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Periodontitis is closely related to oral cancer, but the molecular mechanism of periodontal pathogens involved in the occurrence and development of oral cancer is still inconclusive. Here, we demonstrate that, in vitro, the cell proliferation ability and S phase cells of the periodontitis group (colonized by Porphyromonas gingivalis and Fusobacterium nucleatum, P+) significantly increased, but the G1 cells were obviously reduced. The animal models with an in situ oral squamous cell carcinoma (OSCC) and periodontitis-associated bacteria treatment were constructed, and micro-CT showed that the alveolar bone resorption of mice in the P+ group (75.3 ± 4.0 μm) increased by about 53% compared with that in the control group (48.8 ± 1.3 μm). The tumor mass and tumor growth rate in the P+ group were all higher than those in the blank control group. Hematoxylin–eosin (H&E) staining of isolated tumor tissues showed that large-scale flaky necrosis was found in the tumor tissue of the P+ group, with lots of damaged vascular profile and cell debris. Immunohistochemistry (IHC) of isolated tumor tissues showed that the expression of Ki67 and the positive rate of cyclin D1 were significantly higher in tumor tissues of the P+ group. The qRT-PCR results of the expression of inflammatory cytokines in oral cancer showed that periodontitis-associated bacteria significantly upregulated interleukin (IL)-6, tumor necrosis factor (TNF)-α, IL-18, apoptosis-associated speck-like protein containing a CARD (ASC) (up to six times), and caspase-1 (up to four times), but it downregulated nuclear factor (NF)-κB, NOD-, LRR- and pyrin domain-containing protein 3 (NLRP3), and IL-1β (less than 0.5 times). In addition, the volume of spleen tissue and the number of CD4+ T cells, CD8+ T cells, and CD206+ macrophages in the P+ group increased significantly. IHC and Western blotting in tumor tissues showed that expression levels of γ-H2AX, p-ATR, RPA32, CHK1, and RAD51 were upregulated, and the phosphorylation level of CHK1 (p-chk1) was downregulated. Together, we identify that the periodontitis-related bacteria could promote tumor growth and proliferation, initiate the overexpressed NLRP3, and activate upstream signal molecules of ATR-CHK1. It is expected to develop a new molecular mechanism between periodontitis-related bacteria and OSCC.
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Introduction

Oral cancer is the sixth most prevalent malignancy in the world, and oral squamous cell carcinoma (OSCC) accounts for approximately 90% of all oral malignancies, leading to significant morbidity and mortality (1). Carcinogenesis of OSCC is an intricate multistep process initiated by varied pathogenic factors, including genetic predisposition, bad habits, viral infections, and so on. While the possible molecular mechanisms in OSCC are being determined, the definitive reason for the initiation and development of OSCC is still unclear (2).

With the establishment and development of the field of “metagenomics,” more and more in-depth research results suggest that the occurrence and development of OSCC were closely related to the oral symbiotic microbiome that occupied 90% of the human cell composition and exceeded the genetic information of the human genome 100 times. Periodontitis, a dental plaque-induced inflammatory disease, led to irreversible loss of attached tissues and alveolar bone and increases the risk of developing inflammatory tumors (3–6). Evidence has accrued that there might be a close relationship between suspected periodontal pathogen infection, periodontitis, and OSCC. The analysis of large clinical samples showed that the risk of oral cancer and gastrointestinal cancer was significantly increased in periodontal patients (5, 6). Clinically, the presentation of periodontitis was similar to some oral cancers, such as gingival cancer. In some cases, periodontal disease and gingival cancer occurred simultaneously at the same site. Moreover, a meta-analysis showed that the severity of periodontitis was significantly correlated with precancerous lesions and oral cancer (6). The results of metagenomics also showed that there are significant differences in bacterial composition between OSCC and non-tumor tissues. The difference of microbial communities between superficial and deep cancer tissue sites was mainly due to the different glycometabolism and acid tolerance to adapt to the different microenvironments (3, 7). The research now believed that the poor microenvironment of periodontitis was mainly triggered by Porphyromonas gingivalis. In the process of reshaping a disease-causing microbiome, P. gingivalis was believed to play a key role in the breakdown of homeostasis (4, 8). In addition, Fusobacterium nucleatum, one of the periodontal pathogens, promoted the proliferation ability of Tca8113 by causing DNA damage via the Ku70/p53 pathway, thereby promoting OSCC (9).

However, the functional manifestation of its core microbial community and its influence mechanism on the occurrence and development of tumors were still unclear. As we all know, inflammation and persistent infection might contribute to various human malignancies and the inflammasome-mediated immune mechanisms, and the monitoring mechanisms based on DNA damage responses (DDRs) played an important role in the progression of inflammatory tumors (10), failure of which led to accumulation of DNA damage and genomic instability. And mounting evidence has suggested that bacterial infections can elicit DNA damage in host cells. In order to ensure the integrity of the genome after cell injury, the cell usually activated a checkpoint mechanism to prevent the progression of the cell cycle. This response depended on two main phosphatidylinositol-3 kinase (PI3K)-related kinases, namely, ataxia telangiectasia-mutated (ATM) and ATM and Rad-3-related (ATR). The ATM–CHK2 pathway played an important role in the G1, S, and G2 phases and is extremely fast and sensitive to DNA double-strand breaks (DSBs), recruiting chromatin binding proteins such as H2AX, MDC1, BRCA1, RNF8, and 53BP1 to the double-strand break point rapidly. While the ATR–CHK1 pathway specifically acted on the S/G2 phase and mainly mediated the replication stress. TopBP1 and Rad9-Hus1-Rad1 were the key protein factors for the activation of the ATR–CHK1 pathway. TopBP1 could activate ATR kinase through binding to the ATR activation domain, triggering phosphorylation of downstream molecules including CHK1. H2AX is a variant of the H2A protein family, which can be phosphorylated by kinases such as ATM and ATR in the PI3K pathway, forming γ-H2AX that can be used as a biomarker for DDR (6, 11).

Inflammasomes are a group of cytosolic protein complexes that are formed to mediate host immune responses to microbial infection and cellular damage. Assembly of an inflammasome triggers proteolytic cleavage of dormant procaspase-1 into active caspase-1, which converts the cytokine precursors pro-interleukin (IL)-1β and pro-IL-18 into mature and biologically active IL-1β and IL-18, and also induces pyroptosis, respectively (12). The NOD-, LRR- and pyrin domain-containing protein 3 (NLRP3) inflammasome has been under intensive investigation given its possible involvement in several human diseases, including immune inflammatory diseases and tumors. Now, data have suggested that there is a close relationship between NLRP3 inflammasome polymorphisms and different malignancies such as colon cancer and melanoma (13). In addition, during the infection process, microorganisms can utilize or hijack the biological functions of the infected cells, causing the accumulation of host cell genome mutations and DNA breakage, which can eventually lead to malignant transformation of cells and tumor formation (14).

Our previous results of Illumina sequencing on the subgingival plaque samples from patients with periodontitis and healthy population found that Fusobacterium and Porphyromonas were significantly increased in the periodontitis cohort (15). Therefore, the representative strains of F. nucleatum and P. gingivalis were selected to carry out an in-depth study on the effect and regulatory mechanism of NLRP3 and DDR of oral epithelial cells under the condition of imbalance of oral ecology. We had successfully constructed the model of periodontitis and identified that the periodontitis-related bacteria (P. gingivalis and F. nucleatum) could promote oral tumor growth and proliferation by initiating the overexpressed NLRP3 and activating upstream signal molecules of ATR-CHK1, which was innovative in the analytical elucidation of the possible linkages and regulatory mechanisms of periodontal bacterial infection–periodontitis–OSCC.



Materials and Methods


Bacteria and Culture Conditions

P. gingivalis ATCC 33277 and F. nucleatum ATCC 25586 were grown in brain heart infusion (BHI; BD, Basingstoke, USA) blood agar plate supplemented with hemin (5 μg ml−1) and menadione (1 μg ml−1) and 5% defibrinated sheep blood under anaerobic conditions at 37°C overnight. Bacteria were harvested in the late exponential growth phase by centrifugation for 10 min at 4,000×g and 4°C, washed three times with sterile phosphate buffered saline (PBS) before use. According to the relative abundance of previous results of Illumina sequencing, the mixed ratio of the P. gingivalis and F. nucleatum in periodontitis group (P+) was 1:1. A mixture of 109 colony-forming unit (CFU) of bacteria was used in animal experiments.



Culture of Cells

HSC-3 (human oral squamous carcinoma cell line) and SCC-7 (murine squamous cell carcinoma cell line) were kindly provided by Prof. Qianming Chen from State Key Laboratory of Oral Diseases, West China Hospital of Stomatology, Sichuan University. Cells were grown in Dulbecco’s modified Eagle’s medium (DMEM; HyClone, Logan, UT, USA) supplemented with 10% fetal bovine serum (FBS; Gibco, Grand Island, NY, USA) at 37°C in a humidified incubator with 5% CO2. HSC-3 cells were used at ~75% confluence. Here, 1 × 108/ml SCC-7 cells (5 × 106 SCC-7 cells in 50 μl DMEM) were constructed for transplanting tumors in mice.



Cell Treatment

The mixture of P. gingivalis and F. nucleatum was resuspended in an appropriated volume of cell culture medium to achieve the desired bacteria–cell ratio at a multiplicity of infection (MOI) of 200 for the indicated time. Although MOI 100 for infection was commonly used, we increased to MOI 200 due to short-term effects of bacteria (16). For Western blot assay, after infection for 8 h, the cells were washed three times and incubated in fresh DMEM supplemented with metronidazole (200 μg/ml) and gentamicin (300 μg/ml) for 12 h. Then, cells were incubated in fresh DMEM until 24 and 48 h post-infection.



Cell Proliferation Assay

The effects of bacteria on the viability and proliferation of HSC-3 cells were determined using a Cell Counting Kit-8 (CCK-8; Dojindo, Kumamoto, Japan). Briefly, HSC-3 cells were plated in 96-well plates at 2 × 103 cells per well in the growth medium. Then, 10 μl of CCK-8 (5 mg/ml) was added to each well after bacterial infection at 4, 6, 12, and 24 h. The cells were incubated for 1 h, and OD450 was measured using a Varioskan Flash microplate reader (Thermo Fisher Scientific). Finally, the OD450 values were converted to cell viability by utilizing standard curves. Each experiment was performed in quadruplicate and repeated at least twice.



Cell Cycle Analysis

The mixture of P. gingivalis and F. nucleatum was resuspended in an appropriated volume of DMEM to achieve the desired HSC-3 bacteria–cell ratio at a MOI of 200 for 8 h. Infected or control HSC-3 cells were trypsinized, washed with cold PBS, and then fixed in 70% ethanol at 4°C overnight. The cells were then incubated with RNase A at 37°C for 30 min and stained with cell cycle detection kit (KeyGEN, Jiangsu, China). Cell cycle was assayed using a flow cytometer (Beckman Coulter, Brea, CA, USA).



Apoptosis Analysis

For annexin V staining, cells were harvested and stained with an annexin V–fluorescein isothiocyanate (FITC) apoptosis detection kit (KeyGEN, Jiangsu, China) according to the manufacturer’s protocol, and flow cytometric analysis (Beckman Coulter) was performed.



Animal Model

Eight-week-old Balb/c male mice were obtained from where they were group-housed (four mice per cage) in a specific pathogen-free controlled environment. After 1 week, all mice were randomized into two groups: one group was colonized by P. gingivalis and F. nucleatum (P+) and another served as control. Mice were treated with antibiotic (1 g/L ampicillin, 1 g/L metronidazole, 1 g/L neomycin, 0.5 g/L vancomycin) by the oral route in a volume of 25 μl for 3 days (17). Antibiotic treatment was stopped for 1 day. For P+ group, 200 μl of a mix of bacteria in 2% carboxymethyl cellulose (CMC) was applied at the surface of the mandibular molar teeth, four times a week, for 1 month. The control group was treated with vehicle (CMC) alone. Then, 5 × 106 SCC-7 cells in 50 μl DEME without FBS were injected into the submucosa of the right cheek after 3 weeks of bacterial colonization. After the tumor inoculation, the longest and shortest diameter of the mass was measured in three directions, and primary tumor growth or formation was evaluated for 3 weeks. All mice were sacrificed on 15 weeks, and their tumors were harvested and weighed. These tumor tissues were processed for Western blot, histological examination, immunostaining, and real-time PCR (including spleen). Mandibular bone was fixed in 10% formalin for micro-CT test. Animal experiments were approved by the ethics committee of West China Hospital of Stomatology, Sichuan University (WCHSIRB-D-2020-394).



MicroCT Analysis

Mandible was dissected after euthanasia and scanned with a micro–computed tomography (μCT50, SCANCO) at the voxel resolution of 10 μm. The amount of alveolar bone was evaluated as previously described by using ImageJ. Mesial and distal bone losses were quantified by measuring the distance between the alveolar bone crest and cement–enamel junction with sagittal images selected in the middle of the tooth. A minimum of four mandibular samples from different mice were examined per group with the analysis performed three times.



Western Blotting

The proteins of tumor tissues were isolated from snap-frozen tissue samples. Samples for Western blotting were tested by the Total Protein Extraction Kit (SAB, USA) following the manufacturer’s instructions. One volume of 4× sodium dodecyl sulfate (SDS) sample buffer was added, and samples were boiled prior to separation of proteins on 10% SDS–polyacrylamide gel electrophoresis (PAGE). After transfer of proteins, the polyvinylidene fluoride (PVDF) membranes were blocked in 5% non-fat dry milk in Tris-buffered saline (TBS) containing 0.05% Tween-20. The antibodies were bought from Cell Signaling Technology and used at the following dilution: γ-H2AX (1:1,000), ATR (1:1,000), p-ATR (1:1,000), CHK1 (1:1,000), p-CHK1 (1:1,000), RAD51 (1:1,000). Replication protein 32 (RPA32; 1:500) came from Santa Cruz Biotechnology, and the internal control, α-tubulin (1:6,000), came from Proteintech.



Tumor RNA Isolation and Quantitative Real-Time PCR

Analysis of gene expression was performed by qRT-PCR. Total RNA was isolated from snap-frozen tissues using TRIzol (Invitrogen), according to the manufacturer’s instructions, quantified and evaluated by spectrophotometry. Reverse transcription of RNA into cDNA was performed with the PrimeScript RT Reagent Kit with gDNA Eraser (RR047A; Takara Bio). Real-time polymerase chain reaction was performed with the StepOnePlus Real-time PCR System (Applied Biosystems). The expression levels of IL-6, tumor necrosis factor (TNF)-α, nuclear factor (NF)-κB, NLRP3, apoptosis-associated speck-like protein containing a CARD (ASC), caspase-1, IL-1β, and IL-18 were measured with the glyceraldehyde 3-phosphate dehydrogenase (GAPDH) gene as internal control. All primers in the assay were designed by Primer-BLAST online (National Center for Biotechnology Information, https://www.ncbi.nlm.nih.gov/tools/primer-blast/), and its PCR amplification efficiency reached 90%–110%. The PCRs contained 1 μmol/L for each primer pair and 1 μl cDNA sample in a 25-μl volume. The PCR program is composed of a 5-s preincubation at 95°C. Amplification was achieved with 39 cycles of 5-s denaturation at 95°C, 30-s annealing at 60°C, and 5-s extension at 72°C. All experiments were performed in triplicate. Relative expression was calculated using a 2–ΔΔCT method by normalizing with GAPDH as the internal control. The forward/reverse primer sequences were listed in Supplementary Table S1.



Histochemistry, Immunohistochemistry, and Immunofluorescence

From tumor and spleen tissues after paraffin-embedding, serial sections of 4-μm thick were made and stained with hematoxylin–eosin (H&E) and immunohistochemistry (IHC). The following antibodies were used: Ki67, cyclin D1, γ-H2AX, CD4, CD8 (all from Cell Signaling Technology), and CD206 (Alexa Fluor 488, Servicebio, China). After the slides were deparaffinized and rehydrated, antibodies were applied according to the manufacturer’s protocol.



Statistical Analysis

SPSS software (version 19.0; IBM Corporation, Armonk, NY, USA) and GraphPad Prism software (version 6; GraphPad Software, San Diego, CA, USA) were used for statistical analysis. Normal data distributions were analyzed by the Kolmogorov–Smirnov test. If the data are not normally distributed, data were analyzed by nonparametric tests. The normally distributed data were presented as the mean ± SD, and one-way analysis of variance was used to compare the means. Student’s t-test was used for pairwise comparisons between groups. Chi-square test was used to analyze clinical samples, and p < 0.05 was considered statistically significant.




Results


Effect of Coinfection of Periodontitis-Associated Bacteria on Biological Behavior of HSC-3 Cells

As shown in Figure 1A, compared with the control group, the cell proliferation ability of the P+ group significantly increased from 4 h and was about 1.4 times that of the control group between 6 and 12 h (p < 0.05). In addition, the cell proliferation of P+ group decreased slightly at 24 h. Periodontitis-associated bacteria stimulated HSC-3 cells with MOI = 200 for 8 h. Then, the cells were collected to test the cell cycle and evaluate the percentage of G1, S, and G2/M phase cell populations. As shown in Figure 1B, compared with the control group, a significant accumulation of the percentage of S phase cells in the P+ group was observed (from 11.9% to 31.15%). However, the G1 cells were obviously reduced (from 64.65% to 47.19%). Moreover, the apoptosis rate of P+ was 0.75%, which was significantly lower than 3.32% of the rate of control cells (Figure 1C).




Figure 1 | Effect of coinfection of periodontitis-associated bacteria on biological behavior of HSC-3 cells. (A) The cell viability assays of HSC-3. *p < 0.05. (B) The cell cycle analysis and the specific percentage of G1, S, and G2/M phase cell populations. (C) Apoptosis detection.





Effect of Periodontitis-Associated Bacteria on Alveolar Bone Resorption and Tumor Histology in Tumor-Bearing Mice

According to the procedure shown in Figure 2A, animal models with an in situ OSCC and periodontitis-associated bacterial treatment were constructed. The results of micro-CT (Figure 2B) showed that the alveolar bone resorption of mice in the P+ group (75.3 ± 4.0 μm) increased by about 53% compared with that of the control group (48.8 ± 1.3 μm) (Figure 2C). Furthermore, statistical significance was detected in the number of trabecular bone (Tb. N) (1/mm) decrease (Figure 2D) (p < 0.05). At the second week after tumor cells were inoculated, the mice were sacrificed, and the tumor tissues were separated and weighed. The tumor mass (1.24 ± 0.15 g) in the P+ group was about 30% higher than that in the blank control group (0.95 ± 0.19 g) (Figures 2E, G). At the same time, the tumor volume was measured by Vernier calipers every week, and we found that the tumor growth rate of the P+ group was higher than that of the control group (Figure 2F).




Figure 2 | Effect of periodontitis-associated bacteria on alveolar bone resorption and tumor histology in tumor-bearing mice. (A) Flowchart of the experimental design. (B) The microCT analysis. (C) Measurement of the alveolar bone resorption of mice. *p < 0.05. (D) Measurement of the number of trabecular bones (Tb. N) (1/mm) *p < 0.05. (E) The observation of tumor morphology. (F) Weekly measurement of the tumor volume. (G) Measurement of the tumor mass. (H) H&E staining and representative immunohistochemistry (IHC) results for Ki67 and cyclin D1, and the percentage of Ki67-positive and cyclin D1-positive cells in the control and P+ groups. *p < 0.05.



H&E staining of isolated tumors showed that large nuclei with different shapes, large abnormalities, and active abnormal mitotic phenomena were found in both groups (Figure 2H). Compared with the control group, large-scale flaky necrosis was found in the tumor tissue of the P+ group. The unclear cell outline and the fragmented and dissolved nucleus were in the necrotic area. Damaged vascular profile and a lot of cell debris were also found. In the non-necrotic area, abnormal and irregular arrangement of the cells was found, but the morphology of tumor cells was complete and clear.

IHC was utilized to detect the expression of Ki67 related to tumor proliferation. A brownish black nucleus indicates positive Ki67 expression. Consistent with the phenotypic trend of the tumor tissues, the results of IHC showed that the expression of Ki67 was significantly higher in tumor tissues of the P+ group (33.19% ± 4.28%), about 1.5 times that of the control group (20.38% ± 2.54%) (p < 0.05). In addition, the positive rate of cyclin D1 was significantly higher in tumor tissues of the P+ group (30.81% ± 6.33%), approximately 2.5 times that of the control group (11.69% ± 3.58%) (p < 0.05) (Figure 3).




Figure 3 | The qRT-PCR results of the expression of inflammatory cytokines in oral tumor-bearing mice, including interleukin (IL)-6, tumor necrosis factor (TNF)-α, nuclear factor (NF)-κB, NOD-, LRR- and pyrin domain-containing protein 3 (NLRP3), apoptosis-associated speck-like protein containing a CARD (ASC), caspase-1, IL-1β, and IL-18. *p < 0.05.





Effect of Periodontitis-Associated Bacteria on the Expression of Inflammatory Cytokines in Oral Tumor-Bearing Mice

To evaluate the expression of inflammatory cytokines in oral cancer, total RNA was isolated from snap-frozen tumor tissues. The qRT-PCR results of the expression of inflammatory cytokines in oral cancer showed that periodontitis-associated bacteria significantly (p < 0.05) upregulated IL-6, TNF-α, IL-18, ASC (up to six times), and caspase-1 (up to four times), but it downregulated NF-κB, NLRP3, and IL-1β (less than 0.5 times).



Histological and Immune Characteristics of the Spleen

The volume of spleen tissue in the P+ group increased 2–3 times significantly compared with that in the control group. To determine whether periodontitis-associated bacterial infection altered the histological characteristics of the spleen, H&E staining was performed. The H&E staining results showed that compared with control group, diminution of white pulp and congestion of red pulp were found in P+ group (shown by black arrows). Moreover, we detected the change of three types of immune cells in the spleen of the tumor-bearing mice, including CD4+ T cells, CD8+ T cells, and CD206+ T macrophages (Figure 4). The levels of those cells were upregulated 1.5 times by periodontitis-associated bacteria (p < 0.05).




Figure 4 | The measurement of the volume of spleen tissue and H&E staining were performed to observe histological characteristics. The changes of CD4+ T cells, CD8+ T cells, and CD206+ T cells were detected for immune characteristics of the spleen. *p < 0.05.





The Periodontitis-Associated Bacteria Induce the ATR-CHK1-Dependent DNA Damage Response in Oral Tumor-Bearing Mice

The effect of periodontitis-associated bacteria on the expression of γ-H2AX in oral tumor-bearing mice was detected by immunohistochemistry. As shown in Figure 5A, the number of positive cells in the P+ group increased significantly, which was about three times that of the control group (*p < 0.05). In agreement, the results of Western blotting in tumor tissues showed that expression levels of γ-H2AX, p-ATR, RPA32, CHK1, and RAD51 were upregulated, and the phosphorylation level of CHK1 (p-chk1) was downregulated (Figure 5B).




Figure 5 | The periodontitis-associated bacteria induce the ATR-CHK1-dependent DNA damage response in oral tumor-bearing mice. (A) The expression of γ-H2AX in oral tumor-bearing mice was detected by immunohistochemistry. *p < 0.05. (B) The expression levels of γ-H2AX, ATR, p-ATR, RPA32, CHK1, p-CHK1, RAD51, and α-Tubulin in tumor tissues were performed in Western blotting.






Discussion

In this study, we intended to explore the effect of periodontitis-related bacteria on the biological behavior of OSCC, including the expression of inflammasome NLRP3 and the potential mechanism of regulating ATR-CHK1-dependent DNA damage in vivo. It was found that P. gingivalis and F. nucleatum could promote the proliferation of OSCC and S phase cell cycle arrest, inhibit apoptosis, activate upstream signal molecules of ATR-CHK1, inhibit the activation of CHK1, and initiate the overexpressed NLRP3.

Chronic periodontitis was a risk factor for oral precancerous lesions and cancer. To date, many studies have suggested a link between periodontitis-related bacteria and oral cancer (17). Recently, microbial dysbiosis has been reported to promote oral tumorigenesis (18). Research focused on the “red complex”: P. gingivalis, Treponema denticola, and Tannerella forsythia, a prototype polybacterial pathogenic consortium in periodontitis. The representative bacteria of “yellow complex,” F. nucleatum, also received more and more attention for the close relationship with the occurrence and development of many tumors. In particular, the combined “red and yellow complex” (P. gingivalis and F. nucleatum) has been proposed as a potential etiological agent for oral cancer due to its induction of pro-inflammatory cytokines, cell proliferation, cell survival, cell invasion, and cell migration (19–21). Therefore, these authors collected comprehensive data to contribute the association between OSCC and periodontal bacteriome. It was found in this study that P. gingivalis and F. nucleatum could promote the proliferation of HSC-3 cells in vitro and increase the arrest of S phase cells, similar to previous studies (22, 23). The increase of S phase arrest of cell cycle increased the replication pressure of tumor cells, stimulated the probability of genome mismatch, and promoted the progress of the tumor (24). It was also found in this study that P. gingivalis and F. nucleatum can promote the expression of cyclin D1, which can promote the cell cycle G1–S transition, leading to the increase of S phase arrest. The similar results were shown in the research on gingival epithelial cells infected by P. gingivalis (23). In the primary culture of short-term gingival epithelial cells, P. gingivalis can inhibit apoptosis by upregulating antiapoptotic molecule Bcl-2 and downregulating pro-apoptotic Bad (25). The effect of P. gingivalis on the apoptosis of oral epithelial cells still needed further research. Some studies have found that when P. gingivalis invaded oral cancer cells, the autophagy increased, rather than the apoptosis (26). On the contrary, P. gingivalis and F. nucleatum can inhibit the apoptosis of HSC-3 cells and promote the survival of tumor cells in this study. In our study, the combined “red and yellow complex” (P. gingivalis and F. nucleatum) was given to the cells to elucidate the mechanism between periodontitis and oral tumors tentatively, as the solely bacterial infection has been fully researched. As a consequence, the specific mechanism might be related to the DNA damage and inflammasome NLRP3. However, the dental plaque, the etiological agent for dental caries and periodontal disease, was an archetypical biofilm composed of a complex microbial community. P. gingivalis and F. nucleatum are only a part of the complex microbial community. It was tough to elucidate the mechanism between periodontitis and oral tumors comprehensively through a single study of these two bacteria alone or in combination.

DNA damage in host cells caused by genetic toxicity of microorganisms can initiate the overexpressed ATR-CHK1 and the activated DDR to block the progress of cell cycle. Different virulence factors had different regulatory effects on DDR (27, 28). However, most of these cell cycle captures were transient. With the aggravation of DNA damage and the proliferation of cells, the gene mutations and genomic instability increased, promoting the occurrence and development of tumors (29). In vitro, it was found that P+ group could induce DNA damage in OSCC cells under short-term acute infection, which made γ-H2AX gradually accumulate with cell proliferation, activate the upstream signal molecule of ATR-CHK1, and increase the phosphorylation level of ATR and RPA2. RPA was recruited to single-stranded DNA fragments in response to replication stress, resulting in recruitment and activation of ATR (30). In addition to the increase in the level of autophosphorylation of ATR, the increase of RPA32 phosphorylation has been used as a reliable marker of ATR activation (31). These results were consistent with the previous studies on the regulation of DNA damage in human trophoblast cells by P. gingivalis. In addition, cytolethal distending toxin (CDT) had a similar effect on fibroblasts (32, 33). Usually in response to replication stress, p-CHK1 activated the cell cycle checkpoint and promoted DNA damage repair (30). In contrast, it was found in this study that the expression of CHK1 in P+ group increased, but that of p-CHK1 decreased. Due to the inhibition of CHK1 phosphorylation, the interruption of DDR signal transduction, and the inactivation of cell cycle detection points, a large number of damaged DNA substances entered mitosis and genomic instability increased, promoting the occurrence of cancer. Our results were similar to the results of a recent study that Epstein–Barr (EB) virus promoted the deletion of claspin through signal transducer and activator of transcription (STAT)3, which interrupted ATR-Chk1 signal transduction and promoted tumorigenesis (34). However, whether there were other proteins involved in the inhibition of CHK1 phosphorylation by P+ group needs to be further studied. The protein expression was mainly affected by transcriptional translation and the balance of protein stability and degradation (35). It was found that the total protein of ATR was downregulated and the total protein of CHK1 was upregulated, but upregulated at the level of mRNA, indicating that P+ group promoted the degradation of ATR protein. However, CHK1 promoted the transcriptional level to achieve the effect of upregulation. The high expression of CHK1 can also promote the arrest of S–G2M phase of cell cycle (36). The results of in vivo experiments were similar. The similar results were found in the colon cancer cells treated with the CDT. The CDT increased the number of cells with chromosome aberration and decreased their response to DNA damage, resulting in a decrease in their ability to produce γ-H2AX (37). In clinical studies, it was also found that the expression of γ-H2AX was upregulated in gastric precancerous lesions. However, the expression in gastric cancer tissue samples was significantly lower than that in precancerous lesions (38). As a consequence, it was speculated that the downregulation of γ-H2AX in P+ group in vivo may be due to the long-term chronic damage of periodontal pathogens, resulting in the downregulation of tumor cells’ response to DNA damage. In addition, the inhibition of CHK1 phosphorylation level in P+ group was more obvious, indicating that chronic stimulation could enhance the inhibitory effect.

Inflammasomes can form a polyprotein complex by combining apoptotic spot-like protein (ASC) and caspase-1 precursor (procaspase-1) with receptor NLRP3 as scaffold. It is the platform of caspase-1 activation. In addition, it can also be activated by NF-κB, which controls the maturation and secretion of IL-1β and IL-18 and initiates the inflammatory response (39). Recent research showed that NLRP3 was overexpressed in tumor tissues from head and neck squamous cell carcinoma (HNSCC), and its activity levels also correlated with tumor size, lymph node metastatic status, and IL-1β expression, which played a pro-tumorigenic role and enhanced the aggressiveness of HNSCC (40, 41). Periodontal pathogens might contribute to HNSCC pathogenesis by increasing the IL-1β response due to inflammasome dysregulation. P. gingivalis and F. nucleatum increased IL-1β by upregulating inflammasome AIM2 and downregulating POP1, and Pg alone promoted IL-1β by upregulating NLRP3 (20). Inflammasome NLRP3 played an important role in the inflammatory response of gingival epithelial cells (42). In addition, the expressions of NLRP3, IL-1β, and IL-18 in gingival tissues of patients with gingivitis, invasive periodontitis, and chronic periodontitis were significantly increased (43). Moreover, periodontal pathogens could regulate the expression of NLRP3 inflammasome in gingival fibroblasts (44). As an important regulator of inflammation and cell death, inflammasomes not only were related to immune inflammatory diseases but also played an important role in promoting the development of “normal tissues to chronic inflammation to malignant tumors” (45, 46). P. gingivalis could initiate activation of the ATP–P2X7 pathway by regulating NLRP3 that promoted the antiapoptotic enzyme NDK secretion and secreted various virulence factors, inducing the occurrence of OSCC. NLRP3 inflammasome activation had been shown to activate cancer stem cells (CSCs) leading to self-renewal and acceleration of HNSCC progression (4, 47). In addition, periodontitis-related bacteria could also promote the proliferation and invasion of tumor induced by chemical drugs in mice (48). Inflammasomes played a significant contrastive role in the interaction between malignant tumor cells and their microenvironment. In our study, the expression of inflammatory cytokines in OSCC showed that periodontitis-associated bacteria significantly (p < 0.05) upregulated IL-6, TNF-α, IL-18, ASC (up to six times), and caspase-1 (up to four times) but downregulated NF-κB, NLRP3, and IL-1β (less than 0.5 times). Considering the heterogeneity of tumor cells, the expression of NLRP3 inflammasome in the P+ tumor tissues was mainly activated. The caspase-1 activation can cause inflammatory response and carcinogenesis in inflammatory cells. As for the inconsistent expression of cytokines, we were more concerned about the heterogeneity of tumor cells, which included a variety of cells, and the cell-to-cell difference in the expression of inflammasomes or other inflammatory cytokines existed. In the later stage, the cytokine chip or single-cell sequencing of tumor tissue could be a potential solution. Furthermore, elevated NLRP3 expression is associated with chemoresistance in the treatment of HNSCC (49). The inhibition of the NLRP3 inflammasome pathway was suggested to be a promising approach for decreasing tumor cell invasion and survival.

In addition, there was a close connection between the NLRP3 inflammasome activation and reactive oxygen species (ROS) (50). On the one hand, ROS was shown to be a critical mechanism triggering NLRP3 inflammasome formation and activation in response to many exogenous stimuli as well as damage-associated molecular patterns (DAMPs). The inhibition of reduced nicotinamide adenine dinucleotide phosphate (NADPH) oxidase-derived ROS prevented ATP-induced caspase-1 activation and IL-1β production in alveolar macrophages. In particular, P. gingivalis-induced ROS production has been shown to activate the NLRP3 inflammasome in macrophages, leading to an increased production of atherogenic cytokines such as IL-1β, IL-18, and TNF-α (51). During the F. nucleatum infection, the depletion of NLRX1, a member of the NLR (NOD-like receptor) family, by shRNA attenuated ATP-induced mitochondrial ROS generation and redistribution of the NLRP3 inflammasome adaptor protein, ASC (52). On the other hand, when NLRP3 inflammasome activation was stimulated by hypercholesterolemia, DAMPs, and so on, the local inflammatory response occurred, and there were the recruitment and activation of inflammatory cells such as macrophages and T cells, producing cytokines and ROS, resulting in chronic sterile inflammation and leading to tissue injury and sclerosis (50). In our follow-up research, we would further pay attention to the potential mechanisms of the occurrence and development of oral tumor under the action of periodontal microorganisms due to ROS, inflammasome, and DNA damage.

Moreover, there were data suggesting that inflammasome polymorphisms were closely related to DDR, influencing the initiation and development of the disease’s lesions. The overexpressed NLRP3 could mimic silica-induced DNA damage and mutagenic double-strand breaks that were documented as increased levels of γ-H2AX, p-CHK2 in airway epithelial cells and closely related to the occurrence of lung carcinomas (23). Moreover, mutations in AIM2 led to excessive accumulation of DNA damage in neurons as well as an increase in the number of neurons that incorporated into the adult brain (53). Conversely, NLRP3 inflammasome activation could be initiated by DNA damage induced by ultraviolet, reactive oxygen, candidalysin, and so on (54–57). In this study, we found that overexpressed NLRP3 and DNA damage were simultaneously found in the tumor tissues of P+ group, promoting tumor growth and proliferation.

In conclusion, the periodontitis-related bacteria (P. gingivalis and F. nucleatum) can initiate the overexpressed NLRP3, activate upstream signal molecules of ATR-CHK1, and inhibit the activation of CHK1, promoting tumor growth and proliferation. It is expected to develop a new molecular mechanism between periodontitis-related bacteria and OSCC.
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B7 homolog 3 (B7-H3) is a recently found superfamily B7 molecule and therefore has significant involvement in immunological regulation. However, the relationships of B7-H3 expression with the tumor microenvironment (TME), response to immunotherapy, and prognosis in head and neck squamous cell carcinoma (HNSCC) are still unknown. In the present analysis, we determined B7-H3 as a novel biomarker that predicts the prognosis and response to immunotherapy in HNSCC. B7-H3 expression is enhanced in HNSCC compared to normal sample and is stably expressed in HNSCC cell line. Besides, high B7-H3 expression is correlated with a dismal prognosis and resistance to immunotherapy and contributes to an immunosuppressive microenvironment. Moreover, single-cell RNA sequencing (scRNA-seq) analysis shows that B7-H3 is mainly expressed in the stromal as well as malignant cells. In conclusion, the study provides insight in understanding the prognostic value of B7-H3 in HNSCC and highlights its involvement in promoting the immunosuppressive microenvironment, which presents an attractive strategy for antibody-based immunotherapy.
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Introduction

HNSCC is the sixth most common malignancy globally, with a highly aggressive and heterogeneous phenotype (1, 2). Even with new targeted therapies and advancements in chemoradiotherapy, the average overall survival (OS) and progression-free survival (PFS) rates are dismal (3). Immunotherapy has now been successful in many solid tumors including HNSCC, notably immune checkpoint inhibitors which hold great promise for treating malignancies. However, only a few patients experience clinical benefits from immunotherapy (4–7). Thus, it is critical to identify a novel target for immunotherapy and exploit predictive biomarkers that stratify patients who may benefit from immunotherapy in head and neck cancer.

B7 superfamily molecules play essential roles in regulating anti-tumor immunity. For instance, B7-H1 termed as programmed death-ligand 1 (PD-L1) is a critical immune checkpoint molecule that has a predominantly inhibitory role in adaptive immunity and suppresses proliferation as well as activation of T cells (8–10). The US Food and Drug Administration (FDA) has authorized the inhibitors of the immunological checkpoint - PD-L1 for the clinical applications in HNSCC. The recently discovered B7 superfamily molecule, B7-H3, is also called CD276 (11). Unlike B7-H1 that has been extensively studied, the involvement of B7-H3 in tumor microenvironment (TME) regulation remains largely known. Previous reports have shown that B7-H3 is overexpressed in several tumor tissue types, which limit CD4+ and CD8+ T cells proliferation and may be exploited as a potential immunotherapy target (12–15).

This study aimed to (i) identify the relationship of TME and B7-H3 expression in HNSCC; (ii) evaluate its prognostic value; (iii) exploit B7-H3 as a biomarker that predicts the response of immune checkpoint therapy; (iv) elucidate the potential signaling pathways of HNSCC in the development and progression of HNSCC.



Materials and Methods


Cell Culture

The immortalized NP69 nasopharyngeal epithelial cell line has been bought from MeisenCTCC (cat# CTCC-004-0103, Zhejiang Meisen Cell Technology Co., Ltd, China) and was cultured in Keratinocyte medium (cat# 2101, ScienCell, USA). CAL-27 and Tca-8113 cell lines were cultured in RPMI-1640 medium (cat# 11835055, Invitrogen, USA) with 10% fetal bovine serum (cat# F8318-500ML, Sigma, USA) and 1% penicillin-streptomycin (cat# 15140155, Invitrogen, USA).



Flow Cytometry (FCM) Analysis for B7-H3 Expression on the Cell Membrane

Briefly, cells were harvested and stained with fluorescein isothiocyanate (FITC)-anti-human B7-H3 (cat# ab275660, Abcam, UK) at 4°C for 0.5 h. After incubation, the mean fluorescence intensity (MFI) of B7-H3 was determined by a flow cytometer (CytoFLEX S, Beckman Coulter, USA).



Data Acquisition and Processing

The gene expression dataset and associated HNSCC clinical information have been acquired from The Cancer Genome Atlas database (TCGA) (https://cancergenome.nih.gov/). The proteomics and DNA methylation were collected from the clinical proteomic tumor analysis consortium (CPTAC; http://proteomics.cancer.gov/programs/cptac) (16). IMvigor210 cohort samples who received an anti-PD-L1 agent (atezolizumab) treatment were downloaded and studied to identify the prognostic value (17). RNA-seq data, as well as therapeutical information of immunotherapy outcome, were accessed by IMvigor210CoreBiologies (http://research-pub.gene.com/IMvigor210CoreBiologies), a fully documented R statistical computing environment software and data package. The single-cell RNA-seq data were obtained from the GEO database (Smart-seq2 data, GEO: GSE103322 and GSE139324) (18, 19).



Immune Cell Type Fractions Estimation

CIBERSORT was performed to quantify the 22 types of immune cells infiltration among each HNSCC sample (20). A leukocyte gene matrix comprising of 547 genes was used to differentiate twenty-two immune cells in the CIBERSORT system (https://cibersort.stanford.edu/) including plasma cells, memory B cells, naive B cells, T cells CD4 naïve, T cells CD8, activated CD4 memory T cells, resting CD4 memory T cells, T cells regulatory (Tregs), T cells follicular helper, monocytes, T cells gamma delta, NK cells activated, NK cells resting, macrophages: M0; M1; M2, activated dendritic cells, resting dendritic cells, resting mast cells, activated mast cells, neutrophils, & eosinophils. The relationship between immune cells infiltration and B7-H3 expression was determined using the Pearson correlation coefficient.



Gene Set Enrichment Analysis (GSEA)

GSEA algorithm was performed to reveal the altered signaling pathways in the B7-H3 low- and high group, as recognized by their enrichment in the MSigDB Collection (h.all.v.7.4.symbols.gmt). For each analysis, gene set permutations were carried out 1000 times.



Prediction of Response to Immunotherapy and Chemotherapy

Tumor immune dysfunction and exclusion (TIDE) analysis has been conducted to determine ICB response. Jiang et al. designed an analytic technique known as TIDE (http://tide.dfci.harvard.edu/) which enables a prediction of ICB response using two major tumor immune evasion mechanisms: T cell dysfunction induced in tumors with high cytotoxic T lymphocyte (CTL) infiltration and T cell infiltration inhibited in tumors with low CTL level (21, 22).

Data from genomics of drug sensitivity in cancer (GDSC) was used to evaluate the response to chemotherapy by performing the R package “pRRophetic” (23). GDSC is a public database that characterizes 1000 human cancer cell lines and screens them with 100s of compounds. GDSC also provides drug response data and genomic markers of sensitivity.



The scRNA Sequencing Analysis

The tumor immune single-cell hub (TISCH) is used to analyze single-cell RNA-seq data derived from the GSE103322 and GSE139324. TISCH (“http://tisch.comp-genomics.org/home/”) is a scRNA-seq data source that focuses on TME and gives specified annotation of cell-type at a single-cell level, which allows TME exploration across multiple cancers (24).



Statistical Analysis

The Wilcoxon signed-rank test has been applied for comparing B7-H3 expression. Receiver operating characteristic (ROC) curve was used to determine the diagnostic value of B7-H3 using R software. To assess the prognostic value, Kaplan-Meier analysis was carried out with the Survival and Survminer R package. The statistically significant P < 0.05 was applied.




Results


B7-H3 Is Overexpressed in HNSSC and Is Located in the Cell Membrane

Data from the TCGA database signified that B7-H3 is extremely elevated in tumor samples compared to normal samples or adjacent samples (Figure 1A). This is further validated in the CPTAC cohort. Proteins are the main executors in the biological processes. We, therefore, compared the B7-H3 protein level between tumor and normal sample. In line with the result from RNA expression, proteomics exposed that B7-H3 protein is overexpressed in the tumor sample of HNSCC (Figure 1B). To further unveil the underlying mechanism of B7-H3 differential expression, we examined the relationship between RNA expression and B7-H3 methylation level. The scatter plot presented a negative correlation association between B7-H3 methylation level and RNA expression (Figure 1C). Hence, the hypomethylation of B7-H3 DNA may be responsible for the elevated RNA expression in HNSCC. Besides, B7-H3 RNA expression showed a high positive correlation with protein expression indicating that the dysregulation of B7-H3 expression is mainly attributed to the transcriptional level rather than translational level or post-translational control (Figure 1C).




Figure 1 | B7-H3 is overexpressed in HNSCC. (A, B) Violin plot and box plot present the differentially expressed B7-H3 between HNSCC and normal sample; (C) Scatter plots show the association of B7-H3 RNA expression with protein expression and DNA methylation; (D) ROC curves indicate the diagnostic value of B7-H3; (E) The protein expressions of B7-H3 in different tumors; (F) Expression level of B7-H3 in NP69, CAL-27 and Tca8113; **P < 0.01 & ****P < 0.0001.



We generated a ROC curve to measure the diagnostic value of B7-H3 in HNSCC. The area under the ROC curve was 95.18%, with a greater diagnostic value, and CPTAC with a cohort AUC = 96.30% validated this finding further (Figure 1D). We further explore B7-H3 protein expression across 20 types of tumors using data from the Human Protein Atlas. Among them, HNSCC presented the highest expression level of B7-H3 with a 100% high/medium expression rate (Figure 1E).

To further validate the differential expression of B7-H3, we conducted a flow cytometry (FCM) analysis in HNSCC cell lines (CAL-27 and Tca8113) and immortalized NP69 nasopharyngeal epithelial cell line (Figure 1F). As shown in Figure 1F, B7-H3 is overexpressed in HNSCC cell lines (CAL-27 and Tca8113) compared to NP69.



B7-H3 Overexpression Predicts a Dismal Prognosis and Is Associated With the Immunosuppressive Microenvironment

The predictive value of B7-H3 was then determined in HNSCC. Kaplan-Meier analysis discovered that the elevated B7-H3 expression is related to a short PFS and OS (Figure 2A). Earlier reports have exhibited that B7 superfamily molecules are critical immunomodulatory factors in the tumor microenvironment. B7-H3 is a recently found superfamily B7 molecule and therefore may have significant involvement in tumor microenvironment regulation. In our research, we show that the stromal scores were much higher in the high group of B7-H3 than in the low group of B7-H3 (Figure 2B). Besides, opposite trends were reported in tumor purity between the two subtypes, and no significance was observed concerning the immune score (Figures 2C, D).




Figure 2 | The association of B7-H3 with tumor microenvironment and prognosis. (A) Kaplan–Meier plots show the prognostic significance of B7-H3 in HNSCC; (B–D) Violin plots present the differential stromal score (B), tumor purity (C), and immune score (D) between B7-H3 low-and high-groups; (E) Relative proportion of immune infiltration in HNSCC patients; (F) box plot shows the differential immune infiltration between B7-H3 low- and high-groups; (G, H) Box plots visualize considerably different CD4 memory resting cells (G) and CD4 memory active cells between B7-H3 low-and high-groups; (I, J) Scatter plots show the relationship of B7-H3 expression with macrophage M2 cells (I) and CD8 T cells (J); *P < 0.05, **P < 0.01, ***P < 0.001, & ****P < 0.0001. NS, P ≥ 0.05.



The immune landscape of twenty-two immune cell types in HNSCC patients was shown by using the CIBERSORT method (Figure 2E). High B7-H3 expression patients had considerably greater proportions of immunosuppressive cells (Macrophages M2) and rested CD4 memory cells (Figures 2F, G), however substantially fewer proportions of the activated CD4 memory cell (Figure 2H). Besides, B7-H3 expression has a positive association with macrophages M2 infiltration while negative with CD8 T cell (Figures 2I, J).



Validation of B7-H3 via scRNA-Seq

To further verify the specific type of cells that express B7-H3 in the tumor microenvironment, we conducted HNSCC scRNA-seq using data from HNSCC-GSE103322 and HNSCC-GSE139324 via the TISCH website (TISCH, a scRNA-seq database, offers an extensive cell-type annotation at a single-cell level, which allows TME exploration across various kinds of cancer). The result of t-distributed stochastic neighbor embedding (t-SNE) presented that 11 clusters were identified in HNSCC-GSE103322 and HNSCC-GSE139324. For HNSCC-GSE103322 data, B7-H3 was mainly expressed in the stromal cells (e.g., fibroblasts, myofibroblasts, and endothelial) and malignant cells, while B7-H3 is almost undetectable in the immune cells (Figure 3A). Similar results were validated in the HNSCC-GSE139324 cohort (Figure 3B). We conducted GSEA analysis for comparing the low- and high-expression groups in B7-H3 using TCGA-HNSCC bulk RNA-seq data to validate related signaling pathways. In the elevated B7-H3 expression groups, the gene sets were differently enriched by mechanisms that promote the cancer progression and suppress anti-tumor immunity like angiogenesis, epithelial-mesenchymal transition, TGF β signaling, and hypoxia (Figure 3C). Data from scRNA-seq revealed that angiogenesis and epithelial-mesenchymal transition signaling pathways were mainly enriched in fibroblasts cells (Figure 3D).




