Cervical CSCs and Cerivcal Cancer Cells after Exposure of Radiation

Using Gene Expression Profiling Interactive Analysis webtool (GEPIA, http://gepia.cancer-pku.cn/index.html)
to analyze the data from The Cancer Genome Atlas (TCGA), the expression of /DO mRNA was significantly



increased in cervical cancer tissues when compared to normal cervical tissues (Fig. 1A). To explore the
potential function of IDO1 in CSC behavior, we firstly examined its expression between two cultivation
methods of conventional 2-dimensioanl (2-D) or tumorsphere, a cell culture based method to enrich CSCs
[7,8], and found that IDO1 protein expression was upregulated in cervical tumorspheres from HelLa or SiHa
cervical cancer cells (Fig. 1B). In addition to protein level, the IDO1 activity, which was determined by the
conversion of kynurenine from tryptophan using Ehlrich reagent, was also increased in HelLa or SiHa
tumorspheres in comparison to 2-D cultured cells (Fig. 1C). Radioresistance is one of the features of CSCs
including cervical cancers [9,10]. We examined the expression of IDO1 in HeLa or SiHa cells after 2 Gy
radiation treatment and resulted showed that IDO1 protein level was increased by radiation stimulation (Fig.
1D). The suppressive effect to the proliferation of Jurkat T cells with the conditional media collected from
irradiated HeLa or SiHa cells was significantly enhanced in comparison to non-irradiated cells (Fig. 1E)
supporting the observations of the IDO1 upregulation in irradiated cervical cancer cells. These data clearly
demonstrate that IDO1 activity is elevated in cervical CSCs or irradiated cervical cells and it also suggests

that IDO1 activity may involve in the radiation response of cervical CSCs.
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Figure 1. IDOL1 is upregulated in cervical CSCs and irradiated cervical cancer cells. (A) The expression levels of /DOl mRNA
among normal cervical or cervical cancer tissues were analyzed by GEPIA website using the data of TCGA. *, p< 0.01. (B, C) The
total cell proteins were harvested from HeLa or SiHa cells under 2-dimensional culture (2D) or tumorsphere culture (S). The IDO1
protein expression was determined by western blot (B). The inserted numbers indicated the relative expression level of S in
comparison to 2D. The IDO1 activity was determined by the conversion of kynurenine from tryptophan using Ehlrich reagent and
measured the absorbance at 492 nm (C). The data were presented as fold change to 2D group. (D) The total cell proteins were
harvested from parental (P) or irradiated (R) HeLa or SiHa cells and the IDO1 protein expression was determined by western blot.

The inserted numbers indicated the relative expression level of R in comparison to P. (E) The culture supernatant of parental (P) or



irradiated (R) HeLa or SiHa cells was mixed with RPMI-1640 medium as a ratio of 1:1 and used for examining the T cell suppression
effect by measuring the proliferation of Jurkat T cells. Control indicated the mixture of fresh DMEM medium and RPMI-1640

medium.

Notchl Activation Contributes to the Increased IDO1 Expression in Cervical CSCs

It is known that the activation of Notchl contributes to the radioresistance in several cancer types [11-14]. We
firstly observed that the expression of intracellular domain of Notch (NICD), the activation form of Notchl,
was increased in tumorspheres derived from HeLa or SiHa cells (Fig. 2A). We next examine the role of Notchl
in IDO1 expression of cervical CSCs. With lentiviral delivery of Notchl specific shRNAs to inhibit NICD
expression, the IDO1 protein level was downregulated (Fig. 2B). We also found that the kynurenine
concentration in culture supernatant of HeLLa or SiHa tumorspheres was significantly reduced after knockdown
of Notchl (Fig. 2C). In addition to RNA interference, we also used R0o-4929097, a y-secretase inhibitor, to
inhibit Notchl activation in HeLa or SiHa tumorspheres and found that the IDO1 expression was also
downregulated (Fig. 2D). The activated NICD is known to translocate into nucleus to turn on the downstream
target genes through the association with RBPJ (Recombination signal binding protein for immunoglobulin
kappa J region)/CSL (CBF1/Suppressor of Hairless/LAG-1) transcription factor complex [15]. From the
analysis of IDO1 promoter on the Eukaryotic Promoter Database (EPD, https://epd.epfl.ch//index.php), there

was a putative RBPJ/CSL binding site of (-TGTGGGAA-) at -790 upstream or +140 downstream from
transcription start site (TSS) (Fig. 2E). With chromatin immunoprecipitation (ChIP) method by using an anti-
Notchl antibody to pull-down chromatins followed by detection of IDO1 promoter with qPCR analysis, we
further found that the treatment of Ro-4929097 strongly suppressed the binding of NICD to the IDO1 promoter
at the +140 site, one of the putative RBPJ/CSL binding sites, in both HeLa or SiHa tumorspheres (Fig. 2E).
We also confirmed that the knockdown of Notch1 in HeLa or SiHa tumorspheres increased their sensitivity to
radiation treatment (Fig. 3). The SERs for FS of 0.5 in Notchl knockdown cells were 2.19 or 1.48 for HeLa
tumorsphere cells and 1.53 or 1.83 for SiHa tumorsphere cells (Fig. 3). These results suggest that Notch1

