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Introduction: Combining radiotherapy (RT) with immunotherapy for head and neck squamous cell carcinoma (HNSCC) has limited
effectiveness due to the DNA damage repair (DDR) pathway activated by ionizing radiation. DNA-PK, encoded by the PRKDC gene,
plays a key role in this repair. The potential improvement of radioimmunotherapy by inhibiting the DDR pathway is still unclear.
Methods: The effectiveness of different treatments on tumor growth and survival was tested using the C3H/HeN mouse tumor model.
Flow cytometry analyzed treatment-induced immunophenotypic changes. In vitro, Western blot and PCR confirmed the impact of
combining immunotherapy with RT on the cGAS-STING pathway after DNA-PKcs dysfunction.

Results: The combination of a DNA-PK inhibitor (NU7441), radiation therapy, and a PD-1 checkpoint inhibitor showed improved
antitumor effects and extended survival in mice. Adding NU7441 into the RT and immunotherapy regimen increased CD8+ T cell
infiltration. PRKDC alterations or DNA-PKcs dysfunction increased IR-induced DNA breaks, activating the cGAS-STING pathway
and boosting the anti-tumor immune response.

Conclusion: These findings suggest that targeting the DDR pathway may represent a promising therapeutic strategy and biomarker to
improve the efficacy of radioimmunotherapy in HNSCC.
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Introduction

Head and neck squamous cell carcinoma (HNSCC) is a prevalent cancer worldwide. In the US, approximately 55,000
new cases and 12,000 deaths from HNSCC are expected by 2023."' HNSCC responds well to radiotherapy (RT), making
it an effective treatment for early-stage cases by preserving organ function and improving long-term survival rates.”
However, over 60% of patients with HNSCC are diagnosed at advanced or locally advanced stages.®> Despite aggressive
treatment, these patients face a high risk of local recurrence and potential metastasis.* Immune checkpoint inhibitors
(ICIs) such as Nivolumab and Pembrolizumab have shown promise in treating patients with HNSCC having a specific
combined positive score (CPS) >20 of Programmed cell death 1 ligand 1 (PD-L1).>® Nevertheless, the clinical response
rate of Nivolumab and Pembrolizumab as standalone treatments in Asian patients is reported to be merely 20% based on
available data.” Thus, this study aims to identify alternative biological markers beyond PD-L1 to expand the population
responsive to immunotherapy and enhance the effectiveness of PD-1 inhibitors through various combination strategies.
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RT is frequently used to treat HNSCC and has demonstrated potential in enhancing the effectiveness of ICIs by

altering the tumor immune microenvironment,® and may even induce an “abscopal effect”.’ The combination of RT and

ICIs has been extensively studied in HNSCC,'®!'" with positive tumor responses reported in clinical case studies.'*"
However, not all RT can sensitize ICIs, and the clinical occurrence of the “abscopal effect” remains low, with a maximum
incidence of 10%.'? A Phase II clinical study by McBride et al confirmed the safety of using single lesion RT with
Nivolumab,'? but no significant clinical benefit was observed. The NCT02952586 study,'* a Phase III trial on concurrent
chemoradiotherapy and immunotherapy for HNSCC, was terminated due to a lack of clinical benefit in the interim
analysis. This suggests that the immune activation mechanism of radiation therapy for tumors is complex, involving
various factors within the tumor microenvironment and the tumor itself.

Ionizing radiation (IR) can cause DNA double-strand breaks (DSBs) and activate the DNA damage repair (DDR) pathway.
Inhibiting specific proteins involved in DNA repair can increase PD-L1 expression, thereby suppressing the immune
microenvironment.'” Consequently, modulating the DDR pathway through RT may influence the effectiveness of both RT
and IClIs.

PRKDC encodes the protein DNA-dependent protein kinase catalytic subunit (DNA-PKcs), a crucial kinase responding to
DNA damage. DNA-PKcs is integral to the non-homologous end joining (NHEJ) of DSBs and maintaining chromosome
stability.'® Phosphorylation of DNA-PKcs by IR aids in repairing DNA damage in tumor cells.'” Conversely, DNA-PKcs
inhibitors impede DNA damage repair. Mice treated with the DNA-PKcs inhibitor NU7441 in the RT group exhibited lower
survival rates, demonstrating strong evidence of radiosensitization.'® NU7441 has been shown to prolong IR-induced DSB
duration and cause G2/M cell cycle accumulation.'® Additionally, NU7441 enhances yH2AX foci formation, suppressing
Mitoxantrone-induced DNA-PKcs autophosphorylation and repair.>’ Furthermore, NU7441 can decrease the frequency of
NHEJ.?! DNA-PK deficiency enhances cGAS-mediated antiviral innate immunity.*> Previous studies indicated that using the
DNA-PK inhibitor Peposertib with radiation increases susceptibility to anti-PD-L1.>* The DDR inhibitor AZD6738 has also
been investigated in combination with RT and ICIs in hepatocellular carcinoma.>* Our previous findings suggest that PRKDC
mutation plays a crucial role in increasing tumor mutational burden (TMB), promoting an inflamed tumor microenvironment
(TME), and enhancing the response to ICIs.?* Thus, PRKDC mutation can serve as a reliable predictor of favorable clinical
outcomes associated with ICI treatment.