Figure 3 | The single-cell RNA sequencing analysis exhibits the expression pattern as well as the signal pathway of B7-H3. (A, B) The t-SNE projection of all cells and B7-H3 expression from GSE103322 and GSE139324; (C, D) GSEA derived from bulk RNA-seq (C) and scRNA-seq (D) data presents the underlying pathway associated with B7-H3.





Identification of B7-H3 as a Biomarker for Predicting the Response of Immunotherapy

We then used TIDE method to assess the potential clinical efficacy and response of immunotherapy in different B7-H3 subgroups. The high B7-H3 expression is linked to a low immunotherapy rate indicating resistance to immunotherapy in HNSCC in our findings (Figure 4A). Besides, we also predict the response to chemotherapy using data from the GDSC database. As depicted in Figure 4B, patients with the elevated expression of B7-H3 are correlated to a low IC50 score of docetaxel, cisplatin, and doxorubicin indicating a potential clinical benefit from chemotherapy.




Figure 4 | B7-H3 serves as a biomarker that predicts the response of immunotherapy. (A) Bar plot presents response rate of immunotherapy between high and low B7-H3 expression; (B) Predictive IC50 scores of docetaxel, cisplatin, and doxorubicin between high and low B7-H3 expression; (C) Box plot shows the differential B7-H3 expression between response and no response patients treat with ICB therapy in IMvigor210 cohort; (D) Waterfall plot depicts the B7-H3 expression (z-score) for a response as well as no response patients in IMvigor210 cohort. (E) Scatter plot shows the correlation between B7-H3 and immune checkpoint. *P < 0.05, ***P < 0.001, & ****P < 0.0001.



In the IMvigor210 cohort, a similar result was found among the patients receiving anti-PD-L1 immunotherapy. High B7-H3 expression is detected in the no-response group (Figure 4C). Z-scores revealed that B7-H3 expression was differentially enriched between response and no response group, and most patients with no response had positive z-scores of B7-H3 (Figure 4D). Besides, we also analyzed the correlation between B7-H3 and immune checkpoint (SIGLEC15, HAVCR2, CD274, CTLA4, PDCD1, LAG3, and TIGIT). B7-H3 showed a positive correlation with SIGLEC15, HAVCR2 and CD274 (Figure 4E). These results indicate that B7-H3 has a synergistic effect with immune checkpoint in promoting the immunosuppressive microenvironment.




Discussion

We identified B7-H3 as a novel biomarker that predicted the prognosis and response to immunotherapy in HNSCC. High B7-H3 expression was detected in HNSCC compared to a normal sample and was associated with a dismal prognosis and undesired efficacy of immunotherapy. Besides, high expression of B7-H3 was strongly related to resting CD4 T cells and macrophages M2 cells while negatively with CD8 T cell infiltration, which indicated an immunosuppressive microenvironment. Moreover, scRNA-seq analysis showed that B7-H3 was mainly expressed in malignant and stromal cells.

The B7 family comprises of inhibiting as well as activating co-stimulatory molecules that modulate immune responses negatively and positively. B7-H3, one of the ligand family members of the B7, offers a promising antibody-based immunotherapy strategy given its tumor dysregulation and significant role in tumor immunity. Earlier research has shown that B7-H3 is overexpressed and is linked with tumor progression across many kinds of human cancer (25, 26). In clear cell renal carcinoma, for example, B7-H3 is elevated and is related to the patient’s tumor node metastasis stage (27). In colorectal carcinoma, B7-H3 expression is negatively related to the OS rate (28). In line with this evidence, B7-H3 was overexpressed in HNSCC as revealed in our findings and presented excellent diagnostic value in distinguishing tumors from their matched normal tissues as evidenced by the AUC curve.

The involvement of B7-H3 in antitumor immunity has remained contentious. B7-H3 has been known as a co-stimulatory molecule for IFN-γ production and T cell activation. In the occurrence of anti-CD3 antibody imitating the TCR signal, human fusion protein B7-H3-Ig was demonstrated to improve CD4+ as well as CD8+ T cells proliferation, and the CTL activities in vitro are enhanced (11). However, the opposite phenomenon is also reported as evidenced by B7-H3’s capability to suppress the proliferation of T cells (12). Herein, our study revealed that in the modulation of immune cell responses in HNSCC, B7-H3 showed a negative co-stimulatory signal. The immunosuppressive cell proportion in patients with elevated expression was considerably higher, while the activated immune cell proportion was substantially lower.

In addition to their immunosuppressive functions, B7-H3 can also promote migration, angiogenesis, chemoresistance, and epithelial-to-mesenchymal transition. In vitro analyses have shown a substantial reduction in cancer cell adhesion to fibronectin, and a significant decrease in migration as well as invasion in B7-H3 depletion cells (29). The vital involvement of B7-H3 in cancer cell metastasis has also been highlighted in recent studies (30). Apart from cancer metastasis, B7-H3 function in angiogenesis is quickly gaining attention (31, 32). Multiple studies have demonstrated an enhanced B7-H3 expression in the endothelium of the colon, breast cancers, as well as lung (33, 34). Moreover, B7-H3 also increases the activity of the NF-κB pathway, which results in a significant increase in VEGF and IL-8 expression (31). In consistence with previous publications, our study revealed that elevated B7-H3 levels were linked to angiogenesis as well as the epithelial-mesenchymal transition pathway. Single-cell transcriptome analysis exhibited that B7-H3 is enhanced in fibroblast, endothelial, and malignant cells.

In conclusion, our results confirm the prognostic value of B7-H3 in HNSCC. We have noticed that B7-H3 expressed by the stromal as well as malignant cells may contribute to the immunosuppressive microenvironment, which presents a promising antibody-based immunotherapy strategy.
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HPV-independent head and neck squamous cell carcinoma (HNSCC) is a common cancer globally. The overall response rate to anti-PD1 checkpoint inhibitors (CPIs) in HNSCC is ~16%. One major factor influencing the effectiveness of CPI is the level of tumor infiltrating T cells (TILs). Converting TILlow tumors to TILhigh tumors is thus critical to improve clinical outcome. Here we describe a novel DNA vaccines to facilitate the T-cell infiltration and control tumor growth. We evaluated the expression of target antigens and their respective immunogenicity in HNSCC patients. The efficacy of DNA vaccines targeting two novel antigens were evaluated with or without CPI using a syngeneic model. Most HNSCC patients (43/44) co-expressed MAGED4B and FJX1 and their respective tetramer-specific T cells were in the range of 0.06-0.12%. In a preclinical model, antigen-specific T cells were induced by DNA vaccines and increased T cell infiltration into the tumor, but not MDSC or regulatory T cells. The vaccines inhibited tumor growth and improved the outcome alone and upon combination with anti-PD1 and resulted in tumor clearance in approximately 75% of mice. Pre-existence of MAGED4B and FJX1-reactive T cells in HNSCC patients suggests that these widely expressed antigens are highly immunogenic and could be further expanded by vaccination. The DNA vaccines targeting these antigens induced robust T cell responses and with the anti-PD1 antibody conferring excellent tumor control. This opens up an opportunity for combination immunotherapy that might benefit a wider population of HNSCC patients in an antigen-specific manner.
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Introduction

HNSCC is the sixth most common cancer in the world and is more prevalent in South East Asia where it is the second most common malignancy (1). The incident in some cases is linked to HPV but for HPV independent (HPVneg) subgroup which represents 60-80% of all HNSCC cases, the causes are unclear and often linked to consumption of alcohol, smoking, smokeless tobacco and bethel quid [reviewed in (2)]. The HPVneg HNSCC is often difficult to treat; surgery and radiotherapy are associated with significant morbidity and a relatively static 5-year survival rate of around 50-60% (3).

Immune checkpoint inhibitors prolonged survival of some patients with HNSCC and have now gained the approval for subsets of patients with advanced disease, however the responses have only been observed in 14-25% of patients (4–6). While the response to checkpoint inhibitors is associated with many factors including expression of PD-L1 (7, 8), tumor mutational burden (9) and the interferon gene signature (10), one major factor is the presence of pre-existing tumor-infiltrating T cells (TIL) (11–15). High TIL levels correlate with significantly longer survival, and many patients who respond to checkpoint inhibitors fall into this category. TILlow tumors, including most HPVneg HNSCC, are commonly categorized as ‘immune desert’ (absent T cells) or ‘immune excluded’ (excluded T cells) (13, 16, 17). This emphasizes the urgent need of novel immunotherapies that can work in these patients. One such intervention is to use cancer vaccines to induce or expand specific T cell responses against cancer.

For HPV positive (HPVpos) HNSCC, cancer vaccines targeting oncoprotein E6 and E7 from HPV have induced a durable anti-tumor response (18, 19). For HPVneg HNSCC such viral antigens are not available. Targeting mutated antigens (neo-antigens) is an emerging strategy and has demonstrated clinical benefits in late-stage melanoma and newly diagnosed glioblastoma in combination with checkpoint inhibitors (20–23). A mutanome-targeting DNA vaccine has entered a phase 1/2 trial for patients with locally advanced or metastatic solid tumors who received checkpoint inhibitor treatment but did not reach a complete response (24). However, the mutanome-targeting approach is time consuming and costly as it requires the generation of personalized vaccines for each patient. We therefore focused on developing cancer vaccines targeting tumor associated antigens (TAAs) in order to generate off-the-shelf treatment to a large proportion of HNSCC patients. Recently the feasibility of this approach has been demonstrated in patients with unresectable melanoma post-anti-PD1 treatment. Antigen-specific polyfunctional T-cells were induced in most patients, and some patients had a partial response or stable disease (25).

We have previously shown that MAGED4B and FJX1 are over-expressed in a small cohort of primary HNSCC patients in Malaysia (26, 27). Here we sought to develop a feasible therapeutic strategy by targeting these antigens in HNSCC globally. To achieve this, we first investigated their expression pattern and immunogenicity in HNSCC patient cohorts from Malaysia and the UK. We then designed DNA vaccines targeting MAGED4B and FJX1. We demonstrated that our novel DNA vaccine monotherapy delayed tumor growth in a mouse model expressing the target antigens and increased T cell infiltration into the tumor bed. Promisingly, our vaccine acted synergistically when co-administered with anti-PD1 treatment resulting in tumor clearance in a large proportion of mice.



Materials and Methods


Patient Sample

Samples from two cohorts of patients were processed at two separate facilities following surgery. For the Malaysian cohort, blood samples from 28 HNSCC patients were collected from the University Malaya Medical Centre, Tengku Ampuan Rahimah Hospital and Hospital Kuala Lumpur. Since HPV positive HNSCC is rare in Malaysia (28), these patients were not tested for HPV. For the UK cohort, blood samples from 21 HPVneg HNSCC patients were collected from patients treated at Poole Hospital at the time of surgery. The samples were both primary and recurrent tumors. The demographic and clinico-pathological information of 49 HNSCC patients from Malaysia and UK are presented in Table 1. Peripheral blood mononuclear cells (PBMC) were isolated from whole blood. HLA-A status for the Malaysian cohort was determined by direct staining of PBMC with mouse anti-human HLA-A2-PE and HLA-ABC-PE (BD Biosciences, US). HLA status for the UK cohort was determined using the AllSet Gold HLA-A SSP Kit (One Lambda, US). Formalin-fixed paraffin-embedded (FFPE) tissues from HNSCC patients that are in excess of diagnosis were identified and sectioned into 4µm thick for hematoxylin and eosin (H&E), as well as immunohistochemistry (IHC) staining. For tissues from normal organs, 3-4 independent tissue microarrays generated in-house were analyzed for the expression of MAGED4B and FJX1.


Table 1 | The demographic and clinico-pathological information of 49 HNSCC patients included in this study.



This project was approved by the Institutional Review Board of the Faculty of Dentistry, University of Malaya [DFOS1706/0026(L)], Medical Research and Ethics Committee, Ministry of Health, Malaysia (NMRR-16-2638-33703) and UK Medical Research and Ethics Committee and by institutional approval at the Southampton University Hospitals NHS Foundation Trust, Southampton, UK (REC No. 09/H0501/90). Written informed consent was obtained from participating patients prior to sample collection.



Peptides

MAGED4B and FJX1 overlapping peptide pools (OPP) consisting of 183 and 107 15-mers peptides with 11 amino acids overlap respectively. CEFT peptide pool consists of MHC class I and II peptides from cytomegalovirus (CMV), Epstein-Barr Virus (EBV), Influenza A and Clostridium tetani was used as positive control in the in vitro stimulation (IVS) ELISpot assay. All peptides were produced by JPT Peptide Technologies (Germany) with >70% purity by high-performance liquid chromatography (HPLC).



In Vitro Stimulation of T Cells

PBMCs were thawed and rested at high density (1x107 cells per well of a 24-well plate) for two days before T cells were isolated using CD4+ and CD8+ microbeads (Miltenyi, UK). The remaining T-cell depleted PBMCs were transfected with mRNA encoding individual antigens. DNA fragments encoding each antigen (MAGED4B, FJX1 or CEFT) were synthesised through the Invitrogen GeneArt service (ThermoFisher, UK) and inserted into the pcDNA3. The DNA sequence synthesised for each antigen consisted of the antigen sequence, flanked at the N-terminus with an Ig signalling peptide and at the C terminus with an MHC-I trafficking signal (MITD) (29). mRNA for each antigen was produced using the HiScribe T7 ARCA mRNA kit with tailing from linearized plasmids (New England Biolabs, UK). Five micrograms of mRNA encoding CEFT or 10µg of MAGED4B or FJX1 mRNA was used to transfect T-cell depleted PBMC using the Human Dendritic Cell Nucleofector kit (Lonza, UK) to serve as antigen-presenting cells (APC). Purified T cells were incubated with transfected and irradiated (15 Gy) APC (ratio1:1) in OpTmizer™ medium (Thermo, UK) supplemented with 20 U/ml IL-2 and 5 ng/ml IL-15 (both PeproTech, US) at 37°C for 14 days. Half of the medium was changed to fresh OpTmizer medium supplemented with 20 U/ml IL-2 every 2-3 days. Stimulated T cells were subjected to ELISpot.



Human IFNγ ELISpot Assay

1 x 104 stimulated T cells were incubated with peptide-loaded dendritic cells (DCs) at 1:30 ratio on a 96 well ELISpot plates pre-coated with anti-human IFNγ antibody (mAb 1-DIK, Mabtech, UK) overnight at 37°C. DC were differentiated from autologous CD14+ monocytes, according to Miltenyi manufacturer’s protocol in ImmunoCult™ DC differentiation media (Stemcell Technologies, UK) for two weeks. DCs were loaded with 1 µg/ml CEFT, MAGED4B or FJX1 OPP. Samples were plated in duplicate or triplicate. Spots were detected with a biotin-conjugated human IFNγ antibody (mAb 7-B6-1, Mabtech UK) followed by incubation with Streptavidin ALP (Mabtech, UK) and BCIP/NBT (Thermo, UK). Plates were scanned using ImmunoSpots reader (AID, UK). The mean values were represented as spot-forming cells (SFCs) per 1 x 104 T cells. Levels were considered positive if at least two times above medium control.



Flow Cytometry Analysis of Human Samples

To detect antigen-specific T cells, PBMC from Malaysian HLA-A2 patients were first incubated with FVS780 (fixable viability stain) (BD Biosciences, US) for 15 min at room temperature (RT), washed and further incubated with MAGED4B501-509/HLA-A2 tetramer-PE for 30 min at RT. After incubation, cells were stained with anti-CD3+ (FITC: SK7), CD4+ (PerCP Cy5.5:SK3) and CD8+ (BV510: RPA-T8) for 30 min at RT. For UK cohort, similar protocol was used to detect antigen-specific T cells. PBMCs were first stained with Live/dead violet stain (Invitrogen, US), followed by MAGED4B501-509/HLA-A2 tetramer-PE, anti-CD3+ (FITC: OKT3), CD4+ (APC: OKT4), CD8+ (PE-Cy7: SK1) for 30 min at RT. MAGED4B501-509/HLA-A2 tetramer-PE was generated in house by University of Southampton Protein Core Facility. Gating strategy is detailed in Figure S1A.

All stained cells were analyzed using LSR Fortessa flow cytometer or FACSCanto (both BD Biosciences, US) and gated against fluorescence minus one control (FMO) or unstained controls. The flow panels were designed to accommodate different lasers and FACS machine capacities in both institutions. Details of all antibodies used in the flow cytometry staining are provided in Table S1. Analysis was performed using FlowJo software (BD Biosciences, US).



Generation of pDom Fusion DNA Vaccines

The human wild type sequences of MAGED4B and FJX1 were cloned separately into the pcDNA3.1 (Invitrogen, UK) plasmid as a fusion with the Dom sequence from fragment C of tetanus toxin as source of CD4+ T cell help (30). The sequence encoding mus IgH signal peptide MGWSCIIFFLVATATGVHS was inserted at the N-terminus of each construct to enhance secretion. DOM fragment and the antigen of interest MAGED4B or FJX1 were separated with a seven amino acid linker (AAAGPGP).

DNA sequencing was performed to confirm that the plasmids contained the correct DNA construct. The generated plasmid DNA fusions referred as pDom-MAGED4B (pDom-M) and pDom-FJX1 (pDom-F) (plasmid constructs in Figure S2 pDom plasmid without the insertion of antigens was used as vector control. All plasmids were propagated in DH-5α and purified using QIAGEN Plasmid Plus Giga Kit (QIAGEN, US), according to manufacturer’s instruction.



Animal Study

All procedures involving the use of animals were reviewed and approved by the Animal Ethics Committee of Universiti Kebangsaan Malaysia (Approval No. CRM/2017/KUE PENG/25-JAN./820-APR.-2017-APR.-2020) and Animal Ethics Committee of University of Southampton under the Project Licence (P8969333C). All animal experiments complied with the National Institute of Health guide for the care and use of Laboratory animals (NIH Publications No. 8023, revised 1978).



Immunogenicity of pDom-M/F In Vivo

C57BL/6 and HLA-A2 tg mice (transgenic for the HLA-A2.1 allele, HHD) (31, 32) used in the immunogenicity study were bred in animal facility of the University Southampton. C57BL/6 or HLA-A2 tg mice aged 6 -10 weeks (n=5/group) received either 50μg pDom-M, pDom-F or pDom vector control vaccines intramuscularly (i.m.) into each quadriceps muscles of the hind legs. C57BL/6 mice received a booster injection with an equivalent amount of the vaccine after one week, while HLA-A2 tg mice received a booster injection after 3 weeks with electroporation (EP). EP was carried out on mice anaesthetized by isofluorane, using a custom-made pulse generator from Inovio Pharmaceuticals, as described previously (33).

At endpoint, spleens were harvested from experimental mice, and subsequently mashed though 70 µm strainer to obtain a single cell suspension. Lymphocytes were then isolated from splenocytes using Lymphoprep™ (STEMCELL, UK) following manufacturer’s protocol. To determine the presence of IFNγ secreting lymphocytes, anti-mouse IFNγ ELISpot kit (BD Bioscience, UK) was used according to manufacturer’s protocol. Mouse lymphocytes (2.5x105 cells/well) were incubated in complete RPMI media with no peptide (background control), p30 control peptide (1µM), MAGED4B or FJX1 OPP (1µM each peptide) on pre-coated anti-mouse IFNγ ELISpot plates for 40h at 37°C. Samples were plated in triplicate. Spots were detected with a biotin-conjugated mouse IFNγ antibody (BD Bioscience, UK) followed by incubation with Streptavidin-ALP (Mabtech) and BCIP/NBT (Thermo, UK). Plates were scanned using ImmunoSpots reader (AID, UK). The mean values were represented as spot-forming cells (SFCs) per 106 cells. Levels were considered positive if at least two times above the background control.



Tumour Models

The mouse B16F10 cell line expressing the human HLA-A2 gene (B16F10-HLA-A2) was provided by Professor Eric Tartour (Sorbonne Paris Cité, University). B16 is one of the most frequently used model for evaluation of the efficacy of anti-PD1 antibody and its combinations hence it has been chosen for the currently study in favor of less well characterized HNSCC models which has recently emerged (34). It was cultured in RPMI 1640 (Gibco, UK) supplemented with 10% heat inactivated-fetal bovine serum (FBS, Gibco UK), penicillin/streptomycin (100 U/ml) and 1 mg/ml G418 (EMD Millipore, US) at 37°C in a 5% CO2 humidified atmosphere. We generated two different tumor models expressing our target antigens; B16F10-HLA-A2-MAGED4B (BAM) and B16F10-HLA-A2-FJX1 (BAF). The expression of HLA-A2 in BAM and BAF cell lines was confirmed by flow cytometry using human HLA-A2–PE-conjugated antibody (clone BB7.2, BD Biosciences, US). MAGED4B and FJX1 expression levels were confirmed by western blotting using custom made anti-MAGED4B (Dundee Cell Products Ltd, UK) and anti-FJX1 (HPA059220, Sigma Aldrich, US) antibodies respectively.



Efficacy of pDom-M/F In Vivo

AAD mice (transgenic for HLA-A2.1/H2-Dd allele) used in the efficacy study were bred in the animal facility of National University Malaysia. AAD mice (6-10 weeks) were inoculated with 1x106 BAM cell line (n=27 mice) at the right flank at day 0. These mice were randomized to receive vaccination of 100 µg pDom-M/F DNA vaccines (50 µg of each vaccine) or 50 µg pDom DNA vaccine i.m into each quadriceps muscles of the hind legs on day 5 after palpable tumors were observed (~25cm3). A booster vaccination at the same dose was administered at day 12 (the vaccination schedule is depicted in Fig. 3A). Tumour sizes were evaluated every 3-4 days and volumes were calculated using the formula: volume = ½ (length X width2). Tumour growth inhibition (TGI) was calculated using the formula: TGI=(Vc-Vt)/Vc X 100%; where Vc and Vt are the average tumor volume of control and treatment group respectively at endpoint. On day 26, mice were sacrificed and tumors were harvested for analysis of T cell infiltration by IHC and flow cytometry as described below.

To evaluate the efficacy of combination treatment of pDom-M/F vaccine with anti-PD-1 antibody, AAD mice were inoculated with 1x105 BAM (n=32 mice) or BAF cells (n=39 mice). Subsequently, mice were randomized into four treatment groups; pDom-M/F, anti-PD-1 antibody, pDom-M/F + anti-PD-1 antibody, or pDom + IgG isotype control. pDom-M/F vaccinations were given at day 5 and day 26 post-cell inoculation. One hundred microgram of anti-PD-1 monoclonal antibody (CD279, Bioxcell, US) or rat IgG2a isotype control (Bioxcell, US) was given intraperitoneally every 3 days from day 3 as indicated in Figure 4A. Tumour sizes were measured every 3-4 days and tumor volume were calculated using the formula described above.



Flow Cytometry Analysis of Mouse Tumour Infiltrating Lymphocytes

To determine the expression of T cell markers after pDom-M/F treatment in mouse models, tumor infiltrating lymphocytes (TILs) were isolated from mouse tumor samples. Briefly, 500mm3 tumors were harvested and minced into smaller pieces (<3mm) and digested in 5 ml digestion buffer [RPMI 1640 containing collagenase type I (200 U/ml; Gibco, US) and DNase I (10 U/ml; Invitrogen, US)] and incubated at 37°C for 20 min with agitation. After incubation, tumor suspension was pressed through a 40 µm cell strainer, and rinsed with cold MACS buffer (0.5% BSA+2mM EDTA in PBS). Cells were spun at 500g for 5 min and finally resuspended in PBS with purified rat anti-mouse CD16/CD32 (mouse Fc blocker) (BD Pharmingen US), and proceed to stain with viability dye (FVS780), anti-CD4, CD8 and PD-1 antibodies (all from BD Biosciences, US) for 30 min at 4°C. To determine the presence of MDSC and T-regs, additional tubes were stained with viability dye (FVS780), anti-CD4, CD45.2, CD11b, and GR1. Cells were subjected to fixation and permeabilization with Mouse FoxP3 Buffer Set (BD Biosciences, US), and stained with anti-FOXP3 (eBioscience, US). Details of all antibodies used in the flow cytometry staining is provided in Table S1. PD1-positive CD4+ or CD8+ T cells were quantitated based on the relative expression of PD1, gating strategy is detailed in Figure S3.



Immunohistochemistry

To assess the expression level of MAGED4B and FJX1 in HNSCC samples from the UK cohort, anti-MAGED4B polyclonal antibody (1:200, Novus-Bio) and anti-FJX1 polyclonal antibody (1:200, Novus-Bio) were used. Deparaffinization, rehydration, antigen retrieval, and IHC staining were performed using a Dako PT Link Autostainer using EnVision FLEX Target Retrieval Solution, High pH (Agilent Dako, UK) and DAKO Auto-stainer Link48™ in the Cellular Pathology Department of the University Hospital of Southampton NHS Trust. Images were captured using ZEISS Axio scanner.

For the Malaysian cohort, IHC was performed on patient FFPE samples using anti-MAGED4B polyclonal antibody (1:100, Sigma Aldrich, US) and anti-FJX1 polyclonal antibody (1:200, Sigma Aldrich, US). Antigen retrieval was performed in citrate buffer pH 6 and Tris-EDTA pH 9 for MAGED4B and FJX1 respectively using microwave heating method. IHC staining were performed using Dako Cytomation Envision+ Dual Link System- HRP (DAB+) kit (Dako,US) following protocol recommended by manufacturer. Direct comparisons of antibodies to each antigen used for the UK and the Malaysian cohorts were performed using 5 independent HNSCC samples and the same data were obtained. The Novus antibodies were chosen in Southampton because they generated less background with the automated system.

For mouse IHC staining, FFPE sections were stained with rabbit anti-mouse CD8α (1:400; clone D4W2Z; Cell Signaling Technologies, US). All sections from mice were processed after antibody staining using Dako Animal Research Kit (Dako, US) according to the recommendation by manufacturer (27). The field containing the highest density of CD8-positive cells within the tissue were identified. CD8-positive cells were counted by 3 individuals including a board-certified pathologist and graded as “less than 5 cells”, “5 to 10 cells” and “more than 10 cells” (35, 36).



Statistics

Data are shown as the mean ± SD or median ± interquartile as described in the figure legends. Statistical differences in the expression of MAGED4B and FJX1 mRNA levels between tumor and normal samples in TCGA were determined using Kruskal Wallis test. ELISpot and FACS results analysis were performed using the Mann-Whitney test for non-parametric data. Tumour volume data was analyzed using the two-way repeated measures ANOVA by time and treatment using GraphPad PRISM as indicated in the figure legends.




Results


MAGED4B and FJX1 Are Expressed in HNSCC Tumour Samples

Using TCGA-HNSC project data, we demonstrated that both MAGED4B and FJX1 gene expression levels in the HPV negative (n=415) and HPV positive (n=72) tumour tissue samples were significantly higher than levels in adjacent normal tissues (n=44, Figure 1A). HPV status of TCGA samples was available from cBioportal for the PanCancer and was the result of complete analysis of the cohort for HPV transcripts (37). Importantly, either one or both antigens were also found expressed in other cancer types including lung, breast, oesophageal, and stomach cancer at the mRNA level (Figure S4). We subsequently examined the protein expression of MAGED4B and FJX1 in HNSCC tumour tissues from both Malaysian and UK cohorts by IHC. All tested samples from Malaysian cohort (n=28) expressed both antigens, except one patient who did not express FJX1 (Table 1). All samples from the UK cohort (n=16) expressed both MAGED4B and FJX1 (Table 1). In total 43/44 samples were positive for both antigens (representative images are depicted in Figure 1B; testes used as positive control). The evaluation of expression of MAGED4B and FJX1 in five major organs and healthy oral epithelia revealed very low levels in basal keratinocytes of stratified squamous epithelium with no expression above the background elsewhere (Figure S5).




Figure 1 | MAGED4B and FJX1 are immunogenic tumour-associated antigens in HPVneg HNSCC patients. (A) Both HPVneg and HPVpos HNSCC samples from TCGA has significant elevation of MAGED4B and FJX1 compared to adjacent normal tissue at transcriptomic level. P values were calculated using Kruskal-Wallis test on normalized mRNA expression (****p-value < 0.0001; **p-value < 0.01; ns, not significant). (B) MAGED4B and FJX1 expression in HNSCC samples and testes (as positive control) were indicated by IHC staining with anti-hMAGED4B polyclonal antibody (Novus-Bio) and anti-FJX1 polyclonal antibody (Novus-Bio) respectively. Magnification x200. (C) FACS plots showed MAGED4B -specific T cells were detected in PBMC from HNSCC patients using MAGED4B501-509 HLA-A2 tetramer-PE. Four HLA-A2pos, one HLA-A2neg HNSCC patients and one healthy donor are shown. (D) T cells from HNSCC patients after IVS were assessed with IFNγ ELISpot. Antigen-specific T cell responses were evaluated by stimulating with MAGED4B OPP and FJX1 OPP pulsed autologous DCs. CEFT OPP were used as positive control in IFNγ ELISpot. Two HLA-A2pos and two HLA-A2neg HNSCC patients are shown.





MAGED4B and FJX1 Specific T Cells Were Detected in HNSCC Patients at High Frequency

T cells specific for neo-antigens were detected in patients with HPVneg HNSCC (38), indicating that the patients’ immune system is capable of recognising the tumour antigens in this disease. To determine whether HNSCC patients inherently harbour MAGED4B- and FJX1-specific T cells, we generated MAGED4B501-509/HLA-A2 tetramer using the HLA-A2 epitope we previously identified (39). MAGED4B-specific CD8+T cells were identified in 4/4 HLA-A2pos patients from the Malaysian cohort and 8/11 HLA-A2pos patients from the UK cohort (Figure 1C and Table 2) at a frequency observed at a similar level to neoepitopes in melanoma (range 0.06-0.12%) (40). PBMC samples of HLA-A2neg patients were used to confirm the specificity (Figure 1C, Figure S1B and Table 2). Since no FJX1 epitope was available for a tetramer, the T cell responses were analysed by IFNγ ELISpot using OPP for the entire antigenic sequence. In parallel we also analysed the responses to MAGED4B OPP to extend the data beyond the HLA-A2 positive cohort. We initially performed ex vivo ELISpot using PBMCs from two patients (Figure S1C), which suggested specific T cell responses could be captured without in vitro re-stimulation (IVS) occasionally but not reliably. We therefore opted for IVS ELISpot; 3/7 and 5/7 patients responded to FJX1 OPP or MAGED4B OPP respectively with 3/7 demonstrating responses against both (Figure 1D; representative examples, Table 2). Collectively, we have confirmed both antigens are immunogenic in HPVneg HNSCC patients.


Table 2 | Information of target antigen expression, HLA type, and detection of antigen-specific T cells in UK and Malaysia patient cohorts.





DNA Vaccines Targeting MAGED4B and FJX1 Induce T Cell Responses in Mice

To induce broad CD4/CD8+ anti-tumor responses irrespective of HLA subtypes, the full-length MAGED4B or FJX1 sequences were linked to 3’ Dom sequence and inserted into pcDNA3 plasmid to give rise to pDom-MAGED4B (pDom-M, Figure S2A) and pDom-FJX1 (pDom-F, Figure S2B). In vivo immunogenicity was tested using the HLA-A2 transgenic (tg) and wildtype C57BL/6J mice using our previous protocols (31). Splenocytes from immunized mice were evaluated by IFNγ ELISpot using MAGED4B or FJX1 OPP to stimulate antigen-specific immune responses. In wildtype mice, pDom-M showed significantly higher antigen specific T cell responses to MAGED4B OPP than control pDom immunized mice (p=0.012, Figure 2A). Similarly, T cell response against FJX1 OPP was also significantly elevated in mice received pDom-F as compared to the pDom control group where no responses were detected (p=0.012). In HLA-A2 tg mice, vaccination with pDom-M and pDom-F resulted in a significant T cell response against MAGED4B (p=0.016, Figure 2B) or FJX1 (p=0.037, Figure 2B) OPP respectively as compared to the pDom control. Both vaccines induced robust T-cell responses with lower levels observed in HLA-A2 tg mice because of lower number of T-cells and lower MHC I expression (41). The responses to pDom vector control were negative in both strains as expected.




Figure 2 | pDom-M and pDom-F vaccines are immunogenic in wildtype C57BL/6 and transgenic HLA-A2 mice. Augmentation of antigen-specific immune responses was observed in all mice that received pDom-M or pDom-F in comparison to mice which received pDom control. (A) C57BL/6 mice were vaccinated at day 1 and day 8 with pDom, pDom-M, or pDom-F. Splenocytes were harvested at day 22 to study antigen-specific immune responses by IFNγ ELISpot. (B) HLA-A2 tg mice were vaccinated at day 1 and day 22 with electroporation. Splenocytes were harvested at day 36 for IFNγ ELISpot. Splenocytes were seeded at 2.5 x105 to ELISpot plates and stimulated overnight with 1 µM of MAGED4B OPP or FJX1 OPP. All data are expressed as mean ± SD. (*p-value < 0.05).





Vaccination With pDom-M/F Vaccine Increased T Cell Infiltration and Delayed Tumour Growth

We subsequently evaluated efficacy of these two vaccines using the BAM tumor model. This model expresses HLA-A2 (42) (Figure S6A). It expresses FJX1 endogenously and was engineered to express MAGED4B because the antigen is not expressed in mice (Figure S6B). The HLA-A2 mice were challenged with 106 BAM tumor cells and once the tumors were palpable, mice were immunized with either combined pDom-M and pDom-F (referred as pDom-M/F vaccine) or pDom control as indicated (Figure 3A). Mice immunized with pDom-M/F showed a delay in their tumor growth as compared to mice received pDom (average tumor sizes of pDom and pDom-M/F at endpoint (day 26): 1641.22 mm3 and 887.24 mm3, TGI: 45.94%; Figure 3B).




Figure 3 | pDom-M/F vaccines enhance anti-tumour immunity by increasing infiltration of immune cells into the tumour. (A) Schematic of vaccination schedule, mice were inoculated with the BAM cell line and randomized to either received vaccination of pDom-M/F (pDom-M and pDom-F; 50 μg each vaccine per mouse) or pDom (50 μg per mouse) as vector control. Upon termination at endpoint, tumours from vaccinated animals were harvested for analysis of TILs. (B) Tumour growth inhibition was significant in mice that received pDom-M/F in comparison to mice which received pDom. Data is expressed as mean ± SEM. (C) Increased immune cells infiltration was observed in pDom-M/F group as opposed to pDom (left). IHC staining demonstrated CD8+ T cells were induced by pDom-M/F vaccination (right). Images shown were at 100X and 200X magnifications. (D) Analysis of IHC data demonstrated higher proportion of tumour from pDom-M/F group harbouring CD8+ T cells as compared to pDom vector control group. (E) pDom-M/F group significantly induced more CD4+ T cells. (F) Both PD1+CD4+ and PD1+CD8+ T cells were significantly upregulated in pDom-M/F vaccinated animals when compared to pDom group. Unless otherwise stated, all data are expressed as mean ± SD and pooled data from 2 independent experiments are shown for (B–F). Symbols *, **, ***, ns denote p < 0.05, p < 0.01, p < 0.001 and not significant respectively.



Subsequently, we determined whether vaccination could increase infiltration of T cells into the tumor, as demonstrated in a DNA vaccine clinical trial targeting E6/E7 in HPVpos HNSCC (18). Tumours from the pDom-treated group predominantly displayed an immune deserted phenotype, where immune cells were absent or scarce throughout the tissue (Figure 3C). This phenotype was expected as the parental tumor were previously reported to have low TILs (43). By contrast, tumors from mice vaccinated with pDom-M/F showed increased levels of T cells infiltrated into the tumor (Figure 3C). Enumeration of CD8+ T cells in the tumors further indicated that the infiltration of CD8+ T cells was higher in the pDom-M/F-vaccinated tumors as compared to pDom-vaccinated tumors (Figure 3D). As tumor-specific CD4 effector T cells can also contribute to anti-tumor protective mechanisms (44), we further determined whether they also increased. Encouragingly, pDom-M/F vaccine also induced CD4+ T cells in TILs as demonstrated by flow cytometry analysis but not MDSC (CD45.2+ CD11b+GR1+) and regulatory T cells (CD4+ FoxP3+) (Figure 3E). In addition, we detected a significant increase in PD-1 expressing CD4+ and CD8+ T cell population in the pDom-M/F group as compared to pDom (p=0.018 and p=0.029 respectively; Figure 3F). The increase in PD-1 expression level amongst CD4+ and CD8+ T cells indicated a combination with an anti-PD-1 antibody would likely to boost the T cell response.

Further, there was no significant difference in body weight between pDom and pDom-M/F treated animals and histopathology analysis of 5 major organs (kidney, lung, heart, spleen and liver) revealed no pDOM-M/F induced toxicity (data not shown).



Combination Therapy of pDom-M/F and Anti-PD-1 Inhibited Tumour Growth

We next investigated if vaccination with pDom-M/F in combination with anti-PD1 antibody would lead to an improved tumor control. Anti-PD1 group served as a comparator while isotype control IgG plus pDom served as a negative control. When compared to IgG + pDom control group, growth inhibition was clearly demonstrated in pDom-M/F, anti-PD-1 and the combined treatment group (at day 35, TGI pDom-M/F: 49.16%, anti-PD-1: 60.11% and combination: 96.7%; Figures 4B, C). Significantly, 6 of 8 mice (75%) that received a combination of pDom-M/F and anti-PD-1 antibody had complete tumor growth inhibition.




Figure 4 | Combination therapy of pDom-M/F and anti-PD-1 inhibited tumour growth in vivo. (A) Schematic of vaccination schedule, mice were inoculated with the BAM or BAF cells and randomized to either received 2 doses of pDom (50 μg per mouse) as vector control combined with 13 doses of isotype control (100 μg per mouse, given every 3 days), 13 doses of anti-PD-1 (100 μg per mouse, given every 3 days), pDom-M/F (pDom-M and pDom-F; 50 μg each vaccine per mouse) and the combination of pDom-M/F with anti-PD-1. Upon termination at end-point, mouse spleens were harvested for ELISpot. (B, D) The graphs indicated mean tumour volumes of treatment group for BAM or BAF model respectively. Statistical analyses were conducted using with two-way ANOVA. (*p < 0.05; **p < 0.01; ns, not significant). Statistics represented the comparison on terminated date (day 35 for BAM, day 40 for BAF). (C, E) Graphs of individual animal tumour volumes for BAM and BAF models respectively comparing experimental groups including anti-PD-1 (green line), pDOM-M/F (blue line) and the combination of pDom-M/F with anti-PD-1 (red line) to IgG/pDOM control (grey line).



We next used the BAF cells (engineered to overexpress human FJX1 only, Figure S6C), to evaluate the efficacy of pDom-M/F. The experiment was performed in BAF-bearing animals using the same protocol as for the BAM model. The growth inhibition in the combination group was also prominent (at day 40, TGI pDom-M/F: 37.78%, anti-PD-1: 71.59% and combination: 95.56%; Figures 4D, E). Fifty percent of animals (5 of 10) in the combination group had completely inhibited tumor growth throughout the experiment. We therefore were able to confirm that pDom-M/F DNA vaccines were able to significantly reduce the tumor burden and this was enhanced by combination with anti-PD1 antibody achieving a complete clearance of tumor in 50%-75% of mice in BAF and BAM model respectively.




Discussion

Therapeutic vaccine targeting tumor antigens is a promising strategy to activate the immune system to eradicate cancer. This strategy confers advantage over other non-specific therapies, as it does not only induce tumor-specific immune responses, but also promotes establishment of immunological memory. Early trials in HNSCC had focused on targeting cancer driving mutations such as p53 and K-Ras, however no significant clinical outcomes were reported (45). Vaccines targeting MUC1 (NCT02544880) and CEA (NCT00924092; NCT00027534) which are in phase I/II clinical trials have yet to report results while the phase I study targeting Survivin-2B demonstrated low efficacy (46).

Several recent trials in solid tumors demonstrated significant immunogenicity (20–22, 25) with achieving partial or clinical remission. Remarkably, the antigens which have been targeted are not only mutated antigens for which the central tolerance is not expected but widely expressed antigens, tissue-specific antigens as well as cancer testis antigens (CTA) (25, 47, 48). The latter has long been thought of as “good” antigens due to their safety and immunogenicity; targeting NY-ESO1 and MAGE-A3 recently have demonstrated clinical benefits (25). However, most well-characterized CTAs are not expressed in a large proportion of head and neck cancer (49). Previously, the expression of MAGED4B and FJX1 CTAs has been described in HNSCC patients in Malaysia (26, 50, 51). Here we were able to confirm their expression at the RNA levels using 522 HNSCC samples deposited at TCGA. Through the collaborative effort of our Malaysian and UK teams, these findings have been further validated in two independent cohorts of patients in Malaysia (n=28) and the UK (n=16), confirming 43/44 patients are co-expressed FJX1 and MAGED4B in both primary and recurrent tumors. This is a remarkably high frequency not observed for other CTAs in HNSCC [reviewed in (52)]; our data also demonstrate consistency between several ethnic groups from the UK and Malaysia. Alcohol consumption and smoking are common etiological factors for HNSCC in both Malaysia and UK, while betel quid chewing is specific to the Malaysia cohort (53, 54). Since the causes of the disease are different, the discovery of antigens that are expressed in over 90% of patients is unexpected and confers a rare chance for the development of ‘off-the shelf’ cancer vaccine applicable worldwide. These antigens are relatively unexplored and therefore a very few defined epitopes are available (39, 50). For MAGED4B, we were able to detect the tetramer specific response in HLA-A2 patients (approx. 80%) with the levels that are similar to those reported for mutated antigens reassuring that the antigen is remarkably immunogenic in this patient cohort. We were not able to generate a tetramer using the only HLA-A2 epitope (11mer) from FJX1 described previously (50). We probed the immunogenicity of FJX1 using IVS ELISpot designed to expand memory T responses in PBMCs. Three out of eight patients generated responses to FJX1, confirming pre-existing memory T cell responses to FJX1. Notably, the same patients also demonstrated responses to MAGED4B.

T cell infiltration into tumor is an important criterion for a successful immunotherapy and is linked to better patient prognosis (13, 14). Several approaches including targeted therapy, radiotherapy and chemotherapy have also shown the ability to convert immunologically cold tumors into hot to increase response to checkpoint inhibitors (55–57), however these approaches are associated with treatment-associated side effects. We demonstrated in this study that the pDom-M/F vaccination were able to inhibit the growth of MAGED4B and FJX1-expressing tumors in HLA-A2 transgenic mice by approximately 50%. Importantly, pDom-M/F vaccination were able to convert cold B16 tumors into hot tumors with an increase of CD8+ T cells. This is encouraging as an effective vaccination in cancer therapy is frequently associated with high degree of cytotoxic T cells infiltration into the tumor. We were not able to determine if these are antigen specific CD8+ T cells as our HLA-A2 tetramer or the corresponding peptide was not presented in the HLA-A2 transgenic mice. The work is currently underway to define T-cell epitopes to allow further characterization of antigen-specific responses in murine models.

High expression of PD-1 on TILs has been shown to impair the anti-tumour immune responses in humans by engaging the PD-L1 and to inhibit TCR-mediated proliferation and cytokine production (58). The upregulation of PD-1 levels in vaccinated mice supports our strategy to combine the pDom-M/F vaccine with an anti-PD-1 antibody and this can potentially be applied in the clinic as anti-PD-1 antibodies have now been approved for the treatment of recurrent/metastatic HNSCC. Promisingly, we observed a complete tumour elimination or static tumour growth in the majority of mice that received both vaccine and anti-PD-1 antibody treatment. Our results are one of the few TAA-based DNA vaccines that show near complete tumour clearance in preclinical models when combined with the anti-PD-1 antibody. Overall, our study provides novel findings in which a DNA vaccine targeting TAAs frequently expressed in HNSCC is able to enhance the efficacy of anti-PD-1 therapy in preclinical settings. Clinical trials using selected epitopes including our own has focused on patients’ cohort expressing a particular HLA allele (most frequently A2 and A24) (47, 48, 59). Although we tested our vaccines in the HLA-A2 model, for clinical translation a full-length antigen vaccine is preferable to provide a population-wide coverage irrespective of HLA genotype (31).

This vaccine was designed with HPVneg patients in mind, HPVpos HNSCC patients may also benefit from this vaccine as the antigens are also expressed in these cancers. Both antigens are additionally co-expressed in non-small cell lung cancer (Figure S4), suggesting relevance of our approach for this common cancer. A phase I/II clinical trial testing our DNA vaccine delivered as doggybone DNA vaccine (33) in combination with anti-PD-1 antibody is due to begin recruitment of patients with recurrent HNSCC in the first half of 2022.
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Objective

To evaluate whether the combination of immune checkpoint inhibitor (ICI) with chemotherapy is more effective than ICI alone in the treatment of recurrent, locoregionally advanced, unresectable nasopharyngeal carcinoma (RAU-NPC), which has progressed after second line chemotherapy.



Methods and materials

Patients with RAU-NPC that progressed after second chemotherapy were prescribed ICI once every 3 weeks, either alone or combined with chemotherapy at the discretion of treating physicians, until confirmed disease progression, unacceptable toxicity, or voluntary withdrawal. The primary endpoint was the objective response rate (ORR). The secondary endpoints included safety, duration of response (DOR), and progression-free survival (PFS).



Results

From June 2016 to July 2021, 28 patients were enrolled in this study.21 patients received ICI plus chemotherapy, and 7 patients received ICI alone. Altogether, there were 7 (25%) complete response (CR) and 12 (42.8%) partial response (PR), respectively. Stable disease (SD) and progressive disease (PD) were defined in 4 (14.3%) and 5 (17.8%) cases, respectively. The ORR was 19 out of 28 (67.8%). The disease control rate (DCR) was 23 out of 28 (82.1%).Two patients (28.6%) in the ICI alone group and five (23.8%) in the combination group achieved CR (P=0.801). 2 patient (28.6%) in the ICI alone group and 10 (47.6%) in the combination group achieved PR (P=0.378). With a median follow-up of 16 months (2-61 months), five patients terminated ICI due to disease progression, one patient was lost to follow-up, and the remaining 22 patients continued with ICI. Neither the median PFS nor the median DOR was reached. All observed adverse events were defined as ≤ Grade 2.



Conclusion

ICI alone or combined with chemotherapy demonstrated promising antitumor activity in RAU-NPC patients that progressed after second line chemotherapy, with a low toxicity profile. Compared with ICI alone, chemotherapy plus ICI did not improve CR or PR in our study.
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Introduction

The widespread application of intensity-modulated radiation therapy (IMRT) and multidisciplinary treatment (MDT) strategies for nasopharyngeal carcinoma (NPC), excellent locoregional control rates have been achieved in the past decade, although 10%–20% of patients continue to suffer from local or nodal recurrence after primary treatment (1, 2). For resectable locally recurrent NPC, treatment modalities such as endoscopic surgery and re-irradiation with IMRT are recommended by the National Comprehensive Cancer Network guidelines. A multicenter, randomized, controlled, phase 3 study by Liu et al. demonstrated that endoscopic nasopharyngectomy led to a higher 3-year overall survival (OS) rate(85.8% vs. 68.0%), better quality of life (QoL), and a lower rate of treatment-related lethal complications (5% vs. 20%) compared with salvage IMRT (3), suggesting that nasopharyngectomy is superior to re-irradiation in resectable disease.