activation positively regulates the upregulation of IDO1 in cervical CSCs.
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Figure 2. Notchl activation in cervical CSCs participates to the IDO1 induction. (A) Total cell lysates were collected from
conventional adherent culture (N) or tumorspheres (S) from HeLa or SiHa cells and the expression of Notchl and NICD was
determined by western blot. (B, C, D) Tumorspheres from HeLa or SiHa cells were dissociated into single cell suspension and were
transduced with lentiviruses carrying Notchl specific SiRNAs (sh-Notch1#1 or sh-Notch1#2) followed by puromycin selection.
The survived cells were collected and detected the expression of NICD or IDO1 by western blot (B). The insert numbers indicated
the relative expression level in comparison to sh-LacZ transduced cells. Kynurenine concentration in culture supernatant was
determined by Ehrlich’s reagent (C). *, p< 0.05; **, p< 0.01. Tumorsphere cells were treated with Ro-4929097 as the indicated
concentration and detected the expression of NICD or IDO1 by western blot (D). The insert numbers indicated the relative
expression level in comparison to 0.1% DMSO control (labeled as 0 puM). (E) The putative binding site of RBPJ/CSL (-
TGTGGGAA-) in IDO1 promoter was analyzed by EPD website and the binding of NICD to the RBPJ/CSL binding site of IDO 1
promoter at +140 site in HeLa or SiHa tumorsphere cells was detected by ChIP method with an anti-Notch1 antibody and quantitated
by qPCR method. Data were presented as percentage of input DNA. ** p< 0.01. All the experiments were repeated for three times

and data from one experiment were presented.
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Figure 3. Knockdown of Notchl in cervical CSCs enhances the efficacy of radiation treatment. HeLa or SiHa tumorsphere
cells were transduced with lentiviruses carrying Notchl specific sShRNAs (sh-Notchl-1 or sh-Notch1-2) followed by puromycin
selection. The survived cells were collected and performed radiation treatment followed by clonogenic assay. The data were
presented as fractional survival and the SER for an estimated fractional survival as 0.5 (D0.5) (SER(DO0.5)) was calculated by

DO0.5(sh-LacZ)/D0.5(sh-Notch1). All the experiments were repeated for three times and data from one experiment were presented.

INCB-024360 could serve as a radiosensitizer in vivo



Due to the observations of that the inhibition of IDO1 activity enhanced the radiosensitivity of cervical CSCs
(Fig. 3), we hypothesize that the IDOI inhibitors could function as radiosensitizers for helping the radiation
therapy in cervical cancer. After subcutaneous injection of SiHa tumorsphere cells into the back skin of nude
mice to form xenograft tumors, we examined the radiosensitizer potential of INCB-024360 with an injection
dose of 50 mg/kg at the day before radiation treatment. The final tumor sizes and weights in the group of
INCB-024360 pre-injection plus radiation were the smallest than radiation alone group (Fig. 4A and 4B). The
expression of Ki-67, the proliferation marker, was significantly decreased whereas the expression of phosphor-
YH2AX'¥ | the marker for DNA damage, was significantly increased in the group of INCB-024360 pre-
injection plus radiation when compared to radiation alone group (Fig. 4C and 4D). These results suggest that

INCB-024360 is a potential radiosensitizer to cervical cancer.
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Figure 4. IDO1 inhibitor enhances the efficacy of radiotherapy in vivo. 1x10° of SiHa tumorsphere cells were subcutaneously

injected to nude mice for tumor growth. After tumor volume reached 50 mm3, the mice were divided into four groups of non-treated



(Ctrl), INCB-024360 treated (INCB), radiotherapy (Rx), or INCB-024360 plus radiotherapy (INCB+Rx). For INCB or INCB+Rx
group, mice were injected once with 50 mg/kg INCB-024360 intraperitoneally before radiotherapy. For Rx or INCB+Rx group,
mice received 2 Gy radiation per day for total 10 Gy. Mice were sacrificed at Day 30 after the last radiation treatment and the
xenografted tumors were taken out for picturing (A) and weighting (B). The expression of Ki-67 or p-yH2AX"1* was determined
by paraffin section followed by immunohistochemistrical staining (C). The inserted bars indicated 50 pm. The quantification results
were performed by TissueFAX software (D). *, p< 0.05; **, p< 0.01. The experiments were repeated for two times and data from

one experiment were presented.

In the present study, we demonstrated that IDO1 expression was upregulated in cervical CSCs or cervical
cancer cells after irradiation. Inhibition of IDO1 by RNA interference or INCB-024360 treatment increased
the radiosensitivity of cervical CSCs indicating that IDO1 expression protects cervical CSCs from radiation
treatment. We also found that the increased IDO1 in cervical CSCs was mediated by Notchl1 activation through
the direct binding of NICD to IDO1 promoter. In addition, IDO1 also regulated Notchl expression through
the binding of AhR/ARNT to Notchl promoter. The treatment of INCB-024360 in SiHa xenograft model
significantly enhanced the efficacy of radiotherapy. Furthermore, kynurenine enhanced the self-renewal
capability of cervical cancer cells. These results suggest that IDO1 inhibitors are potentially developed as

radiosensitizers for future cervical cancer therapy.
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