Combining RT with immunotherapy has shown limited effects in HNSCC. Initially, we identified the potential of NU7441
to enhance radioimmunotherapy. Consequently, this study aims to investigate how PRKDC alteration or DNA-PK dysfunction
affects the tumor immune microenvironment and the outcomes of radioimmunotherapy. Our findings indicate that this
enhancement is achieved by activating the cGAS-STING pathway and increasing CD8+ T cell infiltration in the TME.

Materials and Methods

Chemicals

NU7441, obtained from SELLECK (S2638, KU-57788), was administered to cells to achieve a final DMSO concentra-
tion of 1.0uM. In vivo experiments were conducted following rigorous review and approval by institutional animal
welfare committees, in compliance with national regulations.

Cell Culture

CAL27 and FADU cells were procured from the American Type Culture Collection (ATCC), while SCC7 cells were generously
provided by Professor Li Qing. All cells were cultivated in DMEM (Dulbecco’s Modified Eagle Medium) supplemented with
10% FBS (fetal bovine serum). Following an 8-hour treatment with NU7441, cells underwent radiation therapy.

Antibodies

Alexa Fluor 647 anti-mouse CD4 (GK1.5) and APC750 anti-mouse CD8a (53—6.7) were obtained from Abcam. The
following antibodies were acquired from Cell Signaling Technology: cGAS (D3080) Rabbit mAb (catalog 31659S),
TBK1/NAK (D1B4) Rabbit mAb (catalog 3504S), IRF-3 (D83B9) Rabbit mAb (catalog 4302S), STING (D1V5L) Rabbit
mAD (catalog 50494S), Phospho-IRF-3 (Ser396) (D601M) Rabbit mAb (catalog 29047S), Phospho-TBK1/NAK (Ser172)
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(D52C2) Rabbit mAb (catalog 5483S), and Anti-rabbit [gG, HRP-linked Antibody (catalog 7074 V). Servicebio supplied Anti-
CD4 Rabbit pAb (catalog GB11064), Anti-CDS alpha Rabbit pAb (catalog GB114196), Anti-FOXP3 Rabbit pAb (catalog
GB11093), Anti-Ki67 Rabbit pAb (catalog GB111141), and Anti-PD-L1 Rabbit pAb (catalog GB11339A). GAPDH (14C10)
Rabbit mAb (catalog 2118S) was also sourced from Cell Signaling Technology. Phospho-Histone H2A.X (Ser139) Antibody
(catalog 2577) and Anti-dsDNA (clone AC-30-10, CBL 186) were purchased from MilliporeSigma. DNA-PK Recombinant
Rabbit Monoclonal Antibody (SC57-08) (catalog A5-32192) was procured from Thermo Fisher Invitrogen.

Cell Culture and Transfection

FADU cells were cultivated in DMEM. The GV493 RNA interference (RNA1) system (Shanghai GeneChem Co., Ltd.) was
used to generate lentiviruses expressing short interfering RNA sequences targeting PRKDC (LV-PRKDC-RNAi).2**” This
system contains a U6 promoter-driven multiple cloning site (MCS) and a cytomegalovirus promoter-driven puromycin gene.
The target sequence of PRKDC was 5’-TTTGTGCCGTCAACTTGTATG-3’. The vector used for PRKDC shRNA was
GV493:hU6-MCS-CBh-gcGFP-IRES-puromycin. Lentiviral vectors interfering PRKDC (LV-PRKDC) were purchased from
Shanghai GeneChem Co., Ltd. directly and were generated using the GV493 system (Shanghai GeneChem Co., Ltd). Briefly,
the expression of shRNA, which is inserted into MCS, is driven by the U6 promoter, and the expression of green fluorescent
protein (GFP) and puromycin expression, which are separated by internal ribosome entry site (IRES), is driven by the CBh
promoter. The negative control lentiviruses, LV-NC-RNAi and LV-NC, were also purchased from Shanghai GeneChem Co.,
Ltd. The scrambled sequence used for the LV-NC-RNAIi was as follows: 5’-TTCTCCGAACGTGTCACGT-3". An empty
lentiviral vector was used to transfect cells in the LV-NC group.

PRKDC-targeting shRNA minigenes were then used to infect CAL27 and FADU cells. Prior to transfection, cells were
seeded in six-well plates at a density of 1x10° cells/well in complete medium and incubated overnight. Lentiviruses (multiplicity
of infection=10) together with 5 png/mL polybrene, was then added to the cells. At 24 h following infection, the culture medium
was replaced with fresh medium containing 2 pg/mL puromycin (Sangon Biotech Co., Ltd., Shanghai, China), followed by
positive selection for 3 days. The cells were then maintained in complete medium containing 1 pg/mL puromycin.