In practice, only a small proportion of recurrent NPC is suitable for endoscopic nasopharyngectomy, and a large majority of cases are defined as unresectable on diagnosis. The treatment for recurrent, locoregionally advanced, and unresectable nasopharyngeal carcinoma (RAU-NPC) remains challenging. Salvage IMRT is the most commonly preferred treatment modality for RAU-NPC. The reported five-year survival rates ranged from 28%–60%, depending on the disease stage. However, radiotherapy-related lethal toxicities should not be ignored. According to a recent meta-analysis (4), Grade 5 toxicities were observed in 33% of patients, with mucosal ulcer/necrosis and massive hemorrhage reported as the most common severe toxicities, followed by dysphagia and cerebral radiation necrosis (4, 5), resulting in long-term deterioration in patients’ QoL.

Due to the high incidence of Grade 5 adverse events caused by a second radiotherapy (RT) course, alternative treatment with chemotherapy is increasingly recommended by physicians. A retrospective study demonstrated that salvage RT and chemotherapy led to similar 2-year OS rates (55%) (6). Liu et al. performed a case–control study to evaluate the outcomes among cases of RAU-NPC treated with or without re-irradiation (7). They found that patients receiving salvage RT experienced better local tumor control than those treated with chemotherapy alone (49.8% vs. 39.0%). However, the two-treatment modality yielded similar 5-year OS rates (27.5% vs. 23.4%). The absence of survival benefits associated with a second RT course was due to radiation-related complications, which led to 13 deaths attributed to radiation-related injuries. Therefore, treatment toxicity is a crucial consideration when decided on a salvage treatment strategy for RAU-NPC.

In recent years, with a deeper understanding of tumor immunology, programmed cell death protein-1 (PD-1) blockade immunotherapy has emerged as a promising treatment modality, alongside surgery, radiotherapy, and chemotherapy (8). Among recurrent or metastatic NPC (RM-NPC) patients with poor prognosis who have progressed on second-line chemotherapy and beyond, a series of prospective phase II studies have examined the efficacy of anti-PD-1 immune checkpoint inhibitors (ICIs) alone and demonstrated an objective response rate (ORR) ranging from 20.5% to 34.1% (9–12). The combination of camrelizumab plus gemcitabine and cisplatin as a first-line treatment in RM-NPC yielded an ORR of up to 91% and a median progression-free survival (PFS) rate of 10.2 months (12).To date, however, no study has examined ICI therapy, with or without chemotherapy, in RAU-NPC. Therefore, we performed this study to analyze the safety and efficacy of ICI alone or in combination with chemotherapy for RAU-NPC in a real-world setting.



Materials and Methods


Patients

Patients were consecutively enrolled in real-world clinical practice. The inclusion criteria were: (1) pathologically confirmed recurrent NPC, including World Health Organization (WHO) type I/II/III pathology, or radiologically diagnosed recurrent NPC; (2) multidisciplinary team (MDT)-defined locoregionally advanced and unresectable disease;(3) age 18–80 years with Eastern Cooperative Oncology Group (ECOG) performance status of 0 or 1;(4) measurable baseline disease on magnetic resonance imaging (MRI) according to Response Evaluation Criteria in Solid Tumors (RECIST version 1.1); (5) disease progression after at least one prior line of platinum-based chemotherapy; 6) adequate organ function as determined by laboratory tests; and (7) receiving at least two cycles of ICI.

The exclusion criteria were: (1) recurrent NPC with another progressive malignancy or that required active treatment; (2) previous treatment with any other ICI; (3) active autoimmune disease; (4) interstitial lung disease; and (5) corticosteroid therapy within one week of study start.



Chemotherapy and Immunotherapy

Previous publications have shown that a series of cytotoxic agents demonstrated good antitumor effect against NPC. The most commonly adopted regimens included cisplatin/5-fluorouracil (5-FU; PF), docetaxel/cisplatin (TP), docetaxel/cisplatin/5-FU (TPF), and gemcitabine/cisplatin (GP) (13). For patients with recurrent and metastatic NPC who progressed after platinum-based chemotherapy, capecitabine or S-1 alone has been shown to be an effective salvage regimen (14, 15). Available ICIs included seven anti-PD1 checkpoint inhibitors (pembrolizumab, nivolumab, camrelizumab, toripalimab, sintilimab, tislelizumab, and penpulimab), all have been shown with confirmed efficacy. No standard chemotherapy regimen or fixed ICI was utilized in the present study. Salvage chemotherapy was chosen individually, based on each patient’s age, performance status, and previous chemotherapy. For example, in case of disease progression following a PF or TP regimen, salvage chemotherapy could be GP or gemcitabine alone. For those with previous GP and TP regimen, capecitabine or S-1 alone might be considered. ICI was prescribed at the discretion of the treating physicians and based on the availability. ICI was administered every three weeks via intravenous infusion until intolerable toxicity, disease progression, or voluntary withdrawal. Altogether, 7 patients received ICI alone, and 21 patients received ICI combined with chemotherapy. Detailed treatment information was shown in Table 1.


Table 1 | Detailed treatment and response information for the current study.





Outcome and Safety Assessments

Prior to treatment, all patients received a comprehensive physical examination (PE), a thorough laboratory test, and an imaging evaluation. To record the safety profile and antitumor effects of ICI with or without chemotherapy, a PE and laboratory test was required before each dose, and an imaging evaluation was performed every two cycles throughout the treatment course.

Tumor response was assessed according to RECIST v1.1 and immune-related RECIST, which was performed by an independent radiologic review committee (IRC) and the study investigators. Adverse events were graded according to National Cancer Institute Common Terminology Criteria (CTCAE) version 4.0.

The primary endpoint was ORR. The secondary endpoints included safety, duration of response (DOR), disease control rate (DCR), and PFS.



Statistical Analysis

All statistical analyses were performed using IBM SPSS Statistics for Windows, version 25.0 (IBM Corp., Armonk, NY, USA). PFS was defined as the date of treatment initiation to the date of the first failure at any site, death by any cause, or patient censoring at the date of the last follow-up. PFS and DOR were calculated using the Kaplan-Meier method.




Results


Patient Population

From July 2016 to July 2021, a total of 28 patients with RAU-NPC were enrolled in this study. The male-to-female ratio was 3:1. Seven cases received ICI alone, and 21 cases received ICI plus chemotherapy. Two patients had failure disease after the second course of radiotherapy. Detailed characteristics of the 28 patients are listed in Table 2.


Table 2 | Clinical characteristics of the 28 patients.





Antitumor Activity

Altogether, 7 patients (25%) achieved complete response (CR), including two (28.6%) in the ICI alone group and five (23.8%) in the combination treatment group (P=0.801). Twelve patients (42.8%) were defined as partial response (PR), with 2 (28.6%) in the ICI alone group and 10 (47.6%) in the combination group (P=0.378). The ORR was 19 out of 28 (67.8%). Stable disease (SD) and progressive disease (PD) were identified in 4 (14.3%) and 5 (17.8%) patients, respectively. DCR was 23 out of 28 cases (82.1%). Among the 5 cases with PD, 2 were defined as hyperprogressive disease (HPD), with 1 in the ICI alone group and another in the combination group. A detailed distribution of the tumor responses is shown in Table 1. Compared with ICI alone, chemotherapy plus ICI did not improve CR or PR in our study. Typical MRI images of CR and HPD are illustrated in Figures 1, 2, respectively.




Figure 1 | Illustration of a typical recurrent nasopharyngeal carcinoma (NPC) case showing complete response after immune checkpoint inhibitor (ICI) treatment alone. (A) Baseline appearance of an 18-year-old girl with recurrent NPC who progressed after fifth-line chemotherapy. (B) Baseline magnetic resonance imaging (MRI) demonstrating a large mass in the right neck. (C) Appearance of the 18-year-old girl after 4 cycles of ICI alone showing complete tumor response. (D) MRI illustrating the complete response of the mass in the right neck after 4 cycles of ICI alone.






Figure 2 | Illustration of a typical recurrent nasopharyngeal carcinoma (NPC) case showing hyperprogressive disease (HPD) after immune checkpoint inhibitor (ICI) treatment alone. (A) Baseline magnetic resonance imaging (MRI) demonstrating multiple metastatic disease lesions in the bilateral neck. (B) MRI showing HPD in the bilateral neck after 2 cycles of ICI alone.



Up to July 2021, the median follow-up time from the start date of immunotherapy for all patients was 16 months (2-61 months). Five patients had terminated ICI due to disease progression, one patient was lost to follow-up, and the remaining 22 patients continued to receive ICI. Neither median PFS nor median DOR was reached in the study.



Safety

All patients completed at least two cycles of ICI. Due to the use of different chemotherapy regimens and ICI from different pharmaceutical companies, a series of sporadic adverse events were observed in our study. But there were no ≥ Grade 3 adverse events among the 28 patients. All toxicities were defined as ≤ Grade 2. The details regarding adverse effects are listed in Table 3.


Table 3 | Adverse events in the study.






Discussion

Up to date, no optimal treatment modality for recurrent NPC has been established. Salvage strategies include endoscopic surgery, re-irradiation with IMRT or intensity-modulated proton therapy (IMPT), chemotherapy plus anti-epidermal growth factor receptor (EGFR) molecular-targeted therapy, or chemotherapy combined with immunotherapy, depending on the recurrent disease stage. Salvage endoscopic surgery has been applied for early-stage recurrent NPC, with promising local control (3). However, for the majority of locally recurrent NPC with extensive lesions, the efficacy of surgical resection remains limited, and salvage IMRT or IMPT remains a widely adopted management. Although the 5-year local control rate has been reported as high as 61%, it failed to translate into a better OS because fatal complications negated the benefits of improved tumor control. The 5-year OS rate was only 27.5% due to a high incidence of lethal Grade 5 toxicities (5). According to a recent meta-analysis examining re-irradiation for recurrent NPC (4), Grade 5 toxicities were observed in one-third of patients, with the most common severe effects being mucosal necrosis and massive hemorrhage, followed by dysphagia, aspiration pneumonia, and radiation encephalopathy. Platinum-based doublet chemotherapy, such as TP or GP, represents another widely applied modality for advanced, recurrent disease (16, 17). The GP regimen has been recommended as the standard first-line treatment for recurrent/metastatic (R/M) NPC based on a multicenter, randomized, phase-3 clinical trial (18). However, the median PFS was only 7 months.

Due to the limited improvements following chemotherapy, an urgent need exists for the development of new treatment regimens to treat R/M-NPC that can potentially improve PFS and OS. For R/M-NPC that progressed after standard platinum-based chemotherapy, ICI alone showed the ORR ranging from 20.5% to 34.1%, and the PFS ranging from 2.8 months to 10.7 months in different studies (9–12). However, no ongoing studies have focused on the actual role of ICI in RAU-NPC. To our knowledge, this is the first study to explore the safety and antitumor efficacy of ICI alone or in combination with chemotherapy in RAU-NPC that progressed after second or subsequent-line chemotherapy. Our study suggested that ICI with or without chemotherapy has promising antitumor effects (ORR: 67.8%,and DCR:82.1%) with tolerable toxicities (no ≥ Grade 3 adverse events). The DOR to ICI in our study was very long, with a median follow-up of 16 months, neither median PFS nor median DOR was reached. Similar evidence was reported in a prospective study demonstrating that ICI significantly improved 6-month PFS and OS for R/M-NPC patients with progressed disease after first or subsequent-line therapy, and another study showed that the combination of camrelizumab with GP as first-line treatment in R/M-NPC led to a 91% ORR and a median PFS of 10.2 months (12). However, neither the CR nor PR rate reached significance in our study. The CR rates in the ICI alone group and combination group were 28.6% and 23.8%, respectively (P=0.801). The PR rates in the ICI alone group and combination group were 28.6% and 47.6%, respectively (P=0.378).

The present study has some limitations. First, this study was a real-world study, neither the chemotherapy regimen nor the ICI was consistent among patients. In addition, some patients received ICI alone while others received ICI plus chemotherapy. Due to the limited sample size, reliable comparisons between the two groups were difficult. Second, the status of PD-L1 expression on tumor cells or immune cells was unavailable at the time of this study, therefore, the impact of PD-L1 expression on the efficacy of immunotherapy was challenging to evaluate. Third, our study included previously heavily treated patients with a maximum of five lines of salvage chemotherapy, whether chemotherapy plus ICI as the first-line therapy would lead to a better outcome warrants further exploration. At present, we are conducting a prospective study to investigate the feasibility of postponing or omitting re-irradiation (RE) after tislelizumab (TI) plus chemotherapy (C) for unresectable (U), recurrent locoregionally advanced (LA) NPC (RETICULA-NPC, NCT 04921995).

In conclusion, ICI alone or combined with chemotherapy demonstrated promising antitumor activity in RAU-NPC patients who had progressed after at least second line chemotherapy in a real-world setting, with a low toxicity profile. Compared with ICI alone, chemotherapy plus ICI did not improve CR or PR in our study. Well-designed prospective, randomized, controlled phase 3 trials should be conducted for further verification.
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Immunogenic cell death (ICD) has been classified as a form of regulated cell death (RCD) that is sufficient to activate an adaptive immune response. Accumulating evidence has demonstrated the ability of ICD to reshape the tumor immune microenvironment through the emission of danger signals or DAMPs, which may contribute to the immunotherapy. Currently, identification of ICD-associated biomarkers that stratify patients according to their benefit from ICD immunotherapy would be of great advantage. Here, we identified two ICD-associated subtypes by consensus clustering. ICD-high subtype was associated with the favorable clinical outcomes, abundant immune cell infiltration, and high activity of immune response signaling. Besides, we established and validated an ICD-related prognostic model that predicted the survival of HNSCC and was associated with tumor immune microenvironment. In conclusion, we established a new classification system of HNSCC based on ICD signatures. This stratification had significant clinical outcomes for estimating prognosis, as well as the immunotherapy of HNSCC patients




Keywords: immunogenic cell death, head and neck squamous cell carcinoma, prognosis, tumor microenvionment, immunotherapy



Introduction

Immunogenic cell death has been identified as a type of regulated cell death (RCD) that is enough to trigger an adaptive immune response (1, 2). Numerous comprehensive research investigations have been conducted in the past few years to explore the notion of immunogenic cell death. Damage-associated molecular patterns (DAMPs), including released high mobility group protein B1 (HMGB1), secreted ATP, and surface-exposed calreticulin (CRT) are primarily responsible for ICD’s immunogenic properties (3). The concept of cancer immunotherapy is to harness the immune system in triggering an antitumor immune response. The capacity of ICD to trigger certain anticancer immune responses has been strongly emphasized by growing research (4). Notable, while ICD has been used in a number of preclinical models, the existing evidence regarding the application of ICD in clinical practice is not sufficiently convincing (5). Thus, further study in patients ought to be carried out in a clinical context to evaluate the possibilities of ICD. In particular, discovering biomarkers that categorize patients premised on their response with ICD immunotherapy would be extremely beneficial.

Head and neck squamous cell carcinoma (HNSCC) has a dismal prognosis, with relatively low rate of survival in the case of late-stage tumor (6). Over the last few decades, limited improvements have occurred in terms of survival trends. An increasing amount of research evidence suggests that the immune system performs an instrumental function in the development of HNSCC since tumor cells elude immunosurveillance via activating inhibitory checkpoint pathways that inhibit anti-tumor T-cell responses (7). Immunotherapy (such as monoclonal antibodies, immune checkpoint inhibitors, costimulatory agonists, cancer vaccine, etc.) is demonstrated as an auspicious strategy for treating HNSCC patients (8, 9). The continued development of cancer immunotherapy and greater knowledge of the responses of T cells to targeted immune checkpoint treatments, in conjunction with the effectiveness of clinical studies of medicines blocking these immune checkpoints, will result in more prominent investigation forecasting and recognizing accurate biomarkers of immunotherapy in HNSCC.

In this study, we aimed to identify ICD associated biomarkers and develop an ICD risk model that predicts the immune microenvironment, prognosis, and response to immunotherapy in HNSCC. In the future, this technique can help physicians to make significant judgments about therapy.



Materials and Methods


Datasets

For the training set, the RNA-seq transcriptome information and matching clinicopathological data of 502 HNSCC patients were acquired from TCGA (https://portal.gdc.cancer.gov/). For the validation set, 97 patients were retrieved from the Gene Expression Omnibus (GEO; accession number: GSE41613; https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE41613) (10).



Immunohistochemistry

Tissue microarray of HNSCC specimens (HOraC080PG01) was obtained from Shanghai Outdo Biotech Company (Shanghai, China) and used to validate the expression of CALR in HNSCC. Immunohistochemistry was then performed using the staining cycles as follows. In brief, formalin-fixed, paraffin-embedded HNSCC tissue sections were deparaffinized and then underwent microwave treatment in citrate for antigen retrieval. Then, they were blocked and incubated overnight with rabbit anti-Calreticulin antibody (1:500, ab92516, Abcam). Goat anti-rabbit IgG (Alexa Fluor 488, ab150077, Abcam) was used as the secondary antibody at 1/1000 dilution. DAPI was used as nuclear counterstain.



Consensus Clustering

The ConcensusClusterPlus tool in R was utilized to conduct consensus clustering to identify molecular subtypes linked to ICD. Subsequently, we assessed the ideal cluster numbers between k = 2–10, and this process was replicated 1,000 times to guarantee that the results would be stable. The pheatmap tool in R was utilized to create a cluster map.



Identification of Differentially Expressed Genes (DEGs)

The differential mRNAs expression was assessed utilizing the Limma package (version: 3.40.2) of R software. In order to rectify false-positive TCGA data, the adjusted P values were examined. The screening criteria for mRNAs differential expression determined as adjusted P < 0.05 and | fold change| >2.



Functional Enrichment Analysis

Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) analyses were carried out to compare the differential signal pathway and biological effects among the ICD low and high cohorts. The ‘‘clusterProfiler’’ package in R software was employed to evaluate GO and KEGG pathways (11). GO and KEGG enrichment analyses were premised on the q-value and p-value thresholds of <0.05.



Gene Set Enrichment Analysis (GSEA)

GSEA was conducted to assess whether there were considerable variations in the set of genes expressed between the ICD low and high cohorts in the enrichment of the MSigDB Collection (c2.cp.kegg.v7.4.symbols.gmt). The analysis was accomplished using GSEA software (http://www.broadinstitute.org/gsea/index.jsp)



Characterization of Immune Landscape Between Two ICD Subgroups

To identify immune characteristics of 502 HNSCC samples, their expression data were loaded into CIBERSORT (HTTPS://cibersort.stanford.edu/) and repeated 1000 times to determine the relative percentage of 22 immune cell types (12). Then, we compared the relative percentage of 22 immune cell types between the two ICD subgroups, and the results are presented in a landscape map.



Prediction of Response to Immunotherapy

Tumor immune dysfunction and exclusion (TIDE) analysis has been performed to determine immunotherapy response. TIDE (http://tide.dfci.harvard.edu/) is an analytic technique which enables a prediction of immunotherapy response using two major tumor immune evasion mechanisms: T cell dysfunction and T cell infiltration inhibited in tumors with low CTL level.



Somatic Mutation Analysis

Somatic mutation data of the HNSCC samples were obtained from TCGA GDC Data Portal in “maf” format. Waterfall plots were then performed using the “Maftools” package in R software, which facilitated the visualization and summarization of the mutated genes.



Survival Analysis

Kaplan-Meier (KM) analysis was conducted for comparison of the overall survival (OS) between the low and high ICD risk cohort utilizing the survminer and survival packages in R. The prospective prognostic indicators were identified utilizing the Univariate Cox analysis while the determination of whether the risk score is an independent risk factor for OS in HNSCC was done utilizing the multivariate Cox analysis.



Construction of the ICD-Related Risk Signature

The immune-associated genes that were found to be statistically significant in the univariate Cox regression analysis were subsequently exposed to a LASSO cox regression analysis to compute the exact coefficient values of each identified association. LASSO is a frequently used regression analysis approach that combines variable selection and regularization to improve the resulting statistical model’s predictive performance and interpretability.




Results


Consensus Clustering Identified Two ICD-Associated Subtypes

The ICD-related gens were identified by an extensive literature, which has been previously summarized by Abhishek et al (13). We utilized the STRING database to conduct protein-protein interaction (PPI) network analysis to further reveal the connections between these ICD-related genes (Figure 1A). We also analyzed the expression patterns of ICD genes in normal and HNSCC samples. Most of ICD genes were overexpressed in HNSCC, including CALR, ENTPD1, NT5E, HMGB1, HSP90AA1, ATG5, BAX, CASP8, PDIA3, PIK3CA, CXCR3, IFNA1, IFNB1, IL10, TNF, CASP1, IL1B, P2RX7, LY96, MYD88, CD4, FOXP3, IFNG, IFNGR1, IL17RA, and PRF1 (Figure 1B). We further performed an immunohistochemistry experiment to validate the expression pattern of CALR between tumor and normal samples. And the results show that CALR is overexpressed in HNSCC by IHC (Figure 1C).




Figure 1 | Identification of ICD-associated subtypes by consensus clustering. (A) Protein–protein interactions among the ICD-associated genes; (B) Heatmap shows 34 ICD gene expression profiles among normal and HNSCC samples in TCGA database; (C) Immunohistochemistry validated the expression pattern of CALR in normal and tumor sample; (D) Heatmap depicts consensus clustering solution (k = 2) for 36 genes in 502 HNSCC samples; (E) Delta area curve of consensus clustering indicates the relative change in area under the cumulative distribution function (CDF) curve for k = 2 to 10; (F) Heatmap of 34 ICD-related gene expressions in different subtypes. Red represents high expression and blue represents low expression; (G) Kaplan–Meier curves of OS in ICD-high and ICD-low subtypes. *P < 0.05, **P < 0.01, ***P < 0.001, & ****P < 0.0001.



We next determined the ICD-associated clusters of HNSCC using consensus clustering. Two clusters in the TCGA cohort were identified with distinct ICD genes expression patterns after k-means clustering (Figures 1D, E). Overall, clusters C2 showed high ICD-related genes expression levels indicating an ICD-high subtype. On the contrary, clusters C1 presented low expression levels indicating an ICD-low subtype (Figure 1F). Therefore, we defined clusters C2 as ICD-high subtype, and clusters C1 as ICD-low subtype. Besides, survival analyses illustrated that these ICD-based subtypes exhibited different clinical results. In general, the ICD-low subtype presented a dismal prognosis and the ICD-high subtype was associated with favorable clinical outcomes (Figure 1G).



Identification of Differentially Expressed Genes (DEGs) and Signal Pathways in Different ICD Subtypes

As the ICD high subtype presented with favorable clinical outcomes and the ICD low subtype presented with the dismal prognosis, we identified the key DEGs and signal pathway in each subtype in order to comprehend the molecular mechanism in modulation of prognosis. Here, we found an aggregate of 778 dysregulated genes (Figures 2A, B), and the upregulated genes in the ICD high subtype were enriched in activities associated with immunity, including the cytokine and cytokine receptor, Th17 cell differentiation, Th1 and Th2 cell differentiation, regulation of lymphocyte proliferation, regulation of T cell activation, and leukocyte cell−cell adhesion (Figure 2C). These results indicated that ICD high subtype was associated with the immune-active microenvironment.




Figure 2 | Identification of differentially expressed genes (DEGs) and underlying signal pathways in different subtypes. (A) Volcano plot presents the distribution of DEGs quantified between ICD-high and ICD-low subtypes with threshold of |log2 Fold change| > 1 and P < 0.05 in TCGA cohort; (B) Heatmap shows the DEG expression in different subtypes; (C) Dots plot presents the KEGG and GO signaling pathway enrichment analysis. The size of the dot represents gene count, and the color of the dot represents – log10 (p. adjust-value); (D) GSEA analysis determines the underlying signal pathway between ICD-high and ICD-low subtypes.



To further identify the associated signaling pathways activated in the ICD high subgroup, we performed GSEA comparing the ICD high and low groups. Gene sets were differentially enriched in the ICD groups, as they were related to immune pathways, such as natural killer cell-mediated cytotoxicity, leukocyte transendothelial migration, and T cell receptor signaling pathway (Figure 2D).



Somatic Mutations and Tumor Microenvironment Landscape in ICD-High and ICD-Low Subtypes

We noted distinct somatic mutation profiles among these subtypes (Figures 3A, B). Despite TP53, TTN, FAT1, CDKN2A and MUC16 were the most frequent mutation, the relative frequencies varied among different subtypes. ICD-high subtypes showed a high frequency of TP53 and TTN mutations, responsible for 36 percent and 22 percent of the total, in that order, while only 30 percent and 16 percent for the ICD-low subtype.




Figure 3 | Comparison of somatic mutations between different ICD subtypes. (A, B) Oncoprint visualization of the top ten most frequently mutated genes in ICD-high subtype (A), and ICD-low subtype (B).



Accumulating evidence suggests that ICD has a great effect on the activation of certain antitumor immune responses. In this research, we analyzed the composition of the tumor microenvironment between two subtypes. Overall, the immune score was higher and tumor purity was lower in the ICD-high subtype compared to the ICD-low subtype (Figure 4A). We next assessed differences in immune infiltration of 22 kinds of immune cells between two subtypes utilizing the CIBERSORT approach in conjunction with the LM22 signature matrix. Figure 4B summarizes the results obtained from 502 HNSCC patients in the TCGA. In detail, patients with ICD-high subtype exhibited considerably elevated percentages of B cell plasma, CD8 T cell, resting CD4 T cell memory, activated CD4 T cell memory, T cell regulatory, macrophage M1 and M2, activated myeloid dendritic cell, and eosinophil cell (Figure 4C). Besides, most of the human leukocyte antigen (HLA) genes and immune checkpoints were upregulated in the ICD-high subtype. On the contrary, the opposite trend was observed in the ICD-low subtype (Figures 4D, E). These indicated that the ICD-high subtype was associated with immune-hot phenotype and the ICD-low subtype was linked to immune-cold phenotype.




Figure 4 | Immune landscape of ICD-high and ICD-low subtypes. (A) Violin plots show the median, and quartile estimations for each immune score, and tumor purity score; (B) Relative proportion of immune infiltration in ICD-high and ICD-low subtypes; (C) Violin plot visualizes significantly different immune cells between different subtypes; (D, E) Box plots present differential expression of multiple immune checkpoints (D), and HLA genes (E) between ICD-high and ICD-low subtypes. *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001.





Construction and Validation of the ICD Risk Signature

We then created a prognostic model premised on ICD-related genes. 16 ICD-related genes were found to be considerably linked to the OS of patients in the Cox univariate analysis (Figure 5A). 12 ICD-related genes were tested and selected for the prediction model in the LASSO regression analysis (Figure 5B). The risk-score model was developed premised on the algorithm below: Risk score = (-0.0748)*CXCR3 + (0.1722)*PDIA3 + (0.0945)*HSP90AA1 + (0.0806)*NT5E + (0.1971)*ATG5 + (-0.1156)*PRF1 + (-0.325)* IL17A + (-0.3283)*IL10 + (0.0937)*IL6 + (0.1397)*CD8B + (0.0909)*CD4 + (-0.1915)*ENTPD1. In addition, we investigated the relationship between survival status and risk score. Our results indicated that the number of alive statuses in the low-risk cohort was much greater as opposed to the high-risk cohort (Figure 5C). The prognostic significance of this risk profile in HNSCC was further determined utilizing KM analysis (Figure 5D). In the TCGA cohort, a high-risk score was found to correspond with poor OS, which was further corroborated by comparable results in the GEO cohort (Figure 5E).




Figure 5 | Construction and validation of the ICD risk signature. (A) Univariate Cox analysis evaluates the prognostic value of the ICD genes in terms of OS; (B) Lasso Cox analysis identified 12 genes most associated with OS in TCGA dataset; (C) Risk scores distribution, survival status of each patient, and heatmaps of prognostic 12-gene signature in TCGA database; (D, E) Kaplan–Meier analyses demonstrate the prognostic significance of the risk model in TCGA and GSE41613 cohort.





The Association of ICD Risk Signature With Tumor Microenvironment

Given the significant biological roles of ICD in antitumor immunological responses, the connection between ICD risk score and the tumor microenvironment was thoroughly studied. The results illustrated that patients who exhibited an elevated risk score showed a negative correlation with CD8, activated NK cell, and activated CD4 memory cell (Figure 6A). These results were further validated by GEO cohort (Figure 6B).




Figure 6 | The association of ICD risk signature with tumor microenvironment. (A, B) Scatter plots show the correlation of risk score with the infiltration of CD8, activated NK cell, and activated CD4 memory cell (A), which was further validated by GSE41613 cohort (B); (C) Box plot presents the association of ICD risk score with immunotherapy response; (D, E) Univariate and multivariate Cox analyses evaluate the independent prognostic value of ICD risk signature in HNSCC patients.



We then used TIDE to evaluate the predictive value of ICD risk signature in the potential clinical efficacy of immunotherapy. In our results, ICD risk scores were higher in immunotherapy no response group, implying that patients with low ICD risk scores could benefit more from immunotherapy (Figure 6C).

Univariate and multivariate Cox analyses were performed to evaluate the independent prognostic value of ICD risk signature. The univariate analysis indicated that high ICD risk score was significantly associated with poor OS (Figure 6D). Multivariate analysis revealed that ICD risk score could serve as an independent prognostic factor for HNSCC patients (Figure 6E).




Discussion

The notion of immunogenic cell death was described as the unique type of regulated cell death, able to trigger full antigen-specific adaptive immunological responses by emitting danger signals or DAMPs (1, 3, 14). The combination of immunogenic therapeutic and novel immunotherapeutic regimens holds great promise for treating malignancies (15–18). Therefore, it could be advantageous to identify ICD-related biomarkers that help distinguish HNSCC patients premised on the benefits they derive from immunotherapy. Here, we demonstrated that the expressions of ICD-related genes are closely associated with prognosis and tumor microenvironment of HNSCC. We identified two ICD subgroups by consensus clustering based on ICD-related genes expression. ICD high subtype was associated with favorable clinical outcomes and a high level of immune cell infiltration. Besides, we also constructed and validated a prognostic risk signature with 12 selected ICD-related genes, which stratified the HNSCC patients into high- and low-risk cohorts. In addition, this risk signature showed a high predictive value in terms of OS and might function as an independent prognostic indicator for HNSCC patients.

The ICD-related genes analyzed in our study have been previously summarized by Abhishek et al. In brief, ICD parameters were identified by an extensive literature survey (examining Web of Knowledge, Scopus, and PubMed for pertinent research investigations performed in vivo using mice and/or in vitro using primary human immune cells) (13). Finally, a total of 34 ICD-related genes were extracted and were associated with ovarian, breast, or lung cancer patients’ survival. In our analysis, 15 of the 34 ICD-related genes were considerably linked to the prognosis of HNSCC patients, including CALR, CXCR3, PDIA3, HSP90AA1, NT5E, ATG5, PRF1, FOXP3, IL17A, CD8A, IL10, IL6, CD8B, CD4, and ENTPD1.

Immunogenic cell death (ICD) triggered by cancer therapy reshapes the tumor immune microenvironment (15, 19, 20). Mechanistically, ICD occurs in conjunction with the exposure and release of many DAMPs, which facilitates their interplay with the cognate PRRs exhibited by innate immune cells including DCs, macrophages, and monocytes. This causes these cells to become activated and mature, and they move to drain lymph nodes filled with cancer-derived antigen-specific payloads. The cancer antigens are subsequently exposed to T cells resulting in the enhancement of the immune cell infiltration into the tumor microenvironment (14, 21). In line with this evidence, our study identified two ICD subgroups by consensus clustering, and the ICD-high subgroup was associated with immune-hot phenotype, whereas the ICD-high subgroup was referred to as immune-cold phenotype.

In conclusion, our study highlights the associations of the ICD subtypes with changes in the immunological tumor microenvironment in HNSCC. These observations may benefit the immune therapy-based interventions for HNSCC patients. We also constructed and validated an ICD-related prognostic signature, which proved significant value in predicting OS time of HNSCC patients.
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Radiotherapy at the temporomandibular joint (TMJ) area often results in trismus, however, post radiation ankylosis is extremely rare and has not been previously reported in literature. Radiation is known to impact the vasculature of bony structures leading to bone necrosis with certain risk factors including surgical intervention, even teeth extraction, that could lead to osteoradionecrosis. Accordingly, gap arthroplasty for such case seemed rather challenging. In this report, we introduce for the first time, a rare case of temporomandibular joint ankylosis post radiotherapy for management of rhabdomyosarcoma in a 12 years-old boy. A modified gap arthroplasty technique combined simultaneously with pterygo-masseteric muscle flap was applied to lower the risk of osteoradionecrosis due surgical trauma at irradiated area. Computed tomographic scan on the head indicated that the TMJ architecture was completely replaced by bone, with fusion of the condyle, sigmoid notch, and coronoid process to the zygomatic arch and glenoid fossa. The patient’s problem was totally solved with no osteoradionecrosis or relapse of ankylosis observed at follow up visits. Herein, the modified gap arthroplasty combined with pterygo-masseteric muscle flap could be recommended to be applied on other cases of ankylosis especially after receiving radiotherapy.




Keywords: gap arthroplasty, TMJ ankylosis, radiotherapy, osteoradionecrosis, rhabdomyosarcoma



Introduction

Radiotherapy for the management of head and neck cancers often impacts the temporomandibular joint (TMJ) and masticatory muscles due to the close proximity of the target region and the TMJ (1–3). This usually results in joint dysfunction such as trismus, which is regarded as the most common late complication of radiation on the TMJ area (4, 5). Although there are many published studies of trismus following radiotherapy, a review of the English language literature revealed no studies reporting ankylosis of the TMJ following radiotherapy for the management of head and neck cancers. More importantly, treatment of radiation-induced ankylosis is challenging due to a lack of understanding of this condition, its rarity, and its irreversibility.

The present work describes an extremely rare case of post-radiation TMJ ankylosis in a 19-year-old patient who was diagnosed with rhabdomyosarcoma at the age of 12. Here, the emphasis is on treatment, which was challenging in this case due to the risk of inducing osteoradionecrosis following conventional surgical techniques. Therefore, a modified gap arthroplasty technique combined with a pterygo-masseteric muscle flap as an interpositional material was applied for management of the irradiated ankylosed TMJ, in order to avoid postoperative bone necrosis and achieve optimum mouth opening (6).



Case Report

A 19-year-old male patient presented to our department with the chief complaint of an inability to open his mouth after receiving multiple sessions of radiotherapy (59 sessions) following a diagnosis of rhabdomyosarcoma in the right infratemporal region at another hospital 7 years earlier. The patient reported progressively limited mouth opening over the preceding six months following the completion of radiotherapy, with a total radiotherapy dose of 50.64 Gy (Figures 1A–D). At presentation to hospital, he was no longer able to open his mouth at all.




Figure 1 | Treatment planning and set-up images for the rhabdomyosarcoma in the right pterygoid muscle 7 years ago (A–D). (A) Horizontal view CT image of the radiation area. (B) Coronal view CT image of the radiation area. The inner side of the right condylar area was exposed to high-dose radiation. (C, D) Sagittal view CT image of the radiation area.



3D reconstruction of computed tomography (CT) scans of the head and neck region showed that the right condyle was completely fused to the glenoid fossa by bony ankylosis (Figures 2A–F). Some bone necrosis could be observed around the right bony condyle in the horizontal sections of the CT images; therefore, an increased risk of bony necrosis after gap arthroplasty was anticipated and prudently considered.




Figure 2 | Pre-operative profile. (A–C) 3D reconstruction of bony ankylosis of right TMJ. (D, E) Lateral and front view before surgery. (F) Occlusal relationship before surgery.



To decrease the risk of bony necrosis after surgery, a modified gap arthroplasty procedure was designed to avoid the irradiated area. In addition, a 3D-printed guide was used to help perform the osteotomy precisely.

Before surgery, the irradiated area was mapped chronographically using different colored lines to emphasize the different risk zones reflecting varying radiation doses (determined through the patient’s files). This was to ensure appropriate low-risk placement of the osteotomy line for gap arthroplasty, enabling it to be as close as possible to the right condyle to ensure enough blood supply (Figures 1A–D). Next, virtual osteotomy was performed using Proplan 3.0 (Materialise, Belgium); a custom 3D-printed surgical guide was designed and printed before surgery (Figures 3A, B).




Figure 3 | Surgical procedure and graphic presentation. (A) A 3D-printed custom guide was fabricated to confirm the osteotomy plane. (B) A 3D-printed custom mandible was fabricated. Two drills were designed (a, b) to fix the guide (B, C). (C) The guide was fixed on the right mandibular angle. (D) Osteotomy was performed according to the design, and a 0.5 cm gap was made. (E) A pterygo-masseteric muscle flap was used as an inter-positional material (black arrow). (F) Sketh of the procedures of modified arthroplasty, and the colors of the lines were consistent with radiation doses in Figure 1.



Intraoperatively, the lower right mandibular ramus was exposed through a low submandibular incision at the level of the lower neck crease. Then, osteotomy was performed with the guidance of the 3D-printed template, which was fixed on the right mandibular ramus with two titanium screws (Figure 3C). An osteotomy was performed according to the pre-surgery plan and a 5 mm gap was made (Figure 3D). The masseter muscle was separated and sutured across the gap to the medial pterygoid muscle with a 3-0 absorbable suture (VICRYL Rapide, America) (Figures 3E, F). Meanwhile, the left coronoid process was also removed for better late outcomes (Figures 2C–E). By the end of the osteotomy procedure, the patient’s mouth was able to open 3 cm with the assistance of a mouth gag. A dental arch splint was used postoperatively for fixation of the elastic bands to obtain a more stable occlusal relationship.

The patient began jaw exercises 48 h postoperatively and these were carried out vigorously to the patient’s limit of tolerance. The discharge instructions involved the use of the mouth gag to open the mouth 5-8 times per day with each minor sprocket setting lasting a minimum of 10 min. Interestingly, the patient’s maximum mouth opening significantly increased from 0 mm to 43 mm within 6 months of surgery, and stable occlusion was maintained. Endodontic and orthodontic treatments were later performed. At the 2-year postoperative follow-up, no bone necrosis or recurrence of restricted opening was observed, with the patient reporting satisfaction with the surgical outcome (Figures 4A–F).




Figure 4 | Pre-operative profile. (A–C) 3D reconstruction after surgery. (D, E) Lateral and front view before surgery. (F) Occlusal relationship before surgery.





Discussion

Radiotherapy is one of the primary treatment approaches for the management of head and neck rhabdomyosarcoma in children due to its high radiosensitivity (7). Although advances in radiotherapy for rhabdomyosarcomas have enabled promising patient outcomes, complications associated with the structures in close proximity to the irradiation areas are inevitable; in particular, the TMJ is often impacted (8). The pathogenesis of radiation complications involves varied mechanisms, including DNA damage, angiogenesis, inflammation, and tissue remodeling.

Radiation-induced trismus, resulting from damage to the TMJ, is one of the common late complications that occur following radical radiotherapy for rhabdomyosarcoma (9). Limited jaw opening is reported in 6-86% of patients who have received radiation therapy near the TMJ area, with a frequency and severity that are somewhat unpredictable (10). Nevertheless, no previous studies have described ankylosis as a result of radiation therapy for the management of head and neck rhabdomyosarcoma. Being an advanced end-stage of TMJ trismus, ankylosis affects normal mastication, speech, oral hygiene, and normal life activities, and can even be potentially life-threatening. Many surgical treatment modalities have been described for the management of TMJ ankylosis, including interpositional arthroplasty, total joint reconstruction (TJR), and gap arthroplasty (11). However, given that the ankylosis is in an irradiated region, conventional gap arthroplasty is not the optimum choice due to the higher probability of bone necrosis.

Osteoradionecrosis (ORN) is defined as non-healing, exposed bone in a previously radiated area of the body (12). ORN occurs when a bone in an irradiated field undergoes necrosis and eventually becomes exposed through the overlying soft tissues (13). Of all bones in the head and neck area, the mandible is the most common site of ORN due to its superficial location and lower blood supply. The exact incidence of mandibular ORN is still unknown, with estimates ranging from 2 to 35%. Many risk factors have been considered in the literature, including dental status, extraction after radiation therapy, mandibular surgery, total radiation dose, dose rate, and dose per fraction (14). Accordingly, any further surgical procedures in the radiation area should be carefully considered and undertaken with great caution.

Patients treated with head and neck radiation have an increased risk of development of ORN of the jaw if they undergo surgical manipulation of the jaw, particularly after radiation treatment; even the extraction of a tooth increases the risk of ORN (15). For this patient, osteoradionecrosis could have been triggered by the conventional gap arthroplasty procedure. Therefore, a modified gap arthroplasty procedure was performed over two sessions. First, the osteotomy planes were modified to avoid the main radiotherapy area. Second, a pterygo-masseteric muscle flap was used as an interpositional material instead of the pedicled buccal fat pad or abdominal fat in order to achieve better blood supply. Moreover, the suturing of the pterygo-masseteric muscle flap decreased the occlusal force on the right side, which decreased the possibility of re-ankylosis (16).

Thus, for patients with ankylosis after radiotherapy, regular arthroplasty should be considered prudentially due to the higher possibility of bone necrosis. As such, for TMJ ankylosis patients caused by radiotherapy, two important factors should be considered: the site of the osteotomy plane and the blood supply of the adjacent area.



Conclusions

This study has described a case of right TMJ ankylosis which occurred over 6 years following exposure to radiotherapy. TMJ ankylosis can interfere with the patient’s mastication and normal life activities, and can even be life-threatening in some cases (17). After considering the standard procedures and the risks of re-ankylosis and osteoradionecrosis following arthroplasty, a modified gap arthroplasty procedure was designed and implemented with the help of a custom computer-aided design and 3D-printed guide. After a careful postoperative protocol and regular follow-ups, satisfactory outcomes were obtained. These surgical procedures can also be applied to other TMJ ankylosis patients.
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Lipid is the building block and an important source of energy, contributing to the malignant behavior of tumor cells. Recent studies suggested that lipid droplets (LDs) accumulations were associated with nasopharyngeal carcinoma (NPC) progression. Solute carrier family 27 member 6 (SLC27A6) mediates the cellular uptake of long-chain fatty acid (LCFA), a necessary lipid component. However, the functions of SLC27A6 in NPC remain unknown. Here, we found a significant reduction of SLC27A6 mRNA in NPC tissues compared with normal nasopharyngeal epithelia (NNE). The promoter methylation ratio of SLC27A6 was greater in NPC than in non-cancerous tissues. The demethylation reagent 5-aza-2’-deoxycytidine (5-aza-dC) remarkably restored the mRNA expression of SLC27A6, suggesting that this gene was downregulated in NPC owing to DNA promoter hypermethylation. Furthermore, SLC27A6 overexpression level in NPC cell lines led to significant suppression of cell proliferation, clonogenicity in vitro, and tumorigenesis in vivo. Higher SLC27A6 expression, on the other hand, promoted NPC cell migration and invasion. In particular, re-expression of SLC27A6 faciliated epithelial-mesenchymal transition (EMT) signals in xenograft tumors. Furthermore, we observed that SLC27A6 enhanced the intracellular amount of triglyceride (TG) and total cholesterol (T-CHO) in NPC cells, contributing to lipid biosynthesis and increasing metastatic potential. Notably, the mRNA level of SLC27A6 was positively correlated with cancer stem cell (CSC) markers, CD24 and CD44. In summary, DNA promoter hypermethylation downregulated the expression of SLC27A6. Furthermore, re-expression of SLC27A6 inhibited the growth capacity of NPC cells but strengthened the CSC markers. Our findings revealed the dual role of SLC27A6 in NPC and shed novel light on the link between lipid metabolism and CSC maintenance.
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Introduction

Nasopharyngeal carcinoma (NPC) is a malignancy arising from the mucosa of the nasopharynx, which is predominantly associated with Epstein-Barr virus (EBV) latent infection (1, 2). The geographical distribution of NPC is unbalanced worldwide, relatively rare in Western countries, while particularly prevalent in southern China and Southeast Asia. In endemic areas, the pathological type of NPC is mostly non-keratinizing and poorly-differentiated squamous cell carcinoma (2, 3). Genetic factors, exposure to carcinogens, and EBV latent infection are the main etiologies of NPC (1, 4). Besides, epigenetic modification, especially DNA promoter hypermethylation, has played a critical role in the NPC tumorigenic process. To date, various important tumor suppressor genes (TSGs) have been identified in NPC, downregulated by DNA promoter hypermethylation, such as RASSF2A, CDH4, RERG (5–7).

As a hallmark of cancer, metabolic reprogramming has been demonstrated to facilitate tumorigenesis (8, 9). Fatty acids (FAs) are composed of lipids and provide sufficient energy resources for cancer cells. Mounting evidence showed that de novo FA synthesis was highly upregulated in multiple cancers (9, 10). In hepatocellular carcinoma, fatty acid synthase (FASN) was overexpressed in high metastatic hepatocellular carcinoma cells, and inhibition of FASN contributed to hepatocellular carcinoma metastasis suppression (11). Indeed, lipid metabolism disorders are essential for cancer cell proliferation, motility, differentiation, and metastasis (12, 13). Recent evidence indicated that lipid droplets (LDs) excessed in NPC cells, and EBV latent infection product LMP2A enhanced this phenomenon in NPC (14). In addition, LMP2A mediated a series of metabolism-associated genes shift and rewired lipid metabolism pathways (14). In the de novo lipid biosynthesis pathway, sterol regulatory element-binding protein 1 (SREBP1) led to de novo lipogenesis and promoted tumor proliferation, which was activated by LMP1 in NPC (15). TINCR, a long noncoding RNA maintained cellular acetyl-CoA synthesis (ACS) in lipogenesis, which was aberrantly upregulated and functioned as an unfavorable prognostic biomarker in NPC, contributing to the carcinogenesis and chemoresistance in NPC (16). These findings suggested that lipid metabolism disorder was considered as a metabolic signature in NPC progression. Thus, targeting lipid metabolism could be an emerging idea in cancer therapy and worth to be further investigated in NPC.

Solute carrier family 27 member 6 (SLC27A6) is a FA transport protein, which regulates long-chain fatty acid (LCFA) uptake and ACS activity (17, 18). In general, the LCFA is abundant in animal tissues, and FAT/CD36, associated with lipid rafts, hand LCFAs directly to SLC27A6 for transport across the plasma membrane (17–19). SLC27A6 was upregulated and considered an invasive biomarker in papillary thyroid carcinoma (20). On the other hand, SLC27A6 was decreased in esophageal squamous cell carcinoma and breast cancer cells (21, 22). Downregulated SLC27A6 inhibited cell proliferation and FA uptake in non-cancerous breast cells but did not affect tumor growth and lipid metabolism in breast cancer (22). These findings suggested that SLC27A6 was involved in tumorigenesis and lipid metabolism.

The present study illustrated the epigenetic inactivation of SLC27A6 in NPC. Re-expression of SLC27A6 significantly inhibited cell proliferation and clonogenicity but promoted tumor migration and invasion both in vitro and in vivo. Furthermore, we observed an activation of the epithelial-mesenchymal transition (EMT) in a tumor xenograft. Overexpression of SLC27A6 also increased FA uptake, negatively regulated ROS level and positively correlated with cancer stem cell (CSC) markers in NPC cells. Our data presented new insights into the mechanism of SLC27A6 in lipid metabolism and revealed a dual role in NPC progression.



Materials and Methods


Bioinformatic Analysis

The mRNA expression and methylation degree of SLC27A6 were performed based on the Gene Expression Omnibus database. Six microarray datasets (GSE12452, GSE13597, GSE39826, GSE40290, GSE53819, GSE64634) were used for gene expression analysis, while a microarray dataset (GSE62336) was used for methylation analysis.



Human Samples

The NPC primary tumor specimens from 65 newly diagnosed patients were used in this study. Nasopharyngeal epithelia obtained from the 42 donors’ normal nasopharyngeal epithelia (NNE) samples were used as controls. All donors signed informed consent forms. Experienced pathologists confirmed pathological diagnose based on the WHO classification. Among them, 26 primary NPC biopsies and 19 NNE were used for RNA isolation. And, 19 NPC tissues and 14 NNE were used for immunohistochemistry (IHC) staining. Another 20 NPC and nine NNE were used for bisulfite sequencing.



Cell Lines and Cell Culture

The immortalized epithelial (NP460) cell line was acquired as a kind present from Professor Sai-Wah Tsao (Hong Kong University) (23–25). Cell lines (CNE1, well-differentiated; 5-8F and HONE1, poorly-differentiated) were cultured in DMEM (high glucose) medium (Gibco, Grand Island, NY, USA) added with 10% FBS and 1% antibiotic antimycotic (26–28). While NP460 was cultured in the medium containing a 1:1 ratio mixture of DK-SFM (Gibco, Grand Island, NY, USA) with growth factors and epilife medium, and other components were listed as previously described (29).



RNA Isolation and Quantitative Real-Time PCR (qRT-PCR)

As previously described, total RNA isolation, first-strand cDNA synthesis, and qRT-PCR were performed (30). The primers were listed in Supplementary Table S1. The transcriptional gene expression was performed with SYBR Green Supermix (Qiagen, Hilden, German) by the qRT-PCR System (StepOnePlus, Applied Biosystems, Waltham, MA, USA). The relative transcriptional level of SCL27A6 was normalized to β-actin mRNA expression and calculated using the 2−ΔΔCt method (31).



Bisulfite Sequencing

The MethylTarget® method (Genesky Biotechnologies Inc., Shanghai, China) was applied to detect the DNA methylation rate. For sodium bisulfite treatment, 400 ng genomic DNA was conducted by using EZ DNA Methylation™-GOLD Kit (Zymo Research, Irvine, CA, USA). The standard protocols were performed as previously described (32). The primers used for SLC27A6 amplification were summarized in Supplementary Table S1.



5-aza-2’-deoxycytidine (5-aza-dC) Demethylation Treatment

These three cell lines (CNE1, HONE1, 5-8F; 1×105) were seeded into six-well plates and incubated for four days with five µM 5-aza-dC (Sigma-Aldrich, St. Louis, MO, USA). The fresh medium added with 5-aza-dC was changed every 24 h. After incubation for four days, cells were harvested, and mRNA expression was investigated by qRT-PCR.



Transfection

NPC cell lines (HONE1, 5-8F) were stably transfected with the SLC27A6-containing plasmid or control vector plasmid pCMV6-entry (Origene, Rockville, MD, USA) using Lipofectamine 3000 (Invitrogen, Carlsbad, CA, USA). SLC27A6 ORF cDNA was amplified and subcloned into the pCMV6-entry vector. Stable clones of SLC27A6 (experimental group, SLC27A6-HONE1, SLC27A6-5-8F) or control vector plasmid pCMV6-entry (control group, Ctrl-HONE1, Ctrl-5-8F) were respectively obtained by G418 selection (600, 200 μg/mL) for two weeks. SLC27A6 expression was confirmed by qRT-PCR and western blotting.



Cell Proliferation Assay

The function of the SLC27A6 gene on cell growth was tested with the Cell Counting Kit-8 (CCK-8) assay (Dojindo, Kumamoto, Japan). Briefly, SLC27A6-HONE1/5-8F and Ctrl-HONE1/5-8F cells (1×103) were seeded into 96-well plates. Subsequently, the cell proliferation assay was tested every 24 h for four days. The OD values were determined at 450 nm.

In addition, SLC27A6-5-8F and Ctrl-5-8F cells were treated with oleic acid (OA) in two concentrations (30 µM and 45 µM). Cells were treated in a medium supplemented with OA for 48 h. After treatment, cells (1×103) were plated in each well of 96-well plates. Similarly, the cell proliferative capacity was measured by the CCK-8 assay as mentioned above.



Colony Formation Assay

Stably transfected NPC cells (HONE1, 5-8F; 2×102) were seeded into six-well plates. Cells were then cultured for two weeks. Then colonies were washed with PBS, fixed with 70% ethanol, stained by Giemsa staining, and calculated utilizing Quantity One v4.4.0 (Bio-Rad, Hercules, CA, USA). The experiments were repeated twice.



Wound Healing Assay

Stably transfected NPC cells (5×105) grow into six-well plates with 10% FBS culture media for up to 90% confluence. A sterile pipette tip (1000 μl) was utilized to scratch the monolayer cells. After six hours, wound closure was investigated by an inverted phase microscope (TS100, Nikon, Japan). The experiments were conducted in triplicate.



Transwell Assay

Cells (2×104) were plated into the upper chambers of BioCoat Migration Chambers (BD, Bedford, MA, USA) without Matrigel for migration assay, while cells (3×104) were plated into the upper chamber of Invasion Chambers coated with Matrigel for invasion assay. After 24 h incubation, non-migrating or non-invading cells were eliminated by using swabs. Cells on the lower membrane surface, which involved the migratory or invasive cells, were fixed with 4% fixative solution, stained with 0.1% crystal violet solution, and photographed.



In Vivo Xenograft Models

As described previously, xenograft models were established (33). Control group cells or experimental group cells (1×106) were implanted into a nude mouse (BALB/c-nu, male, 4-week-old; Vital River Laboratory Animal Technology, Beijing, China) left flank to generate a subcutaneous xenograft model. All mice were fed in a Specific Pathogen Free animal lab and were randomly assigned into the experimental and control group.



Western Blotting

For western blotting, protein samples were measured according to the standard protocol described previously (34). The following antibodies were used: SLC27A6 (1:1000 dilution, ab84183, Abcam, Hangzhou, China) and GAPDH (1:1000 dilution, HRP-60004, Proteintech, Chicago, IL, USA).



Immunohistochemical Staining

For IHC analysis, standard methods were applied as previously described (31). Antibodies SLC27A6 (1:100 dilution, ab84183, Abcam, Hangzhou, China), Ki-67 (1:100 dilution, ab15580, Abcam, Hangzhou, China), E-cadherin (1:400 dilution, 3195, Cell signaling technology, Ma, USA), β-catenin (1:100 dilution, 8480, Cell signaling technology, Ma, USA), and Snail (1:50 dilution, 3879, Cell signaling technology, Ma, USA) were used in this study. Two independent investigators performed IHC scores based on staining intensity and staining frequency.



Flow Cytometric Assessment

For flow cytometry analysis, cells (SLC27A6-HONE1/5-8F and Ctrl-HONE1/5-8F) were collected to determine LDs levels. For lipid peroxide assay, the cells were washed and incubated with DAPI (C0065, Solarbio, Beijing, China) for 0.5 h. Then, the cells were incubated with BODIPY (3932, Invitrogen, Carlsbad, CA, USA) staining solution in the dark for 0.5 h. Cells were washed with a quick rinse using PBS to remove the staining solution. The supernatant was carefully aspirated, and the cell pellets were resuspended in 350 μl 1× PBS. The cell suspension was filtered through a 35 μm membrane into a FACS tube and subjected to flow cytometry.

Moreover, CD44 expression levels in SLC27A6-HONE1/5-8F or Ctrl-HONE1/5-8F cells were measured by flow cytometry. Based on the standard protocol, cells were incubated with CD44 (#12-0441-82, Invitrogen, Carlsbad, CA, USA) and its Rat IgG2b kappa Isotype Control (#12-4031-82, Invitrogen, Carlsbad, CA, USA) in the dark for 0.5 h, respectively.



Triglyceride (TG) and Total Cholesterol (T-CHO) Detection

TG detection kit (A110-1-1, NJJC, Nanjing, China) and T-CHO detection kit (A111-1-1, NJJC, Nanjing, China) were used to measure TG and T-CHO levels following the manufacturer’s protocols, respectively. The OD value (510 nm) was assessed in a microplate reader (BioTek, Winooski, VT, USA).



Reactive Oxygen Species (ROS) Assessment

The ROS assay was conducted using a ROS assay kit (S0033S, Beyotime, China). Cells were incubated with a DCFH-DA probe (1:1000 dilution) at 37°C for 0.5 h. Then the fluorescence intensity was detected by a Micro Fluorescence Reader with excitation at 488 nm (BIO-TEK Instruments, Winooski, VT, USA).



Statistical Analysis

Data was performed with SPSS 26.0 (SPSS, Chicago, IL, USA). The unpaired Student t-test was used to compare data between two groups. The Mann-Whitney U-test determined statistical differences for IHC. A P value < 0.05 was considered as statistically significant (*P < 0.05, **P < 0.01, ***P < 0.001 vs. control group).




Results


SLC27A6 Is Downregulated in NPC Primary Tissues and Cells

To investigate the consistency of abnormal mRNA expression of SLC27A6 in NPC, we analyzed six microarray datasets involving 114 NPC and 46 NNE tissues via meta-analysis (Supplementary Table S2). The results showed that individual dataset had significant heterogeneity (I2 = 56.0%, P < 0.05) and the pooled Standard Mean Difference (SMD) as -1.67 (95% CI: -2.38, -0.97, Supplementary Figure S1A). There was no significant difference in the sensitivity analysis (Supplementary Figure S1B). In addition, there was no publication bias in the study (Egger’s regression test: P=0.303, Supplementary Figure S1C).

We then assessed the SLC27A6 transcriptional level in NPC cell lines by qRT-PCR. SLC27A6 expression was remarkably decreased in NPC cells (CNE1, 5-8F, HONE1) compared with NP460 (Figure 1A). In addition, the SLC27A6 mRNA expression was also downregulated in NPC primary tissues (n=26) than in NNE (n=19) (Figure 1B). The expression of SLC27A6 protein was more robust in the cytosol and membrane of NNE (n=14) samples while weaker in NPC (n=19) samples. The SLC27A6 protein expression was markedly lower in NPC patients (Figure 1C). Our results were consistent with the meta-analysis, indicating low expression of SLC27A6 in NPC.




Figure 1 | The SLC27A6 expression is decreased in NPC. (A) SLC27A6 mRNA expression was tested by qRT-PCR in NPC cell lines (CNE1, 5-8F, and HONE1) and an immortalized epithelial (NP460) cell line. (B) SLC27A6 mRNA expression in primary NPC tissues (n=26) and NNE (n=19) specimens. (C) IHC staining of SLC27A6 in primary NPC tissues (n=19) and NNE (n=14) specimens. Magnifications ×100. **P < 0.01 and ***P < 0.001.





SLC27A6 Is Inactivated via DNA Promoter Hypermethylation

DNA promoter methylation is the most well-characterized epigenetic in NPC, involving enzymes belonging to the DNA methyltransferase (DNMT) family (35). To investigate whether SLC27A6 was a low expression by promoter hypermethylation, we explored the SLC27A6 promoter using EMBOSS (https://www.ebi.ac.uk/Tools/emboss/). A CpG island with a length of 333bp (-190 ~ +142 bp from the transcription starting site, TSS) was seen in the promoter region of SLC27A6. Next, we explored promoter methylation degree through the methylation microarray dataset (GSE62336). This promoter region includes 16 CpG sites, and we found a higher average methylation rate in CpG sites (11/16) in NPC tissues compared with normal tissues (Figure 2A). These results indicated that the promoter methylation modification of SLC27A6 was significantly stronger in NPC than in NNE samples.




Figure 2 | DNA promoter hypermethylation of SLC27A6 in NPC and NNE tissue. (A) The promoter region of SLC27A6 included 16 CpG sites, and the average methylation ratio was analyzed via DNA methylation microarray data (GSE62336; 25NPC, 25NNE). (B) The extent of CpG methylation in 238 bp region within the SLC27A6 promoter was analyzed by the bisulfite gene sequencing (NPC biopsies, n=20; NNE biopsies, n=9). (C) SLC27A6 mRNA expression in three NPC cell lines treated or untreated with demethylation reagent. *P < 0.05; ***P < 0.001.



We sought to explore the promoter methylation ratio of SLC27A6 in NPC (n=20) and NNE (n=9) tissues. The bisulfite gene sequencing was performed to detect 16 CpG sites from the TSS (-216 ~ +22 bp) of the SLC27A6 promoter. Figure 2B showed the schematic model and DNA sequence of SLC27A6 promoter region analyzed by bisulfite gene sequencing. In addition, we listed the individual CpG sites methylation rate between NPC and NNE tissues in Supplementary Table S3. Also, a higher promoter methylation rate of SLC27A6 was observed in all CpG sites in the NPC than in NNE tissues. Among them, five CpG sites, including chr5: 128965343, chr5: 128965350, chr5: 128965454, chr5: 128965464, chr5: 128965473, showed statistical differences.

To further explore the inactivation mechanism of SLC27A6 expression, three NPC cell lines were treated with the demethylation reagent 5-aza-dC. As a DNMT inhibitor, 5-aza-dC activates the methylation deactivation of gene methylation. When compared to the control (DMSO) cells, the mRNA expression level of SLC27A6 was significantly upregulated by seven-fold (CNE1), six-fold (5-8F), five-fold (HONE1), respectively. CNE1 treated with 5-aza-dC showed maximum recovery. The results showed that the expression of SLC27A6 mRNA expression was dramatically restored after demethylation treatment (Figure 2C). It estimated that DNA promoter CpG island hypermethylation might be one of the reasons leading to the downregulation of SLC27A6.



SLC27A6 Inhibits Cell Proliferation and Colony Formation In Vitro

To investigate the potential roles of SLC27A6 on the malignant phenotype of NPC cells, we stably expressed SLC27A6 in two NPC cell lines (HONE1, 5-8F). Ectopic overexpression of SLC27A6 was checked by qRT-PCR and western blotting (Figures 3A, B). We found that overexpression of SLC27A6 substantially suppressed NPC cell proliferation (Figure 3C). In addition, SLC27A6 also considerably reduced NPC cell colony formation (Figure 3D) compared with the control group. The clone formation rate of SLC27A6 was only 44% compared with HONE1 control cells and 55% compared with 5-8F control cells, respectively.




Figure 3 | Overexpression of SLC27A6 suppresses cell proliferation. (A, B) SLC27A6 mRNA expression in stably transfected NPC cells (HONE1, 5-8F) was confirmed by qRT-PCR (A) and western blotting (B). NPC cells were stably transfected with control vector plasmid pCMV6-entry as the control group (control group, Ctrl-HONE1, Ctrl-5-8F). (C) Cell proliferation in stably transfected NPC cells (HONE1, 5-8F) was measured by CCK-8 assay (OD=450 nm). (D) Colony formation assay tested in stably transfected NPC cells (HONE1, 5-8F). **P < 0.01 and ***P < 0.001.





SLC27A6 Suppresses Tumorigenesis In Vivo

As SLC27A6 overexpression displayed inhibition ability of tumor growth in vitro, we investigated whether SLC27A6 had similar effects in vivo. We established xenograft tumor in nude mice using two stably transfected cells (HONE1, 5-8F). After the NPC cells were inoculated into nude mice, tumorigenicity was 100% (7/7) in the control group, but only 71.4% (5/7) in the SLC27A6 group in both HONE1 and 5-8F (Figure 4A). In addition, the mice injected with SLC27A6-HONE1/5-8F cells showed slower growth and smaller tumor size than the control group (Figure 4B). These results demonstrated that the xenograft tumor growth was dramatically inhibited by SLC27A6 overexpression in vivo. Moreover, ectopic overexpression of SLC27A6 significantly suppressed Ki-67 protein expression (Figure 4C), a marker for cell proliferation. Together, these results indicated that SLC27A6 repressed tumorigenicity in vivo.




Figure 4 | Overexpression of SLC27A6 reduces NPC cells tumorigenesis in vivo. (A) Xenograft model in nude mice from injected SLC27A6-HONE1/5-8F or Ctrl-HONE1/5-8F cells (n=7). (B) The tumor growth of re-expression of SLC27A6 in SLC27A6-HONE1/5-8F and Ctrl-HONE1/5-8F cells-derived subcutaneous. (C) IHC staining of SCL27A6 and Ki-67 in xenografts. Magnifications ×400. *P < 0.05; **P < 0.01; ***P < 0.001.





SLC27A6 Enhances Cell Metastasis in NPC Cells

The ability of metastasis in cancer is essential in NPC. We next evaluated the effect of SLC27A6 in the context of metastasis in vitro. To our surprise, results showed that overexpression of SLC27A6 promoted the wound closure rate compared with their control cell. In HONE1 stable cells, the percentage of gap closure was 77% in SLC27A6 overexpression cells, while only 40% in HONE1 control cells. Similar to HONE1, the percentage of gap closure was 35% in SLC27A6 overexpression cells while only 8% in 5-8F control cells (Figure 5A). Consistently, overexpression of SLC27A6 also boosted migration through migration chambers in these stably transfected cells (Figure 5B). We next examined invasive properties of SLC27A6 in NPC cells. Interestingly, HONE1 and 5-8F cells stably expressing SLC27A6 showed stronger invasion ability through Matrigel-coated invasion chambers than control cells (Figure 5C). EMT is known to be closely linked to metastasis. Next, we performed IHC staining to examine the effect of SLC27A6 on molecular markers of EMT in a xenograft mouse model. In particular, ectopic expression of SLC27A6 markedly suppressed expression of epithelial marker (E-cadherin), but increased expression of EMT transcription factors (Snail) and enhanced expression of β-catenin signaling in xenograft tumor (Figure 5D). Collectively, our data showed that SLC27A6 enhanced the ability of metastasis in NPC cells both in vitro and in vivo.




Figure 5 | Overexpression of SLC27A6 facilitates the migration, invasion and EMT in NPC cells. (A) Detection of migration in stably transfected NPC cells (HONE1, 5-8F) using a wound-healing assay. Magnification ×100. (B) Migration differences in stably transfected NPC cells (HONE1, 5-8F) by transwell assay. (C) Detection in invasion of stably transfected NPC cells (HONE1, 5-8F) using transwell assay (gel-coated). Magnification ×200. (D) IHC staining of the EMT signals (E-cadherin, Snail and β-catenin) in xenograft tumor. Magnifications ×400. *P < 0.05; **P < 0.01; ***P < 0.001.





SLC27A6 Promotes FA Uptake and Downregulates ROS in NPC Cells

Considering the role of SLC27A6 involved in LCFA uptake and ACS, including β-oxidation and TG synthesis, we investigated whether overexpression of SLC27A6 increased the lipid content of NPC cells. We stained a lipid-specific fluorescent dye (BODIPY) in stably transfected SLC27A6 NPC cells and the control group. Our study revealed a link between lipid metabolism and SLC27A6 expression in NPC. We found that experimental groups contained more LDs than control groups by flow cytometry. Then microscopy revealed NPC cells stained more robust intracellular LDs in the cytoplasm (Figure 6A). We further explored TGs and cholesterol by flow cytometry, which are primarily composed of LDs. As expected, SLC27A6 expression cells contained more TG and T-CHO intracellularly (Figure 6B). These results might imply that the high expression of lipid metabolism was related to the overexpression of SLC27A6.




Figure 6 | Overexpression of SLC27A6 induces lipid accumulation inhibiting cell proliferation in NPC cell lines. (A) LDs incubated with BODIPY (493/503) (green) and nuclei with DAPI (blue) in NPC cell lines. Magnification ×630. (B) The relative concentration of TG and T-CHO in SLC27A6-HONE1 and SLC27A6-5-8F cells contrasted to control cells. (C) Cell proliferation with OA treatment in SLC27A6-5-8F cell (left panel) and control group (right panel) measured by CCK-8 assay (OD=450 nm). (D) ROS detection in SLC27A6-HONE1/5-8F and Ctrl-SLC27A6/5-8F, followed by intensity analysis. Magnification ×100. NS, no significance > 0.05; *P < 0.05; **P < 0.01; ***P < 0.001.



To investigate whether intracellular lipid accumulation impaired tumor growth, we treated NPC cells with OA. Interestingly, OA inhibited cell proliferation in SLC27A6 overexpression cells in vitro (Figure 6C, left panel), and the result was positively correlated with the concentration of OA. However, OA had not affected the control group in NPC cells (Figure 6C, right panel). Thus, our data suggested that SLC27A6 regulated lipid metabolism in response to the lipid-rich environment in NPC.

Considering that LCFA regulated intracellular production of ROS, we then analyzed the ROS level in SLC27A6 stably transfected NPC cells. The results showed that overexpression of SLC27A6 decreased ROS levels in stably transfected cells (Figure 6D). This indicated that SLC27A6 mediated lipid uptake and negatively regulated ROS levels.



SLC27A6 Is Positively Associated With CSCs in NPC Cells

CSCs actively promote tumor metastasis by generating high cell turnover. To explore whether SLC27A6 was associated with CSCs, we analyzed the correlation between SLC27A6 and CSC markers in NPC cells by qRT-PCR, including CD24, CD34, and CD44 expression. As shown in Figures 7A, C, a positive correlation between SLC27A6 and CD24, CD44 expression was observed. However, there was no significant difference between SLC27A6 and CD34 in the HONE1 cell (Figure 7B, left panel), and a negative correlation between SLC27A6 and CD34 in 5-8F cell (Figure 7B, right panel). Furthermore, we evaluated the CD44 expression in stably transfected cells by flow cytometry. CD44 expressed at higher levels in the SLC27A6-HONE1/5-8F group than in the control group (Figure 7D). To some extent, we speculated SLC27A6 promoted NPC metastasis via increasing CD24 and CD44 positive tumor stem cells.




Figure 7 | SLC27A6 expression positively correlates with CD24 and CD44 expression level in NPC cells. (A) Positive correlation between the mRNA expression of SLC27A6 and CD24 in NPC cells (HONE1, R=0.95; 5-8F, R=0.99) by qRT-PCR. (B) No significant difference was shown between the SLC27A6 and CD34 mRNA expression in HONE1 (left panel), while a negative correlation was seen in 5-8F (right panel). (C) Positive correlation between the mRNA expression of SLC27A6 and CD44 in NPC cells (HONE1, R=0.98; 5-8F, R=0.97) by qRT-PCR. (D) The CD44 expression levels in HONE1 (left panel) and 5-8F (right panel) stably transfected cells were measured by flow cytometry. NS, no significance > 0.05; *P < 0.05; **P < 0.01; ***P < 0.001.






Discussion

Epigenetic alterations, including differential modification of DNA, RNA, proteins, miRNA, have been widely observed in the progression of NPC (36, 37), leading to the inactivation of a series of TSGs. Among them, DNA promoter CpG island hypermethylation was the most frequently reported mechanism in NPC (38, 39), such as RASSF1A, RASSF2A, CDKN2A, ADAMTS18 (5, 40–43), which contributed to the early pathogenesis, even earlier than EBV infection (38, 44). SLC27A6 promoter hypermethylation was firstly reported in colorectal cancer (45). Here, our study demonstrated that SLC27A6 was frequently inactivated in primary NPC tissues and cell lines by CpG island hypermethylation of the DNA promoter.

In this study, a complex view of the aspect of tumorigenesis modulated by SLC27A6 has been addressed. We found that overexpression of SLC27A6 significantly inhibited tumorigenesis in vitro but promoted wound closure rate, migration, and invasion in NPC cells alternatively. We further confirmed that SLC27A6 overexpression was significantly suppressed the xenograft tumor growth and tumor size in vivo. EMT is a cellular process characterized by loss of epithelial properties and acquisition of mesenchymal phenotype. It is associated with tumor migration, invasion, metastasis, and tumor stemness (46, 47), and poor prognosis in multiple cancers (48, 49), including NPC (50). Here, we showed that overexpression of SLC27A6 induced EMT in NPC cells by interfering with E-cadherin expression, upregulating with EMT transcription factors (Snail), and activating β-catenin signaling, could result in tumor metastasis in vivo. Our data suggested that SLC27A6 played both anti-tumorigenic and pro-metastatic roles in NPC. Unlike the classical TSGs silenced by DNA promoter CpG island hypermethylation in NPC, overexpressing of SLC27A6 played a dual role in NPC cells. SLC27A6 was silenced in primary NPC tissues and cell lines by DNA promoter CpG island hypermethylation. In addition, the demethylation treatment restored its expression in NPC cell lines. As DNA promoter CpG island hypermethylation is a critical mechanism for TSGs in NPC (37, 38), we estimated that epigenetic silence of SLC27A6 was a part of the mechanism in NPC process. In addition, re-expression of SLC27A6 had an anti-tumorigenic role in repressing proliferation in NPC cells and inhibited tumor growth in xenografts. However, SLC27A6 overexpression exhibited pro-metastatic functions by promoting tumor migration and invasion in vitro and facilitating EMT of metastatic lesions in vivo.

Energy metabolic reprogramming has been suggested as an essential feature of cancer progression (8). Alterations in lipid metabolism were essential for cancer cell proliferation, motility, and differentiation (12, 13). Increasingly evidence supported that dysregulation of metabolism was observed in NPC oncogenesis, including enhancing aerobic glycolysis, LDs accumulation, and iron overload (14, 33, 51). LDs accumulation was essential for providing energy to cancer cells, inducing cancer cell proliferation (12). Previously, we observed lipid accumulation in primary NPC compared with NNE tissues and cells (14, 52). Kwok-Wai Lo et al. reported that SREBP1 mediated lipid synthesis and contributed to cell growth. In addition, LMP1 induced SREBP1-mediated lipogenesis via targeting FASN (15). Moreover, increased lipid turnover and FA oxidation activation were observed in radiation-resistant NPC cells. And CPT1A induced FA trafficking and radiation resistance (53).

On the other hand, lipid metabolism reprogramming can promote cancer metastasis (54). For instance, FASN expression facilitated peritoneal metastasis by mediating EMT in ovarian cancer (55). In NPC, knockdown ATGL showed LDs accumulation and increased migration in LMP2A positive NPC cells (14). In line with our results, SLC27A6-mediated lipid accumulation increased migration and invasion ability in NPC. These results suggested that changes in fat and lipid metabolism were observed in NPC, which involved tumorigenesis and cancer development. SLC27A6 expression was highly increased in enzalutamide-resistant prostate cancer (56). SLC27A6 was a long-chain transport protein involved in LCFAs transport across the plasma membrane (17). Upregulation of SLC27A6 restored lipids and fats levels, essential for maintaining cell proliferation (22, 56). We confirmed that SLC27A6 overexpression significantly enhanced either FAs, TG, and T-CHO in NPC cells. However, increasing LDs suppressed tumorigenesis both in vitro and in vivo. FA, TG, and T-CHO are the main components of LDs. Within cells, there are some fates for FAs, such as membrane lipid synthesis, storage, or oxidization to carbon dioxide (12). Besides, when the lipid homeostasis blocks cells, the lipid accumulation may cause lipotoxicity, leading to cell damage (57). Lipid overload increased the levels of FAs in cells and was associated with elevated β-oxidation, lipid peroxidation, mitochondrial damage, ER stress, impaired insulin signaling, increasing inflammatory mediators, and cell death, which may account for parts of reasons why SLC27A6-mediated lipid overload inhibited tumor growth in NPC.

In mitochondria, the respiratory chain is a major source of ROS (58), and FA exhibits a dual effect on ROS production. On the one hand, lipid accumulation increases ROS generation in forward electron transport; on the other hand, due to the protonophoric action in the inner mitochondrial membrane, FA inhibits ROS production in reverse electron transport (59). An elevated ROS level contributed to rapid cell growth and metastasis in tumor cells (60–62). In this study, SLC27A6 overexpression negatively regulated ROS levels in NPC cells. We found that SLC27A6 promoted lipid accumulation but eliminated the ROS level. Thus, it was reasonable to suppose that SLC27A6 enhanced lipid storage and provided insufficient FAs for tumor growth, and negatively regulated the ROS pathway.

Interestingly, a lower ROS level was associated with CSCs maintaining, which is beneficial for cell survival (63, 64). In addition, alteration of lipid metabolism also facilitated cancer metastasis through regulating CSCs (54). FASN promoted maintaining CSC stemness and was connected with cell proliferation and invasion ability in glioblastoma (65). Lipid desaturation acted as a metabolic marker and promoted CSC phenotype in breast cancer cells (66). Lipid rafts, enriched with sphingolipids and cholesterol, regulated the interaction between CD44 and hyaluronan, mediating cancer cell migration (67). CSC was one of the major factors resulting in metastasis in multiple tumors (68, 69). Mounting evidence suggested that CD44 and CD24 were surface CSC markers involved in cell adhesion and migration in NPC (34, 70–72). The positively expressed rate of CD44 was about 52.5% in 5-8F (72). We investigated the positive relationship between SLC27A6 and CSC markers (CD24, CD44) in stably transfected cells by qRT-PCR. Furthermore, we found that the CD44 expression level in HONE1/5-8F stably transfected cells was higher than in the control group by flow cytometry. The direct link between SLC27A6 expression and CSC markers indicated that SLC27A6 was associated with cancer metastasis ability. Thus, we supposed that overexpression of SLC27A6 upregulated the lipid intake, further increasing lipid accumulation in NPC cells. The excessive LDs could upregulate CD24, CD44 expression and promote maintaining NPC CSC stemness, which could be a possible mechanism explaining why SLC27A6 overexpression promoted cancer metastasis.



Conclusion

In conclusion, we elucidated the dual role of SLC27A6 in NPC progression (Figure 8). SLC27A6 was silenced by DNA promoter CpG island hypermethylation in NPC. SLC27A6 overexpression repressed cell proliferation and colony formation in vitro and inhibited tumor growth in vivo. SLC27A6 exerted its proliferation-suppressive function via enhancing lipid storage in NPC cells. Nevertheless, SLC27A6 facilitated metastasis through increasing LDs in cells, negatively regulated ROS levels, promoted EMT, and strengthened CSC properties of NPC. The new findings provided a complex insight into SLC27A6 regulating NPC development and progression, which involved lipid metabolism in clinical cancer therapy.




Figure 8 | Schematic model illustrating the function of SLC27A6 regulates lipid metabolism in NPC. Re-expression of SLC27A6 increases free FAs uptake of NPC cells. After free FAs are absorbed, they bind to coenzyme A to inform acyl-CoA and convert to TG and T-CHO in the endoplasmic reticulum. In addition, TG and T-CHO are composed of LDs in the cytoplasm. LD storage within cells inhibited tumorigenesis in vitro and in vivo. However SLC27A6 decreases the level of ROS produced in mitochondria. On the other hand, excessive FAs upregulate the expression of CSC markers (CD24, CD44), maintaining the stemness of NPC CSC and contributing to metastasis.
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Programmed death-ligand 1 (PD-L1) expression has been approved as an immune checkpoint inhibitor (ICI) response predictive biomarker; however, the clinicopathological and molecular features of HPV-positive oropharyngeal squamous cell carcinoma [HPV(+)OPSCC] based on PD-L1 expression are not well studied. We aimed to characterize clinicopathological, tumor immune microenvironmental, and molecular features of HPV(+)OPSCC with different PD-L1 expression scored by combined positive score (CPS). A total of 112 cases were collected from 2008-2021 and received PD-L1 and CD8 immunohistochemistry (IHC) staining. 71 samples received DNA sequencing out of which 32 samples received RNA sequencing for immune-related gene alterations or expression analysis. The 32 samples were also subjected to analysis of CD20, CD4, CD8, CD68, Foxp3 and P16 by multiplex immunofluorescence (mIF) staining, and the immune markers were evaluated in the tumor body (TB), tumor margin (TM) and normal stroma (NS) regions separately. Our results showed that of 112 HPV(+)OPSCC tumors, high(CPS≥20), intermediate(1≤CPS<20), and low(CPS<1) PD-L1 expression was seen in 29.5%, 43.8% and 26.8% cases respectively. Non-smoking patients and patients with tumors occurring at the tonsils or having rich lymphocytes infiltration had significantly higher PD-L1 expression. Patients with CPS≥20 had significantly higher tumor mutation burden (TMB, p=0.0058), and PD-L1 expression correlated significantly with CD8+ T cells infiltration, which were ample in tumor regions than in NS in mIF. CD20+, CD4+, CD68+, Foxp3+CD4+ cells were demonstrated to infiltrate higher in TM while CD20+ and CD68+ cells were also enriched in NS and TB regions respectively. However, none of them showed correlations with PD-L1 expression. ARID1A, STK11 alterations were enriched in the low PD-L1 group significantly, while anti-viral immune associated APOBEC mutation signature and immune-related genes expression such as XCL1 and IL11 were positively associated with PD-L1 expression (p<0.05). This is a comprehensive investigation revealing immune and molecular features of HPV(+)OPSCC based on PD-L1 expression. Our study suggested that 73.2% of HPV(+)OPSCC patients may benefit from immunotherapy, and high PD-L1 expression reflects immune-active status of HPV(+)OPSCC accompanied by higher immune effect factors such as TMB, CD8+ cytotoxic T cells and immune-related genomic alterations. Our study offers valuable information for understanding the immune features of HPV(+)OPSCC.




Keywords: HPV, OPSCC, PD-L1, tumor immune microenvironment (TIM), genomic alterations



Introduction

As a biologically distinct entity among head and neck squamous cell cancers (HNSCCs), human papillomavirus (HPV)-positive oropharyngeal squamous cell carcinoma [HPV(+)OPSCC] has been assigned a specific staging algorithm in the 8th edition of the American Joint Committee on Cancer (AJCC) staging manual, indicating its unique prognosis and treatment strategy (1). Clinically, HPV(+)OPSCC is more prevalent in young males without a smoking history and shows sensitivity to chemoradiotherapy, resulting in significantly improved survival (2). Pathologically, HPV(+)OPSCC originates from the tonsil crypt epithelium rather than the surface epithelium, the former being surrounded by lymphoid follicles and highly infiltrated by immune cells, enhancing its antigen-capturing ability and immune surveillance (2). Additionally, the specific immune cell-infiltrated microenvironment and viral antigen confer a unique immunotherapy response to HPV(+)OPSCC, yielding insights into immunotherapy research.

The US Food and Drug Administration (FDA) has approved immune checkpoint inhibitors (ICIs), and specifically, programmed cell death protein 1 (PD-1) inhibitor pembrolizumab for recurrent and metastatic HNSCC based on the KEYNOTE-048 trial for which 882 participants were recruited (3, 4). In the trial, the expression of programmed cell death-ligand 1 (PD-L1) detected by monoclonal antibody 22C3 pharmDx (Agilent) showed the ability to predict the efficacy of pembrolizumab; therefore, the detection was approved by the FDA as a companion diagnosis for use of the PD-1 inhibitor (5). The trial illustrated distribution of PD-L1 combined positive score (CPS) in HNSCC and revealed that the patients with CPS ≥1 or CPS≥20 had better response to pembrolizumab and prolonged overall survival (5). Although 251 HPV(+)OPSCC were included in the trial, their CPS and the response to the therapy were not specifically indicated. Given the growing prevalence of HPV(+)OPSCC and the enormous potential of immunotherapy of the tumor, a comprehensive description of the tumor’s clinicopathological features based on PD-L1 expression is of significant importance.

Besides PD-L1, some other biomarkers have been reported as indicators of the efficacy of immunotherapy. Tumor mutation burden (TMB) and defects of mismatch repair (dMMR)/microsatellite instability (MSI) are meaningful genomic biomarkers for predicting ICI efficacy, and pembrolizumab has been approved by the FDA for treatment of unresectable/metastatic tumors with TMB≥10 mutation/Mb or dMMR/MSI-High regardless of tumor site or histology (6, 7). Pan-cancer research, however, found that TMB could only serve as an ICI response efficacy predictor when CD8+ T cells were positively associated with neoantigen load, which correlated positively with TMB, including melanoma and lung cancers, but not that of head and neck cancers (8), yet their HPV status were not clarified. Moreover, dMMR/MSI status in HPV(+)OPSCC still remained unclear. Therefore, illustrating TMB and dMMR/MSI status in HPV(+)OPSCC based on PD-L1 expression could increase our understating of immunotherapy resistance mechanisms or molecular features of this tumor.

Emerging evidence suggested that tumor infiltration lymphocyte (TIL) in tumor immune microenvironment (TIM) plays a vital role in tumor progression and immunotherapy resistance and shows chemotherapy response predictive ability in HNSCC (9). For example, CD8+ TILs combined with PD-L1 expression could predict better prognosis in HPV(+)OPSCC, and it was reported to be associated with treatment response to anti-PD-1/PD-L1 agents (10, 11), whereas little is known about the relationship between CD8+ TILs and PD-L1 in HPV(+)OPSCC. With the emergence of promising immunotherapy, it is important to study the interaction between TILs and PD-L1 expression. With tumor heterogeneity, different tumor regions exhibited distinct TILs, which reflected host immune response and predicted different clinical outcomes in colorectal cancer (12). Thus TILs should be investigated separately in different tumor regions. Additionally, genomic alterations including mutational signatures, driven gene mutations such as PTEN loss, MDM2 amplification, etc. as well as immune-related gene pathway expression have also been reported to be predictors of immunotherapeutic efficacy and to be associated with PD-L1 expression (13). Thus, the investigation of TILs in TIM, genomic alterations and immune-related gene expression profile of HPV(+)OPSCC based on PD-L1 CPS can help to better understand its molecular features with different PD-L1 levels and even immunotherapeutic effect or resistance mechanisms.

This study aimed to characterize clinicopathological, tumor immune microenvironmental and molecular features of HPV(+)OPSCC with different PD-L1 expression scored by CPS. The association between PD-L1 expression and other ICI efficacy biomarkers such as TMB, dMMR/MSI status was explored. Additionally, TIM including CD3+, CD4+, CD8+, CD20+, CD68+, Foxp3+CD4+ TILs infiltrations in different tumor regions and immune-related genomic alterations and gene expression of HPV(+)OPSCC stratified by PD-L1 CPS were also described using a cohort of 112 HPV(+)OPSCC cases in our institute from 2008–2021.



Materials and Methods


Patient Selection and Clinicopathological Information Collection

A total of 112 HPV(+)OPSCC samples from patients who received complete surgery were collected at the Shanghai 9th People’s Hospital, Shanghai Jiaotong University from 2008 to 2021 with relevant clinical information, including age, gender, primary tumor sites, smoking and drinking status, lymph node status, TNM stage and pathological subtypes. We calculated each tumor’s TILs numbers and defined the top 50% as TIL-rich subtype, while other cases were defined as TIL-poor subtype. The patients’ HPV status were confirmed using the P16 immunohistochemistry (clone MX007, monoclonal, 1:100 dilution; Fuzhou Maixin Biotech. Co, Ltd., Fujian, China), HPV DNA PCR (PCR-RDB, Reverse Dot Blot; Yaneng BIO, Guangdong, China) and HPV RNA Scope HPV Kit (Advanced Cell Diagnostics, Inc., Hayword, CA). This study was considered exempt from the Independent Ethics Committee of the Shanghai 9th People’s Hospital, as it was carried out utilizing retrospective, deidentified clinical data. All cases were followed up until August 1st, 2021.



Detecting and Scoring PD-L1 Expression

PD-L1 (22c3, DAKO, Santa Clara, CA) immunohistochemistry (IHC) assays were performed on full slides of formalin-fixed, paraffin-embedded (FFPE) HPV(+)OPSCC tissues using automated staining techniques with an auto-immuno0stainer following the manufacturer’s instructions. Positive and negative controls were used to monitor the quality of testing, and the results were independently reviewed by two pathologists from the Department of Oral Pathology, Shanghai 9th People’s Hospital (Jiang Li and Rong-hui Xia). CPS was calculated by dividing the number of PD-L1-positive cells (including tumor cells, lymphocytes, and macrophages) by the total number of viable tumor cells multiplied by 100, and any discrepancy was resolved by consensus after review. According to classification methodology A, PD-L1 subgroups were classified as low (CPS < 1, PD-L1-L), intermediate (1≤CPS < 20, PD-L1-M), and high (CPS ≥20, PD-L1-H). To assess patients’ stratification values of CPS=1 and CPS=20 as cut-off values, the whole group was classified as CPS<1 and CPS≥1 according to classification methodology B or as CPS<20 and CPS≥20 according to classification methodology C for analysis and comparison.



CD8 and CD3 IHC and Calculation of CD8+ and CD3+ TILs Density

CD8 and CD3 IHC was performed for each case on a 4-mm tumor section cut from FFPE tissue blocks by using a monoclonal antibody against CD8 (clone 4B11,1 : 100 dilution, Novocastra, Newcastle, UK) and CD3 (clone LN10,1 : 100 dilution, Novocastra, Newcastle, UK) on an automated immunostainer. Case-viewer software (3DHISTECH.Ltd) was used to quantify total tumor area and percent of positive staining cells. The percentage of cells with weak, medium, and strong positive staining was determined using the color-deconvolution tool. CD8+ and CD3+ TILs density was calculated as the sum total of CD8+ and CD3+ cells (including those with weak, medium, and strong signals) divided by the area comprising the tumor and areas in direct contact with the tumor periphery (mm2).



dMMR/MSI Testing

IHC for four MMR proteins (MLH1, PMS2, MSH2 and MSH6) was performed on the FFPE tissue of all cases. The antibody clones used were as follows: MLH-1 (clone ES05), MSH-2 (clone RED2), MSH-6 (clone UMAB258) and PMS-2 (clone EP51). All stains were performed on an auto-immuno-stainer according to manufacturer’s protocol. Normal crypt epithelium, lymphoid cells and stromal cells served as internal positive controls to exclude artefact and/or staining failure. Loss of any MMR proteins was defined as dMMR/MSI.



Multiplex Immunofluorescence Staining and Visualization

The multiplex immunofluorescence (mIF) staining was performed step by step using Opal Polaris 7-color Manual IHC kit. Prepared slides were treated with microwave for 45 seconds at 100% power, and then covered with blocking buffer for 10 minutes. After draining off the blocking buffer, slides were incubated with a primary antibody working solution and then introduced with Opal Polymer HRP. The next steps included Opal signal amplification using the Opal working solution for 10 minutes followed by microwave treatment for 45 seconds. After repeating the steps above until all targets were detected except Opal Polaris 780, slides were blocked for 45 seconds, incubated with primary antibody according to manufacturer’s guidelines, and treated with the Opal TSA-TIG working solution for 10 minutes. After the second microwave treatment, the Opal Polaris 780 signal was generated using the Opal Polaris 780 working solution. The DAPI working solution was used for counterstaining and mounting. Antibodies against the following were used for staining: CD20 (Opal 570, yellow), CD68 (clone D4B9C, 1:200 dilution, Opal 520, green), CD4 (Opal 690, red), Foxp3 (clone D6O8R, 1:200 dilution, Opal 620, orange), CD8 (clone C8/144B, 1:200 dilution, Opal 480, blue), P16 (clone MX007, 1:100 dilution, Opal 780, purple) and DAPI for nuclei. Multiplex staining slides were imaged and scanned using the Vectra Polaris automated quantitative pathology imaging system. Fluorescence intensity information was extracted using the fluorescence protocol at 10 nm l from 420 nm to 780 nm by using the Akoya phenoptics inform software. After scanning the full image at low resolution, 15 regions of interest (ROI) from each slide were chosen by a pathologist (Jiang Li) using Phenochart 1.0.12 (Perkin Elmer), including 6 in the tumor body (TB), 6 at the tumor margin (TM), and 3 at the normal stroma (NS) area (defined in Figures 3A, B). The size of the ROIs was standardized at 2596560 pixels with a resolution of 0.497um/pixel for a total surface area of 0.642 mm2. TB, TM and NS area were defined according to Figures 3A, B. Immune cell populations were characterized and quantified using the cell segmentation and phenotype cell tool of the InForm image analysis software under pathologist’s supervision.



DNA/RNA Sequencing and Analysis

Targeted DNA sequencing was performed for 36 FFPE samples, and then analyzed for TMB and genomic alterations. The amplified DNA was captured using the GenCap capture kit (MyGenostics Inc., Beijing, China). The enrichment libraries were sequenced on the Illumina HiSeq X 10 sequencer for paired-reading of 150 bp. The genomic alterations were detected by Varscan2 software. Whole-exome (WES) was performed on 35 tumors and matched normal samples. Each exome was captured using Agilent SureSelect V6 kit and sequenced on an Novaseq S4 PE150 to a depth of approximately 100 for germline and approximately 200 for tumor tissues. For DNA exome sequencing analysis, the trimmed and filtered readings were aligned to UCSC human reference genome (hg19) using BWA (v0.7.15) and further refined with the Picard (v2.18.7 tool. All somatic mutations were detected with each of the paired tumor–normal samples using Sention with the TNhaplotyper algorithm. All high-confident variants were annotated with Picard (v2.18.7) for consequence prediction and variant effect prediction. All somatic copy-number variant (CNV) determinations were carried out with a CNV kit (v0.9.3). Genes with copy number of at least three were defined as gain, and no more than one were defined as loss. The tumor mutation burden (TMB) was calculated by counting mutations in each sample meeting the following criteria: observed as PASS in TNhaplotyper, located within the targeted region, and absent in dbsnp and cosmic. Mutation counts were divided by target region size (35.08MB) giving mutation per megabase targeted. RNA sequencing (RNA-seq) was performed on 32 tumors. RNA libraries were prepared using the Truseq stranded mRNA and further sequenced on Novaseq S4 PE150. For RNA-sequencing (RNA-seq) data processing, Skewer (v0.2.2) was used to trim off adaptor containment sequences and low-quality bases at the ends. Trimmed and filtered reads were then aligned to the reference transcriptome (hg19) using STAR (2.4.2a). Gene-level quantification was conducted using RSEM(v1.2.29). Raw count data was normalized and further analyzed using the edgeR package. Gene expression values were log2 (1þx) transformed for downstream analysis. We selected a panel of immune-related markers (as shown in Figure 7A) and used ssGSEA to calculate immune cells infiltration score based on RNA-seq data for analysis and comparison.



Statistical Analysis

The data were analyzed with SPSS statistical software program (SPSS, Statistics 26, IBM). The chi-square test was used to compare demographic and tumor-specific features in different CPS groups. Overall survival (OS) was defined as death from any cause, and OS was assessed by Kaplan–Meier analysis and evaluated using the log-rank test. Cox proportional hazards regression was used to examine the association between exposure factors and clinical outcomes. The Kruskal–Wallis test was used to compare and evaluate the distribution of different immune cells. All statistical tests were two-sided, and a P-value of 0.05 or less was considered to be statistically significant.




Results


Relationship Between PD-L1 Expression and Clinical Parameters in HPV(+)OPSCC and Overall Survival

A cohort of 112 HPV(+)OPSCC patients with relevant clinical information was selected for PD-L1 staining, which was subsequently scored using CPS and further analyzed. All cases were primary tumors, and all of the patients underwent surgery. Table 1 shows that 26.8% (30 of 112) of patients had low PD-L1 expression (CPS<1), while 43.8% (49 of 112) had intermediate PD-L1 expression (1≤CPS<20), and 29.5% (33 of 112) had high PD-L1 expression (CPS≥20). The CPSs were significantly correlated with smoking status, primary tumor origin sites, and pathological subtypes but were not significantly correlated with age, sex, drinking status, TNM stage or lymph node metastasis status. Patients who had a history of smoking exhibited lower levels of PD-L1 expression when classified by methodologies A (p=0.032) and B (p=0.009). Tumors originating in the tonsils exhibited high levels of PD-L1 expression (p=0.02 by methodology A; p=0.012 by methodology B, and p=0.033 by methodology C), whereas the TIL-rich subtype tumors tended to express intermediate to high levels of PD-L1 (p<0.001), indicating the effects of unique HPV(+)OPSCC TIM on PD-L1 expression.