Establishment of Subcutaneous HNSCC Models

Male C3H/heN mice (5—7 weeks) were obtained from Beijing Vital River Laboratory Animal Technology Co., Ltd. The
ethical and legal approval for the animal experiment was obtained from Fujian Cancer Hospital Ethics committee prior to the
commencement of the study. All experiments were performed in accordance with relevant named guidelines and regulations.
The authors complied with the ARRIVE guidelines. Subcutaneous implantation of SCC7 cells (3x10°) was performed in the
submandibular regions of these mice. Tumor volumes were calculated using the formula: length x width?/2. Radiation therapy
was administered when tumors reached approximately 100 mm®. Tumor volume was subsequently measured every 3 days. In
accordance with ethical guidelines, mice were euthanized upon reaching a tumor volume of 1500 mm?>. The 36th day
following SCC7 cell implantation was designated as the endpoint.

Mouse Treatments

Mice were exposed to three fractions of 2 Gy radiation on days 1, 3, and 5 following the commencement of treatment.
NU7441 (10 mg/kg) was administered intraperitoneally on the same days. In the PD-1 blockade experiment, anti-PD-1
(BioXcell, clone: 29F.1A12, Catalog #: BE0273, 2 mg/kg) was administered intraperitoneally on days 1, 4, and 7. On day
8 after treatment initiation, the mice were anesthetized by intraperitoneal injection with 2% sodium pentobarbital solution
and sacrificed by cervical dislocation. Tumor tissues were extracted for subsequent analysis.

Analysis of TlLs by Flow Cytometry

EGFP-expressing cells were quantitatively determined using an FACS Aria III cell sorter or BD FAC Symphony TM system
(Becton Dickinson). Before analysis, samples were suspended in PBS and filtered through a 70 um nylon mesh filter. FL.1 (green
fluorescence) readings were obtained using voltage and gain settings of 300 and 1.00 in log mode. For surface staining, samples
were incubated with antibodies in the staining buffer for 30 minutes at 4°C. The antibodies used were CD4-PerCP-Cy5.5 and
CD8a-APC (BD Biosciences). A total of 10,000 cells per sample were analyzed. To assess EGFP expression in PBMC, cells
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transfected for 24 hours were selected based on FSC/SSC parameters to identify the lymphocyte population, followed by live cell
identification using FVS-BV450 and GFP gating to evaluate the transfected cell population. For the analysis of EGFP expression
in resting T cells, cells were sequentially gated for CD4+CD8a+GFP+. The BD FAC Symphony TM system was used for all cell
acquisition, with data acquisition and analysis performed using FlowJo software (Becton Dickinson).

Western Blot Analysis

After treatments, cells were collected in a lysis buffer with protease and phosphatase inhibitors (Thermo Fisher, CA,
USA). The cell lysates were centrifuged, and the resulting supernatants were collected. Total protein concentrations were
measured using a BCA protein assay kit (Thermo Fisher, CA, USA). Equal amounts of proteins were separated by SDS-
PAGE and transferred onto a Thermo Fisher PVDF membrane. The membrane was incubated with the primary antibody,
followed by incubation with a goat anti-mouse IgG secondary antibody. Reactive bands were visualized using the
Odyssey CLx Imaging System (LI-COR Biosciences, USA). GAPDH was used as a loading control. Protein expression
levels were quantified using NIH ImagelJ software.

RNA Isolation and Real-Time PCR

RNA was extracted from cells using Trizol reagent (Thermo Fisher, CA, USA.) cDNA synthesis was performed using the
PrimeScript™ 1II Ist Strand ¢cDNA Synthesis Kit (Takara, Shiga, Japan). Quantitative real-time PCR (qPCR) was
conducted using SYBR® Premix Ex Tag™ Mix (Takara, Shiga, Japan) and the QuantStudio™ 6 Real-Time PCR
Instrument (Thermo Fisher, CA, USA). Expression levels were normalized to B-actin, and relative expression changes

zfAACl

were calculated using the method. The qPCR analysis utilized the primers listed in Table 1:

RNA-Seq Analysis

Total RNA was isolated from samples, and cDNA library construction and sequencing were performed by BGI Genomics
(BGI-Shenzhen, China) using the BGISEQ-500 platform. Gene expression levels were normalized to fragments per kilobase
of exon model per million mapped reads (FPKM) using RNA-seq by Expectation Maximization (RSEM) (https://deweylab.
github.io/RSEM/README.html, version 1.2.12, default parameters). Differentially expressed genes (DEGs) were identified
using the PossionDis tool from BGI Genomics, which utilizes the Poisson distribution method. Significantly different genes
were filtered with a false discovery rate (FDR) cutoff of 0.001 and a log-fold change (LogFC) threshold of 2. Genes with
LogFC > 2 or LogFC < —2 and FDR < 0.001 between two treatment conditions were classified as up-regulated and down-

regulated, respectively. Functional and pathway analyses of 121 DEGs were conducted using the “limma” package. Gene
Ontology (GO, http://geneontology.org/) and Kyoto Encyclopedia of Genes and Genomes (KEGG, https://www.kegg.jp/kegg/