Table 1 | Clinical characteristics of HPV (+)OPSCC classified by PD-L1 expression level.



All 112 patients had complete follow-up information available. In this study, the overall 5-year survival of HPV(+)OPSCC was 74.31%, whereas the 5-year overall survival of the CPS<1 group was 65.84%, and patients with a CPS ≥1 but<20 and CPS≥20 had 5-year survival rates of 71.30% and 93.65%, respectively. Defined by methodology A, B, or C, higher PD-L1 group showed a better prognosis trend although the difference was marginally significant as determined by the log-rank test (p=0.07 as classified by methodology A, p=0.14 as classified by methodology B, p=0.12 as classified by methodology C, Figures 1A–C).




Figure 1 | (A) Overall survival of patients classified by methodology A. (B) Overall survival of patients classified by methodology B. (C) Overall survival of patients classified by methodology C. (D) The association of TMB as a continuous variable and PD-L1 CPS classified by methodology A. (E) The association of TMB as a continuous variable and PD-L1 CPS classified by methodology B. (F) The association of TMB as a continuous variable and PD-L1 CPS classified by methodology C. (G) The association of CD8+ TILs density and PD-L1 CPS classified by methodology A. (H)  The association of CD8+ TILs density and PD-L1 CPS classified by methodology B. (I) The association of CD8+ TILs density and PD-L1 CPS classified by methodology C. (J) PD-L1 staining (CPS<1, 200X). (K) PD-L1 staining (1<CPS≤20, 200X). (L) PD-L1 staining (CPS≥20, 200X). (M) CD8 staining (CPS<1, 200X). (N) CD8 staining (1<CPS≤20, 200X). (O) CD8 staining (CPS≥20, 200X).





Association of the PD-L1 CPS With the TMB, CD8+ TILs Infiltration and dMMR/MSI in HPV(+)OPSCC

DNA sequencing and TMB analysis were performed on 71 samples from our cohort of 112 HPV(+)OPSCC patients. Overall, TMB increased with rising CPS levels, with the PD-L1-H group having significantly higher TMB than the PD-L1-L and PD-L1-M groups (5.268 vs. 1.186 and 1.527 mutations/Mb, p=0.0225, Figure 1D), but there was no significant difference between the PD-L1-L and PD-L1-M groups. Moreover, there was also no significant difference when classified according to methodology B (1.186 vs. 3.130 mutations/Mb, p=0.24, Figure 1E); however, the CPS≥20 group had significantly higher TMB than the CPS<20 groups as classified by methodology C (5.268 vs. 1.418 mutations/Mb, p=0.0058, Figure 1F), supporting the use of CPS≥20 as the cut-off value for a prospective patient selection strategy.

The CD8+ TILs infiltration in various groups was compared for all the patients. CD8+ TILs density ranged from 116 cells/mm2 to 7974 cells/mm2 and was positively correlated with CPS level (Spearman’s correlation coefficient=0.549, p<0.01). In the overall analysis, the density of CD8+ T lymphocyte infiltration was significantly elevated in the PD-L1-H group compared to the PD-L1-M and PD-L1-L groups (PD-L1-L, 606 cells/mm2; PD-L1-M, 1634 cells/mm2; PD-L1-H, 2973 cells/mm2; p< 0.001, Figure 1G). A significant difference in CD8+ TILs infiltration persisted regardless of whether the cohort was classified as CPS<1 and CPS≥1 (606 cells/mm2 vs. 2173 cells/mm2 p<0.001, Figure 1H) or as CPS<20 and CPS≥20 (1243 cells/mm2 vs. 2973 cells/mm2, p<0.001, Figure 1I). The typical images of PD-L1 and CD8 staining were illustrated in Figures 1J–O. TMB and CD8+ TILs density had a significant association (Pearson’s correlation coefficient=0.285, p=0.016, Supplementary Figure S1). In addition, the overall dMMR/MSI rate for all patients detected by MLH1, MSH2, MSH6, and PMS2 IHC was only 2.7% (3/112), and no association was observed between dMMR/MSI status and PD-L1 expression (data not shown).



TIL Analysis Based on CPS Level by mIF Staining

A total of 32 samples were selected for CD20, CD68, CD4, Foxp3, CD8, and P16 (for tumor cell staining) expression analysis by multiple immunofluorescence (mIF) staining and CD3 expression analysis by IHC staining. Figure 2 depicts an overview of the 32 samples with mIF and their associated clinical and molecular profiles. Because intra-tumor heterogeneity was observed for the TILs and the immune response varied among the tumor regions, mIF data were analyzed individually for TB, TM, and NS regions as defined in Figures 3A, B, and TILs were classified as CD3+, CD20+, CD68+, CD4+, CD8+, and Foxp3+CD4+TILs. The typical images of mIF staining were illustrated in Figures 3C–N. Overall, the percentage of tumor cells that were stained by P16 differed significantly across the TB, TM, and NS regions (66.04% vs. 17.31% vs. 2.08% on average, p<0.001, Figure 4A), indicating that supportive regions were chosen appropriately. The proportion of each lymphocyte in each separate region was computed while excluding tumor cells, and we found that TM regions had significantly higher CD20+, CD4+ and Foxp3+CD4+ TILs infiltration than TB regions (p<0.001; p=0.012 and p<0.001, respectively, Figures 4B–D). The distribution of CD8+ and CD68+ TILs in the TB and TM regions were comparable, but less so in the NS regions (Figures 4E, F). In conclusion, CD20+, CD4+ and Foxp3+CD4+ TILs shared similar infiltration pattern, while CD8+ and CD68+ TILs infiltration patten were comparable.




Figure 2 | Overview of main findings from mIF, RNA sequencing, and WES analysis classified by CPS levels. Listed in descending order are PD-L1 RNA expression value, TMB, clinical parameters, mIF immune markers in TB, mIF immune markers in TM, mIF immune markers in NS.






Figure 3 | Representative images of mIF. (A) Definition of tumor body, tumor margin and normal stromal regions in HE section. (B) Definition of tumor body, tumor margin and normal stromal regions in mIF section. (C–F) Representative images of CPS≥20 cases. (C) PD-L1 staining (200X). (D) mIF in TB (200X). (E) mIF in TM (200X). (F) mIF in NS (200X). (G–J) Representative images of 1≤ CPS<20 cases. (G) PD-L1 staining (200X). (H) mIF in TB (200X). (I) mIF in TM (200X). (J) mIF in NS (200X). (K–N). Representative images of CPS<1 cases. (K) PD-L1 staining (200X). (L) mIF in TB (200X). (M) mIF in TM (200X). (N) mIF in NS (200X). CD20, yellow; CD68 green; CD4 red; Foxp3, orange; CD8, blue; P16, purple; DAPI for nuclei.






Figure 4 | Proportions of marker-positive cells according to TB, TM, and NS regions. (A) Comparison of the proportions of P16+ cells. (B) Comparison of the proportions of CD20+ cells. (C) Comparison of the proportions of CD4+ cells. (D) Comparison of the proportions Foxp3+CD4+cells. (E) Comparison of the proportions of CD8+ cells. (F) Comparison of the proportions of CD68+ cells.



To determine the association between TILs infiltration and CPS, the number of infiltrating lymphocytes was compared, and the results revealed that the number of CD8+TILs varied significantly in the NS and TM regions but not in the TB regions classified by methodology A (Figures 5A, B, both p<0.001). In the NS and TM regions, as previously analyzed, CD8+ lymphocyte infiltration correlated positively with CPS levels, with the PD-L1-H group showing slightly higher CD8+ lymphocyte infiltration than the PD-L1-M group in the TM region. Differences in classification were also found when using methodology B (p=0.001 in the NS region and p<0.001 in the TM region) and methodology C (p=0.001 in the NS region and p=0.004 in the TM region). In the PD-L1-H group, CD3+ TILs showed higher infiltration in the entire area of the slide, NS, TM and TB regions, indicating that TILs were more prevalent in patients with high PD-L1 expression (Figures 5C–F). Other TILs did not vary significantly across the various CPS groups in any of the TB, TM, or NS regions.




Figure 5 | Proportions of marker-positive cells according to CPS levels. (A) Comparison of the proportion of CD8+cells in NS. (B) Comparison of the proportion of CD8+cells in TM. (C) Comparison of the proportion of CD3+cells in whole area of slides. (D) Comparison of the proportion of CD3+cells in NS. (E) Comparison of the proportion of CD3+cells in TM. (F) Comparison of the proportion of CD3+cells in TB. (G) Correlations of CD8+ cell and CD4+ cells in whole area of slides. (H) Correlations of CD8+ cell and CD4+ cells in TB.



The correlations between immune marker proportions were also analyzed. The proportion of CD8+ TILs in the entire area of the slides (R=0.877, p<0.0001) and the TB region (R=0.721, P<0.0001) showed a strong positive correlation with CD4+ TILs as shown in Figures 5G, H. Foxp3+CD4+ TILs correlated with CD20+ TILs and CD4+ TILs in the NS, TB, and TM regions (with CD20+ TILs, R=0.548, p=0.0012 in NS; R=0.443, p=0.0112 in TB; R=0.429, p=0.0142 in TM, with CD4+ TILs, R=0.389, p=0.0278 in NS; R=0.599 p=0.0003 in TB; R=0.365, p=0.04 in TM, Supplementary Figures S2A–F). CD20+ TILs had positive relationships with CD4+ TILs infiltration in NS, TM, and entire slide regions (R=0.589, p=0.0004 in NS; R=0.744, p=0<0.0001 in TM; R=0.614, p=0.0002 in entire area of slides (Supplementary Figures S2G–I). There was no relationship found between CD68+ TILs and other TILs.



Genomic Alterations and Mutation Signature Based on PD-L1 CPS

Driven genomic alterations, including EGFR alterations and PD-L1 amplification, have been reported to be predictors of immunotherapy response (14). A panel of genes that have been shown to be associated with immunotherapies were selected to determine the genomic profiles of HPV(+)OPSCC in various CPS groups, and to characterize the immune-related genomic landscape of HPV(+)OPSCC based on CPS. According to the findings of the next-generation sequencing, HPV(+)OPSCC has distinct genetic characteristics in various CPS groups. The most common genetic changes in all groups were PIK3CA, ATM, and PTEN without significant differences (Figure 6A). However, when classified by methodology A, the rates of gene single-nucleotide variants (SNVs), such as ARID1A (p=0.032), and gene copy number variations (CNVs), such as STK11 (p=0.016), were highest in the PD-L1-L group compared with the PD-L1-M and PD-L1-H groups. At the same time, the SNV rate of ASXL1 varied among three CPS groups with marginal significance, with the PD-L1-M group not exhibiting SNV of ASXL1 (p=0.063) (Figure 6B). When we divided the whole group into CPS<1 and CPS≥1 using methodology B, we found that ARID1A had a lower SNV rate in CPS≥1 group(p=0.017), while KDM5A (p=0.097) and CD274 (p=0.058) demonstrated a higher genetic altering trend (including SNV and CNV) in the CPS≥1 group (Figure 6C). When the CPS cut-off value was set to 20, the PD-L1-H group showed lower STK11 (p=0.013) alterations, but higher POLE alterations (p=0.095) and KMT2D SNVs (p=0.077) with marginal significance (Figure 6D). In addition, a comparison was made of the distribution of all mutation signatures across the 32 cases that received WES and were classified based on PD-L1 expression (Figure 6E). The mutation signatures of APOBEC (apolipoprotein B mRNA editing enzyme, catalytic polypeptide-like, signatures 2 and 13) cytosine deaminase editing, which is associated with antiviral immunity, were significantly linked to CPS scores according to methodology A (Pearson’s correlation coefficient=0.417, p=0.013) and C positively (Pearson’s correlation coefficient=0.375, p=0.026, Supplementary Figure S3A), while no significant relationship was observed in other mutation signatures, including the dMMR/MSI signature (Supplementary Figure S3B).




Figure 6 | Genomic alterations analysis based on CPS levels. (A) The top common altered genes. (B) Altered genes among different CPS groups classified by methodology A. (C) Altered genes between different CPS groups classified by methodology B. (D) Altered genes between different CPS groups classified by methodology C. (E) Mutation signature analysis based on CPS levels.





Variations in Immune Markers and Pathway Expression Based on PD-L1 CPS

We examined the immunogenic characteristics based on PD-L1 CPS by performing differential immune cell marker expression analysis on RNA-sequencing data from 32 tumors. Overall, most immune markers were increased with PD-L1 expression except for natural killer (NK) CD56 bright cells, which exhibited a declining trend with CPS (Figure 7A). CPS levels enhanced the infiltration of myeloid-derived suppressor cells (MDSCs) independent of technique A, B, or C. We also saw an increase in immature dendritic cells (iDCs), macrophages, NK cells, plasmacytoid dendritic cells (pDCs), cytotoxic cells, T cells, Tem cells, and Th-1 cells with CPS levels defined by methodology A, whereas macrophages, pDCs, and Tem cells had higher expression defined by methodology B, and cytotoxic cells and Th-1 cell infiltration was increased together with the CPS when it was defined by methodology C. Notably, only when CPS=20 was used as the cut-off value did the expression of DCs, NK CD56dim cells, Tgd cells, and Treg cells exhibit a positive correlation with CPS. To be noticed, a positive correlation between PD-L1 RNA expression level and TMB was also observed (R2 = 0.1426, p=0.0331, Supplementary Figure S4). We performed immune-related gene pathway analysis on the 32 cases. Cases with different CPSs showed differential immune-related markers expression, including chemokines and receptors, interleukins and receptors, interferons and receptors, major histocompatibility complex (MHC), co-inhibitors, co-stimulators, and other cytokines as shown in Figure 7B. The detailed markers that positively and negatively correlated with CPS are illustrated in Supplementary Table S1.




Figure 7 | (A) Immune cell marker expression analysis on RNA-sequencing data based on CPS levels. (B) Immune signature analysis based on CPS levels. “*” indicates immune cell markers expressed significantly different classified by methodology A. “#” indicates immune cell markers expressed significantly different classified by methodology B. “^” indicates immune cell markers expressed significantly different classified by methodology C.






Discussion

PD-L1 expression has been identified as a marker of immune surveillance escape and has been linked to improved survival in HPV(+)OPSCC (15, 16). CPS, which assesses PD-L1 expression in both tumor and immune cells, has firmly established itself as a biomarker for predicting ICIs response, whereas distribution of CPS in HPV(+)OPSCC has not been comprehensively studied. Knowing the TIM, molecular characteristics and immune profile of HPV(+)OPSCC with various CPSs is critical for gaining understanding of immunotherapy effect mechanisms. In this study, we divided HPV(+)OPSCC patient samples into different PD-L1 expression levels scored by CPS and analyzed their clinicopathological characteristics, exploring their association with other immunotherapy biomarkers and tumor immune microenvironment. We also comprehensively examined their molecular features and immunomarkers expression in each PD-L1 group.

In comparison with HPV (-)HNSCC, of which 40% of the cases (140/359) were reported to have a CPS≥1, we had 73.2% (80/112) CPS≥1 cases, indicating higher PD-L1 expression in HPV(+)OPSCC than in HPV(-) counterparts (17). The unique tumor microenvironment of HPV(+)OPSCC, which is located in the tonsils mainly and surrounded by a high density of lymphocytes, may explain its higher PD-L1 expression. Additionally, our finding that tumors in the tonsils and TIL-rich subtypes had significantly higher CPS levels further supports this concept. Tobacco smoking has been identified as a major cause of HPV(-)HNSCC and has been linked to a decrease in the number of immune cells (18). Some studies have reported that smoking has an immunosuppressive effect, and current smokers have significantly lower numbers of PD-L1+ cells than non-smokers in HPV(-)HNSCC (18), which was also observed in our study, hence the effects of smoking on tumor immune microenvironment in HPV(+)OPSCC warrant further investigation. The prognostic role of PD-L1 in HNSCC varies according to different studies, with some studies reporting that it may predict improved survival, and others reporting the opposite (19), while high PD-L1 expression on >5% intra-tumoral immune cells together with high CD8+ TILs infiltration were shown to be significantly associated with better prognosis in HPV(+)OPSCC (10). Although the log-rank test did not reveal any significant differences in OS across CPS groups, we found that high PD-L1 levels showed a better prognosis trend, and its prognosis prediction role needs further investigation.

In 2020, the FDA approved pembrolizumab for the treatment of patients with advanced tumors and high TMB (≥10 mutations/Mb) who had no alternative treatment choices in melanoma, NSCLC, HNSCC, etc. (20). This approval validates TMB as a predictive biomarker of ICI efficacy, and the reason may be attributed to an increase in neoantigens, which allows for enhanced immunogenicity (20). However, a retrospective research found that TMB could not predict ICI response efficacy in head and neck cancers as CD8+ T cells were not positively associated with neoantigen load in this tumor (8). Because the study did not classify HNSCC based on HPV status, the immunotherapy efficacy predictive significance of TMB in HPV(+)OPSCC requires further investigation. In our study, CD8+ TILs correlated significantly with TMB, further supporting the immunotherapy response predictive role of TMB. TMB and CD8+ TILs were significantly greater in the PD-L1-H group, and this may be the reason why patients with increased PD-L1 expression respond better to ICIs. However, since our study was retrospective, a prospective study is warranted to further establish the relationship between PD-L1 and ICI efficacy in HPV(+)OPSCC.

Due to the existence of intra-tumoral heterogeneity, we divided the tumor into 3 distinct regions for comparison of different TILs using multiplex immunofluorescence staining. As anticipated, patients with higher PD-L1 expression had extensive lymphocyte infiltration, including CD3+ and CD8+ TILs. Different immune cells exhibit unique distributions throughout different regions, as CD20+, CD4+, and Foxp3+CD4+ TILs were enriched in TM regions, highlighting their regulatory role in immune function as reported (21), while CD8+ TILs were more enriched in the tumor regions (TB and TM) than in the NS, suggesting their cytotoxic roles in tumor cells. Notably, there was a strong positive correlation between CD8+ and CD4+ cells, particularly in the TB region, suggesting that CD4+ cells play a role when cytotoxic CD8+ cells are active. All in all, CD20+, CD4+ and Foxp3+CD4+ TILs, as well as CD8+ and CD68+ TILs had similar infiltration patten respectively, while the trend was different in HPV(-) HNSCC (18).

Mutation in the tumor suppressor gene STK11, which regulates cell proliferation, was shown to be a negative immunotherapy predictor in non-small cell lung carcinoma (NSCLC) patients, and STK11 mutations were associated with worse survival than those without mutations (22). STK11 alterations were shown to be less frequent in the PD-L1-H group in this study, confirming their negative predictive ability. Loss of ARID1A was reported to be associated with increasing TMB, TILs, and PD-L1 expression in ovarian clear cell carcinoma and gastric carcinoma (23–25), and patients with ARID1A deficiency had a higher response rate to immunotherapy (26). Conversely, we found a higher mutation rate of ARID1A in the PD-L1-L group; therefore, ARID1A alterations should be further confirmed as predictive biomarkers for immunotherapy in HPV(+)OPSCC. Similarly, POLE alterations were associated with increased TMB, CD8+ cytotoxic T cells and longer OS following immunotherapy, and patients with POLE mutations were selected for related clinical trials (27). Amplification of CD274, which encodes PD-L1, was similarly associated with immunotherapeutic sensitivity despite being less frequently detected in HNSCC (3.1% as reported) (14). POLE and CD274 alterations, both of which were favorable predictors of immunotherapy, were also enriched in the PD-L1-H group with marginal significance, and the lack of amplification of CD274 in the PD-L1-L group further confirmed the accuracy of this study. PTEN loss was one of the most frequent genomic alterations found in this study, and it conferred immunotherapy resistance in animal models (28), however, the levels of PTEN were not significantly different among the PD-L1 groups. Although KMT2D, KDM5A, and ASXL1 were not reported to be correlated with immunotherapy, the fact that they exhibited some distinct change based on CPS indicates that further research is needed to determine their impact on immunotherapeutic effects.

Genes of the APOBEC family, which may inhibit HPV infection activity, were found to be highly expressed after the anti-viral innate immune response was activated (29). At the same time, the APOBEC family may accelerate host genome mutagenesis, resulting in the accumulation of APOBEC mutation signatures (signatures 2 and 13). APOBEC family cytosine deaminase editing mutation signatures were found to be significantly higher in HPV(+)OPSCC than in HPV(-)HNSCC (30), suggesting that APOBEC editing and innate viral immune response are the principle drivers of HPV(+)OPSCC mutation. The APOBEC mutation signature was shown to be significantly more frequent in the PD-L1-H group herein. Notably, the POLE mutation, which is associated with APOBEC, also occurred more frequently in the PD-L1-H group than PD-L1-M and PD-L1-L group. As a result, the higher PD-L1 expression group was thought to have a greater immune evasion and innate immune response, increasing the APOBEC mutation signature and associated gene mutations. We also compared additional mutation signatures, including the dMMR/MSI mutation signature in various CPS groups and found no significant differences.

The analysis of immune signatures among different CPS groups classified by methodologies A, B, and C revealed several differentially expressed genes that have been linked to various functions in immune regulation. The chemokine XCL1 was shown to predict the response to pembrolizumab in NSCLC (31), while CCL17 could boost the Th2-type immune response (32), and both were positively associated with CPS. The genes in the PD-L1-H group that were expressed at lower levels exhibited a negative relation with immunotherapy. CCL26, for example, has been shown to be highly expressed in recurrent hepatocellular carcinoma (HCC) (33), while CXCL2 is highly expressed in STK11-mutated NSCLC, which has a poorer response rate to ICIs (34). Notably, STK11 mutations were rarer in the PD-L1-H group than the other two groups herein. Interleukins IL11 and IL11RA were shown to be more abundant in the higher CPS group classified by methodologies A and B respectively, and they were also found to serve as favorable predictors of immunotherapy and prognosis. IL11 was found to be positively associated with immune cell infiltration in HCC, while IL11RA was associated with a better prognosis in breast cancer (35). In terms of interferons and receptors, IFNGR2 conferred sensitivity to T-cell mediated cytotoxic activity and enhanced the anti-tumor effectiveness of CD8+ T cells in vitro, while high expression of IFNB1 was associated with chemotherapy resistance and a poor prognosis in glioblastoma (36, 37). Similarly, the cytokine TGFBR1, which is associated with PD-L1 expression in pancreatic adenocarcinoma, was shown to be highly expressed in the PD-L1-H group (1). Conversely, higher expression of cytokine CSF2, which was expressed at lower levels in the PD-L1-H group, predicts worse immunotherapeutic responses for stage III/IV melanoma patients (7). Therefore, the identification of differentially expressed genes in various CPS groups adds to our understanding of the immune microenvironment of HPV(+)OPSCC and offers prospective prognostic predictors or potential immunotherapy targets for future research.

Overall, 73.2% HPV(+)OPSCC had intermediate or high PD-L1 expression, and patients with higher PD-L1 expression tend to have better prognosis with marginal significance. Non-smoking patients, as well as those with tumors occurring at the tonsils or those that had rich TILs tended to show higher PD-L1 expression. Patients whose CPS≥20 had significantly higher TMB, and whose PD-L1 expression was positively associated with increased CD8+ TILs infiltration, supporting the idea that TMB-H could be used as an ICI efficacy biomarker in HPV(+)OPSCC. In mIF analysis, we found that PD-L1 expression reflected the immune-active status of the tumor, as the PD-L1-H group had higher T cell infiltration, especially in TB regions. The enrichment of ARID1A and STK11 alterations in low PD-L1 group may confer immune-suppression in this group. The enrichment trend of CD274 and POLE alterations in high PD-L1 group may be the reason for the immune-active status of the tumor. The APOBEC-associated mutation signature enriched in the PD-L1-H group also reflected higher innate viral immune responses in HPV(+)OPSCC. High expression of immune-related markers such as XCL1 and IL11 in the high PD-L1 group could explain the ICI efficacy prediction value of PD-L1. Overall, our study provides insight into the understanding of clinicopathological, tumor-immune-microenvironmental and molecular features of HPV(+)OPSCC based on PD-L1 expression and offers valuable information for deciding on a precise immunotherapeutic approach for HPV(+)OPSCC, as well as increasing understanding of immunotherapy mechanisms.
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Vasculogenic mimicry (VM) is a kind of tumor vasculature providing blood supply for tumor growth, and the formation of VM is independent of vascular endothelial cells. Instead, VM structures are formed by differentiated tumor cells such as nasopharyngeal carcinoma cells. Recently, studies have shown that anti-angiogenic therapy failed to improve the overall survival for patients, namely, nasopharyngeal carcinoma patients. The existence of VM structure is probably one of the reasons for resistance for anti-angiogenic therapy. Therefore, it is important to study the mechanism for VM formation in nasopharyngeal carcinoma. In this study, the bioinformatic analysis revealed that microRNA-125a-3p (miR-125a) was highly expressed in normal nasopharyngeal epithelial tissue than in nasopharyngeal carcinoma. An in vitro study demonstrated that miR-125a plays an inhibitory role in nasopharyngeal carcinoma cell migration and VM formation, and further studies confirmed that TAZ is a direct downstream target for miR-125a. On this basis, we artificially engineered human mesenchymal stem cells (MSCs) to generate exosomes with high miR-125a expression. Treatment with these miR-125a-over-expressing exosomes attenuated the migration and VM formation in nasopharyngeal carcinoma cells. In addition, the inhibitory role of these exosomes on VM formation and migration in nasopharyngeal carcinoma was also confirmed in vivo. Overall, the current study shows that MSCs can be utilized to generate exosomes with high miR-125a level, which could be therapeutic nanoparticles targeting VM formation in nasopharyngeal carcinoma and used as a complement to anti-angiogenic therapy in the future.
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Introduction

Nasopharyngeal carcinoma (NPC) is a unique class of head and neck malignant tumor, and is endemic in eastern parts of Asia and North Africa (1, 2). Standard treatment for NPC is radiotherapy (RT) for early-stage lesions or chemoradiotherapy for more advanced lesions. Although recent improvement in treatment has been achieved, many NPC patients still have poor prognosis, suffering distant metastases or locoregional recurrence (3), which is one of the predominant reasons for therapy failure.

Angiogenesis is a hallmark of cancer which is essential for growth, invasion, and metastases of tumors, and has long been proposed as a therapeutic target in oncology (4). Studies have focused on the angiogenesis involving endothelial cells activation and recruitment of new vessels in tumor. However, clinical trials in head and neck squamous cell carcinoma (HNSCC) show that anti-angiogenic drugs such as bevacizumab, have not showed apparent improvement in efficacy (5). In some cases the anti-angiogenic therapy is discontinued due to poor response to treatment and life-threatening side effects (6). The reason may be that the blood supply in a tumor is partially dependent on non-endothelial cell vessels.

Vasculogenic mimicry is the channel conducting blood or other liquid formed by genetically dysregulated tumor cells rather than endothelial cells (ECs). Periodic acid-Schiff (PAS) staining combining with CD34 immunohistochemistry (IHC) can be used to detect the structure of VM (7). VM has been shown to be present in various malignant tumors (8), namely, NPC (8), which is associated with tumor metastasis (9) and poor prognosis (7). Since the structure of VM is composed of cancer cells, the benefit of VEGF-targeted therapy which is focused on ECs is limited and unsatisfied. The transcriptional symbol of ‘VM Formation’ (10) shares similarities with that of ‘stemness’ and ‘Epithelial-to-Mesenchymal Transition (EMT)’, both of which are key characteristics relative to tumor development during invasion and resistance to radiation treatments or chemotherapy drugs (11). Besides, EBV infection confers neovascular features in epithelial cancers especially in NPC by promoting VM formation (8).

MicroRNAs (miRs) are small noncoding, single-stranded RNAs, which are now known to play an vital role in tumor malignancy (12, 13). MiR-125a is located on chromosomes 19, 11, and 21 and is believed to be involved in proliferation, apoptosis, migration and invasion in diverse cancers. In NPC, miR-125a was downregulated and associated with chemotherapy sensitivity (14) and radiation sensitivity (15).

Exosomes are membrane-bound vesicles which can be secreted by different cells. The diameter of exosomes is reported to be 30–150 nm. Exosomes are found to be important messengers for cell–cell communication (16) transferring molecules such as protein or nucleic acids from cells to cells. Some exosomes act as suppressor for tumor growth and thus have the potential function for tumor treatment (17). Mesenchymal stem cells (MSCs) are multipotent stromal cells (18), which have the potential to treat a variety of diseases (19), and could be used for tumor treatment (20). Moreover, large amounts of MSC-derived exosome are reported to be enriched in tumors (21). Thus, MSC-exosomes could serve as therapeutic vehicles for NPC transferring anti-tumor miRs.

In this study, we report for the first time that miR-125a inhibits invasion, migration and VM formation in NPCs via inhibiting TAZ. Furthermore, we confirmed that MSC-exosomes could be engineered and used as anti-tumor vehicles containing miR-125a to inhibit invasion, migration, and VM formation in NPC cells in vivo and in vitro.



Materials and Methods


Quantitative Real-Time PCR (qRT-PCR)

Trizol reagent (Invitrogen, USA) was used to extract the total RNA in NPC cell lines. Then the reverse transcription was continued referring to the protocol by High Capacity cDNA Reverse Transcription Kit (Biosystems). The cDNA was utilized for real-time PCR via Mx-3000P Quantitative PCR System (Stratagene). GAPDH and U6 were selected as control group. The following were the primer sequences for different genes: miR-125a-5p forward, 5′-GGTCA TTCCCTGAGACCCTTTAAC-3′; reverse, 5′-GTGCAGG GTCCGAGGT-3′. TAZ forward, 5′-ACCCACCCACGATGACCCCA-3′; reverse, 5′-GCACCCTAACCCCAGGCCAC-3′; GAPDH, forward, 5′-GGAGCCAAAAGGGTCATCAT-3′; reverse, 5′-GTGATGGCATGGACTGTGGT-3′. U6 forward, 5′-CTCGCTTCGGCAGCACA-3′; reverse 5′-AACGCTTCACGATTTGCGT-3′. The relative mRNA level was normalized by the expression of GAPDH, and the relative miR level normalized by expression of U6. The independent experiments were performed 3 times, each of which used 3 samples independently.



Target Prediction

The TAZ gene was queried by the miRNA target prediction sites TargetScan (Human) (http://www.targetscan.org/), miRbase (http://www.mirbase.org/) and miRDB (http://mirdb.org/miRDB). The scores and strength of binding sites for predicted target were detected. The miRNAs overlapping in more than 2 searches were selected for further studies.



Databases

The clinical information and also microRNA expression levels for clinical samples in NPC and HNSCC were acquired from the GEO (Gene Expression Omnibus) database (NCBI/GEO/GSE32960) and TCGA database (https://tcga-data.nci.nih.gov/tcga/). All the data were analyzed with GraphPad Prism.



Cell Culture

NPC cell lines such as HONE-1, 6-10B, and 5-8F were maintained in our lab and cultured in RPMI 1640 medium (GIBCO) with 10% FBS, supplemented with 100 U/ml penicillin and 100 mg/ml streptomycin. The keratinocyte serum-free medium (KSFM, Invitrogen, Carlsbad, CA, USA) with human recombinant epidermal growth factor (rEGF) was used to culture the NP-69 cells and NP-460 cells which were immortalized nasopharyngeal epithelial cell line. The 293 T cells were maintained in our lab and were cultured for luciferase reporter assay.



Exosome Preparation

MSC were cultured and the exosomes were isolated from the conditioned medium using Exosome isolation Kit—Serum and Plasma (Exiqon) according to protocol, the procedures of which were performed in previous studies (22). The electron microscopy and nanoparticle tracking technology (Nanosight™) were used for identification for exosomes.



Luciferase Reporter Assays

The pGL3-TAZ and pGL3-mutTAZ reporter genes were both established by Bio-Asia (China). The luciferase reporters and the miR-125a mimics were both transfected in 293T cells. The activity of the reporter protein was detected by a luciferase assay kit (Promega) after transfected for 48 h with reference to the instructions.



IHC (Immunohistochemistry) for Tissues

The paraffin-embedded tissues were sliced and heated for further investigation. After deparaffinized, rehydrated and antigen retrieving, the slides were blocked with goat serum and incubated with primary antibody (Abcam) at 25°C for 4 h. After the usage of a secondary antibody and DAB (3,3′-diaminobenzidine) substrate solution, the picture were captured. Matrix-associated vascular channels including the vasculogenic mimicry structure were detected by PAS staining. Images for all the slides were captured by Leica DM 2500 microscope.



Assay for VM Formation

Matrigel were coated in 96 wells plates (50 μl/well), and NPC cells (6-10B and 5-8F) were seeded in the wells (3 × 104 cells per well) and cultured for 18 h by RPMI 1640 medium without FBS. Images were took after 36 h using Leica DM 2500 microscope randomly.



MiR-125a Overexpressing and Knockdown

The miR-125a mimics, miR-125a inhibitors and corresponding negative control were purchased from Genepharma (Shanghai, China). Lentiviruses expressing miR-125a, inhibiting miR-125a and the scrambled control were constructed by Genechem (Shanghai, China). The transfecting with lentivirus were performed at MOI = 10 in the NPC cells and at MOI = 10 in the human mesenchymal stem cells.



Transwell Migration Assays

NPC cells were seeded in the top chamber cultured by serum-free media. The bottom chamber was filled with RPMI 1640 medium containing 15% FBS. After 36 h (6–10 B) or 24 h (5–8 F) of incubation, the cells were simply removed and fixed with 4% paraformaldehyde in the top chamber for 20 min, and then stained with giemsa solution for 20 min. Five fields per well were photographed at random.



Tumour Xenograft Mouse Model

A total of six BALB/c nude mice (male, 4–5 weeks old) were purchased in the SLAC Laboratory Animals (Shanghai), and were randomly divided into 2 groups. After disinfection, stably transfected cells (1 × 107 cells/ml, 0.2 ml of cell suspension) were subcutaneously injected at the left groin. Tumor growth was detected, and the diameters of long (a) and short (b) for each tumor were measured every 3 days. Tumor volumes were calculated as V = 0.5 × a × b2 and then the tumor growth curves were generated.



Western Blotting

The cultured cells were harvested using RIPA cell lysis buffer. All the protein lysates in different groups were loaded and separated by SDS-PAGE, and the SDS PAGE gel were transferred to a polyvinylidene difluoride (PVDF) membrane. The blots were incubated with primary antibodies against TAZ (Proteintech; China), LAMB2 (Proteintech; China), N-cadherin (Cell Signaling Technology; USA), E-cadherin (Cell Signaling Technology; USA), MMP2 (Cell Signaling Technology; USA), MMP9 (Cell Signaling Technology; USA), and GAPDH (Abcam; UK). The enhanced chemiluminescence (ECL, Millipore, USA) was utilized for visualizing the protein bands. The intensity of the protein bands was analysed via ImageJ 1.52a software (National Institutes of Health, USA) and normalized to the bands of GAPDH.



Wound-Healing Migration Assay

NPC cells were cultured in RPMI 1640 medium containing 15% FBS in 6-well plates at 37 °C for 24 h. Wounds were generated by scratching with 200 ul sterile pipet tips, and washed 3 times with phosphate-buffered saline (PBS). After wounds were made, cells were cultured in RPMI 1640 medium containing 1% FBS. Then images were captured at the time 0 h and 36 h after wounding.



Statistical Analysis

All statistical data were analyzed using GraphPad Prism 7.00 software. Student’s t-test was used for calculating significance between two groups, and one-way ANOVA was used for multiple comparisons. Kaplan–Meier survival curves were also analyzed via log-rank tests using GraphPad Prism 7.00 software. All tests were two-sided, and p-values <0.05 were considered statistically significant. All data are presented as the mean ± standard error of the mean. Bar graphs represent mean and SD or mean and SEM across three independent experiments.




Results


miR-125a Level is Downregulated in NPC Tissues and Cell Lines and is Associated With Patient Prognosis

To identify miRNA candidates involved in NPC initiation and progression, we analyzed and compared microRNA expression levels between NPC tissue and normal nasopharynx tissue using the Gene Expression Omnibus (GEO) database (NCBI/GEO/GSE32960). Heatmap (23) (Figures 1A, B) and volcano plot (Figure 1C) visualization of gene expression were constructed, and we found that miR-125a significantly decreased in NPC tissue samples compared to normal nasopharynx samples. An absolute fold-change cut-off of ≥1.5 was used for statistical analysis. Indeed, miR-125a was significantly downregulated in 79.10% NPC patients (n = 311). In the rest of NPC patients, miR-125a expression level also exhibited a tendency of declination, although the differences failed to reach the statistical significance (Figures 1D, E). In addition, patients with high expression of mir-125a had higher survival rate as well as better prognosis (Figure 1F). The TCGA database validated the downregulation of mir-125a in HNSCC (Figure 1G). Moreover, the normal nasopharynx cell lines displayed the higher miR-125a expression than NPC cell lines (Figure 1H).




Figure 1 | MiR-125a is downregulated in NPC tissues and cell lines. (A) Heat map of top 250 differentially expressed genes. (B) Illustration of top 8 downregulated genes. (C) Volcano plot of differentially regulated microRNAs. (D) Waterfall plot for mir-125a expression level of each NPC patient (NCBI/GEO/GSE32960). (E) Pie chart summarizing percentage of miR-125a level of NPC patients, a fold change>2 or <1/2 was defined as significant. (F) Kaplan–Meier survival curve in miR-125a low and high expression NPC cases (NCBI/GEO/GSE32960). (G) Box plot for miR-125a level in HNSCC and normal tissue in the TCGA database. (E, H) Relative mir-125a expression in normal nasopharynx cell lines and NPC cell lines. (*P < 0.05; ****P < 0.0001).



To sum up, these results indicated that the low level of miR-125a is related to development of NPC cells.



miR-125a-3p Inhibits Invasion, Migration and VM Formation in NPC Cells

We showed VM structures in NPC tissue by double staining with PAS and CD34, in line with previous studies in other neoplasms. VM structures could be observed in NPC tissues, which were negative for vascular endothelial marker CD34 but positive for PAS (Figure 2A). We also found that the high graded of NPC stage is correlated with the higher level of VM structure, indicating that VM structures are related to advanced-stage and poor prognostics (Figure 2A). Then we conducted VM formation assay and found that over-expression of miR-125a hampered VM-forming abilities (Figure 2B). In contrary, inhibition of miR-125a promoted the formation of VM in NPC cells (Figure 2B).




Figure 2 | MiR-125a decreases the level of VM formation, migration and EMT level of NPC cells. (A) NPC tissue at different stage (AJCC TNM Staging System 2017) staining by PAS/CD34 and corresponding histogram. (B) VM formation assay (left panel) and bar graph showing relative number of VM (right panel). (C) Invasion and migration transwell assay and histogram showing cell counting per field. (D) Wound healing assay. (E) Western blot assay detecting EMT-related protein. (*P < 0.05; **P < 0.01; ***P < 0.001).



As the transcriptional signature of VM is associated deeply to migration ability and Epithelial-to-Mesenchymal Transition (EMT) (24), we therefore detected the invasion and migration characteristics (Figures 2C, D) and EMT-related protein level (Figure 2E) of NPC cells. We found that upregulation of miR-125a decreased the invasion and migration ability of NPC cells (Figures 2C, D). Furthermore, results for western blot assays also showed that after overexpression of miR-125a, the expression level of mesenchymal marker N-cadherin was significantly downregulated, whereas a moderate elevation was observed in E-cadherin, which is a well-defined epithelial marker, indicating that miR-125a was a suppressor for EMT in NPC cells. Accordingly, migration marker MMP9 and VM marker LAMB2 was simultaneously decreased after miR-125a transfection, suggesting the inhibitory role of miR-125a on NPC migration and VM formation (Figure 2E). These results demonstrated that low level of miR-125a triggered formation of VM and may play a vital role in tumor progression in NPCs.



miR-125a Targets TAZ in NPC

To determine the target of miR-125a in NPC, we firstly detected the differentially expressed genes using TargetScan (http://www.targetscan.org/), miRwalk (http://mirwalk.umm.uni-heidelberg.de/), miRDB (http://mirdb.org/) and the TCGA database for prediction, and 25 genes were selected (Figure 3A).




Figure 3 | TAZ is the downstream target of miR-125a. (A) Venn diagram shows peak overlapping of the four factors. (B) GSEA for TAZ in HNSCC based on TCGA database. (C) Kaplan–Meier analysis in HNSCC patients. (D) Predicted binding sites and the designed mutant versions for miR-125a in the TAZ 3’-UTR. (E) Luciferase activity was decreased when miR-125a was overexpressed in 293T cells. (F) Western blot assay detecting TAZ and EMT-related proteins. (*P < 0.05; **P < 0.01).



We subsequently identified the candidate target-genes according to the following criteria: (1) metastasis-related genes in NPC based on LinkedOmics (http://www.linkedomics.org/) (25); and (2) had the definite function of tumor suppressor based on literature review. Finally we selected TAZ to be a potential target of miR-125a. TAZ (tafazzin) is negatively associated to adherens junction and cell adhension moleculars according to the Gene Set Enrichment Analysis (Figure 3B), which indicated that TAZ has the positive correlation with metastasis.

Kaplan–Meier survival curves in HNSCC were constructed using the TCGA clinical data, and low TAZ level were prognostic of better overall survival in HNSCC patients (Figure 3C). TAZ activation is widespread in many human tumors, and closely related to EMT progression (26). The luciferase activity in miR-125a-transfected 293T cells decreased significantly, which demonstrated that miR-125ap directly targeted TAZ (Figures 3D, E).

Furthermore, the effects of the knockdown of TAZ resembled the effects of miR-125a overexpression, which decreased the protein levels of E-cadherin, LAMB, MMP9, and N-cadherin (Figure 3F).



miR-125a Inhibits Migration and VM Formation via TAZ

To verify that TAZ plays a crucial role along the tumor-suppressive biological progression of miR-125a, we performed a rescue experiment by over-expressing both miR-125a and TAZ in NPC cells.

After rescuing the expression of TAZ, the number of VM tunnel reduced compared to that in group of TAZ-high expression (Figure 4A). To further confirm the opposing effects of miR-125a and TAZ in NPC cells, we conducted transwell assay (Figure 4B) and wound healing assay (Figure 4C). The results indicated that invasion and migration showed a significant reduction when co-transfecting miR-125a and TAZ in NPC cells.




Figure 4 | TAZ mediates the tumor suppressing function of miR-125a. (A) VM formation assay (left panel) and bar graph showing relative number of VM (right panel). (B) Invasion and migration transwell assay and histogram showing cell counting per field. (C) Wound healing assay. (ns, not significant; **P < 0.01; ***P < 0.001).



Altogether, these results show that TAZ has pro-metastasis roles, which expression was directly suppressed by miR-125a.



Transfected MSCs Packaging miR-125a Into Exosomes Which Can Suppress NPC Cells

As the MSCs are known to package miRs into exosomes (18), we hypothesized that after transducting miR-125a in MSC, MSCs would package miR-125a into exosomes and release these exosomes (EXO-miR-125a), which is of therapeutic importance.

To validate the hypothesis, MSCs was transfected with miR-125a or scramble vector, and then exosomes were harvested from the medium and detected by electron microscopy (Figure 5A). Western blot verified further that the nanoparticles contained the exosome markers TSG101 and CD9 but absent for endoplasmic membrane marker calnexin (Figure 5B). The expression level of miR-125a in MSC exosomes was confirmed by PCR, and the level of miR-125a was increased after transfection (Figure 5C).




Figure 5 | Anti-tumor effect of MSCs-exosomes overexpressing miR-125a in vitro. (A) Electron microscopic photographs of MSC-derived exosomes. (B) Western blot analysis showing the presence for TSG101 and CD9 and the absence of calnexin in exosomes. (C) miR-125a expression in NPCs detected by qRT-PCR after treatment with EXO-NC or EXO-miR-125a. (D) Transwell assay with histogram for cell numbers. (E) Wounding assay detected at 0 and 36 h respectively. (F) VM formation assay with quantified chart. (G) Western blot assay detecting EMT-related proteins. (ns, not significant; *P < 0.05; **P < 0.01; ***P < 0.001).



Transwell assays and wounding assays were performed for NPC cells pre-treated with exosomes for 48 h. The results indicated that EXO-miR-125a decreased migration of NPC cells (Figures 5D, E). The VM formation capacity was reduced by miR-125a-transfected MSC exosomes (Figure 5F), which is in accordance with the VM inhibitory capability of miR-125a. Furthermore, the results of western blot showed that EXO-miR-125a decreased the invasion markers (N-cadherin and MMP9) and VM formation marker LAMB2 in 5–8F and 6–10B cell lines (Figure 5G).



miR-125a via Exhibits Therapeutic Efficacy in Treating Xenograft Model

To extend our findings in vivo, we established the mouse subcutaneous xenograft model of 6–10B cells (Figure 6A). Xenografted mice were randomized to receive EXO-NC or EXO-miR-125a treatment.




Figure 6 | EXO-miR-125a suppressed tumor growth and VM formation in vivo. Mice were subcutaneously injected with 6–10B cells, and treated by exosomes. (B) Tumor volumes were monitored every 3 days. (C) After sacrifice, tumor weights were measured. (D) Representative images of the tumor HE staining and CD34-PAS staining of VM structures. (E) Representative images of tumor sections processed in the TUNEL assay (*P < 0.05).



The tumor burden of mice in the EXO-miR-125a group was much smaller than that in EXO-NC group (Figure 6B), and similarly, the solid tumor weight taken at day of sacrifice was lower (Figure 6C).

Moreover, CD34/PAS staining indicated that EXO-miR-125a treatment hampered the VM formation abilities (Figure 6D), and TUNEL assay demonstrated that EXO-miR-125a enhanced the level of apoptosis of tumor cells. These results suggesting that exosomal miR-125a, plays a role in the anti-tumor efficacy in vivo.




Discussion

Tumor growth depends closely on the formation of new blood vessels for their supply of oxygen and nutrients through not only angiogenesis (27), which is a promosing target for anti-tumor therapy. Several clinical trials for anti-angiogenic therapy have been evaluated in the field of NPC (28), focusing on VEGF inhibitor Bevacizumab or Sunitinib inhibiting vascular formation. However, despite the tumor shrinking in part of patients, the studies have been discontinued due to the severe side effects such as hemorrhaging. Besides, VEGF inhibition has been shown to induce hypoxic micro-environment which reduces therapeutic effectiveness (29). These evidences show that anti-VEGF therapy remain suboptimal. Additionally, some other pathways of vessel formation may exist in NPC that are able to bypass VEGF-promoted angiogenesis.

VM, defined by PAS+/CD34− staining, are tube-like structures that imitate the function of endothelial blood vessels. VM has been described in NPC (30) and associated with rapid disease progression and poor patient outcomes (10). Epstein–Barr virus (EBV), plays a crucial role in NPC malignant behaviors, which is also associated with VM formation. Cells infected with EBV readily form the VM structures were evident in NPC and EBVaGC biopsies (8, 31). Evidence supports that VM structures promote tumor dissemination and metastasis (32). Furthermore, the formation of VM is strongly associated with the abnormal expression of several miRs, suggesting that miRs are potential targets for anti-VM therapy (9).