Table | The Sequences of Primers Used in gPCR

Gene name | Forward Primer Reverse Primer
mPRKDC AGGGAAGAAGAGTCTCTGGTGG ATTAGGGGATCTGTTGCCTGGC
mlFNa GACCTTCCTCAGACTCATAACCT TCCAAAGTCCTTCCTGTCCTT
mIFNg TCCGAGCAGAGATCTTCAGGAA TGCAACCACCACTCATTCTGAG
mISGI15 CTGAAGAAGCAGATTGCCCAGAAG | CGCTGCAGTTCTGTACCACTAGC
mISG56 TGGCCGTTTCCTACAGTT TCCTCCAAGCAAAGGACTTC
mCXCLI0 GCCGTCATTTTCTGCCTCA CGTCCTTGCGAGAGGGATC
hPRKDC CAGAGACGGTAATCACGGGT TCGGAGTTGTTGGTCACAGA
GCCCACCCTCTTGTACCTTC GCTCCTACAGTTCTCTCGCC
hIFNa GAGGAGTTTGATGGCAACCAG GGTGCAGAATTTGTCTAGGAGGTC
hIFNS CAGGAGAGCAATTTGGAGGA TGACATCTCAATTGCTCCAG
hISGI5 GAGCATCCTGGTGAGGAATAAC CGCTCACTTGCTGCTTCA
hISG56 GAAACTTCGGAGAAAGGCATTAG CATAGTACTCCAGGGCTTCATT
hCXCLIO TGGCATTCAAGGAGTACCTC TTGTAGCAATGATCTCAACACG
[-actin GTTGTCAGCGACGAGCG GCACAGAGCCTCGCCTT
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keggl html) analyses were performed using the clusterProfiler (https:/bioconductor.org/packages/release/bioc/html/

clusterProfiler.html, version 3.6.0) R package (https://www.r-project.org/, version 3.4.4) for statistical enrichment analyses.

Immunofluorescence

The FADU, SCC7 and CAL27 cells were divided into four groups respectively: control (Ctr), cells treated with NU7441,
cells treated with IR (10Gy), cells treated with NU7441 and IR (10Gy). After 4 hours, all cells were fixed with 4%
paraformaldehyde for 15 minutes, permeabilized with 0.1% Triton X-100 for 10 minutes, and blocked with 2% bovine
serum albumin in PBS for 1 hour at room temperature. Primary antibodies were incubated with the samples overnight at
—4°C. After three washes, cells were incubated with Alexa Fluor 647-conjugated anti-mouse IgG H&L (Invitrogen,
A-21202) and Alexa Fluor 568-conjugated anti-rabbit IgG H&L (Invitrogen, A-11012) for 1 hour at room temperature.
Nuclei were stained with 4',6-diamidino-2-phenylindole (DAPI) using Vectashield mounting medium. Images were then
acquired using a Zeiss LSM700 confocal microscope and analyzed with a Zeiss LSM Image Browser.

Statistical Analysis
Statistical analysis was performed using GraphPad Prism software (GraphPad, La Jolla, CA, USA), with specific details
provided in the figure legends.

Results

DNA-PK Inhibitor NU7441 Sensitizes Tumors to PD-1 Blockade and IR

This study aimed to assess whether NU7441 could enhance the efficacy of IR and ICIs in HNSCC tumors. Figure 1A
illustrates the in vivo experimental process. To simulate a clinical setting, mice received various treatments: Control (Ctr),
NU7441, Anti-PD1, IR with NU7441, IR, IR with Anti-PD1, Anti-PD1 with NU7441, and a triple therapy combining IR,
Anti-PD1, and NU7441. The results showed similar effects on SCC7 tumor growth in the Anti-PD1, NU7441, and IR with
NU7441 groups, while the IR and Anti-PD1 combination had minimal impact. Conversely, the triple therapy significantly
reduced tumor growth, with a mean tumor volume of 195.9 mm?® compared to 545.9 mm? in the Anti-PD1 with NU7441 group
(p<0.0001; Figure 1B). Figure 1C presents dissected tumors on day 15, highlighting smaller volumes in the triple therapy
group. The Ctr group showed an average survival time of 26 days, while the NU7441, Anti-PD1, and IR groups had average
survival times of 26, 30, and 30 days respectively (Figure 1D). The triple therapy notably improved survival in the SCC7
model (Figure 1D). Adding NU7441 or Anti-PD1 to IR did not increase survival compared to IR alone (Supplementary
Figure 1A). Including IR or Anti-PD1 with NU7441 did not significantly improve survival compared to NU7441 alone
(Supplementary Figure 1B). Adding either IR or NU7441 to Anti-PD1 did not enhance survival rates. However, triple therapy

significantly extended survival compared to IR alone or radioimmunotherapy (Supplementary Figure 1C). Incorporating

NU7441 into radioimmunotherapy inhibited tumor growth and prolonged survival.