In this study, we revealed that miR-125a, which is a tumor suppressor in various malignant tumors (33), attenuates migration and VM formation in NPCs. Farias et al. found that VM formation was associated with a poor prognosis in NPC (34), which is consistent with the results in this study. We also found that VM formation is increased by low-level of miR-125 targeting TAZ, a key functional component of the Hippo pathway (35), which plays vital roles in tumor proliferation and invasion. Based on the findings above, we further provided information to clarify the role of miR-125a and TAZ in VM structure formation and NPC pathophysiology, which may be of great importance for NPC therapy (36). Other molecular components in Hippo-pathway besides TAZ may also be contributory and deserve further study.

The use of MSCs as delivery vehicles has been well studied in different diseases (37). It has been reported that MSCs could be used for anti-tumor agents delivery (38). However, intravenous administrated MSCs are possibly trapped in lungs due to their large size (39). Considering this limitation, MSC-derived exosomes could be alternatively utilized for anti-tumor agents delivery (40). The use of miR-carrying exosomes in NPC therapy remains relatively novel and unexplored. Extracellular vesicles such as exosomes are naturally released from MSCs (20). In current study, we artificially engineered human MSC by upregulating miR-125a and collected the exosome. Intriguingly, we found that the exosome contained large amount of miR-125a, and treating NPCs with miR-125a-carrying exosomes inhibits VM formation both in vitro and in vivo. The study did have limitations in our technical capabilities. First, preclinical models such as organoids were not used, which recapitulate structural and functional aspects of tumor precisely in vivo (41, 42). Second, further studies are awaited investigating the relationship between EBV infection with VM formation. Overall, our result provides strong evidence for the translational feasibility and efficacy of a therapeutically delivery mechanism, exosomal miR-125a.
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Immune checkpoint inhibitors (ICI) have provided significant improvement in clinical outcomes for some patients with solid tumors. However, for patients with head and neck cancer, the response rate to ICI monotherapy remains low, leading to the exploration of combinatorial treatment strategies. In this preclinical study, we use an oncolytic adenovirus (Ad5/3) encoding hTNFα and hIL-2 and non-replicate adenoviruses (Ad5) encoding mTNFα and mIL-2 with ICI to achieve superior tumor growth control and improved survival outcomes. The in vitro effect of Ad5/3-E2F-D24-hTNFa-IRES-hIL-2 was characterized through analyses of virus replication, transgene expression and lytic activity using head and neck cancer patient derived cell lines. Mouse models of ICI naïve and refractory oral cavity squamous cell carcinoma were established to evaluate the local and systemic anti-tumor immune response upon ICI treatment with or without the non-replicative adenovirus encoding mTNFα and mIL-2. We delineated the mechanism of action by measuring the metabolic activity and effector function of CD3+ tumor infiltrating lymphocytes (TIL) and transcriptomic profile of the CD45+ tumor immune compartment. Ad5/3-E2F-D24-hTNFa-IRES-hIL-2 demonstrated robust replicative capability in vitro across all head and neck cell lines screened through potent lytic activity, E1a and transgene expression. In vivo, in both ICI naïve and refractory models, we observed improvement to tumor growth control and long-term survival when combining anti-PD-1 or anti-PD-L1 with the non-replicative adenovirus encoding mTNFα and mIL-2 compared to monotherapies. This observation was verified by striking CD3+ TIL derived mGranzyme b and interferon gamma production complemented by increased T cell bioenergetics. Notably, interrogation of the tumor immune transcriptome revealed the upregulation of a gene signature distinctive of tertiary lymphoid structure formation upon treatment of murine anti-PD-L1 refractory tumors with non-replicative adenovirus encoding mTNFα and mIL-2. In addition, we detected an increase in anti-tumor antibody production and expansion of the memory T cell compartment in the secondary lymphoid organs. In summary, a non-replicative adenovirus encoding mTNFα and mIL-2 potentiates ICI therapy, demonstrated by improved tumor growth control and survival in head and neck tumor-bearing mice. Moreover, the data reveals a potential approach for inducing tertiary lymphoid structure formation. Altogether our results support the clinical potential of combining this adenovirotherapy with anti-PD-1 or anti-PD-L1.
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Introduction

Head and neck cancer is the sixth most common cancer worldwide and is anticipated to increase 30% by 2030 to 1.08 million new cases annually (1, 2). The majority of cases (90%) are head and neck squamous cell carcinomas (HNSCC) located in the upper aerodigestive tract (3). Existing treatment strategies for HNSCC rely on surgical resection, sometimes in combination with radiotherapy and/or chemotherapy, or radical chemoradiation. However, the majority of patients with advanced stage disease develop recurrence or distant metastases (4–6). Consequently, the 5-year overall survival remains modest (~60%), while patients with unresectable, advanced and metastatic disease, have a significantly poorer prognosis with an expected survival of less than 12 months (7, 8). Therefore, there is an urgent need to develop additional treatment strategies capable of improved therapeutic efficacy against both HPV positive and negative HNSCC.

Recent advances in immunotherapy, such as immune checkpoint inhibitors (ICI), have provided clinical benefits for a subpopulation of HNSCC patients, in the form of survival (9, 10). However, only approximately 20% of HNSCC patients receive measurable benefits from treatment with programmed death 1 (PD-1) or programmed death ligand 1 (PD-L1) blocking antibodies (11). Moreover, patients initially responding to ICI may develop disease progression, becoming refractory (12). ICI resistance has been categorized into innate (primary) and acquired (secondary) resistance (13). Mechanistically resistance derives from genetic and epigenetic alternations which can prevent T cell recruitment, lead to inadequate metabolic and effector immune cell functions and ultimately shape the tumor microenvironment towards immunosuppression (13). As a result, multiple studies aiming to increase the potency and duration of response to ICIs through combinatorial approaches are now under investigation.

Oncolytic viruses (OVs) are a class of immunotherapeutic agents, capable of inducing a potent immune response, through selective lysis of tumor cells, release of tumor-associated antigens and facilitation of epitope spreading (14). OVs can be further modified to contain immunostimulatory transgenes, designed to further amplify the antitumor immune response. Adenoviruses make up one family of well-characterized OVs with these capabilities, yet also have distinct inherencies, including an ability to prime CD4+ T cells with mGranzyme-mediated cytotoxic function and PD-1 sensitivity (14, 15).

We have previously developed a novel chimeric oncolytic adenovirus (Ad5/3-E2F-D24-hTNFa-IRES-hIL-2; also referred to as TILT-123) encoding tumor necrosis factor alpha (TNFα) and interleukin-2 (IL-2) (16, 17). This virus has shown promising safety and survival in pre-clinical studies. Additionally, the virus selectively replicates in cancer cells, resulting in the release of danger-associated-molecular-patterns (DAMPs) and pathogen-associated-molecular-patterns (PAMPs) and promotes the influx and propagation of a potent anti-tumor immune cells in the tumor (18–20). Consequently, phase 1 clinical trials using Ad5/3-E2F-D24-hTNFa-IRES-hIL-2 as a monotherapy and in combination with tumor infiltrating lymphocyte (TIL) therapy are currently ongoing in solid tumors and in metastatic melanoma patients (NCT04695327, NCT04217473, respectively).

We have previously reported that combining adenovirus-mediated delivery of mTNFα and mIL-2 with anti-PD-1 or anti-PD-L1 is beneficial, in models of ICI naïve and resistant murine B16.OVA melanoma (21, 22). Here we investigated the effectiveness of adenovirus mediated delivery of IL-2 and TNFα for treating HNSCC. For this purpose, we employed a highly immunogenic (MOC1) (ICI sensitive) and poorly immunogenic (MOC2) (primary ICI resistant) syngeneic model of treatment naïve oral cavity cancer, in which we observed superior tumor responses and survival when combining ICI (anti-PD-L1 or anti-PD-1) with Ad5-CMV-mTNFα/mIL-2 (a murine version of TILT-123).

Since acquired ICI resistance is the situation with the most unmet clinical need, we developed a mouse model allowing testing of our hypothesis in the refractory setting. Analysis of TILs revealed greater activation and bioenergic status, accompanied by increased Interferon gamma (IFNγ) and mGranzyme b, following combination therapy. Notably, differential gene expression analysis of ICI resistant MOC1 tumors treated with anti-PD-L1 and Ad5-CMV-mTNFα/mIL-2 revealed a tertiary lymphoid structure (TLS) hallmark gene signature associated with increased anti-tumor antibody production and Natural Killer cell (NK)-mediated cytotoxicity. These findings support the rationale for clinical investigation of the combination of ICI therapies with Ad5/3-E2F-D24-hTNFa-IRES-hIL-2 for treating HNSCC patients.



Methods


Cell Lines and Viruses

The UT-SCC cell lines were established from HNSCC tumors at the Department of Otorhinolaryngology-Head and Neck Surgery, Turku University Hospital (Turku, Finland) by Prof. Reidar Grènman (23). HSC-3 is from the Japanese Health Science Research Resources Bank, Osaka, Japan. All these cells were cultured in Dulbecco’s Modified Eagle Medium (DMEM) supplemented with 2 mM L-glutamine, 10% fetal bovine serum, non-essential amino acids solution, 1% penicillin, and 1% streptomycin. Their clinical information can be found in Table 1. MOC1 and MOC2 were purchased from ATCC and cultured according to the recommended conditions. The construction of Ad5/3-E2F-D24-hTNFa-IRES-hIL-2, Ad5/3-E2F-D24, Ad5-CMV-mIL-2, Ad5-CMV-mTNFα and Ad5-Luc is described elsewhere (16, 17).


Table 1 | Head and neck cell line characteristics.





Cell Viability Assay

For human HNSCC cell line analysis, cells were seeded at 1x104 cells/well, were left to rest for 24 hours in 37°C and infected with 1, 10, 100 and 1000 VP/cell of Ad5/3-E2F-D24-hTNFa-IRES-hIL-2 or Ad5/3-E2F-D24. Then, the cell viability of the HNSCC cell lines was determined by MTS on day 2, 6, 10. Wells were incubated for 2 hours with 40 µl of CellTiter 96 AQueous One Solution Proliferation Assay reagent (Promega, Wisconsin, USA). Absorbance was read at 492 nm using a Fluostar OPTIMA analyzer (BMG Labtech, Offenburg, Germany). Each time data-point was normalized to the vehicle control group.



Cell Proliferation Assay

Ten thousand cells were seeded on E-Plate L8 disposable plates (ACEA Biosciences, Agilent technologies) for 24 hours, then infected with Ad5-CMV-mIL-2, Ad5-CMV-mTNFα or Ad5-Luc at 10,000, 1000, 100 and 10VP/cell. Kinetic analysis of the infected cancer cells was then performed and cancer cell line growth inhibition was measured as relative cell impedence using xCELLigence real-time cell analyzer. Data was normalized to the 24 hour point.



Murine Tumor Models

4–6 weeks old female C57BL/6JOlaHsd (immunocompetent) mice were purchased from Envigo (Indianapolis, IN, USA). For the syngeneic mouse model, B6 mice were subcutaneously (right flank) injected with either 2x106 MOC1 cells or 1x105 MOC2 cells in 50μl PBS. Established tumors (stratified randomization) were treated either with intratumoral injection of PBS, 1 × 109 VP of unarmed control virus (Ad5-Luc), 1:1 mixture of non-replicative Ad5-CMV-mTNFα and Ad5-CMV-mIL-2 virus (total 1 × 109 VP) and/or intraperitoneal injection of anti-PD-1 Ab (clone RMP1-14, BioXcell) or anti-PD-L1 Ab (clone 10 F.9G2, BioXcell) (100 µg/injection). Intended number of animals per group was n= 10 but engraftment rate was not 100% (n=8 PBS versus, n=9 antiPD-1/PD-L1, n=8 Ad5-Luc, n=9 Ad5-CMV-mTNFα/mIL-2, n=9 combination). Tumor dimensions were measured with digital calipers and the volumes were calculated as (length × width2)/2. When maximum allowed tumor diameter of 18 mm was reached, animals were immediately euthanized and samples for further analysis were collected. Animals with open wounds (ulcers at the injection site) were euthanized as per animal permit and excluded from the study. Total animals for treatment naïve MOC1 n= 60, MOC2 n=40, refractory MOC1 n=120.



Histopathology

MOC1 tumor fragments were fixed in 10% formalin for 24 hours and preserved in 70% ethanol until further paraffin embedding. Immunodetection was carried out using the Vectastain ABC-HRP (avidin/biotin-peroxidase) kit (Vector Laboratories, Burlingham, CA; ref. PK-4000) according to manufacturer’s instructions. Antigen retrieval for all antibodies was done in citrate buffer pH 6.0, 20 min at 99 °CC. Hematoxylin and eosin (HE), CD3 Rabbit polyclonal (Agilent Dako Code A0452; dilution 1:400), Ki67 Rabbit monoclonal (Clone SP6, Thermo Fisher Scientific Cat number RM-9106-S1; dilution 1:200), CD45r Rat monoclonal (Clone RA3-6B2, BIO-RAD Product code MCA1258G; dilution 1:600), CD19 Rabbit monoclonal (EPR23174-145, Abcam, ab245235; 1:300 dilution), staining were performed in 4–5 µm thickness sections cut from the paraffin blocks. The secondary for Ki67 and CD3 was biotinylated Goat Anti-Rabbit Ab (Vector Laboratories; Cat no BA-1000-1.5) and for CD45R biotinylated mouse adsorbed Goat Anti-Rat Ab (Vector Laboratories; Cat no BA-9401-.5). Images were generated using 3DHISTECH Pannoramic 250 FLASH II digital slide scanner at Genome Biology Unit supported by HiLIFE and the Faculty of Medicine, University of Helsinki, and Biocenter Finland. Quantification of CD19+ was performed using computer assisted image analysis using ImageJ Fiji v1.53c (Wayne Rasband National Institutes of Health, USA). Percentage positivity was determined by thresholding, removing artifacts and gating around the tumor section.



Cytokine Analysis

Treated MOC1 tumors were fragmented and snap-frozen on dry ice and stored at -80°C until further analysis. Tumor fragments were thawed and processed as previously described by our group (25). Samples were stained with Cytometric Bead Array Mouse Th1/Th2/Th17 Cytokine kit (560485, BD) and analyzed on BD Accuri C6 Cytometer (BD, Franklin Lakes, NJ, USA) with FCAP Array Software (BD, Franklin Lakes, NJ, USA) according to the manufacturer’s instructions. Similarly, Human IL-2 and TNFα Flex Sets (558270, 558273, BD) were used for analysis of human IL-2 and TNFα produced by Ad5/3-E2F-D24-hTNFa-IRES-hIL-2 in the human HNSCC cell lines. Cytokine concentration was normalized to the total protein concentration of the culture supernatant, as measured by Qubit™ Protein Assay Kit (Invitrogen™).



Quantitative Real-Time PCR of E1a d24

Human HNSCC patient derived cell lines were cultured as described above. Cells were infected with 100 VP/cell of Ad5/3-E2F-D24-hTNFa-IRES-hIL-2 and collected at day 1, 2 and 3. DNA was isolated from cells using QIAmp DNA Mini Kit (51306, Qiagen) and were incubated 10min at 95°C; 50 cycles of 10 sec at 95°C; 50 cycles of 30 sec 62°C; 50 cycles of 20 sec at 72°C and 10min at 40°C with primers targeting the d24 deletion of the E1A region; forward primer (5′-TCCG GTTTCTATGCCAAACCT-3′), reverse primer (5′-TCCT CCGGTGATAATGACAAGA-3′) and probe (5′FAMTGATCGATCCACCCAGTGA-3′MGBNFQ) (metaBion Oligomer, Germany). Plates were subsequently measured using LightCycler 480 II System (Roche). Quantification of E1a was calculated according to a standard curve generated using known concentrations of a plasmid coding for our virus.



CD45+ T Cell Isolation and Processing From Tumor and Lymphoid Tissue

For analysis of intratumoral T cells, tumors were mechanically disrupted using gentleMACs C tubes (Milltenyi Biotech) followed by enzymatic digestion using collagenase type IV (1mg/mL), Hyaluronidase (2U/mL) and DNase I (10U/mL) in RPMI with 10% FBS for 1 hour. After double filtering of disrupted tumor tissue, T cells were isolated using Pan T Cell Isolation Kit II or CD45 Microbeads, mouse (130-095-130, 130-052-301 Miltenyi Biotec). Spleens and lymph nodes were pressed through 70μm filters and filtered flow-through was then used fresh for downstream analysis.



Enzyme-Linked Immunospot (ELISpot) Assay and IL-21 ELISA

Mouse IFN-γ/GrB dual-color Elispot kit was performed according to the manufacturer’s instructions (ELD5819, R&D Systems, Minneapolis, MN, USA). For analysis of intratumoral T cells and splenocytes, 5x104 cells freshly isolated CD3+ cells or whole splenocytes were plated per well for 24 hours. Cells were cultured in RPMI 1640 supplemented with 20% FBS, 1% L-glutamin, 1% Pen/strep, 15 mM HEPES, 1 mM Na-pyruvate, 50 um b-Mercaptoethanol (Sigma-Aldrich, Missouri, USA). IL-21 from MOC1 tumor digests were analysed using the LEGEND MAX™ Mouse IL-21 ELISA Kit (446107).



Flow Cytometry

For analysis of tumors and lymphoid organs derived from the MOC1 syngeneic model, antibodies specific for mouse CD3 (560590; 17A2), CD4 (740024; H129.19), CD8a (55795; 53-6.7), CD44 (560780; IM7), CD62L (562404; MEL-14), CD69 (552879; H1.2F3), CD25 (562694; PC61), Foxp3 (560403; MF23), T-bet (561264; 4B10), and CXCR5 (560617; 2G8), were purchased from BD Biosciences, California, USA. Intracellular staining of transcription factors was performed using Fixation/Permeabilization solution kit (554714) or Mouse Foxp3 Buffer set (560409) from BD Biosciences. All samples were stained after Fc blocking using 5ul/test of purified rat anti–mouse CD16/32 antibody (BD Biosciences). Samples were acquired using FACS Aria II cell sorter (BD Biosciences, California, USA) and data analysis was performed using Flowjo® software v10 (Flowjo LLC, BD Biosciences, California, USA). MFI is presented as the median value of the samples.



Bulk RNA-Sequencing of CD45+/- Tumor Fractions

RNA from CD45+/- MOC1 tumor cells was purified using RNeasy kit according to the manufacturer’s instructions (74106, Qiagen, Hilden, Germany). Concentrations were adjusted following measurement using Qubit 4 Flourometer and consolidated with Agilent 4200 Tapestation. Sequencing and analysis was performed by GENEWIZ (Germany) using PolyA selection and 20-30 million reads per sample. Sequence reads were trimmed to remove possible adapter sequences and nucleotides with poor quality using Trimmomatic v.0.36. The trimmed reads were mapped to the Mus musculus GRCm38 reference genome available on ENSEMBL using the STAR aligner v.2.5.2b. Unique gene hit counts were calculated by using featureCounts from the Subread package v.1.5.2. The hit counts were summarized and reported using the gene_id feature in the annotation file. Only unique reads that fell within exon regions were counted. If a strand-specific library preparation was performed, the reads were strand-specifically counted. Using DESeq2, a comparison of gene expression between groups was performed. Distribution of read counts in libraries were examined before and after normalization. The original read counts were normalized to adjust for various factors such as variations of sequencing yield between samples. These normalized read counts were used to accurately determine differentially expressed genes. The Wald test was used to generate p-values and log2 fold changes. Genes with an adjusted p-value < 0.05 and absolute log2 fold change > 1 were called as differentially expressed genes for each comparison.



Metabolic Assays

Filtered murine tumor digests (1x106 total cells) were cultured with 20 μM 2-NBDG in 5% FBS-containing media for 45 min at 37°C. Cells were further stained for surface markers of interest. T cell metabolic function was measured using Seahorse XFe96 Analyzer and either XFp Real-Time ATP Rate Assay Kit or Cell Mito Stress Test Kit (Agilent Technologies, California, USA). T cells (1.5x105) were seeded on Cell-Tak coated culture plates in assay media consisting of unbuffered RPMI supplemented with 1% BSA and 25mM glucose, 1 μM pyruvate, and 2 mM glutamine. Basal extracellular acidification and oxygen consumption rates were collected for 30 min. Cells were stimulated with oligomycin (2 μM) and rotenone/antimycin A (100 μM) to obtain maximal respiration.



Anti-MOC1 Associated IgG Quantification

For quantification of anti-MOC1 IgG, MOC1 cells (1x104 cells/well) were seeded in 96 well plates overnight then fixed in 4% PFA for 20mins. Tumor digests supernatants from treatment groups were serially diluted and incubated with fixed cells overnight at 4°C. The following day, IgG was quantified using the In-Cell ELISA Kit, Colorimetric (662200, Invitrogen) according to the manufacturer’s instructions.



NK Cell Cytotoxicity Assay

For the NK cytoxicity assay, MOC1 (1x104 cells/well) were seeded in 96 well plates for 24 hours as target cells. The next day the cells were fluorescently labelled with 10uM CFSE using CellTrace™ CFSE Cell Proliferation Kit (C34554, Invitrogen) then incubated for addition 1hr. Target cells were then incubated with serially diluted tumor supernatants and/or NK cells (1:1 E/T ratio) isolated from C57BL/6 spleens using NK Cell Isolation Kit, mouse (130-115-818, Miltenyi Biotec) overnight. After 24 hours the plate was analysed using the Alexa Flour 488 setting of Hidex Sense plate reader and the treatment group values were normalized to MOC1 cells and NK cells without supernatants. The assays were performed in at least three technical replicates with NK cells pooled from three mice.



Statistical Analysis

Statistical analysis was performed with Prism 8 (GraphPad Software) and heatmaps were generated using RStudio. Unpaired Student’s t test was used to compare 2 groups and 1-way ANOVA with Tukey’s post hoc test was used to compare 3 or more groups. Normality test was used to determine distribution of data for parametric tests vs non-parametric tests. Tumor growth curves were compared using mixed-model analysis. Survival curves were generated using the Kaplan-Meyer method and the differences of 2 curves were compared using the log-rank test. P values < 0.05 were considered significant. Correlations between variables were investigated using Spearman non-parametric correlation.




Results


Ad5/3-E2F-D24-hTNFa-IRES-hIL-2 Efficiently Replicates and Lyses Primary and Metastatic Head and Neck Squamous Cell Carcinoma Cell Lines

The lytic capacity of Ad5/3-E2F-D24 (control without transgenes), (Supplementary Figure S1A) and Ad5/3-E2F-D24-hTNFa-IRES-hIL-2 (Figure 1A) in 8 HNSCC patient-derived cell lines with diverse clinical characteristics (Table 1), were determined in vitro. This revealed that both Ad5/3-E2F-D24 and Ad5/3-E2F-D24-hTNFa-IRES-hIL-2 significantly (p<0.05 and p<0.01 respectively) decreased the viability of all HNSCC cell lines to <50% by day 6 and all to 0% by day 10 at 1000VP/cell and in a dose dependent manner (relative to vehicle control). Ad5/3-E2F-D24 and Ad5/3-E2F-D24-hTNFa-IRES-hIL-2 showed similar cell killing efficacy, however HSC-3, UT-SCC-10 and UT-SCC-24B were more effectively killed by the armed virus by day 6 at the three tested doses (Figure 1A). A summary showing the average cytotoxicity of Ad5/3-E2F-D24 and Ad5/3-E2F-D24-hTNFa-IRES-hIL-2 in all 8 cell lines can be seen in Supplementary Figure 1D. The specificity of Ad5/3-E2F-D24 and Ad5/3-E2F-D24-hTNFa-IRES-hIL-2 replication and transgene expression has recently been reported (26).




Figure 1 | Ad5/3-E2F-D24-hTNFa-IRES-hIL-2 replicates in all HNSCC cell lines screened and the antitumor response in ICI treatment naïve murine model is improved when combining ICI with non-replicative Ad5-CMV-mTNFα/mIL-2. (A) Lytic activity measured by MTS of oncolytic adenovirus (Ad5/3-E2F-D24-hTNFa-IRES-hIL-2) in HNSCC patient derived cell lines cultured over 10 days with either 10, 100 or 1000VP/cell. (B) Quantification of IL-2 and TNFα by cytometric bead array of cell culture supernatants normalized to total protein measured by Qubit flourometer. (C) viral replication (E1a qPCR) measured from isolated DNA from infected HNSCC cell lines infected with 100VP/cell after 24hours, 48hours and 72hours. (D) Experiment design. C57BL/6J mice (n = 7-10 per group) were subcutaneously injected with either e MOC1 or f MOC2 cells into the right flank. When tumors reached 4-5mm then 1 × 109 VPs of non-replicating Ad5-CMV-mTNFα/mIL-2 or PBS were injected intratumorally with or without intraperitoneal injection of (100ug) murine anti-PD-1 or anti-PD-L1. Treatment frequency as indicated. (E, F) presented as mean tumor volume after 30 days and overall survival after 100 days treatment. In vitro data sets were assayed in triplicates and evaluated for statistical significance by non-parametric unpaired t tests. In vivo tumor growth curves and survival curves were evaluated for statistical significance by two-way mixed model ANOVA and Mantel–Cox log-rank test respectively. All data sets are presented as means ± SEM and significance represented as *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001, ns, not significant.



Next, in an independent experiment, we analyzed the supernatants from the same cell lines infected with 100 VP/cell collected at day 1, 2 and 3 after infection, for virally produced human IL-2 and TNFα (Figure 1B). In parallel, we isolated the DNA for measurement of replication by quantifying viral early gene (E1a) by qPCR (Figure 1C). We observed transgene expression and virus replication across all 8 cell lines, with cytokine supernatant concentration reaching maximum at either day 2 or day 3. Cytokine concentrations for TNFα and IL-2 at day 3 ranged from 8.08 ng/mL to 563.71 ng/mL and 3.57 ng/mL to 525.49 ng/mL respectively, and a higher concentration of TNFα was generated in comparison to IL-2 at each time point. This is likely because the TNFα transgene is placed before the IL-2 in the virus construct. Notably, UT-SCC-9 and UT-SCC10 generated the highest and UT-SCC-24A and UT-SCC-42B the lowest cumulative cytokine concentration and E1a copy number over the three time points (Figures 1B, C). Interestingly, high adenovirus induced toxicity with low E1a and cytokine expression was observed in UT-SCC-24a. This could be caused by high sensitivity of the cell line to other virus-induced cell death mechanisms such as necroptosis, pyroptosis and autophagy (27). No significant correlation between E1a expression and cytokine expression was observed collectively across screened cell lines (Supplementary Figures S3B, C). Collectively, these results show that Ad5/3-E2F-D24-hTNFa-IRES-hIL-2 is capable of replicating in and lysing several types of human head and neck cancer, with subsequent release of TNFα and IL-2, despite histology or tumor location.



MOC Tumours Respond to Immune Checkpoint Inhibition and Non-Replicative Ad5-CMV-mTNFα/mIL-2

To evaluate our virotherapy’s potential to improve the therapeutic response to ICI in HNSCC in vivo, we performed tumor-growth and overall survival measurements in two murine models (MOC1 and MOC2) of oral cavity cancer (using the non-replicative adenovirus encoding mTNFα and mIL-2)(Figure 1D). We hypothesized that combining anti-PD-1/PD-L1 with Ad5-CMV-mTNFα/mIL-2 treatment would improve tumor growth control and animal survival, when compared to monotherapies. As shown in Figure 1E MOC1 tumor-bearing mice significantly benefited from anti-PD-1 and anti-PD-L1 monoclonal antibody (mAb) monotherapy. The anti-PD-1 and anti-PD-L1 treated mice had significantly smaller tumors compared to mock (p<0.01 and p<0.01 respectively) by day 30. Ad5-CMV-mTNFα/mIL-2 monotherapy provided better response compared to both mAb monotherapies as observed by better tumor growth control and median overall survival (anti-PD1 [42 day], anti-PD-L1 [50 days] and Ad5-CMV-mTNFα/mIL-2 [58 days]. However the response was lower in contrast to both combination therapies. Combining anti-PD-1 with Ad5-CMV-mTNFα/mIL-2 provided a median overall survival of 70 days (p<0.001) whereas anti-PD-L1 and Ad5-CMV-mTNFα/mIL-2 provided the greatest outcome of 78 days (p<0.001).

In poorly immunogenic (primary ICI resistant) MOC2 tumor-bearing mice (Figure 1F) the virus treated groups gained significantly better responses, when looking at 30 day tumor growth curves in comparison to mock (p<0.05) and anti-PD-L1 monotherapy (p<0.01). Overall survival was inferior to overall survival in MOC1-tumor-bearing mice and the only long-term surviving MOC2 tumor-bearing mouse, belonged to the experimental group anti-PD-L1 with Ad5-CMV-mTNFα/mIL-2. No long-term survivors were observed in both tumor models with mAb monotherapy, whereas combination therapy was able to control tumor growth and prolong survival over monotherapies in both tumor models. Interestingly, anti-PD-L1 monotherapy and in combination provided a better therapeutic outcome in comparison to corresponding anti-PD-1 therapy in the MOC1 tumor model. It should be noted that MOC1 growth kinetics were inhibited by high dose (10,000 VP/cell) Ad5-CMV-mTNFα but not Ad5-CMV-mIL-2 or Ad5-Luc which suggests some innate mTNFα sensitivity (Supplementary Figure 1B). These data show MOC tumor models exhibit ICI sensitivity and Ad5-CMV-mTNFα/mIL-2 synergizes with ICI subsequently enabling a superior anti-tumor response in murine HNSCC.



Treatment With Non-Replicative Ad5-CMV-mTNFα/mIL-2 and Continued ICI Improves the Anti-Tumor Response in Anti-PD-1 and Anti-PD-L1 Refractory MOC1 Tumors

Next, we studied the anti-tumor response and immunological mechanisms behind Ad5-CMV-mTNFα/mIL-2 therapy in a more clinically relevant model of oral cavity cancer (Figure 2A). To this end, we developed an in vivo model of MOC1 with acquired resistance to ICI, by treatment with several rounds of either anti-PD-1 or anti-PD-L1 until animals show clear progression in spite of treatment, followed by continued ICI monotherapy, Ad5-CMV-mTNFα/mIL-2 monotherapy or the combination of both. For anti-PD-1 refractory MOC1 tumors, median overall survival for anti-PD-1 mAb monotherapy, Ad5-CMV-mTNFα/mIL-2 monotherapy and combination therapy were 27, 42 (p<0.01) and 48 days (p<0.01) respectively (Figure 2B). Notably, complete response was obtained with virus and anti-PD-1 in some animals. For anti-PD-L1 refractory MOC1 tumors, median overall survival for anti-PD-L1 mAb monotherapy, Ad5-CMV-mTNFα/mIL-2 monotherapy and combination therapy were 26, 35 (both p<0.05) and 44 days (p<0.01) respectively (Figure 2D). These data show similar median overall survival rate between the two combination groups and that virus monotherapy was more effective in extending survival of anti-PD-1 refractory mice compare to anti-PD-L1. Regardless, both combination therapy approaches maintain superior overall survival, even in an ICI refractory setting.




Figure 2 | Non-replicative Ad5-CMV-mTNFα/mIL-2 improves the anti-tumor response in ICI refractory MOC1 tumors and continued ICI treatment is beneficial to the response. (A) Experiment design. C57BL/6J mice (n = 7-10 per group) were subcutaneously injected with MOC1 cells into the right flank. When tumors reached 4-5mm then 100ug of either anti-PD-1 or anti-PD-L1 was injected every three days intraperitoneally. When tumors progressed over 8mm, animals were assigned to a group where they were treated with either continued anti-PD-1/PD-L1, with 1 × 109 VPs (non-replicative Ad5-CMV-mTNFα/mIL-2) intratumorally, or in combination. An additional virus backbone control group (Ad5-Luc) was included for immune cell analysis. Treatment frequency as indicated. (B, D) Individual tumor growth curves and Kaplan–Meier survival analysis for b anti-PD-1 and d anti-PD-L1 refractory. (C, E) Corresponding treatment group tumor derived CD3+ cytotoxic functional analysis measured by mGranzyme B and mIFN-y dual-ELISpot. (F, G) Flow cytometric analysis of T cell activation markers from MOC1 (upper panel anti-PD-1, lower panel anti-PD-L1) refractory tumors digests. In vitro and ex vivo data sets were evaluated for statistical significance by non-parametric unpaired t test and survival curves by Mantel–Cox log-rank test respectively. All data are shown as means ± SEM and significance is represented as *p < 0.05, **p < 0.01, ***p < 0.001, ns, not significant.



To analyze the functionality of TILs isolated (CD3+ beads) from MOC1 anti-PD-1/PD-L1 refractory mice we measured mIFN-y and mGranzyme B secretion using a dual ELISpot (Figures 2C, E). Overall, total mGranzyme B spot count was notably higher than mIFN-y spot count in corresponding treatment groups and spot counts was highest when combining anti-PD-1 or anti-PD-L1 with Ad5-CMV-mTNFα/mIL-2. The mIFN-y spot counts for the anti-PD-1 and anti-PD-L1 combination groups were significantly higher (p<0.05) than ICI monotherapy (fold change of 6.4 and 10.5 respectively), Ad5-CMV-mTNFα/mIL-2 monotherapy (fold change of 5.3 and 4.8 respectively), and virus backbone control (Ad5-Luc) (fold change of 8 and 14.7 respectively). Similarly, the mGranzyme B spot count for the anti-PD-1 or anti-PD-L1 combination group were significantly higher than ICI monotherapy (p<0.05) (fold change 4.37 and 11.97 respectively) and virus backbone (p<0.01) (fold change 6.1 and 26 respectively).The significant fold changes observed suggests that continued ICI treatment provides little benefit to the ICI refractory intratumoral T cell compartment and enabling cytotoxicity requires TNFα and IL-2.

We then assessed by flow cytometry activation markers associated with effector function (CD69, CD44 and 2-NDGB) expressed on tumor infiltrating CD4+ and CD8+ T cells from anti-PD-1 (Figure 2F) and anti-PD-L1 (Figure 2G) refractory mice. Combining Ad5-CMV-mTNFα/mIL-2 with either anti-PD-1 or anti-PD-L1 significantly increased (p<0.05) CD69 MFI on both CD4+ and CD8+ T cells compared to animals receiving ICI antibodies only. In addition, CD44 MFI was significantly higher (p<0.05) in all experimental groups using Ad5-CMV-mTNFα/mIL-2, in comparison to ICI monotherapy and virus backbone. Similarly, an increase in glucose uptake (a measure of metabolic fitness) quantified by 2-NBDG MFI was observed on CD4+ T cells in both anti-PD-1 and anti-PD-L1 experiment groups. Corresponding T infiltration and associated necrosis (HE) was further represented by an increased CD3+ influx of cells seen in immunohistochemistry slides from the tumor samples (stained in brown) (Supplementary Figures S4A, B). Altogether, these findings demonstrate that combining either anti-PD-1 or anti-PD-L1, with Ad5-CMV-mTNFα/mIL-2 provides potent stimulation and infiltration of cytotoxic T cells to the tumor microenvironment ultimately contributing to improved overall survival.



Improvement of Activation Status and Effector Function of ICI Refractory Tumor-Infiltrating-Lymphocytes After Treatment With Non-Replicative Ad5-CMV-mTNFα/mIL-2 Corresponds to Changes in Systemic Immunity

We then further analyzed the tumor infiltrating lymphocyte, splenic and lymph node compartment after treatment. As expected, Ad5-CMV-mTNFα/mIL-2 treatment significantly increased the percentages of intratumoral CD4+ and CD8+ (except in anti-PD-1 refractory CD8+ T cells) (Figures 3A, B). We observed no significant changes to the percentages of immunosuppressive T reg cells (CD4+CD25+FoxP3+), although there was a trend (increase) in Ad5-CMV-mTNFα/mIL-2 treated groups. We also examined the expression of T-bet, the transcription factor required for type 1 immune response and mIFN-y gamma mediated T cell cytotoxicity. Notably we observed significantly more T-bet+ CD4+ and CD8+ cells in anti-PD-1 refractory tumors treated with ICI and Ad5-CMV-mTNFα/mIL-2 in comparison to ICI monotherapy (p<0.05). No notable differences were observed in T-bet+ CD8+ from anti-PD-L1 refractory tumors, however there was a significant increase in T-bet+ CD4 percentages in Ad5-CMV-mTNFα/mIL-2 treated groups compared to virus backbone (p<0.05). This finding was further implicated by bulk tumor cytokine analysis (Figures 3C, D) from which we identified an increased expression in all pro-inflammatory cytokines in Ad5-CMV-mTNFα/mIL-2 or combination group. Notably mIFN-y was highest in combination groups which agrees with the ELISpot data (Figures 2C, D) and T-bet+ T cells analysis when comparing to ICI monotherapy groups.




Figure 3 | Combining ICI with non-replicative Ad5-CMV-mTNFα/mIL-2 improves trafficking and activity of ICI refractory tumor-infiltrating-lymphocytes and is reflected by changes in the secondary lymphoid organs. (A, C) Flow cytometric quantification of percentages of CD4+, CD8+, Foxp3+, T-bet+ expressing tumor-infiltrating lymphocytes is shown for (A). anti-PD-1 (upper panel) and (C) anti-PD-L1 (lower panel) refractory MOC1 tumor-bearing C57BL/6J mice. (B, D). Bulk tumor proinflammatory cytokine analysis as measured by bead based flex set. Data are presented as logarithmic values. (E, G) Flow cytometric analysis of CD4+, CD8+ splenic memory compartment (naïve, effector memory [TEM], central memory [TCM]) from MOC1 anti-PD1 (upper) and anti-PD-L1 (lower) refractory mice as measured by ± expression of CD44 and CD62L. (F, H) Corresponding treatment group freshly resected whole splenocyte effector function analysis measured by overnight culture with mGranzyme B and mIFN-y dual-ELISpot. Flow cytometric and bulk cytokine analysis data represent two independent experiments. Statistical significance for each data set was evaluated by non-parametric unpaired t test. All data are shown as means ± SEM and significance is represented as *p < 0.05, **p < 0.01, ***p < 0.001, ****p <0.0001, ns, not significant.



Furthermore, we profiled the peripheral lymphoid organs (inguinal lymph nodes [Supplementary Figures S2A, B] and spleens [Figures 3E, G] which revealed a significant increase to the CD4+ (p<0.05) and CD8+ (p<0.01) naïve and central memory compartment in anti-PD-L1 but not anti-PD-1 refractory mice when using combination treatment compared to mock. In contrast we observed a non-significant increase in CD4+ and CD8+ effector memory cells in anti-PD-1 refractory combination treatment group. Subsequently, we analyzed splenocytes for effector function by mIFN-y and mGranzyme B dual ELISpot (Figures 3F, H) which revealed a significant amount of mGranzyme B production (up to ~600 spots) in all groups treated with Ad5-CMV-mTNFα/mIL-2 and to a much lesser extent IFN-y. This reflects the results observed from the corresponding TIL data sets (Figures 2C, D) highlighting evidence of systemic T cell priming as a result of the treatment. Altogether these data show that Ad5-CMV-mTNFα/mIL-2 enables a cytotoxic T cell program which partially involves T-bet mediated type 1 T cell induction. Given the dominant expression of mGranzyme B over IFN-y, it is likely that other functional T cell lineages that require alternative transcriptional regulators are involved.



Treatment of Anti-PD-L1 Refractory MOC1 Tumors With Non-Replicative Ad5-CMV-mTNFα/mIL-2 Improves the Metabolic Profile of Tumor-Infiltrating-Lymphocytes

Next, we investigated the metabolic and transcriptomic changes to the tumor immune microenvironment of anti-PD-L1 refractory MOC1 tumors upon treatment with Ad5-CMV-mTNFα/mIL-2. Analysis of CD3+ T cells from virus-treated tumors revealed an overall increase in bioenergetics (aerobic glycolysis) as measured by basal oxygen consumption rate (OCR) (pmol/min/g/L) (p=<0.05 when comparing combination therapy to ICI monotherapy) and basal extracellular acidification rate (ECAR) (mpH/min/g/L) (p=<0.01 and p=< 0.05 when comparing combination therapy to ICI monotherapy and Ad5-Luc therapy, respectively)(Figure 4A and Supplementary Figure S1C). Unexpectedly, Ad5-Luc + anti-PD-L1 induced a higher OCR rate than Ad5-CMV-mTNFα/mIL-2 monotherapy. This could be caused by infiltration of antiviral memory T cells against adenovirus backbone. Furthermore, continued administration of anti-PD-L1 with virus provided the most metabolically active profile out of all treatment groups. This finding was further confirmed (Figure 4B) by quantification of overall CD3+ T cell ATP production rate which showed a significant increase in glycolysis derived ATP production in the virus monotherapy (450.6 pmol/min/g/L) and to further extent in the combination group (487.3pmol/min/g/L) compared to ICI monotherapy and Ad5-Luc monotherapeutic groups.




Figure 4 | Combining anti-PD-L1 with non-replicative Ad5-CMV-mTNFα/mIL-2 improves tumor-infiltrating T cell bioenergetics and addition of virus induces a tertiary lymphoid structure gene signature in MOC1 ICI refractory tumors. (A) Bioenergetics map of MOC1 anti-PD-L1 refractory tumor-infiltrating lymphocytes (CD3+) isolated by magnetic bead (negative selection) approach and analyzed by Seahorse XF analyzer. Data is presented by basal oxygen consumption rate (OCR) and extracellular acidification rate (ECAR). (B) Corresponding real-time ATP production rate by glycolysis and aerobic respiration as quantified by Seahorse XF analyzer software. (C–E) Bulk RNA-Seq of CD45+/- populations isolated by from MOC1 anti-PD-L1 refractory tumors by magnetic bead approach. Heat maps for significantly differentially expressed genes between anti-PD-L1 refractory tumors and anti-PD-L1 refractory tumors treated with Ad5-CMV-mTNFα/mIL-2. Heat maps are organized into (C) T cell activation genes, immune checkpoints and MHC genes (D) B-cell activation genes, (E) typical tertiary lymphoid structure genes. (F) Fold change increase of significantly differentially expressed genes related to immunoglobulin synthesis between anti-PD-L1 refractory tumors and anti-PD-L1 refractory tumors treated with Ad5-CMV-mTNFα/mIL-2. (G, H) Immunohistochemistry of tertiary lymphoid structure related markers (HE, Ki67, CD19, CD3 and CD45r) from anti-PD-1 refractory tumors treated with (H) or without (G) non-replicative Ad5-CMV-mTNFα/mIL-2. Red boxes highlight positively stained areas (brown) for respective marker indicated in the bottom left of each panel. DESeq2 was used to compare gene expression between groups and the Walkd test was used to generate p-values and log2 fold changes. Genes with an adjusted p-value < 0.05 and absolute log2 fold change > 1 were determined as differentially expressed genes. Statistical significance for ATP production rate was evaluated using one-way ANOVA and presented as means ± SEM with significance represented as *p < 0.05, and ****p < 0.0001.



Consistent with the metabolic and functional profiling of antiPD-L1 refractory MOC1-derived CD3+ T cells, differential gene expression analysis, revealed a strong upregulation of a cytolytic and cytotoxic gene signature (GZMB, GZMM, GZME, GZMC, GZMD, GZMF, GZMG, IL-24, IL-12A and CD40LG) following treatment of anti-PD-L1 mAb refractory tumors with Ad5-CMV-mTNFα/mIL-2 (Figure 4C). This signature was accompanied by downregulation of genes associated with immune checkpoints (CTLA-4, LAG3, ICOS, TIGIT, and PCDC1), upregulation of MHC Class II genes (H2-OB, H2-EB2, and H2-DMB2) and memory-like characteristics (TCF7 and IL7R). These findings strongly support the functional analysis of the intratumoral and systemic T cell compartment.



Treatment of Anti-PD-L1 Refractory MOC1 Tumors With Non-Replicative Ad5-CMV-mTNFα/mIL-2 Induces a Tertiary Lymphoid Structure Gene Signature

Further examination of the tumor immune compartment transcriptome, suggest an even stronger, activated B-cell profile (Figure 4D). This finding led us to identify upregulation of several tertiary lymphoid structure (TLS) hallmark associated genes (CXCR5, CD79B, CD19, CD20, SELL, LTa, LTb, LIGHT and CCR7) (Figure 4E) including upregulation of genes important for germinal-center initiation (CR2, POU2AF1, EBF1, SPIB, BACH2). To confirm these data, we examined histologic analysis of tumor Ki67+, CD19+, CD3+, CD45r+ cells and identified evidence of TLS-like clusters in virus treated groups (Figure 4H) compared to ICI monotherapy (Figure 4G) where only CD3+ clusters were identified. We also observed upregulation of multiple genes related to somatic hyper mutation and class switching (IGKV4-72, IGHV5-6, IGLV3, IGHM, FCRL1, FCRLA and JCHAIN) (Figure 4F). We validated these findings by observing an increase in CD19+% in both anti-PD-L1 and anti-PD-1 refractory MOC1 tumors treated with Ad5-CMV-mTNFα/mIL-2 (Supplementary Figure S3A). This finding and our observation of improved responses to ICI is in agreement with recent reports that suggest TLS promote response to immunotherapy (28, 29)



Combining ICI With Non-Replicative Ad5-CMV-mTNFα/mIL-2 Improves Tertiary Lymphoid Structure Associated Antitumor Response in MOC1 Tumors

To offer functional insight and having identified upregulation of several genes involved in immunoglobulin synthesis (Figure 4F), we evaluated the presence of anti-tumor associated antibodies and NK cell stimulating activity using supernatants extracted treated tumors and isolated NK cells from mouse spleens. Indeed, compared to ICI monotherapy, we identified higher anti-MOC1 associated IgG titers after armed and unarmed virus treatment (in both anti-PD-1 and anti-PD-L1 refractory tumors), but the highest anti-tumor antibody values identified were in the combination treatment group (Figures 5A, E). The most notable positive increase in anti-tumor antibody production was identified in the anti-PD-L1 combination group, even when comparing to the corresponding anti-PD-1 treatment group. This was consistent with the findings observed when analyzing the effects of the tumor supernatant on NK-mediated cytotoxicity. From this data set we identified that the antiPD-L1 with virus combination group enabled superior NK-mediated MOC1 cell killing compared to all other experimental groups (Figure 5F). This was less notable when testing anti-PD-1 refractory MOC1 tumor supernatants (Figure 5B). To complement these findings, we analyzed intratumoral T cells expressing the lymphoid follicle homing chemokine receptor CXCR5 (follicular B helper T cells) and IL-21, critical markers of germinal center formation, NK maturation and also formation of follicular B helper T cells. We found an increase in CD4+ CXCR5+ T cells in both anti-PD-1 and anti-PD-L1 combination treated groups in comparison to ICI monotherapy and virus backbone (Figures 5C, G). Furthermore, we observed higher IL-21 production in tumors treated with Ad5-CMV-mTNFα/mIL-2, which was more notable in the anti-PD-L1 refractory treatment groups (p<0.05) (Figures 5D, H). Altogether these data show that Ad5-CMV-mTNFα/mIL-2 enables germinal center formation and production of anti-tumor antibodies which have the potential to enable NK-mediated anti-tumor response. Interestingly, this is more evident in anti-PD-L1 refractory tumors suggesting a distinctive role of anti-PD-L1 in regulating the response to virus therapy.




Figure 5 | Combining ICI with non-replicative Ad5-CMV-mTNFα/mIL-2 improves tertiary lymphoid structure associated antitumor response. (A, E) Anti-MOC1 antibodies derived from MOC1 anti-PD-1/L1 refractory tumor digests supernatants and their respective treatment groups cultured with MOC1 cell line and measured by total IgG+ signal using In-cell ELISA. (B, F) corresponding effects of whole tumor digests on NK-mediated cell killing of MOC1 in vitro. NK cells were derived from fresh C57BL/6J mouse spleens and isolated by negative selection magnetic bead based approach. (C, G) Flow cytometric analysis of CD4+, CD8+, CXCR5+, tumor infiltrating lymphocytes from (C) anti-PD-1 and (G) anti-PD-L1 refractory mice. (D, H) Measurement of intratumoural IL-21 concentrations as measured by ELISA and normalized to total protein concentration. Data sets were evaluated for statistical significance by non-parametric unpaired t test and shown as means ± SEM with significance represented as *p < 0.05, **p < 0.01, ns, not significant.






Discussion

In this study, we demonstrate that combinatorial treatment with anti-PD-1 or anti-PD-L1 blocking mAb and non-replicative Ad5-CMV-mTNFα/mIL-2 improves the anti-tumor activity of the intratumoral immune compartment in the context of HNSCC. The use of virus treatment represents a benefit for ICI refractory HNSCC tumors, because the combination strategy enhances both the adaptive cell immune response, through stimulation of cytotoxic T cells, and the humoral response, through generation of anti-tumor antibodies. This was associated with the formation of TLS in virus treated tumors. This has important implications, given the prognostic value associated with pre-existing TLS on progression-free survival, and an ongoing effort on developing strategies for enhancing the intratumoral B cell response in HNSCC patients (30–32). We also show our oncolytic adenovirus (Ad5/3-E2F-D24-hTNFa-IRES-hIL-2) has lytic cancer cell killing capacity and robust transgene expression in multiple human HNSCC cell lines. Collectively, these findings indicate that our approach might be a useful treatment option for HNSCC patients.

A key finding of this study is the ability of the mTNFα and mIL-2 encoding adenovirus to initiate a distinctive TLS-gene signature when combined with anti-PD-L1 mAb therapy in an anti-PD-L1 refractory model. This novel mechanistic insight might explain the observed synergy between the virus and ICI, as supported by recent reports describing the benefit of preexisting tumor associated TLS to the response of immunotherapy. The mechanism of how TLSs favorably affect the responses are not fully understood and require further investigation. However, reports suggest TLSs have a key role in sustaining an immune-responsive microenvironment (28, 29). Performing multi-color immunofluorescence immunohistochemistry in future studies is needed to confirm our findings. It may be the case that the mTNFα and mIL-2 coding adenovirus virus induces transient (tumor regression) non-classical TLS (33). Additionally, it remains to be confirmed how mTNFα, mIL-2 and the generation of acquired ICI resistance (through anti-PD-L1 treatment) contributes to the TLS signature, perhaps the latter providing a tumor priming effect. Indeed, previous reports have described increased TLS formation following ICI monotherapy. Likewise, although not representative of all ICI resistant phenotypes, we have previously reported a phenotypic change to the tumor microenvironment transcriptome following generation of anti-PD-1 resistance in a B16.OVA melanoma mouse model (21, 34, 35). These changes indicated suppression of T cell related genes. Also, although we have previously studied effects of adenovirus derived mTNFα and mIL-2 in tumor immunomodulation, further investigation is required to fully delineate their individual roles in the context of TLS formation (36). It should be mentioned that improved tumor growth control and a similar increase in percentage of CD19+ as well as NK1.1+ cells were identified when combining mTNFα and mIL-2. Generally, mIL-2 appeared to have a more significant impact on immunomodulation than mTNFα, however additional function studies are required to support these findings (17). Indeed, other studies have described the role of IL-2 in B cell activation and differentiation to antibody producing plasma cells (37). Moreover, given the critical role of local antigen stimulation, TNFα associated type I receptor signaling as well as LTa/LTβ associated type 3 receptor signaling in TLS priming and maturation (all of which are directly and indirectly provided by our virus), it would not be unexpected to observe TLS formation following virus treatment (38–42).

Understanding how continued ICI treatment regulates the extent to which TLS are either immunosuppressive or anti-tumorigenic in the context of our study remains to be confirmed in further studies. It is known that in many human cancers PD-1 and its ligands are expressed on several types of tumor infiltrating immune cells, including TLS-T and TLS-B cells (43, 44). The major TLS-T cell types, which include T-bet+ T helper 1 cells (TH1), PD-1+ T follicular helper cells (TFH) and Tregs are regulated on the PD-1 axis prior and during lineage commitment, ultimately determining the immune modulating nature of the cytokines produced (44–47). This notion of a cytotoxic TLS, observed in our study when combining anti-PD-L1 with virus, is supported by a series of studies which revealed adenoviruses innately prime CD4+ T cells with cytotoxic potential (with a distinct GZMB+ signature corresponding to the observations from our study), and that this unique signature is regulated by PD-1, LAG3 and the availability of IL-2 (15, 48). These regulatory signals that are directly provided by our combinatorial treatment approach subsequently highlight the critical interplay between this virus with ICI (16).

The improved therapeutic outcome observed in our combination therapy approach is unlikely restricted to the proposed generation and maintenance of cytotoxic CD4+ T cells because a strong activation signature on the CD8+ T cell compartment was also identified. Tumor infiltrating activated cytotoxic T cells are likely composed of T cells recognizing adenovirus antigens, and rejuvenated tumor antigen-specific T cells. This is consistent with our understanding of IL-2 and ICI in circumventing T cell exhaustion and TLSs which are recognized as a place where T cell and B cell responses occur (28, 29). Others have demonstrated this using models of exhausted CD8+ T cells during chronic lymphocytic choriomeningitis mammarenavirus infection and their subsequent functional restoration following ICI treatment (49). We have also previously shown significant renewal of OVA/gp100/Trp2 specific CD8+ T cells in the peripheral lymphoid tissues of B16-OVA tumor-bearing mice, which was again most evident in the ICI plus virus treatment group (21). With that said, it would be worth investigating this combinatorial treatment approach in the context of HPV+ HNSCC tumors, given that persistent HPV infection (mediated by exhausted CD8+ T cells) is associated with increased risk for disease recurrence following surgical resection (50–54).

The benefit of using PD-1 and PD-L1 blocking mAbs with this virus is now clearly not limited to positively regulating T cell function. PD-1+ regulatory B cells (Bregs) can suppress anti-tumor immunity through suppression of cytotoxic T cell function, a process regulated via TNFα signaling and PD-1 expression (55, 56). In addition, PD-1 has been shown to regulate PD-L1/PD-L2+ germinal center B cell survival and the formation and affinity of long-lived plasma cells through influencing signals that control the rate of germinal center cell death (57). Indeed, this could explain the increase in tumor-specific antibodies observed in the anti-PD-L1 combination group, which were also indirectly shown to enhance NK-mediated ADCC and which might facilitate antibody-dependent cellular phagocytosis (ADCP), complement-dependent cytotoxicity (CDC) or increase antigen presentation by antigen-presenting cells such as macrophages and dendritic cells (58). In future studies, it would be worth further phenotyping the B-cell and NK-cell response in conjunction with multi-cell depletion studies to shed light on this immune compartment and its contribution to the overall anti-tumor response.

In summary, adenoviruses armed with IL-2 and TNFα are able to significantly improve therapeutic outcome in ICI sensitive, primary resistant and acquired resistant models of HNSCC, likely through immunogenic viral oncolysis and induction of a cytolytic immune response associated with tertiary lymphoid structure formation. Moreover, in all three models, we observed a synergistic effect when combining virus with anti-PD-1 or anti-PD-L1, evident at a mechanistic level and by improvement to overall survival. These data provide the rationale for a clinical trial, where Ad5/3-E2F-D24-hTNFa-IRES-hIL-2 would be administered to ICI refractory or resistant HNSCC patients, together with an ICI, in order to optimize clinical responses.
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Supplementary Figure S2A, B | Flow cytometric analysis of anti-PD-1 and anti-PD-L1 refractory lymph node T cell memory compartment. Lymph node digests from MOC1 ICI refractory mice were digested by mechanical disruption and were stained with fluorescent conjugated antibodies against CD3, CD4, CD8, CD44 and CD62L and are presented as naïve (CD44-, CD62L+), effector memory [TEM] (CD44+, CD62L-) or central memory [TCM] (CD44+, CD62L+). Data sets were evaluated for statistical significance by non-parametric unpaired t test and shown as means ± SEM with significance represented as *p<0.05, **p<0.01, ***p<0.001.

Supplementary Figure S3A | Quantification of CD19+ cells in MOC1 anti-PD-1 and anti-PD-L1 refractory treated tumors from IHC. Graphical representation of %CD19+ cells in MOC1 ICI refractory tumors. Data sets were evaluated for statistical significance using one-way ANOVA and shown as means ± SEM with significance represented as *p<0.05, **p<0.01.

Supplementary Figure S3B, C | Correlation analysis of TILT-123 E1a (D24) expression vs IL-2/TNFα secretion following infection of HNSCC patient derived cell lines. Spearman non-parametric correlation analysis between E1a expression and IL-2 3b production and 3c TNFα production from TILT-123 infected HNSCC cell lines.

Supplementary Figure S4A, B | Immunohistochemistry of tumors from respective treatment groups from MOC1 anti-PD-1/PD-L1 refractory animal experiment. The treatment groups included ICI monotherapy, Ad5-Luc + ICI control, Ad5-CMV-mTNFα/mIL-2 monotherapy and Ad5-CMV-mTNFα/mIL-2 + ICI combination therapy. Tumors from respective groups were fixed, paraffin embedded and stained for H&E and CD3 (brown).
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Background

Immune checkpoint inhibitors (ICIs), primarily anti-PD-1, are currently used to treat patients with recurrent or metastatic head and neck squamous cell carcinoma (HNSCC). However, only a minority of patients benefit from these costly therapies. Therefore, there is an unmet need to better understand the effect of ICIs on immune effector cells. This study aimed to investigate the effect of a PD-1 antibody and an IDO1 inhibitor on different lymphocyte populations (NK, CD4+, and CD8+ T cells) in term of migration, cytotoxicity, and cytokine release in the presence of HNSCC cells.



Methods

Using a microfluidic chip, we injected HSC-3 cells (an oral tongue squamous cell carcinoma cell line) embedded in a human tumor-derived matrix “myogel/fibrin” together with NK, CD4+, and CD8+ T cells in separate channels. The two channels were connected with microchannels. The PD-1 antibody nivolumab and IDO1 inhibitor epacadostat were added to the microfluidic chips. Lymphocyte migration and cytotoxicity were examined under fluorescent microscopy and cytokine release was measured using a FirePlex Human Discovery Cytokines Immunoassay.



Results

Epacadostat significantly increased the migration and infiltration of NK and CD4+ T cells, but not CD8+ T cells, towards the cancer cells. Nivolumab did not exhibit a similar effect. While CD8+ T cells alone showed near to no migration, adding CD4+ T cells enhanced migration towards the cancer cells. There was a mild nonsignificant increase in apoptosis of HSC-3 cells after adding epacadostat to lymphocytes. In contrast, HSC-3 proliferation was not affected by lymphocytes regardless of ICIs. Nivolumab significantly increased release of MIP1-α, IL-6, and IL-8 from NK, CD4+, and CD8+ T cells, respectively.



Conclusions

This study revealed that each subpopulation of lymphocytes respond differently to ICIs. We also revealed the subpopulation of lymphocytes responsible for the increases in specific serum cytokines after ICI treatment.
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Introduction

Head and neck squamous cell carcinoma (HNSCC) is the eighth most common cancer worldwide and accounts for 3% of cancer-related deaths (1, 2). The incidence of HNSCC arising from the tongue and oropharynx has increased approximately 30% in the last 30 years (2). The increase in oropharyngeal squamous cell carcinoma incidence is related to the rise in human papillomavirus (HPV) infections; however, there is no known specific etiology for the growing incidence of HPV-negative tongue cancers (2, 3). Most HNSCCs are characterized by rapid metastasis and a high recurrence rate (4, 5). Currently, primary treatment of HNSCC patients consists of surgery and (chemo-)radiotherapy either alone or in combination (6). Immunotherapy is the newest treatment modality for recurrent or metastatic HNSCC (7, 8).

There are currently two immune checkpoint inhibitors (ICIs) approved for treating HNSCC: nivolumab (Opdivo®) and pembrolizumab (Keytruda®), both of which are humanized IgG4κ monoclonal PD-1 antibodies (9). PD-1 is an inhibitory receptor expressed on T cell surfaces. When bound to its ligand PD-L1 or PD-L2, PD-1 transduces a signal to the T cell resulting in its deactivation and inhibition of proliferation (10). Tumor cells utilize this mechanism that safeguards natural homeostasis to mediate immune escape via expressing a high abundance of PD-L1 on their membranes (10).

Despite being approved for clinical use, only a minority of HPV-negative HNSCC patients benefit from PD-1/PD-L1 axis-based drugs. Thus, other immunotherapies that can modify the immune landscape of the tumor to enhance the effect of existing ICIs should be identified (11–13). A promising target molecule may be indoleamine 2,3-dioxygenase 1 (IDO1), a cytosolic heme-containing enzyme that catalyzes the initial step of tryptophan catabolism kynurenine and its other immunosuppressive catabolites (14). At present, the two most advanced and investigated drugs for IDO1 inhibition are indoximod and epacadostat (13).

The research focus on ICIs is shifting towards addressing the challenges with the approved drugs. More in-depth knowledge is needed on the immune responses elicited by ICIs in the tumor microenvironment (TME) and how these therapies affect different lymphocyte populations (8). Our previous study (15) introduced a novel, three-dimensional (3D) humanized microfluidic chip assay to test the effect of ICIs on lymphocyte migration and cytotoxicity towards cancer cells. The use of microfluidic chip in studying immune cell migration was previously tested and validated by comparing it with a mouse xenograft model by Lucarini et al., 2017 (16). Here, we sought to explore the effect of ICIs nivolumab and epacadostat on the behavior of natural killer (NK), CD4+, and CD8+ T cells in the presence of HPV-negative HNSCC cells.



Materials and Methods


Cell Culture of Human HNSCC Cells

A HPV-negative, highly aggressive metastatic human tongue squamous cell carcinoma cell line (HSC-3, Japan Health Sciences Foundation, Japan) was cultured with Dulbecco’s Modified Eagle’s Medium (DMEM)/F-12 (Gibco Paisley, UK) supplemented with 10% heat-inactivated fetal bovine serum (FBS; Gibco), 100 µg/ml streptomycin (Gibco), 100 U/ml penicillin (Gibco), 5 µg/ml amphotericin b (Sigma-Aldrich, St. Louis, Missouri, USA), and 50 µg/ml ascorbic acid (PanReac AppliChem, Darmstadt, Germany) in 75 m2 flasks. Cells were divided after reaching 80% confluence with 10% trypsin/EDTA (Gibco). The HSC-3 cells were tested negative for mycoplasma using a PromoKine PCR Mycoplasma Test Kit I/C (PromoCell, Heidelberg, Germany). The cell line was authenticated by FIMM Technology Center (Helsinki, Finland).



Lymphocyte Isolation

We obtained buffy coats from 6 healthy donors (median age 53 years, Supplement Table 1) provided by the Finnish Red Cross. The ethical committee of the Finnish Red Cross approved the sample collection (permission number 42/2020). First, we diluted the buffy coats 1:2 with sterile phosphate-buffered saline (PBS) without calcium and magnesium (Corning, Corning, NY, USA). Using a density gradient technique, we then isolated the peripheral blood mononuclear cells (PMNCs) with Ficoll-Paque™ Premium (Sigma-Aldrich) by centrifugation at 800 RPM, acceleration 1, and deceleration 0 for 30 minutes. The leukocyte ring was then collected in a falcon tube and washed twice with PBS. We utilized a MACS system with negative selection (Miltenyi, Biotec, Germany) to isolate NK cells (NK Cell Isolation Kit human, Miltney), CD4+ T cells (CD4+ T Cell Isolation Kit human, Miltney), and CD8+ T cells (CD8+ T cell Isolation Kit human, Miltney) according to the manufacturer's protocol.

The purity of the isolated lymphocytes was confirmed with a panel of fluorescent antibodies and flow cytometry. This included antibodies for CD3-APC, CD56-PE-Cy7, CD4-PE, and CD8-FITC (BD Biosciences, USA). Subsets for NK cells were identified as CD3-CD56+CD8-CD4-, CD4+ T cells as CD3+CD56-CD4+CD8-, and CD8+ T cells as CD3+CD56-CD4-CD8+. The cells were calculated with FACS-Verse (BD Biosciences) and analyzed using BD FacSuite™ software. Purities >90% were accepted (Supplement Figure 1).



Viability Assay

To test if the ICIs used in this study affect cancer cell viability, a 96-well plate was seeded with HSC-3 cells at a density of 1000 cells/well in 100 µL of complete medium and incubated overnight. The following day, four different concentrations of nivolumab (Opvido®, Selleckchem, Houston, Texas, USA; 0.0005, 0.005, 0.05, and 0.5 µM) and epacadostat (MedChem Express, Monmouth Junction, New Jersey, USA; 0.0013, 0.013, 0.13, and 1.3 µM) were added to the media and incubated for 3 days. The plate was then taken to room temperature for 15 minutes before starting the assay. 100 µL of CellTiter-Glo (Promega, Madison, Wisconsin, USA) was dispensed in each well. The plate was shaken with a plate shaker (Heidolph, Schwabach, Germany) for 5 minutes at 450 RPM and then rotated gently for 5 min at 1000 RPM with a plate spinner (Thermo Scientific, Waltham, Massachusetts, USA). Cell viability was measured with BMG Pheraster FS (BMG Labtech, Germany).

Neither nivolumab nor epacadostat affected HSC-3 cell viability at any used concentration (Supplement Figures 2A, B, p-value > 0.05). We decided to use 0.5 µM nivolumab and 1.3 µM epacadostat, as these concentrations correspond to those in patient serum at the standard clinical dose (17, 18).



Microfluidic Chip Assay

Our previously applied protocols (15) were adjusted for the Probiont™ microfluidic platforms. A schematic representation and phase-contrast microscopy images of the chip used in this work are shown in Figure 1A. The HSC-3 cells were stained with CellTrace™ Far Red (Invitrogen, Thermo Fisher) according to the manufacturer’s instructions. The cells were then suspended in Myogel/fibrin gel at the following concentrations: 2.4 mg/ml Myogel (lab-made; 19), 0.5 mg/ml fibrinogen (Merck, Darmstadt, Germany), 33.3 µg/ml aprotinin (Sigma-Aldrich), and 0.3 U/ml thrombin (Sigma-Aldrich) diluted in DMEM/F12 media with 10% of FBS. 5 µM of IncuCyte Caspase-3/7 Green (Sartorius, Göttingen, Germany) was added to detect apoptotic cells. The HSC-3 cells were divided into the following three groups: control without drug, 0.5 µM nivolumab, and 1.3 µM epacadostat. 2 µL of each cell suspension containing 1000 cells in gel were loaded into separate small “cancer cell channels” of the microfluidic chip (Figure 1B).




Figure 1 | Schematic of the microfluidic chips and semi-automated analysis of the three-dye system. The slide design contains three microfluidic chips (A) into which cancer cells were injected into the smaller channels (B) and lymphocytes into the larger channels (C). The two channels were connected by microchannels, which were initially filled by air but opened in the first 24 hours of injection (D). The slides were imaged daily under a fluorescence microscope to obtain a multichannel image, which was then cropped for analysis to contain only the cancer cell channel (E; purple rectangle). The fluorescence signals were amplified and autofluorescence signals decreased manually with Image J to represent the channel (F) where cancer cells are shown in red, lymphocytes in blue, and apoptotic cells in green or yellow. Using the built-in features of ImageJ, our algorithm first separated the different channels for analysis and started by counting the positive cells for the red channel (G) based on a minimum threshold, shape, and size. The green channel (H) was counted by checking the red intensities for a minimum green intensity. The blue channel (I) was counted based on a minimum threshold, shape, and size. Scale bar (D) 50 µm and E-I 300 µm.



The lymphocytes (NK, CD4+, or CD8+ T cells) were stained with CellTrace™ Violet (Invitrogen) according to the manufacturer’s instructions. For coculture of CD4+ T cells and CD8+ T cells, CD4+ T cells were stained with CellTrace Violet and CD8+ T cells with CellTracker Orange (Invitrogen) according to the manufacturer’s instructions. Cell viability and number were measured using trypan blue solution utilizing CellCountess (Invitrogen). After staining, cells were suspended in DMEM/F12 media supplied with 10% FBS, 10 ng/ml recombinant human IL-2 (BioLegend, San Diego, California, USA; 20), and 5 µM Caspase-3/7 green (Sartorius). Lymphocytes were divided into the following groups: control without drug, 0.5 µM nivolumab, and 1.3 µM epacadostat. 100 µL of cell suspension, containing 100 000 viable lymphocytes, was added to the larger ‘lymphocyte channels’ of the chip (Figure 1C). In controls without lymphocytes, 100 µL of DMEM/F12 media supplied with 10% FBS and 5 µM Caspase-3/7 green were injected.

After injections, the chips were incubated for 72 hours in a cell culture laminar. The conditioned media was then collected from the chips and stored at -80°C until further analysis.



Fluorescence Microscopy

Chips were imaged under a fluorescence microscope Nikon Ti-E with Alveole Primo (Nikon, Tokyo, Japan) connected to Hamamatsu Orca Flash 4.0 LT B&W camera (Hamamatsu Photonics, Hamamatsu, Japan) and Lumencor Sola SE II 365 (Lumencor, Beaverton, Oregon, USA). Images for the following transmitted light and fluorescent filters were acquired: DAPI (Semrock 5060C, excitation 377/50, emission 447/60), GFP (Semrock 3035D-NTE, excitation 472/30, emission 520/35), TxRed (Semrock 4040C, excitation 531/40, emission 593/40), and Cy5 (excitation 640/20, emission 700/75). Multiple chips were placed on a microscope slide adapter. The NIS-Elements Advanced Research program was automated to image at 20x magnification and to scan 10 images horizontally to form a complete representation of the channel producing a multichannel composite image. Images of the chips were acquired daily to confirm opening of the microchannels after 24 hours of incubation (Figure 1D).



Semi-Automated Counting of Cells

Before analysis, multichannel images were cropped to contain just the cancer cell channel (Figures 1E, F). Using the built-in algorithms of Image J (NIH, National Institutes of Health, USA), we coded a semi-automated positive cell counter to quantify intensities in the three different channels of the composite image. The algorithm separated cancer cells from the background based on intensity and morphology (Figure 1G). All detected red cancer cells were analyzed for positive green intensity to calculate the apoptotic cancer cells with a minimum threshold to exclude artifacts (Figure 1H). The algorithm analyzed the number of lymphocytes from the blue channel based on intensity and morphology (Figure 1I).

The same counting method as in the three-dye system was utilized in the coculture chips of CD4+ and CD8+ T cells for the number of cancer cells, apoptotic cancer cells, and CD4+ T cells by making an individual scoring picture with only these three channels. To calculate the number of CD8+ T cells, the CD4+ T cell channel and green channel were removed and the CD8+ T cell orange channel was changed to blue to better visualize the results (Supplement Figures 3A, B). To differentiate between the background fluorescence from the red-stained cancer cells and the now blue CD8+ T cells, the algorithm calculated the number of any blue intensities with a positive red intensity (Supplement Figure 3C). Based on size and morphology, the algorithm then separately calculated the positive CD8+ T cells, from which the false-positive cell number of blue intensities with red was subtracted to gain the final number of CD8+ T cells (Supplement Figure 3D). To visualize the results clearly, we changed the cancer cells to greyscale and CD8+ T cells to magenta and added back the CD4+ T cell blue channel (Supplement Figure 3E).

The regions of interest (ROIs) were saved automatically and examined manually for any artifacts for all analyses.



Cytokine Release

Conditioned media from the microfluidic chips were collected and diluted 1:1 with cell culture media. Cytokine profiling was performed by Abcam FirePlex Service (Boston, USA). Analysis was performed utilizing FirePlex®-96 Key Cytokines (Human) Immunoassay Panel (Abcam, Cambridge, UK), which detects the following 17 cytokines: granulocyte-macrophage colony-stimulating factor (GM-CSF), interleukin-(IL-)1beta, -2, -4, -5, -6, -8, -9, -10, -12p70, -13 and 17-A, IFN-γ, monocyte chemoattractant protein-1 (MCP-1), macrophage inflammatory protein 1 alpha (MIP1-α), macrophage inflammatory protein 1 beta (MIP1-β), and tumor necrosis factor-alpha (TNF-α). Each sample was analyzed in duplicate.



Statistical Analysis

All experiments were repeated three times, each time using a different donor and each in duplicate. SPSS software program version 26.0 (IBM SPSS Statistics, SPSS, IL, USA) was utilized for statistical analyses. The proliferation rate of the cancer cells was calculated by dividing the number of cancer cells on days 2 and 3 by the number of cancer cells on day 1. One-way analysis of variance (ANOVA) followed by the Bonferroni post-hoc test was used to examine the statistical significance between the different groups.

Flow cytometer output for cytokine release was analyzed using FirePlex™ Analysis Workbench software (https://www.abcam.com/kits/fireplex-analysis-workbench-software). Concentrations were interpolated from the standard curve obtained in duplicate. Due to donor variation, the data were log-normalized and processed as fold changes (raw data included as Supplement Table 2). Statistical analysis for cytokine release was calculated with a One-Sample t-test.

P-values <0.05 were regarded as significant and are presented as follows: * <0.05 and ** < 0.01.




Results


Epacadostat, but Not Nivolumab, Increased NK and CD4+ T Cell Migration Towards HSC-3 Cells and Has a Mild Effect on HSC-3 Cell Apoptosis

We previously reported that an IDO1 inhibitor enhances migration of PBMNCs towards carcinoma cells using HSC-3 cell line and two patients derived cancer cells (15). We investigated this migration further by studying specific subgroups of lymphocytes. Lymphocyte migration towards cancer cells was followed over 3 days. The IDO1 inhibitor epacadostat significantly induced both NK and CD4+ T cell migration compared to controls (Figures 2A, B). For NK cells, the effect was significant only by day 3 (p=0.009, Figure 2A). For CD4+ T cells, the effect was significant from the first day and over the 3 days (day 1 p=0.027, day 2 p=0.003, day 3 p=0.033, Figure 2B). On the other hand, the number of CD8+ T cells migrating towards cancer cells was minimal and was not affected by epacadostat stimulation (Figure 2C). As previously observed (15), PD-1/PD-L1 blockade did not affect migration of lymphocytes towards cancer cells. A full representation of channels is available as Supplement Figures 4A–C.




Figure 2 | Migration of NK, CD4+, and CD8+ T cells towards cancer cells over 3 days. NK cells migrated significantly more with epacadostat incubation than in the NK control on day 3 (A; **p=0.009). The effect was observed also with CD4+ T cells but on all the 3 days of the experiment (B; day 1 *p=0.027, day 2 **p=0.003, day 3 *p=0.033). CD8+ T cells did not significantly differ in migration (C). HSC-3 cells are shown in red, lymphocytes in blue, and apoptotic cells in green in the fluorescence images. Results are reported as the average number of lymphocytes migrated ± SD. The experiments were repeated three times, each time using a different donor and each in duplicate. NK, natural killer cell; CD4, CD4+ T cells; CD8, CD8+ T cells.



To study if adding CD4+ T cells could enhance CD8+ T cell migration, we cocultured these lymphocytes isolated from two donors. Coculturing CD4+ T cells with CD8+ T cells increased migration of CD8+ T cells towards the cancer cells approximately ten-fold when compared with CD8+ T cell monoculture (Figure 3). However, ICIs did not affect CD8+ T cell migration even after adding CD4+ T cells (data not shown). Full representation of channels is available as Supplement Figure 4D.




Figure 3 | Migration of CD8+ T cells in coculture chips of CD4+ and CD8+ T cells over 3 days. CD8+ T cells overall migrated more in coculture with CD4+ T cells than alone (A). In the representative image (B), CD4+ T cells are shown in blue, CD8+ T cells in magenta, cancer cells in white, and apoptotic cells in green. Results are reported as the average number of lymphocytes migrated ± SD. The experiments were repeated two times, each time using a different donor and each in duplicate. Full channel representations are provided as Supplement Figure 4. CD8=CD8+ T cells, CD4=CD4+ T cells.



We next analyzed whether increased migration of lymphocytes affect cancer cell apoptosis and proliferation. There was a mild, but not significant, trend of increased apoptosis of HSC-3 cells after adding lymphocytes, especially in the presence of epacadostat (Figure 4). Proliferation was unaffected by lymphocytes alone or with either of the ICIs (Figure 4). Coculture of CD4+ T cells with CD8+ T cells did not affect apoptosis or proliferation of the cancer cells (data not shown).




Figure 4 | Apoptotic cell percentages and proliferation rates of HSC-3 in the presence or absence of lymphocytes with or without ICIs. There were no significant differences in apoptotic cell percentage or proliferation between the ICI groups and the lymphocyte or HSC-3 controls. Epacadostat treatment of NK cells exhibited a trend of increased apoptotic percentage and decreased proliferation rate than in the HSC-3 control but not in the NK cell control. Proliferation rates are reported as mean ± SD. The experiments were repeated three times, each time using a different donor and each in duplicate. NK, natural killer cell; CD4, CD4+ T cells; CD8, CD8+ T cells.





Nivolumab Significantly Increased MIP-1, IL-6, and IL-8 Release From NK, CD8+, and CD4+ T Cells, Respectively

We performed a FirePlex®-96 Key Cytokines (Human) Immunoassay Panel to study the effects of epacadostat and nivolumab on cytokine release of the lymphocytes in the presence of HSC-3 cells. Based on the cytokine fold change, samples collected from NK cell experiments clustered according to ICI stimulation except for donor 6, which clustered separately due to donor variation effect (Figure 5A). CD4+ and CD8+ T cells showed no clustering based on ICIs or donors (Figures 5B, C, respectively).




Figure 5 | Cytokine expression in the conditioned media of NK, CD4+, and CD8+ T cells. Cytokine concentrations in the conditioned media were measured using a FirePlex®-96 Key Cytokines (Human) Immunoassay Panel. Cytokine concentrations were plotted in the heatmaps as fold change from control (HSC-3 alone). Heatmap of NK cells (A) showed apparent clustering for the ICIs epacadostat and nivolumab, with donor six showing donor variance. Heatmaps of the CD4+ T cells (B) and CD8+ T cells (C) did not show clustering based on ICI group. The experiments were repeated three times, each time using a different donor and each in duplicate. NK, natural killer cell; CD4, CD4+ T cells; CD8, CD8+ T cells; D, donor; IL-1β, interleukin 1-beta; IL-6, interleukin 6; IL-8, interleukin 8; MCP-1, monocyte chemoattractant protein-1; MIP-1α, macrophage inflammatory protein 1 alpha; MIP-1β, macrophage inflammatory protein 1 beta; TNFα, tumor necrosis factor-alpha.



From the 17 cytokines studied, only after nivolumab treatment, the release of 3 cytokines MIP1-α from NK (p=0.016; Figure 6A), IL-6 from CD8+ T cells (p=0.038; Figure 6I), and IL-8 from CD4+ T cells (p=0.011; Figure 6J) were significantly increased. The other treatments exhibited similar trends but were not statistically significant (Figure 6 and Supplement Table 2).




Figure 6 | Cytokine analysis results for MIP-1α, MIP-1β, MCP-1, IL-6, and IL-8. MIP-1α levels increased significantly for NK cells with nivolumab treatment (A, *p=0.01). The CD4+ (B) and CD8+ T cells (C) showed a similar trend of increase with nivolumab and epacadostat treatment, respectively. MIP-1β levels exhibited an increasing trend for NK cells with nivolumab and epacadostat treatment (D). CD4+ T cells had similarly elevated MIP-1β levels with nivolumab treatment (E). MCP-1 levels were increased by CD8+ T (F) and NK cells (G) with epacadostat treatment. NK cells with nivolumab treatment exhibited an increasing trend in IL-6 levels (H), while CD8+ T cells significantly elevated its levels (I, *p=0.038). IL-8 levels were significantly elevated for CD4+ T cells with nivolumab treatment (*p=0.011); epacadostat treatment also resulted in a similar increasing trend (J). In addition, CD8+ T cells exhibited an increasing trend for IL-8 levels with nivolumab treatment (K). Each dot represents one donor; the mean is presented as a small empty box and median as a black line. Grey box color indicates nivolumab and orange indicates epacadostat. The experiments were repeated three times, each time using a different donor and each in duplicate. NK, natural killer cell; CD4, CD4+ T cells; CD8, CD8+ T cells; MIP-1α, macrophage inflammatory protein 1 alpha; MIP-1β, macrophage inflammatory protein 1 beta; MCP-1, monocyte chemoattractant protein-1; IL-6, interleukin 6; IL-8, interleukin 8.



Incubation with epacadostat increased MIP1-α release from NK cells (Figure 6A). MIP1-α levels from CD4+ T cells treated with nivolumab and CD8+ T cells treated with epacadostat were increased (Figures 6B, C, respectively). With nivolumab treatment, NK and CD4+ T cells released increased MIP1-β (Figures 6D, E, respectively), which was also observed with epacadostat treatment of NK cells (Figure 6D). NK and CD8+ T cells incubated with epacadostat exhibited increased MCP-1 secretion (Figures 6F, G, respectively). Adding nivolumab to NK cells increased IL-6 concentration (Figure 6H). Although CD4+ T cells treated with epacadostat secreted increased IL-8 levels, the result was not significant (Figure 6J). Nivolumab treatment increased the amount of IL-8 released from CD8+ T cells (Figure 6K).




Discussion

Despite the promising results of ICIs in some clinical trials, only approximately 13-18% of HNSCC patients respond to currently approved treatments (12, 21). Up to 60% of patients across different cancer types have primary resistance (21). The resistance mechanisms to ICI can be either tumor intrinsic or can develop during treatment. These include T cell exclusion or alterations in antigen presentation or cellular signaling pathways (22, 23). Unfortunately, there are currently no reliable predictive markers to identify patients who would benefit from ICIs, and the predictive role of PD-L1 expression levels and tumor-mutational burden remains controversial (20).

One proposed strategy to address resistance is to reverse T cell exclusion by stimulating trafficking and infiltration of leukocytes to “fire up cold tumors” (23). We have previously shown that IDO1 inhibition increased migration of PMNCs towards cancer cells (15). Here, to our knowledge, we are the first to report that IDO1 inhibition via epacadostat increased migration of NK and CD4+ T cells towards cancer cells. This could reverse the T cell exclusion in ICI-resistant “cold tumors” in vivo.

Epacadostat in combination with anti-PD1 therapy is being tested in several ongoing clinical trials. Combination therapy had promising results in phase 1 and 2 clinical trials for melanoma (24). However, its phase 3 clinical trial was cancelled in 2019 due to insufficient patient response, thus highlighting the need for additional in-depth preclinical studies before conducting large-scale, randomized clinical trials (24). We performed a preliminary test on a few microfluidic chips combining nivolumab and epacadostat but we did not observe any differences for any of the studied parameters (data not shown).

Despite epacadostat-induced lymphocyte migration, we did not observe a significant difference in apoptotic percentage or in proliferation rate of HSC-3 cells, which suggests a more complex underlying mechanism. In general, the ratio of cancer cells to leukocytes in the in vitro experiments ranged from 1:5 to 1:10, thus giving the leukocytes an advantage (13, 25, 26). In our experiment, we set the cancer cell-lymphocyte ratio at 1:100. However, the number of lymphocytes that actually migrated to the HSC-3 cells site was minimal and yielded a final ratio of approximately 7:1. To improve the accuracy of our model to capture even marginal changes, in the future we may consider decreasing the cancer cell to lymphocyte ratio in favor of lymphocytes. More viable lymphocytes and fewer cancer cells may yield realistic results. This would also prevent crowding of the cancer cells in the chip. Since the cancer cells were injected into a 3D environment, they grow on top of each other, which may cause an innate error to the visual analysis of the apoptotic cell layers.

Another proposed strategy to address ICI resistance are cytokine-based drugs (27). Cytokines are a group of potent but complex signaling molecules capable of modulating the immune response exerting both stimulatory and suppressive effects (27, 28). They mediate the expansion, activation and trafficking of effector lymphocytes but are also capable of recruiting regulatory T cells (27). In the TME, the lack of several cytokines, such as MIP1-β (CCL4), has been shown to lead to T-cell exclusion, while elevated IL-8 (CXCL8) expression has been shown to be associated with a reduction in the number of T cell in tumors (23). Various clinical trials are testing a combination therapy of cytokine-blockage and ICIs for different cancers (27). In addition to their potential therapeutic value, cytokines are also the molecules suggested to activate the effector lymphocytes after the ICI initiation (29). Several studies are evaluating the predictive value of inflammatory cytokine levels from patient serum before and after ICI therapy in different cancers (29–32).

Cytokine levels from the conditioned media were analyzed to explore the effect of ICIs on the signaling pathways that underlie the cross-talk between lymphocytes and HNSCC cells. With the exception of one donor, samples from nivolumab and epacadostat clustered differently for NK cells. Donor variation was further confirmed, as donor 3 exhibited high concentrations of nearly all cytokines, suggesting that this donor had underlying immune system activation due to inflammatory disease.

Both nivolumab and epacadostat had mild effects on cytokine levels, but only nivolumab had some statistically significant results. TNF-α, MIP1-α, MIP1-β, MCP-1, IL-6, and IL-8 had the highest cytokine levels for all donors. The TNF-α concentration varied without any trends between groups. The role of the proinflammatory chemokines MIP1-α (CCL3), MIP1-β (CCL4), and MCP-1 (CCL2) in the tumor remains controversial, as described below.

MIP1-α mRNA expression is increased in oral squamous cell carcinoma (OSCC) when compared with healthy gingival tissue (33). Furthermore, MIP1-α serum levels were suggested as a potential biomarker for diagnosing OSCC, as these levels are associated with tumor size (34). We observed a significant increase in MIP1-α levels for NK cells after nivolumab treatment (similar to epacadostat), but this was not significant. CCR5 (a receptor for MIP1-α) activation increases migration of regulatory T cells, thus promoting immune evasion. Interestingly, CCR5 blockade in hepatocellular carcinoma had promising results with maraviroc, which was initially developed as a human immunodeficiency virus medication (#NCT01736813; 34). At present, there are three ongoing studies investigating combinations of pembrolizumab and maraviroc for metastatic carcinomas (35).

Plasma levels of MIP1-β were downregulated in OSCC patients compared to the healthy controls. High expression of MIP1-β is linked to anti-tumor responses through chemoattraction of lymphocytes (T and NK cells) in esophageal SCC and colorectal adenocarcinomas (36–38). Here, no significant results were obtained for MIP1-β levels. However, epacadostat treatment showed a trend of increased of MIP1-β secretion from NK cells and nivolumab treatment showed a trend of increased MIP1-β secretion from NK and CD4+ T cells. On the other hand, MIP1-β is overexpressed in lung adenocarcinomas and colorectal carcinomas, which is linked to tumor development and progression through protumorigenic macrophage recruitment (39, 40). Moreover, a case report of an OSCC patient showed elevated level of MIP1-β secretion but with no response to nivolumab treatment. This suggests that the functional mechanisms of MIP1-β require further studies (41).

MCP-1 is a potent monocyte-attracting chemokine that improves monocyte recruitment to the TME and promotes HNSCC progression (42). Moreover, OSCC-associated fibroblasts mediate protumorigenic features through MCP-1 signaling (43). On the other hand, in vivo MCP-1 elicits effector T cell chemotaxis (44), but its role in recruiting T cells to the TME is still unclear (45). In our study, NK and CD8+ T cells showed a trend of elevated MCP-1 levels with epacadostat treatment.

We demonstrated that IL-6 and IL-8 (CXCL8) levels were significantly elevated after nivolumab treatment of CD8+ and CD4+ T cells compared with controls. In various cancers, the elevated systemic and tumor-associated levels of IL-6 and IL-8 are associated with reduced clinical benefit of anti-PD-1/PD-L1 treatment (46, 47). Furthermore, increased IL-6 and IL-8 serum levels after anti-PD-1/PD-L1 treatment are associated with no response in non-small cell lung carcinoma and melanoma patients (30–32). In OSCC patients, IL-6 and IL-8 serum levels are elevated (48–50). However, to our knowledge, there is only one case report where some cytokines before and after treatment were analyzed (41). Similar to our results, this patient had elevated IL-6 and IL-8 levels after nivolumab treatment, which was associated with disease progression (41). To our knowledge, we are the first to report the actual lymphocytes mediating the increased levels of IL-6 and IL-8. Elevated IL-6 levels compared to the respective lymphocyte control were observed for CD8+ T cells with nivolumab treatment, while NK cells showed a similar trend. Increased IL-8 levels were observed for CD4+ T cells with nivolumab treatment, while epacadostat incubation showed a similar trend. Additionally, nivolumab treatment also increased IL-8 levels from CD8+ T cells. Blockage of IL-6 and IL-8 in combination with nivolumab is being investigated in phase 1 clinical trials for several carcinomas, including HNSCC for IL-8 (clinical trial identifiers #NCT03400332, #NCT04848116, #NCT03999749).

Due to the limited availability of blood samples and carcinoma cells from HNSCC patients, we used lymphocytes harvested from healthy individuals and a commercial OSCC cell line. Although this was not ideal, obtaining sufficient lymphocytes and cancer cells from the same patient is not feasible. Therefore, methodologies similar to ours, where leukocytes are isolated from healthy individuals, have commonly been used in the literature (25, 26, 51). As our results show variable effects depending on ICI on OSCC cell migration and apoptosis and on lymphocyte cytokine secretion, further in vivo experiments are warranted to validate these findings.



Conclusions

We showed that epacadostat stimulated migration of NK and CD4+ T cells towards the site of carcinoma cells, thus potentially enhancing antigen presentation in the TME. Nivolumab did not affect cell migration. However, in the presence of nivolumab, NK, CD4+, and CD8+ T cells secreted more MIP1-α, IL-6, and IL-8, respectively, than controls. Importantly, since increased levels of IL-6 and IL-8 in serum from OSCC patients after anti-PD1 treatment are associated with poor ICI response, blockage of these cytokines may be a potential target for clinical trials. Moreover, levels of these cytokines could potentially reflect patient response to anti-PD1 treatment, which should be further investigated. Blockage of the MIP1-α receptor may also be a promising direction for future studies.
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Supplementary Figure 2 | Neither nivolumab nor epacadostat affects HSC-3 viability. Four different concentrations of nivolumab and epacadostat were screened for their cytotoxic effect on HSC-3 cells using a CellTiter-Glo assay. Viability did not significantly (p>0.05) vary between any tested concentrations of nivolumab (A) or epacadostat (B). Results are presented as means normalized to control wells without drugs ± SD. The assays were performed as duplicates and repeated three times independently.

Supplementary Figure 3 | Semi-automated analysis of coculture chips. Coculture chips of CD4+ and CD8+ T cells were imaged under four fluorescent filters to obtain a multichannel image (A), with HSC-3 cells in the red channel, CD4+ T cells in the blue channel, apoptotic cells in the green channel, and CD8+ T cells in the orange channel. The number of cancer cells, apoptotic cancer cells, and CD4+ T cells were calculated as in the three-dye system. For analysis of the number of CD8+ T cells, the green channel containing apoptotic cells was removed (B) and the orange channel containing the CD8+ T cells was changed to blue and overlayed with the red channel only (C). The software then calculated all positive blue cells with red intensity (D) and all positive blue cells with the same parameters as the CD4+ T cells in the three-dye system (E). Subtraction of these cells was considered to yield the number of CD8+ T cells. To provide a clear representation of the migrated cells, the representative image of the cocultures was edited such that the cancer cells are shown in white, CD4+ T cells in blue, and CD8+ T cells in magenta (F). Scale bar A-E 100 µm.

Supplementary Figure 4 | Full representation of analyzed channels on day 3 for NK cells, CD4+ T cells, CD8+ T cells, and CD4+ T cells with CD8+ T cells. In the monoculture chip images (A–C), HSC-3 cells are shown in red, respective lymphocytes (NK cells, CD4+ T cells, and CD8+ T cells) in blue, and apoptotic cells in green. Apoptotic cancer cells appeared yellow due to overlay of red and green colors. In coculture chip images (D), HSC-3 cells are shown in grey, CD4+ T cells in blue, CD8+ T cells in magenta, and apoptotic cells in green. Scale bar A-D 300 µm.

Supplementary Table 1 | Clinical characteristics of the six donors.

Supplementary Table 2 | Cytokine concentrations of the conditioned media. Values are in pg/ml. D, donor.
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Oropharyngeal squamous cell carcinoma (OPSCC) is an uncommon malignancy worldwide. Remarkably, the rising incidence of OPSCC has been observed in many developed countries over the past few decades. On top of tobacco smoking and alcohol consumption, human papillomavirus (HPV) infection has become a major etiologic factor for OPSCC. The radiotherapy-based or surgery-based systemic therapies are recommended equally as first-line treatment, while chemotherapy-based strategy is applied to advanced diseases. Immunotherapy in head and neck squamous cell carcinoma (HNSCC) is currently under the spotlight, especially for patients with advanced diseases. Numerous researches on programmed death-1/programmed death-ligand 1 checkpoint inhibitors have proven beneficial to patients with metastatic HNSCC. In 2016, nivolumab and pembrolizumab were approved as the second-line treatment for advanced metastatic HNSCC by the USA Food and Drug Administration. Soon after, in 2019, the USA Food and Drug Administration approved pembrolizumab as the first-line treatment for patients with unresectable, recurrent, and metastatic HNSCC. It has been reported that HPV-positive HNSCC patients were associated with increased programmed death-ligand 1 expression; however, whether HPV status indicates different treatment outcomes among HNSCC patients treated with immunotherapy has contradicted. Notably, HPV-positive OPSCC exhibits a significantly better clinical response to primary treatment (i.e., radiotherapy, surgery, and chemotherapy) and a more desirable prognosis compared to the HPV-negative OPSCC. This review summarizes the current publications on immunotherapy in HNSCC/OPSCC patients and discusses the impact of HPV infection in immunotherapeutic efficacy, providing an update on the immune landscape and future perspectives in OPSCC.
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1 Introduction

Oropharyngeal squamous cell carcinoma (OPSCC) is one of the head and neck squamous cell carcinoma (HNSCC), developing in the following areas: soft palate, base of the tongue, palatoglossal folds, palatine tonsils, valleculae, and posterior pharyngeal wall (1). According to the latest GLOBOCAN estimates, OPSCC is uncommon globally, with an estimated 98,412 new cases (0.5% of all cancers combined) and 48,143 deaths (0.5% of all cancers combined) in 2020 (2). Historically, tobacco smoking and alcohol consumption are considered the most common risk factors for HNSCC, including OPSCC (3, 4). Benefits from successfully controlling tobacco and alcohol use in the western world since a few decades ago, incident OPSCCs related to smoking and drinking have been declining (5–8). However, the overall incidence of OPSCC is still on the rise, along with an increasing subset of HPV-positive cases (5–7, 9).