NU7441 Impacts T-Cell Infiltration Following Radioimmunotherapy

Given the superior antitumor effect of triple therapy compared to radioimmunotherapy, investigating NU7441’s impact on
the tumor immune microenvironment is crucial. Lymphocytes from tumors in eight groups were collected on day 15
(Figure 2A). Notably, the triple therapy group showed a significant increase in TIL CD8+ T cells compared to other groups
(Figure 2B). In Figure 2C, the triple therapy group showed a significant increase in TIL CD4+ T cells compared to other
groups except for the Ctr group and the IR+Nu7441 group. The addition of IR or NU7441 to Anti-PD1 did not significantly
increase TIL CD8+ T cell quantities compared to the Anti-PD1 group alone (Supplementary Figure 2A). Similarly, adding

IR or NU7441 to Anti-PD1 did not further augment TIL CD4+ T cell levels compared to Anti-PD1 alone (Supplementary
Figure 2B). In contrast, while adding Anti-PD1 to IR did not significantly increase TIL CD4+ T cells, adding NU7441 to IR
did result in a notable increase in TIL CD4+ T cell quantities (Supplementary Figure 2C). The addition of Anti-PD1 to
NU7441 did not significantly increase TIL CD4+ T cells compared to NU7441 alone (Supplementary Figure 2D). However,
the combination of IR and NU7441 led to a significant increase in TIL CD4+ T cells (Supplementary Figure 2D). This
suggests that IR combined with NU7441 effectively stimulates the tumor immune microenvironment.
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Figure | The inclusion of NU7441 enhances the efficacy of radiation therapy in conjunction with anti-PD-| treatment, leading to improved control of tumor growth and
increased survival rates in mice. (A) Schematic illustrating the sequential timelines of ionizing radiation (IR), NU744| administration, and anti-PD-L1 treatment. The red box
indicates the time point at which the tumor samples are collected. (B-C) The reaction exhibited by the subcutaneous tumors to the indicated treatment regimens. N=5 in
each group. Data represent the mean+SEM. (D) The survival plots depicting the outcomes of each treatment regimen were presented. n=5 in each group. Data represent
the mean+SEM. *p<0.05, ***p<0.001 (one-way ANOVA, with Dunnett’s correction).

GO and KEGG Analyses of RNA-Seq Data

DNA-PKecs dysfunction enhances the antitumor activity of radioimmunotherapy in HNSCC, prompting further investiga-
tion into the underlying mechanisms. The ¢cGAS-STING pathway, a well-established innate signaling pathway,?® is
known to synergize with Anti-PD1 therapy.”® To explore the mechanisms driving the activation of downstream
inflammatory factors in cGAS-STING signaling across various subgroups, this phenomenon was analyzed in PRKDC
KD cells. Analysis revealed a notable increase in genes related to the cellular immune response in PRKDC KD FADU
cells upon exposure to IR (Figure 3A). In PRKDC KD cell groups, IR induced upregulation of MMP9 and NLRP3, as
shown in the volcano map (Figure 3A). Figure 3B illustrates the up- and down-regulated genes in the IR combined with
NU7441 group versus the Control group. In wild-type cells treated with NU7441, a comparison with IR combined with
NU7441 revealed upregulation of CD274 and ULBPI (Figure 3C). Similarly, IR combined with NU7441, when
compared to wild-type cells treated with IR, showed both downregulation and upregulation of genes (Figure 3D). GO
analysis compared the PRKDC KD group with the PRKDC KD combined with IR group, revealing upregulation of terms
such as DNA replication-dependent nucleosome assembly and antimicrobial humoral immune response (Figure 3E). GO
analysis (Figure 3F-H) also showed that compared to the Control, NU7441, and IR groups, NU7441 combined with IR
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Figure 2 Triple therapy affects T cell infiltration in mice tumors. (A) Representative scatter plots depicting the percentages of tumor-infiltrating (TIL) Tcell (CD8+ T cell and
CD4+ T cell). (B) The quantitation of the percentages of TIL CD8+ Tcell was shown in the different subgroups. Data represent the mean+SEM. (C) The quantitation of the
percentages of TIL CD4+ Tcell was shown in the different subgroups. Data represent the mean+SEM. *p<0.05, **p<0.01, (one-way ANOVA, with Dunnett’s correction). Ns,
not significant (significance level, a = 0.05).

group exhibited enrichment of upregulated terms, including immune system process and immune response. KEGG
enrichment analysis revealed upregulation of the IL-17 signaling pathway, cytokine-cytokine receptor interaction, and
Human T-cell leukemia virus 1 infection in the PRKDC KD combined with IR group compared to PRKDC KD cells
(Figure 3I). Compared to the Control, NU7441, and IR groups, the NU7441 combined with IR group, KEGG analysis
indicated enrichment of upregulated terms, including the cGMP-PKG signaling pathway and cAMP signaling pathway
(Figure 3J-L). These findings suggest that PRKDC alteration or DNA-PK dysfunction activates immune-related path-
ways in response to radiation therapy.

DNA-PK Dysfunction Combined With IR Promotes Innate Immunity and Activates
the cGAS-STING Pathway

Alterations in immune pathways, all of which were ISGs, were identified. The RNA-seq results were subsequently
confirmed. We performed PRKDC gene lentiviral interference on FADU and CAL27 cells. At 72 hours after the lentiviral
transfection of the cell strain, fluorescence microscopy revealed a higher number of black and green GFP-positive cells in
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Figure 3 NU744| combined with radiotherapy activates immune-related pathways using RNA-seq analyses. (A-D) Volcano plot of differentially expressed genes in the
different subgroups in FADU cells. (A) PRKDCP combined with radiotherapy subgroup vs PRKDC*P subgroup. (B) NU744 1| combined with radiotherapy subgroup vs wild-
type subgroup. (C) NU744| combined with radiotherapy subgroup vs NU7441 subgroup. (D) NU744| combined with radiotherapy subgroup vs radiotherapy subgroup.
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PRKDC*P combined with radiotherapy subgroup vs PRKDC® subgroup (I), NU7441 combined with radiotherapy subgroup vs wild-type subgroup (J), NU744| combined
with radiotherapy subgroup vs NU7441 subgroup (K), NU744| combined with radiotherapy subgroup vs radiotherapy subgroup (L). All samples were collected after
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CAL27 cells (Figure 4A) and FADU cells (Figure 4B) compared to wild-type (WT) cells following transfection, which
indicates that the lentiviral transfection efficiency was relatively higher. The stable cell lines, in which DNA-PKcs
expression was downregulated via shRNA, was generated from CAL27 and FADU cells (Figure 4C-D).This observation
was confirmed by Western blot analysis (Figure 4C—D). Western blot analyses demonstrated that PRKDC KD resulted in
the phosphorylation of TBK1 and IRF3 induced by IR in CAL27 cells (Figure 4E) and FADU cells (Figure 4F).
Quantification of phosphorylation levels of TBK1 and IRF3 bands (Figure 4G-H) supported these findings. Based on
these results, it is hypothesized that the deficiency of DNA-PK combined with IR might enhance innate immunity.

Western blot analyses demonstrated that administering NU7441 elevated TBK1 and IRF3 phosphorylation induced by
IR in CAL27 wild-type cells (Figure 5A) and FADU wild-type cells (Figure 5B). Quantification of TBK1 and IRF3
phosphorylation levels (Figure 5D and E) supports this observation. In SCC7 wild-type cells, Western blot analyses
revealed that NU7441 treatment resulted in increased TBK1 phosphorylation induced by IR, while no significant change
was observed in IRF3 phosphorylation (Figure 5C and F).

PCR analyses revealed that NU7441 treatment significantly increased the expression of I[FNa, IFNp, ISG15, ISG56,
and CXCL10 induced by IR in wild-type CAL27 cells (Figure 6A), FADU cells (Figure 6C), and SCC7 cells (Figure 6E).
Additionally, the induction of IFNa, IFNp, ISG15, ISG56, and CXCL10 was enhanced in CAL27 cells (Figure 6B) and
FADU cells (Figure 6D) when PRKDC KD stable cells were treated with IR.

Release of Cytosolic dsDNA Is Responsible for DNA-PKcs Inhibition Combined With
IR-Induced Activation of the cGAS-STING Pathway

To determine if cGAS-STING pathway activation was caused by dSDNA breaks, confocal experiments were performed with
dsDNA and yH2AX. H2A X is crucial for cell cycle arrest and DNA repair after DNA damage,® rapidly phosphorylating at
Ser139 by DNA-PK in response to IR.*' DNA-PKcs dysfunction resulted in an increased sensitivity to radiation and decreased
repair of DNA double-strand breaks (DSB) (Figure 7A-D). After 10 Gy, the level of yYH2AX in CAL27 and FADU cells was
quickly elevated, reaching a peak at about 4 h post-irradiation. The YH2AX phosphorylation foci and dsDNA expression were
visualized in CAL27, SCC7, and FADU cells (Figure 7A—D). In DMSO-treated control cells, the formation of YH2AX foci
and dsDNA per cell exhibited a notably low level of background focus, which was not significantly increased by NU7441 or
IR alone in cells (Figure 7A-D). However, simultaneous treatment with NU7441 and IR significantly increased both the
quantity of YH2AX foci and the expression level of dsDNA (Figure 7A-D). Fluorescent intensity of dsSDNA (Supplementary
Figure 3A) for NU7441+IR group was 2.82+0.89/mm’. Fluorescent intensity of dSDNA (Supplementary Figure 3A) for Ctr,
NU7441, and IR group were 1.5540.52/mm?, 1.09+0.36/mm?, 1.23+0.39/mm?>, respectively. Foci count of gamma-H2AX
(Supplementary Figure 3B) for NU7441+IR group was (6.35+1.92)x10* foci /mm® Foci count of gamma-H2AX
(Supplementary Figure 3B) for Ctr, NU7441, and IR group were (4.76+1.59)x10° foci /mm?, (1.36+0.43)x10* foci /mm?,
(4.41£1.39)x10* foci /mm?, respectively. Quantitative assessment of immunostaining for foci count of gamma-H2AX and
fluorescent intensity of dsDNA showed higher quantity in NU7441+IR group. Therefore, these data indicate that DNA-PKcs
plays a critical role in the phosphorylation of H2AX in response to DNA damage.

Discussion

In this study, the combined treatment of RT and immunotherapy did not significantly impact tumor growth control or
survival prolongation in mice. Research indicates that low-dose X-ray therapy can improve the TME, facilitating better
immune cell infiltration.*>*? Preclinical and clinical trials have demonstrated that low-dose irradiation plays a crucial role
in treating metastatic tumors by enhancing T-cell function and combating cancer.>**> However, the combination of RT
and immunotherapy only resulted in a modest increase in efficacy, with a success rate of merely 40%.>° IR-induced
changes have been shown to negatively affect the immune response by enhancing signaling pathways in the TME and
upregulating inhibitory cellular functions, leading to tumor immune evasion.’” Previous research®® has demonstrated that
RT induces an increase in M2 macrophages and Treg cells within the TME, both of which negatively regulate anti-tumor
immunogenicity. Consequently, strategies to improve the efficacy of radioimmunotherapy in HNSCC were explored.
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Figure 4 Knockdown of PRKDC activates the cGAS-STING pathway. (A) Fluorescence microscopy of GFP expression 24 hours after transfection of wild-type and PRKDC*P
CAL27 cells with increased fluorescence intensity. (B) Fluorescence microscopy of GFP expression 24 hours after transfection of wild-type and PRKDCX® FADU cells with
increased fluorescence intensity. (C) Western blot of DNAPK protein in wild-type or PRKDCP CAL27 cells. (D) Western blot of DNAPK protein in wild-type or PRKDC*P
FADU cells. (E) Western blot of PTBKI, TBKI, PIRF3, IRF3, CGAS, and STING proteins in the different subgroups in CAL27 cells. (F) Western blot of PTBK |, TBKI, PIRF3,
IRF3, CGAS, and STING proteins in the different subgroups in FADU cells. (G-H) Expression levels of PTBK| and PIRF3 in the different subgroups following transfection of
lentivirus into CAL27 cells (G), FADU cells (H). Data represent the mean+SEM. *p<0.05, **p<0.01, ***p<0.001 (one-way ANOVA, with Dunnett’s correction).
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Figure 5 DNA-PK inhibitor combined with radiotherapy promotes innate immunity and activates the cGAS-STING pathway. (A-C) Western blot of PTBK |, TBKI, PIRF3,
IRF3, CGAS, and STING proteins in the different subgroups in CAL27 cells (A), FADU cells (B), and SCC7 cells (C). (D, E) Expression levels of PTBKI and PIRF3 in the
different subgroups of CAL27 cells (D), FADU cells (E). (F) Expression levels of PTBKI in the different subgroups in SCC7 cells. Data represent the mean+SEM. *p<0.05,
*¥p<0.01, (one-way ANOVA, with Dunnett’s correction). Ns, not significant (significance level, o = 0.05).

Because NHEJ is the primary pathway for IR-induced DNA repair,*® using DNA-PK inhibitors like NU7441 can
sensitize tumors to IR and prevent IR-induced DNA repair. Combining NU7441 with radioimmunotherapy improved
tumor control and prolonged survival in mice. Consequently, modifications within the tumor immune microenvironment

were investigated following the combined treatment. A notable increase in CD8+ T and CD4+ T cells was observed in
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Figure 6 DNA-PK deficiency combined with radiotherapy activates the inflammatory factors downstream of interferon. (A, C, E) Expression of IFNa, IFN, ISG56, ISGIS5,
and CXCLI0 were measured using RT-qPCR in the different subgroups of wild-type CAL27 cells (A), FADU cells (C), and SCC7 cells (E). (B, D) Expression of IFNa, IFNp,
ISG56, ISG15, and CXCLI10 were measured using RT-qPCR in the different subgroups of PRKDC KD CAL27 cells (B), FADU cells (D). Data represent the mean+SEM.
*p<0.05, **p<0.01, **p<0.001 (one-way ANOVA, with Dunnett’s correction).

tumor-infiltrating lymphocytes among subjects receiving the three combination regimen compared to other groups. This
supported the idea that immune cell composition and characteristics in the TME were crucial for determining the
response to ICIs.*® Patients with immunothermal tumors showing PD-L1, CD4+, and CD8+ T cells near tumor cells
respond better to anti-PD-L1/PD-1 therapy than those lacking these effector populations or with an “immune-exclusion”
phenotype.*' Low T cell infiltration is associated with a negative prognosis** and an inadequate response to cancer
immunotherapy® in numerous human malignancies. CD8+ T cells use major histocompatibility complex (MHC) class
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Figure 7 Release of cytosolic dsDNA is responsible for PRKDC inhibition deficiency combined with radiotherapy-induced activation of the cGAS-STING pathway. (A)
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(DAPI)(bule)).

I molecules to target and destroy cancer cells, while CD4+ T cells also help fight tumors.** CD4+ T cells are necessary
for activating CD8+ T cells, helping maintain their ability to kill infected cells.*>*® The recruitment of innate immune
cells, particularly dendritic cells, play a critical role in antigen presentation and T-cell activation. We observed T-cell
infiltration induced by NU7441+ in the mouse model, but further study is needed to determine if innate immune cells like
dendritic cells are attracted to the tumor TME. While the current study focuses on CD4+ and CD8+ T cells due to their
well-established roles in antitumor immunity and the scope of our experimental design, it is useful that expanding the
characterization of the TME would be beneficial. In future work, we plan to incorporate a more thorough analysis,
including other immune cell populations (eg, Tregs, macrophages, NK cells) and non-cellular components of the TME.

DNA-PK dysfunction combined with radioimmunotherapy exhibits significant efficacy, prompting exploration of the
underlying mechanisms through RNA-Seq analysis. Single-cell sequencing revealed that PRKDC gene alterations promote
the expression of NLRP3 (NOD-like receptor family pyrin domain containing 3), consistent with previous studies.*” NLRP3
agonists can enhance antigen presentation and promote T cell priming, thus facilitating radiation-induced immune priming in
an anti-PD1 resistance model.*> Additionally, our results showed that NU7441 significantly upregulated IR-induced LGMN
(Legumain), CD274, HLA-DMA, and ULBPI (UL16-binding protein 1). Previous studies*® have indicated that increased
LGMN promotes tumor-induced immunosuppressive polarization of tumor-associated macrophages by activating the GSK-
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3B-STAT3 signaling pathway, enhances CD8+ T cell-mediated anti-tumor immunity, and produces synergistic effects with
anti-PD-1 therapy. The protein encoded by the CD274 gene is PD-L1. In our study, inhibiting DNA-PK function increased
CD274 gene expression by IR, supporting the rationale for enhanced immunotherapy efficacy with NU7441 combined with
IR. HLA-DMA, an antigen presentation-related gene, has expression levels correlated with specific T-cell infiltration and
immunotherapy efficacy.*” The protein encoded by the ULBPI gene is a ligand for NKG2D (natural killer cell D member). In
HNSCC, ULBPI expression levels are positively correlated with patient survival, and upregulation of human NKG2D ligand
ULBP]I on tumor cells enhances NK cell-mediated killing.”® ULBP1 has been confirmed as a biomarker in different lymphoma
patients, predicting responsiveness to T cell immunotherapy.”’ CAR-T therapy targeting NKG2D ligands has shown superior
antitumor effects and safety in preclinical and clinical trials.”> GO analysis revealed that PRKDC genetic alteration or DNA-
PK function inhibition promotes DNA replication-dependent nucleosome assembly, antimicrobial humoral immune response,
immune system processes, and immune response. KEGG analysis showed that PRKDC genetic alteration or DNA-PK
function inhibition enriched IR effects on the cGMP-PKG signaling pathway, cAMP signaling pathway, IL-17 signaling
pathway, cytokine-cytokine receptor interaction, and Human T-cell leukemia virus 1 infection. Together, these results
suggested that genetic alteration in PRKDC or inhibition of DNA-PK function leads to the activation of immune-related
genes and inflammatory cytokines upon exposure to IR. NU7441 combined with RT has the potential to stimulate the tumor
immune microenvironment, forming the basis for combined immunotherapy.

Alterations in immune pathways, specifically ISGs, were identified and confirmed through qPCR and Western
blotting. Considering the potential activation of the cGAS-STING pathway, changes in TBK1 and IRF3 were examined,
revealing pathway activation. Our data indicate that combining NU7441 with IR enhances double-stranded DNA breaks,
and that dsDNA binding to cGAS activates the cGAS-STING pathway. This provides strong evidence for PRKDC’s role
in repairing IR-induced DNA damage in tumor cells. Therefore, targeting cellular pathways responsible for DNA damage
repair is crucial for modulating tumor therapy efficacy. Further comprehensive exploration of the molecular mechanisms
underlying the DNA damage response will inform the development of clinical approaches for treating tumors.

There are several limitations to this study. First, the reduced antitumor effect of the combination therapy (IR+anti-PD-1)
compared to individual treatments may stem from several factors: suboptimal dosing and timing of IR and anti-PD-1,
potential IR-induced immunosuppression, tumor heterogeneity, or model-specific characteristics. These limitations under-
score the need for further optimization of the combination therapy and a deeper exploration of the post-IR immune
microenvironment to clarify its impact on anti-PD-1 efficacy. Addressing these issues in future studies may offer more
definitive insights into the therapeutic potential of this approach. Second, we aim to investigate whether specific genes and
pathways exhibit expression changes under certain conditions and their potential functional roles, thereby influencing the
therapeutic outcomes across different subgroups. Therefore, validating the gene expressions mentioned in Figure 3 is
crucial. We plan to address this in future studies. Third, the immune response observed in our model may not fully replicate
the neoantigen-driven T-cell response seen in human tumors. Therefore, future studies should use humanized mouse models
or patient-derived xenografts to better replicate human immune responses. Additionally, clinical studies will be essential to
confirm the therapeutic potential of NU7441 in combination with immunotherapy in human patients.

Conclusion

In summary, our study demonstrated that the combination of NU7441, IR, and Anti-PD-1 in a mouse model of HNSCC exhibited
significantly superior efficacy compared to monotherapy or pairwise combination therapies. Specifically, PRKDC genetic
alteration or DNA-PK dysfunction enhanced IR-induced cellular DNA breaks, leading to the phosphorylation of TBK1 and
IRF3, activation of the cGAS-STING pathway, reconstruction of the TME, and an enhanced anti-tumor immune response.
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