The standard of care (SoC) for OPSCC, which includes surgery, radiotherapy, and chemotherapy, has continuously improved. However, the prognosis of OPSCC patients remains poor due to late diagnosis, high rates of primary-site recurrence, and lymphatic metastasis (10, 11). Recently, the use of immunotherapy in patients with HNSCC, including OPSCC, has become a hot spot (12–15). Among numerous immunomodulatory agents, programmed death-1 (PD-1)/programmed death-ligand 1 (PD-L1) checkpoint inhibitors have been proven effective in those patients with metastatic HNSCC (16–18). Nevertheless, the influence of the HPV status in OPSCC patients on the efficacy of immunotherapy, drug resistance, and heterogeneity on response remain unclear, which are under investigation (19, 20).

This review intends to update the current evidence in immunotherapy among OPSCC patients and the impact of HPV infection on the treatment efficacy of immunotherapy, providing future perspectives in OPSCC treatment.



2 HPV and OPSCC

HPV is a small non-enveloped, circular, double-stranded DNA virus with epithelial tropism and commonly transmits by sexual contact. It has been reported that HPV infection was attributed to around 20% ~ 60% of OPSCC worldwide (9, 21). Among 200 identified genotypes of HPVs, genotype HPV-16 accounts for over 80% of HPV-positive OPSCC, followed by HPV-18, 31, 33, 35, which are well-known high-risk HPVs (9, 22). E6 and E7, two early viral proteins expressed by high-risk HPV, are mainly involved in developing and maintaining the transformed phenotype of HPV-induced cancers (23). Specifically, the oncoprotein E6 degrades the tumor suppressor p53 and helps escape cell death (21, 24). E7 binds to the retinoblastoma proteins (pRb), promoting the E2F/pRb complex dissociation and releasing E2F, which stimulates the cell re-entering S-phase, leading to escape from oncogene-induce senescence (21, 25). Besides, E6, E7, and E6/E7 contribute to the maintenance of cancer phenotype, epigenetic regulation, microRNAs, DNA damage response, genetic instability, angiogenesis, immune system modulation, telomerase activity via a variety of molecules/pathways (25). Although playing a less crucial role, other early proteins, including E1, E2, E4, and E5, participate in completing the viral cell cycle (9, 21).

HPV-positive OPSCC represents distinct prognostic characteristics and genomic patterns compared to HPV-negative disease. Numerous studies have revealed that HPV-positive OPSCCs exhibited better disease-free survival after primary treatment (26–30). A large-scale retrospective analysis has confirmed the prognostic value of HPV status with a remarkable result: HPV-positive OPSCC patients (63.8%, 206 in 323) represented a better 3-year rates of overall survival (82.4%, vs. 57.1% in HPV-negative OPSCC patients; P<0.001) (31). Besides, the comprehensive genomic landscape in HPV-positive HNSCC is remarkably different from smoking-related HNSCC (32–34). In general, HPV-positive HNSCCs exhibited a relatively low mutational burden (2.28 mutations per Mb vs. 4.83 mutations per Mb in HPV-negative cases) (32), a high proliferative index, a frequent alteration in the PIK3CA pathway, compared to HPV-negative HNSCCs (35). A current study reported that the most frequent mutation exhibited in an OPSCC cohort with 948 subjects was TP53 (33%), followed by PIK3CA (17%) and KMT2D (10.6%); and TP53 was more commonly mutated in the HPV-negative group (mutation rate: 49% vs. 10%, P < 0.0005) (36).

The 7th edition of the Union for International Cancer Control and American Joint Committee on Cancer (UICC/AJCC) staging system failed to differentiate the impact of HPV infection on survival (hazard consistency) between stages and lost the capability in predicting features of any stage (37). Hence, the latest released 8th edition has introduced apparent modifications in a new staging algorithm to categorize OPSCC patients into two different systems regarding HPV status. We summarize the difference between the 7th and 8th edition of UICC/AJCC staging systems of OPSCC in the Supplementary Table. The College of American Pathologist Guidelines recommended that p16 expression tested by immunohistochemistry is a feasible and reliable surrogate marker for diagnosing HPV-positive OPSCC (38, 39). It is worth noting that discordance between p16 staining and HPV status (e.g., patients with p16INK4a-positive/HPV DNA-negative) has been observed and related to differentiated survival (40, 41). Therefore, we shall be aware that p16INK4a alone may not be the best biomarker for prognosis prediction. Alternative and/or complementary biomarker, such as DNA and RNA in situ hybridization and other molecular HPV tests, is urgently needed (37, 42).



3 Immunotherapy

A significant breakthrough has been achieved in cancer immunotherapy, making it an important weapon in fighting cancer (43–46). According to the Cancer-Immunity Cycle proposed by Chen et al., cancer cells can be effectively eradicated by the immune cells via a stepwise process which starts with a successful initiation of cancer immune recognition and accumulation of adaptive immune responses, to cancer cell elimination eventually (47). Nevertheless, the Cancer-Immunity Cycle does not always work desirably in cancer patients; for instance, T-cell-mediated attack might fail to activate due to the suppression by some factors in the tumor microenvironment (48). Each step in the Cycle acts as a potential strategy for cancer immune escape and an eligible target for treatment (49). Among those steps, PD-1/PD-L1 checkpoint axis is most widely studied, which prevents the over-activation of T cells from damaging normal tissues and leads to the potential of tumor immune escape (12). In the past decade, blocking the PD-1/PD-L1 axis by monoclonal antibodies to overcome the immune suppressive signals in cancer patients and promote the reactivation of antitumor response has been well-established as an efficient treatment in a broad range of cancer types (including but not limited to lung cancer, breast cancer, head and neck cancer, pancreatic cancer, and prostate cancer) (50–54).



4 Immunotherapy in HNSCC/OPSCC


4.1 Clinical Application of Immunotherapy in HNSCC/OPSCC


4.1.1 PD-1/PD-L1 in HNSCC/OPSCC

In the past decade, dozens of clinical trials have demonstrated the superiority of immunotherapy over chemotherapy in prolonging patients’ survival with advanced HNSCC, including patients with OPSCC. Recent clinical practice in immunotherapy is summarized in Table 1.


Table 1 | Clinical practice in immunotherapy among OPSCC patients.



Landmark trials have demonstrated the efficacy of immunotherapy in patients with HNC (including OPSCC). The phase Ib trial published in 2016, KEYNOTE-012 (NCT01848834), was the first study investigating PD-1 blockade therapy in 104 recurrent/metastasis (R/M) HNSCC patients expressing PD-L1 (38% were HPV-positive and 62% were HPV-negative) (70). The overall response rate (ORR) reached 18% (95% CI, 8-32%), and median overall survival (OS) was 13 months. CheckMate 141, a phase III trial, revealed that nivolumab was superior to standard, single-agent therapy (cetuximab, methotrexate, or docetaxel) among 361 patients with platinum-refractory HNSCC (p16-positive/negative were 25.5% and 23.8%, respectively) (43–45). The response rate (RR) in the nivolumab group was 13.3% (95% CI, 9.3 to 18.3) versus 5.8% (95% CI, 2.4 to 11.6) in the standard group; and the OS was significantly longer in the nivolumab group than the standard, single-agent group (hazard ratio for death, 0.70; 97.73% CI, 0.51 to 0.96; P=0.01). Based on these two landmark trials, the FDA approved pembrolizumab and nivolumab as the second-line treatment for R/M HNSCC in 2016. Soon after, the phase II, single-arm study, KEYNOTE-055, demonstrated that 16% (95% CI, 11% to 23%) of the 171 R/M HNSCC patients (22% were HPV+ and 77% were HPV-) refractory to platinum and cetuximab who received pembrolizumab achieved confirmed response, with 8 months median duration of response (range, 2+ to 12+ months) (43–45). Around 64% of all patients treated with pembrolizumab experienced different levels of treatment-related adverse events (trAEs) which was deemed acceptable safety. KEYNOTE-040 (NCT02358031) was a globally randomized, phase III study involving 495 R/M HNSCC patients after platinum-based chemotherapy (24.0% were HPV+ and 76.0% were HPV-) (43–45). In 2019, it proved the superiority of pembrolizumab to chemotherapy in the R/M HNSCC patients [median OS: 8.4 months (95% CI 6.4-9.4) in the pembrolizumab group versus 6.9 months (5.9-8.0) in the standard-of-care (SoC) group, the HR was 0.80 (0.65-0.98)]. In addition, fewer patients treated with pembrolizumab exhibited severe trAEs (grade 3 or worse) [33 (13%) of 246 vs 85 (36%) of 234 in standard-of-care group]. Meanwhile, KEYNOTE-048, a randomized, phase III study, stated that pembrolizumab with chemotherapy (platinum and 5-fluorouracil) was effective and safe as a first-line treatment for R/M HNSCC patients (43% were HPV+), and pembrolizumab alone was an appropriate first-line therapy for PD-L1 positive patients (71). Patients treated with pembrolizumab with chemotherapy had better overall survival than those exposed to cetuximab with chemotherapy in the total population [13.0 months vs 10.7 months, HR 0.77 (95% CI 0.63 - 0.93), P=0.0034]. Hence, the FDA had taken one big step forward to approve pembrolizumab as the first-line treatment for patients with R/M HNC in 2019 (43–45).



4.1.2 Immunotherapy-Combined Treatments in HNSCC/OPSCC

SoC of HNSCC, including surgery, radiotherapy, chemotherapy, and targeted therapy, have been well-studied and widely applied in clinics with a proven impact (72). Nevertheless, the efficacy of SoC has reached a plateau, and a novel therapeutic modality is urgently needed. After the notable success of PD-1/PD-L1 achieved in treating advanced HNSCC, researchers have devoted their passion to explore the potential of immunotherapy-combined treatments.

Lenvatinib is a tyrosine kinase inhibitor of several VEGF receptors and could modulate immune suppression in the tumor micro-environment by angiogenesis inhibition. The effectiveness of pembrolizumab in combination with lenvatinib in patients with HNSCC has been supported by a phase II trial (NCT02501096) (72) towards 137 patients with various advanced solid tumors (22 patients suffered HNSCC). The ORR at week 24 at the recommended dose (lenvatinib 20 mg/d, pembrolizumab 200 mg every 3 weeks) of HNSCC patients was 36% (8/22; 95% CI, 17.2% to 59.3%). Large-scale studies are needed to evaluate the long-term safety and efficacy of this combination.

Besides, the impact of ICI therapy combined with chemotherapy was investigated in a wide range of solid tumors. Some of these trials (KEYNOTE-189, 355, 361, 407, 590, 826) observe statistically significant survival benefits (longer PFS, higher estimated rate of overall survival at 12 months) in patients with corresponding cancers (73–78), suggesting adding pembrolizumab to standard chemotherapy for cancer treatment. As described above, the KEYNOTE-048 trial reported that pembrolizumab+chemotherapy improved HNSCC patients’ OS versus cetuximab with chemotherapy (13.0 vs. 10.7 months, P=0.0034), while pembrolizumab monotherapy was non-inferior to cetuximab with chemotherapy (11.6 vs. 10.7 months). When stratifying the patient population with CPS score, both arms show survival benefits compared to cetuximab with chemotherapy. However, 85% of the R/M HNSCC patients in the pembrolizumab with chemotherapy group suffered grade 3 or worse all-cause adverse events (AEs), while 55% of the patients in the pembrolizumab monotherapy group endured AEs. It indicates that when clinicians decide on monotherapy or combined therapy, the toxicity should be considered in the clinical settings.



4.1.3 Dual Immune Checkpoint Blockade Therapy in HNSCC/OPSCC

The desirable effect of single-agent immunotherapy sparks research into the combination of anti-CTLA-4 and anti-PD-1 therapies (79). Ipilimumab, a monoclonal antibody medication targeting CTLA-4, has been approved for application in melanoma, advanced high-risk renal cell carcinoma, colorectal cancer (80–82). A phase II, open-label, randomized clinical trial (NCT02919683) evaluating the effect of nivolumab (N arm) or nivolumab+ipilimumab (N+I arm) in HNSCC patients before surgical resection showed that both arms had a favorable response, whereas RR in the N+I arm was better in the RECIST manner (N+I arm: 38%, N arm: 13%) (83).

In addition, a phase III trial, EAGLE (NCT02369874), aimed to assess the combination of durvalumab plus tremelimumab (anti-CTLA4 mAb, approved by the FDA to treat malignant mesothelioma) (84). This trial investigated the efficacy of durvalumab +/- tremelimumab versus SoC (e.g., cetuximab, taxane, methotrexate, or fluoropyrimidine) towards 736 R/M HNSCC patients (37.2% with primary OPSCC). Neither in durvalumab arm (D arm) nor in durvalumab plus tremelimumab arm (D+T arm) reported significant survival difference when compared to SoC group (OS: D arm vs. SoC arm, P=0.20; D+T arm vs. SoC arm, P=0.76). Further research is needed to investigate dual ICI therapy’s efficacy in HNSCC, especially OPSCC patients (85).



4.1.4 Novel Immunotherapy in HNSCC/OPSCC

Apart from immune-combined therapy and a combination of anti-CTLA4 and anti-PD-1/PD-L1 therapy, there are other immunotherapies toward HNSCCs using anti-PD-L1 drugs (e.g., avelumab and atezolizumab) (86, 87). Besides, other immunotherapies targeting additional immune checkpoints (e.g., LAG-3, TIM-3, TIGIT, and VISTA) are under investigation (88).

Among these novel therapies, researchers in the field of HNSCC, including OPSCC, start to explore the effect of IDO1 inhibition therapy and toll-like receptor 8 (TLR8) agonists therapy through clinical trials. The results of the phase Ib study (NCT02471846) were disappointing that the combination of navoximod (IDO1 inhibitors) and atezolizumab (anti-PD-L1 agent) failed to improve clinical benefit among patients with various solid tumors, including HNSCC (89). However, the results of the Active8 study were encouraging that TLR8 agonists might prolong survival among HPV-positive HNSCC patients compared to HPV-negative patients (PFS: 7.8 versus 5.9 months; HR, 0.58; P = 0.046; OS: 15.2 versus 12.6 months; HR:0.41; P = 0.03) (59).

In all, immunotherapy provides a promising future, but the application in the treatment of OPSCC is still lacking. Researchers should take steps to discover more information in this field.




4.2 Immunotherapy in OPSCC Regarding the HPV Status


4.2.1 Immunotherapy in HPV-Positive OPSCC

HPV is a solid causative agent in the formation and progression of OPSCCs, making viral neoantigens an attractive target for therapeutic immunization. Tumor vaccine aims to reduce tumor burden and control tumor recurrence by stimulating both humoral and cellular immune response, offering an immune activation strategy (90). Current HPV-positive therapeutic vaccines are depicted in Figure 1.




Figure 1 | Different Types of Therapeutic Vaccines against HPV-positive Tumors. CD4+ T Cell, Cluster of differentiation 4-positve thymus cell; CD8+ T Cell, Cluster of differentiation 8-positve thymus cell; Fas, Factor associated suicide; FasL, Factor associated suicide ligand. (Figure was created with BioRender.com.)



Given the essential roles E6 and E7 play in HPV-positive cancers, they are usually selected as targets for a therapeutic vaccine. A phase I study (ACTRN12618000140257) assessed the safety, tolerability, and immunogenicity of an HPV E6/E7 vaccine (AMV002) in patients with HPV-positive OPSCC (91). The vaccine-induced RR was 83.3% (10 of 12). In addition, a phase Ib/II trial (NCT03162224) evaluating the safety and efficacy of MEDI0457 (DNA vaccine targeting HPV-16/18 E6/E7 antigens accompanied with an IL-12 adjuvant) plus durvalumab in HPV-positive R/M HNSCC patients is underway (92).

On top of various vaccines, Ramireddy et al. showed that tumor membrane vesicle (TMV) vaccine comprises glycolipid-anchored immuno-stimulatory molecules GPI-B7-1 and GPI-IL-12, magnified the efficacy of anti-PD1 antibodies and inhibited tumor growth, and thus improved the survival of mice with stage VII SCC (93). In addition, the early expressed HPV E5 protein has gained attention recently (94). By amplifying EGFR, HPV E5 protein promoted cell proliferation and invasion through Ras-ERK1/2, PI3K-AKT, and COX-2 pathways (95). As more signaling pathways are involved in understanding tumor-related events, new target sites are under active investigation.

However, those HPV therapeutic vaccines were neither successful in achieving desired clinical outcomes nor applied to human study. Researchers put forward that one reason might be that patients obtained immune tolerance to antigens due to chronic exposure to the virus for years (96). Therefore, we suggest that improving the immunogenicity of several types of vaccines and ensuring safety and tolerability warrant more future efforts.



4.2.2 Immunotherapy in HPV-Negative OPSCC

Currently, there are few studies on immunotherapy towards HPV-negative OPSCC. DURTRERAD is a randomized phase II trial evaluating feasibility and efficacy of durvalumab (D arm) versus durvalumab and tremelimumab (DT arm) in combination with radiotherapy as primary treatment for locally advanced HPV-negative HNSCC, more than a half being OPSCC (97). In this trial, the DT arm was halted due to increased toxicity. Five among six patients in the DT arm suffered varying degrees of trAEs, with one quitting the cohort because of grade 5 trAE. However, detailed analysis has not been fully reported (97).



4.2.3 Survival Benefits of Immunotherapy in Relation to HPV Status

As mentioned above, the prognosis of OPSCC patients is closely associated with HPV status in the setting of SoC. Nevertheless, HPV status seems to be limited in predicting the prognosis of immunotherapies towards OPSCC patients. A systematic review of clinical trials using immunotherapy, mainly ICIs in HNSCC, did not report any statistically significant difference concerning ORR, stable disease (SD), progressive disease (PD), or OS when patients were classified by HPV status. However, ORR was approaching significance in HPV-positive patients compared to HPV-negative ones (21.2% vs. 15.0%, P = 0.06) (7).

It should be pointed out that the accuracy of existing detection methods would influence the result of these trials. A study held by Miren Taberna et al. Proves that the ICON-S model in 8th AJCC predicts overall survival assessment better in HPV-related OPC patients when using at least two biomarkers to define HPV-causality (HPV-DNA and (p16INK4a or HPV-mRNA) or double positivity for HPV-DNA/p16INK4a) (98). These results call for a clear definition of HPV status in future studies, and competent biomarkers to identify the beneficiaries from immunotherapies.




4.3 Biomarkers for Immunotherapy in OPSCC

Cancer biomarkers help evaluate treatment effects, monitor tumor recurrence and predict survival. The application of biomarkers will influence patient outcomes; hence, exploring and discovering novel biomarkers have significant research value.

The prediction value of PD-(L)1 expression measured by immunohistochemistry for prognosis in patients with HNSCC was analytically validated (99). Previous studies evaluating durvalumab treatment effect demonstrated a better anti-tumor response in R/M HNSCC patients with high PD-L1 expression versus those with low or no PD-L1 expression (median OS: 7.1 vs 6.0 months, ORR: 16.2% vs 9.2%) (100). Nevertheless, the cut-off value varies from trials to trials, and researchers need more trials to define a uniform standard when using PD-(L)1 expression as a prognostic marker (100).

Recent efforts to excavate molecular biomarkers through next-generation sequencing provided deeper and broader insights. Genetic and epidemic alterations are involved in the initiation of HNSCC formation. Genetic alterations include the classic mutations in TP53 and CDK2NA and the newly discovered mutations in FBXW7, TP63, IRF6, and NOTCH1 (32). NOTCH signaling pathways were associated with the development of multiple types of tumors, such as hepatocellular carcinoma, T cell leukemias, myeloid leukemia (101–103). Gianluigi Grilli et al. reported that the activation of the NOTCH pathway improved prognosis in HPV-negative HNSCC patients and suggested that NOTCH1 expression might be a predictive marker for survival in HPV-negative HNSCC (104). Besides, Esposti et al. identified a unique epigenetic feature: hypomethylation in NCAN, NRXN1, COL19A1, SYCP2, RPA2, and SMC1B, related to HPV infection among HNSCCs regardless of the anatomic site (105). Moreover, differentially expressed small non-coding RNA molecules (miRNAs) may also predict survival. Expression of miR-21 was associated with poor cancer-specific survival in HPV-negative tumors (106).




5 Limitations and Prospects


5.1 Resistance to Immune Checkpoint Blockade

Most clinical trials evaluating the RR to ICIs in OPSCC patients indicate that less than 15% of patients receiving ICI therapy could achieve durable responses (14, 15, 107). Evidence supports that failure of immune sensing might contribute to compromised immune function. Two dysfunctional oncogenic pathways, the SOX2-mediated suppression of the IFN-I signaling pathway and the PI3K-mTOR pathway, deprive extracellular glucose and thus exhaust cytotoxic T lymphocytes (CTLs) (108). Pervasive immune suppression is the primary barrier, contributing to the limited beneficial effects of ICIs in OPSCC. Researchers proposed that targeting the IFN-I signaling pathway through IFN-I agonists (e.g., cGAMP), inducing DNA damage by RT or DNA-damage inducing agents (e.g., cisplatin and 5-fluorouracil), and is revitalizing CTLs (e.g., rebuilding a pH-neutralized environment to provide nutrition) might be effective (109–112). In addition, Zhou L. et al. suggest that epigenetic targeting drugs such as DNA methyltransferase inhibitors, histone deacetylase, and methyltransferase inhibitors may potentially reverse immune suppression in various cancer models (113).



5.2 Difficulty in Personalized Immunotherapy Strategy

In the clinical practice of immunotherapy, evaluating patients’ immune status could be challenging. As discussed above, feasible biomarkers could guide researchers to identify potential beneficial patients and monitor adverse events. However, it is insufficient to select patients for ICI immunotherapy based on a single parameter without considering other factors given the highly heterogeneous microenvironment in OPSCC. An ex vivo platform, CANscript system, has been proven helpful to for profiling the response of immunotherapy combining chemotherapy (114). Besides, researchers have established several prognosis risk models to indicate immunosuppression state and predict survival in patients based on a set of immune checkpoint-related genes (115, 116). It is a pity that, however, existing predictive models lack validation upon large sample size.




6 Conclusion

In summary, classified by HPV status, OPSCC is a heterogeneous disease. The unique TME shaping by HPV status calls for distinct therapeutic approaches. Immunotherapy offers a wide range of therapeutic strategies which will be especially useful in meeting this need. Monotherapy of novel agents has proved effective, while combinations of immunotherapy with conventional therapies and dual immunotherapy are undergoing clinical investigation. Notably, there is an urgent need for a feasible treatment stratification by HPV status. Immunosuppression and lack of desirable biomarkers for personalized therapy are the two significant issues in immunotherapy. More clinical trials are warranted to assess the efficacy of novel immunotherapies based on HPV status.
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Background

Head and neck squamous cell carcinoma (HNSCC) is one of the most common malignant cancers. The treatment of HNSCC remains challenging despite recent progress in targeted therapies and immunotherapy. Research on predictive biomarkers in clinical settings is urgently needed.



Methods

Next-generation sequencing analysis was performed on tumor samples from 121 patients with recurrent or metastatic HNSCC underwent sequencing analysis. Clinicopathological information was collected, and the clinical outcomes were assessed. Progression-free survival (PFS) was estimated using the Kaplan-Meier method and cox regression model was used to conduct multivariate analysis. Fisher’s exact tests were used to calculate clinical benefit. A p value of less than 0.05 was designated as significant (p < 0.05).



Results

Chromosome 11q13 amplification (CCND1, FGF3, FGF4, and FGF19) and EGFR mutations were significantly associated with decreased PFS and no clinical benefits after treatment with a programmed death 1 (PD-1) inhibitor. The same results were found in the combined positive score (CPS) ≥ 1 subgroup. In patients who were treated with an EGFR antibody instead of a PD-1 inhibitor, a significant difference in PFS and clinical benefits was only observed between patients with CPS ≥ 1 and CPS < 1.



Conclusion

Chromosome 11q13 amplification and EGFR mutations were negatively correlated with anti-PD-1 therapy. These markers may serve as potential predictive biomarkers to identify patients for whom immunotherapy may be unsuitable.





Keywords: head and neck squamous cell carcinoma (HNSCC), immune checkpoint inhibitor (ICI), predictive biomarkers, immunotherapy, 11q13 amplification, EGFR mutation



Introduction

Head and neck squamous cell carcinoma (HNSCC) is the sixth most common malignant cancer worldwide (1), accounting for 450,000 deaths per year (2). Treatment for HNSCC typically includes surgery, radiotherapy, chemotherapy, or combined modalities, and more recently, targeted therapy and immunotherapy. Compared to traditional therapies, both targeted therapy and immune checkpoint inhibitor (ICI) therapy have shown significantly improved clinical benefits (CBs) in the treatment of recurrent and metastatic disease (3–6).

ICIs that target the programmed death 1 (PD-1) and PD ligand 1 (PD-L1) axis, such as nivolumab and pembrolizumab, have been widely used and have proven to be effective in solid tumors. In 2016, based on the clinical trials CheckMate141 and KEYNOTE-012, these drugs were approved for use as second-line treatments in patients with recurrent or metastatic HNSCC that was refractory to platinum-based therapy (7, 8). In 2019, pembrolizumab was approved by the US Food and Drug Administration as a first-line treatment for patients with metastatic or unresectable recurrent HNSCC with a combined positive score (CPS) ≥1, based on the clinical trial KEYNOTE-048 (3).

However, successful ICI therapy generally requires the identification of clinically effective biomarkers with which to screen potential patients for treatment sensitivity. Currently, widely accepted pancancer biomarkers such as microsatellite instability, tumor mutation burden, and PD-L1 expression are used to identify patients who could potentially benefit from ICI treatment. Nonetheless, immunotherapy is applicable in a very limited proportion of patients (approximately 18%) (7, 9), leaving the vast majority vulnerable to trial and error methods for ICI treatment. More predictive biomarkers are needed to improve the quality of care for the unresponsive majority. Furthermore, there is a need to create protocols for the stratification of patients based on predictive biomarkers in order to apply personalized treatment at a clinical level.

Recent genomic and transcriptomic investigations have substantially improved our knowledge of the molecular mechanisms underpinning HNSCC (10, 11). Genetic aberrations and the abnormal expression of certain genes, such as EGFR (12, 13) and 11q13 amplification (CCND1, FGF3, FGF4, and FGF19) (14, 15) are closely associated with prognosis and may be useful prognostic biomarkers. In 2017, Singavi et al. identified EGFR and 11q13 amplification to be potential predictive biomarkers, as these genetic alterations were associated with hyper-progression in response to ICI in five patients with lung, esophageal, and renal cancers (16). Nevertheless, research on their roles as predictive biomarkers remains limited, especially in HNSCC. To meet the urgent need for more predictive biomarkers that can guide clinical decision-making, the aim of our retrospective study was therefore to explore the predictive roles of these genetic abnormalities in identifying patients who are unsuitable for immunotherapies in the real world.



Materials and Methods


Patients

One hundred and twenty-one patients were enrolled in the study from January 9, 2019, to November 10, 2020. The main inclusion criteria were as follows: (a) Pathology confirmed recurrent or metastatic HNSCC treated with anti-PD-1 antibody or EGFR antibody; (b) an age of 18 to 80 years; (c) no serious comorbidities (e.g., had suffered from other malignant tumors); (d) complete and usable follow-up data. Two cohorts of patients were enrolled: a PD-1 cohort that included 98 patients who were treated with anti-PD-1 antibody (PD-1 group), and a non-PD-1 cohort (NPD-1 group) that included 32 patients who were treated with non-PD-1 inhibitor (EGFR antibody). This study was approved by the ethics committee of Shanghai Ninth People’s Hospital (No. SH9H-2020-T257-1). Clinicopathological data were collected from patients during treatment and follow-up visits.



Assessment of Clinical Benefit

In Assessment of clinical benefit, we referred to Yu et al. (17). Clinical efficacy was evaluated per RECIST 1.1 every 8 weeks. CB was defined as a patient exhibiting a complete response (CR) or partial response (PR) according to RECIST 1.1 (i.e., tumor shrinkage > 30% from baseline) or stable disease (SD) if they had any objective reduction in tumor burden lasting at least 6 months. No clinical benefit (NCB) were defined as those experiencing progressive disease according to RECIST 1.1 or SD lasting <6 months and were discontinued from immunotherapy within 3 months (18, 19).



Targeted Sequencing of Clinical Samples

Tumor genomic DNA was isolated from formalin-fixed paraffin-embedded (FFPE) tissue sections using the QIAgen DNA FFPE tissue kit (Germantown, MD, USA), and was used for targeted sequencing with a cancer-related-gene panel (Genecast Biotech., Wuxi, China). Using Qiagen DNA blood mini kit, genomic DNA was extracted from peripheral blood collected from participants, and was used as a matched control. The library was constructed with 300 ng of genomic DNA from each participant. Fragment libraries were prepared from samples sheared by sonication, and target regions were enriched using customized IDT library prep kits (Integrated DNA Technologies, Coralville, IA, USA). The captured DNA was amplified, and the paired-end library was sequenced using the NovaSeq 6000 platform (Illumina, San Diego, CA, USA). Bioinformatics analysis was performed using an in-house program (Genecast Biotech.).



Statistical Analysis

Statistical analyses were performed using MedCalc (version 19.0.4) (MedCalc Software Ltd, Ostend, Belgium). Progression-free survival (PFS) was estimated using the Kaplan−Meier method, and between-group differences in PFS were tested using the log-rank test. Cox regression model was used for multivariate analysis of PFS. Fisher exact tests were used to analyze the association between genetic aberrations with CBs. Odds ratios (ORs) and their associated 95% confidence intervals (CIs), and multivariate analysis of CB/NCB were estimated using the logistic regression model. A P value of less than 0.05 was considered statistically significant (p < 0.05).




Results


Patient Characteristics

Of the 121 patients enrolled in the study, 92 were male and 29 were female. The median age of the patients was 57 years. Ninety-one patients had oral squamous cell carcinoma, 23 had oropharyngeal carcinoma, and 7 had other cancer types. Assessment of PD-L1 status revealed that 84 patients had a CPS ≥ 1, 30 patients had a CPS < 1, and 7 patients had an unknown CPS status. The clinicopathological data are summarized in Table 1. The detailed clinicopathological data for each patient is shown in Supplemental Table S1.


Table 1 | Summary of clinical information.





Overall Analysis of Patients Treated With PD-1 Antibody

We first analyzed the PFS based on CPS level (CPS ≥ 1 and CPS < 1), 11q13 status, EGFR amplification status and EGFR mutation status, we found that PFS was significantly different between the groups with different CPS (p < 0.001, Figure 1A). A significant difference in PFS was observed between the groups with different 11q13 amplification status (p = 0.001, Figure 1B). The PFS was not significantly different between the groups with different EGFR amplification status (p = 0.422, Figure 1C). A significant difference was observed between the groups with different EGFR mutation status (p = 0.009, Figure 1D). Multivariate analyses of treatment lines, CPS level, 11q13 amplification, EGFR mutation, EGFR amplification, and age showed that CPS and 11q13 amplification are independent factors affecting PFS with HR = 0.37 and 4.58, respectively (Figure 2).




Figure 1 | Association of several factors with progression-free survival in patients treated with PD-1 inhibitor. Association of (A) CPS level. (CPS, combined positive score), (B) 11q13 amplification status. (11q13: CCND1_FGF3_FGF4_FGF19 or any one of them), (C) EGFR amplification status, or (D) EGFR mutation status, with progression-free survival. *p<0.05.






Figure 2 | Multivariate analyses of treatment lines, CPS level, 11q13 amplification, EGFR mutation, EGFR amplification, and age with progression-free survival. CPS and 11q13 amplification are independent factor affecting progression-free survival.



We next evaluated whether CB was associated with CPS, 11q13 amplification, EGFR amplification, or EGFR mutations in patients who received anti-PD-1 treatment. Of the 71 patients with CPS ≥ 1, 46 (64.8%) benefited from anti-PD-1 treatment, while only three of the 20 patients with CPS < 1 obtained CB (p = 0.001; OR = 10.43; 95% CI: 2.78 - 39.05). Of the 90 patients without an 11q13 amplification, 51 (56.7%) obtained CB, while one of the 8 patients with an 11q13 amplification exhibited CB (p = 0.024; OR = 9.15; 95% CI: 1.08 - 77.52). Of the 93 patients with no EGFR mutations, 52 (55.9%) obtained CB, whereas none of the 5 patients with EGFR mutations obtained CB (p = 0.020; OR = 13.92; 95% CI: 0.75 – 258.94). Details are shown in Table 2. Multivariate analysis including treatment lines, CPS level, 11q13 amplification, EGFR mutation, EGFR amplification, and age showed only CPS level significantly associated with CB (p = 0.001).


Table 2 | Logistic analysis of factors that affect clinical benefit.





Analysis of Predictive Biomarkers in Patients From the CPS ≥ 1 Subgroup Treated With PD-1 Inhibitor

Focusing further on patients with CPS ≥1 who received anti-PD-1 treatment, analysis of PFS between groups with or without 11q13 amplification, EGFR amplification, EGFR mutations revealed that PFS was significantly different between the groups with or without 11q13 amplification (p < 0.001) and EGFR mutation (p = 0.022) (Figure S1). PFS was not significantly different between the groups with or without EGFR amplification (p = 0.990). Multivariate analyses of treatment lines, 11q13 amplification, EGFR mutation, EGFR amplification, and age showed that 11q13 amplification and EGFR mutation are independent factors affecting PFS with HR = 8.62 and 4.78, respectively (Figure S2).

We next evaluated whether 11q13 amplification, EGFR amplification, or EGFR mutation with CB. Our analysis indicated that 46 of 66 patients lacking an 11q13 amplification exhibited CB (69.7%), while none of the five patients with an 11q13 amplification demonstrated CB (p = 0.004; OR = 24.95; 95% CI: 1.32 - 472.62). Of the 65 patients with no EGFR amplification, 42 were evaluated as CB (64.6%), while four of the six patients with EGFR amplification exhibited CB (66.7%) (p=1.000; OR = 0.91; 95% CI: 0.16 - 5.37). The analysis of patients with no EGFR mutations showed that 42 of 69 exhibited CB (64.6%), whereas neither of the 2 patients with EGFR mutations demonstrated CB (0.00%) (p = 0.121; OR = 9.89; 95% CI: 0.46 - 214.55). EGFR mutations were not markedly associated with NCB in patients with CPS ≥1. Detailed information is shown in Table 3. Multivariate analyses show no factors are significantly associated with CB.


Table 3 | Subgroup analysis of patients with CPS ≥ 1.





Analysis of Predictive Biomarkers in Patients Treated With EGFR Antibody

To assess whether these predictive biomarkers were associated with PFS in patients treated with non-PD-1 inhibitor (EGFR antibody), we found only CPS level were associate with PFS in both univariate analysis (Figure S3, p = 0.030) and multivariate analysis (HR = 0.29). To assess whether these predictive biomarkers were associated with CB in non-PD-1 inhibitor treatment (EGFR antibody), we analyzed the non-PD-1 inhibitor group. In the subgroup analyses based on 11q13 amplification, EGFR amplification, and EGFR mutation status, no significant differences were observed between patients with and without mutations. However, significant differences were observed between patients with CPS ≥1 compared to those with CPS <1, indicating that CPS could predict CB even in patients who did not receive a PD-1 inhibitor. Detailed information is shown in Supplemental Table S2. Multivariate analyses show no factors are significantly associated with CB.




Discussion

HNSCC is notorious for its high mortality rate, and frequent recurrence, and metastasis. While ICIs have broadened the clinical options for treating HNSCC, the successful application of these inhibitors requires the identification of predictive biomarkers that can help select for patients who are likely to exhibit CB. Here, we report the results of a retrospective, real-world study to determine the association between genetic aberrations and clinical outcomes.

The amplification of EGFR is not uncommon in HNSCC patients. EGFR has been identified as a predictive biomarker for chemotherapy or radiation/chemotherapy benefits and survival in oropharyngeal cancer and for targeted therapy benefit in HNSCC (20, 21). Prior to this study, little was known about the potential for EGFR amplification to predict immunotherapy benefit in HNSCC. We found that EGFR mutations, not EGFR amplification, adversely affected clinical outcomes when patients were treated with a PD-1 inhibitor ta. EGFR mutations were originally reported to affect the clinical outcomes of ICI treatment in TKI naïve, PD-L1-positive, and EGFR-mutant patients with advanced non-small-cell lung cancer (22). However, recent studies have indicated that the clinical outcomes of non-small-cell lung cancer patients with EGFR mutations are promising and that patients with different EGFR mutations may experience different outcomes of ICI therapy despite their generally low response to ICIs (23, 24). We observed that patients with EGFR mutations had a significantly decreased PFS and NCB to PD-1 inhibitors, which is in keeping with results from previous reports. Interestingly, when we further analyzed patients with CPS ≥ 1, we observed the same outcome in PFS, but not in CB., which may be due to the rare mutation rate in HNSCC. However, this observation requires further study because EGFR mutations are uncommon and the sample size in our study was small. EGFR overexpression was previously reported to be associated with poor PFS in HNSCC (13). In our study, however, EGFR amplification did not significantly affect clinical outcomes under any circumstances. This result is also different from that of a previous study which reported that 1 out of 26 patients with EGFR amplification who received ICI therapy experienced hyper-progression in different types of cancer (16). Further studies with large sample size are needed to validate the role of EGFR amplification in HNSCC.

The amplification of 11q13 has been observed in over 30% of patients with HNSCC and its prognostic value has also been reported (15, 25, 26). Their study indicated that higher expression of 11q13 amplification was indicative of worse prognosis. Chromosome 11q13 amplification was found to correlate significantly with carcinogenesis and the attenuation of effector immune cells in the tumor microenvironment (14). CCND1 has been associated with resistance to PD-1-targeted therapy in a Chinese population with non-cutaneous melanoma due to its effects on innate immunity (17). In a retrospective study carried out at four French institutions, patients with recurrent and/or metastatic HNSCC experienced accelerated tumor growth and had shorter PFS after anti-PD-1 and anti-PD-L1 treatment, with three of the patients harboring a CCND1 amplification (27). The role of CCND1 amplification as a predictive biomarker for the efficacy of ICI therapy was also suggested in an in silico analysis performed by Chen et al. (14). In their study, the authors analyzed three large cohorts of solid tumors from The Cancer Genome Atlas (TCGA) database, the Memorial Sloan Kettering Cancer Center (MSKCC) archive, and a local database, and they concluded that CCND1 amplification correlated with shorter overall survival and poorer outcomes after ICI therapy. Singavi et al. reported that three patients in lung cancer and esophageal cancer harboring an 11q13 amplification experienced hyperprogression after treatment with ICIs (16). In our study, 11q13 amplification significantly affected ICI treatment benefits, regardless of CPS level. Our results are similar to previous observations that have implicated the immune-negative role of 11q13 amplification as a predictive biomarker.

We enrolled 121 patients in this study, which represents one of the largest HNSCC cohorts studied thus far. However, our study was a retrospective analysis, which limited the power of our findings. We are thus enrolling more patients for further studies to consolidate our conclusions. A prospective study is also planned to further examine the associations of certain gene aberrations with clinical efficacy after treatment with ICIs.

In conclusion, we showed that 11q13 amplification and EGFR mutations negatively correlated with PD-1 inhibitor therapy in a retrospectively analyzed clinical cohort. These genetic aberrations may serve as potential predictive biomarkers to identify patients who are unsuitable for immunotherapies, which will aid physicians in clinical decision-making. Therefore, further studies are required to confirm the utility of these biomarkers as predictors of treatment outcome in HNSCC.
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Background

Previous studies have reported the effect of N7-methylguanosine (m7G) regulator methyltransferase like-1 protein (METTL1) in tumor initiation, metastasis, and chemosensitivity. However, the relationship between METTL1 and cancer immune infiltration is not validated and the prognostic significance of METTL1 in pan-cancer remains unclear.



Methods

Clinical parameters, including gender, age, lifetime, stage, and treatment response were analyzed to evaluate the prognostic significance of METTL1. To evaluate protein level of METTL1, the METTL1 activity was generated by single sample gene set enrichment analysis. The one-class logistic regression algorithm was used to calculate the stemness indices based on transcriptomics and methylation data of pan-cancer and pluripotent stem cells. The relationship between METTL1 expression or activity and tumor immune infiltration were analyzed to explore the significance of METTL1 in tumor immunotherapy. Meanwhile, the correlation between three immunotherapeutic biomarkers and METTL1 was investigated. Finally, to calculate the association between drug sensitivity and METTL1 expression, spearman correlation analysis was performed.



Results

METTL1 was not intimately related to gender, age, tumor stage, or treatment outcome of the various cancers, but it displayed potential prognostic significance for evaluating patient survival. High METTL1 expression was related to tumor progression-relevant pathways. Moreover, METTL1 exhibited a distinct correlation with tumor immune microenvironment infiltration and stemness indices. In the anti-PD-L1 cohort, patients in treatment response group exhibited significantly higher METTL1 expression than those in the no/limited response group. Further analysis showed that tumor cell lines with higher METTL1 expression were more sensitive to drugs targeting chromatin histone methylation, ERK-MAPK and WNT signaling pathways.



Conclusion

This study provides insight into the correlation of METTL1 with tumor immune infiltration and stemness in pan-cancer, revealing the significance of METTL1 for cancer progression and guiding more effective and generalized therapy strategies.
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Introduction

Generation of the ‘‘epitranscriptome’’ through posttranscriptional RNA modification promotes regulatory complexity of RNA structure and function. In the past few years, extended studies in RNA biology have disclosed over 160 posttranscriptional RNA modifications (1). N7-methylguanosine (m7G), an electropositive modification at the RNA 5’ cap, is necessary for regulating mRNA export, translation, and splicing (2). Catalyzed by methyltransferase like-1 protein (METTL1), m7G tRNA modification is related to HeLa cell’s 5-fluorouracil sensitivity (3). In addition, METTL1-dependent m7G regulates miRNA structure and biogenesis (4). METTL1, localized on chromosome band 12q13, contains a conserved S-adenosylmethionine-binding motif and can be activated by loss of phosphorylation (5, 6). Normally, METTL1 is expressed in the kidney, thyroid, adrenal, appendix, and 23 other tissues (7). METTL1/WD repeat domain 4 (WDR4)-mediated m7G tRNA methylome modification is essential for ordinary RNA translation, regulating self-renewal as well as differentiation in embryonic stem cells (8). Recently, many studies have reported that METTL1 is extraordinarily expressed in a variety of cancers, including hepatocellular carcinoma, colon cancer, intrahepatic cholangiocarcinoma, lung cancer, breast cancer, glioblastoma, certain sarcomas, and acute myelogenous leukemia, which links to tumor initiation, metastasis, and chemosensitivity (9–13). In addition, m7G Arg-TCT-4-1 tRNA modification mediated by METTL1 leads to carcinogenic transformation, resulting in overexpression of CDK4, Hmga2, Ash2l, Setdb1, and Ube2t (14). Immunotherapy, also known as immune checkpoint blockade (ICB) therapy, has delivered promising clinical outcomes in multifarious cancers. Nevertheless, it presents a limited response rate due to the complexity of tumor immune microenvironment and the impact of immune escape (15, 16). In this way, to improve the effectiveness of immunotherapy for pan-cancer, it is significant to investigate the immunosuppressive tumor microenvironment (TME) thoroughly. Recent studies have uncovered that posttranscriptional RNA modification takes a significant part in the formation of the tumor immune microenvironment (17–19).

Stemness, termed as the ability of self-renewal and differentiation from initial cells. The more primitive of tumor, the higher of stemness, and the more likely it is to have distant metastasis and multitherapy resistance, finally leading to cancer progression and poor prognosis (20–22). Tathiane M et al. obtained epigenetic and transcriptomic signatures from pluripotent stem cells as well as their differentiated progeny to generate stemness indices based one-class logistic regression (OCLR) machine learning algorithm (23). These stemness indices could be used to evaluate the degree of tumor dedifferentiation and survival prognosis of patients.

In our current study, the METTL1 expression pattern of pan-cancer was revealed and the fundamental effects of METTL1 on the immunosuppressive TME were examined. A variety of immunomodulators and immunotherapeutic biomarkers were investigated in this study. Moreover, the association between METTL1 and ICB therapy was investigated. Collectively, this study provides evidence for elucidating immunotherapeutic effect of METTL1 in a variety of cancers, which is likely to be instrumental for further research.



Materials and Methods


Data Acquisition

We obtained The Cancer Genome Atlas (TCGA, https://portal.gdc.cancer.gov) data: 33 types cancer RNA transcriptome data (Fragments Per Kilobase Million value), somatic mutation data, and clinical characteristics from University of California Santa Cruz (UCSC) Xena dataset portal (http://xena.ucsc.edu/) (24). Three immunotherapy research were finally enrolled in this study. IMvigor210 cohort with the RNA sequence information as well as clinical data were acquired from http://research-pub.gene.com/IMvigor210CoreBiologies/packageVersions/. The RNA sequencing data and clinical information of nivolumab-treated renal cell carcinoma (GSE 67501) cohort and pembrolizumab-treated metastatic melanoma (GSE 78220) cohort were acquired from Gene expression omnibus database (GEO) respectively. Transcriptome data of cancer cells were obtained from the Cancer Cell Line Encyclopedia (CCLE; http://sites.broadinstitute.org/ccle/datasets) database and the drug sensitivity values of paired cell lines were acquired from Genomics of Drug Sensitivity in Cancer (GDSC; https://www.cancerrxgene.org/celllines) database.



METTL1 Expression Among Clinical Traits in Pan-Cancer

We analyzed the expression level between tumor and normal groups in pan-cancer utilizing the “limma” package of R studio software. Besides, we grouped patients according to other clinical traits (age, gender, stage, status, and treatment outcome) to analyze the expression of METTL1. Furthermore, we investigated the prognostic value of METTL1 in pan-cancer utilizing univariate Cox regression analysis. Overall survival (OS), progression-free-survival (PFS), disease-free-survival (DFS), and disease-specific-survival (DSS) were selected to study the relevance between METTL1 expression and prognosis.



Generation of METTL1 Activity

To examine the expression of METTL1 more comprehensive, we constructed METTL1 gene signature based on 100 genes which were most related to METTL1 expression in 33 cancers. Then the METTL1 activity was calculated by single sample gene set enrichment analysis (ssGSEA). Next, METTL1 activity was compared between tumor and normal tissue groups. Correlation between METTL1 activity and other clinical information was also investigated.



Cell Lines and Cell Culture

Human glioma cell lines A172, U251, U118MG (Chinese Academy of Sciences Cell Bank), and LN229 (ATCC Cell Bank) were cultured in DMEM (Sigma, USA) supplemented with 10% FBS (Thermo Fisher Scientific, USA). Human nasopharyngeal carcinoma cell line CNE2 (ATCC Cell Bank) and human monocyte cell line THP-1 (Chinese Academy of Sciences Cell Bank) were cultured in RPMI-1640 (Sigma) supplemented with 10% FBS. THP-1 cells were incubated with 100 ng/ml phorbol 12-myristate 13-acetate Sigma) for 24 h to induce their differentiation into macrophages. The cell lines were incubated at 37℃ with 5% CO2.



Small Interfering RNA (siRNA) and Plasmid Transfection

SiRNAs targeting METTL1 (GenePharma, China) and plasmid overexpression of METTL1 (GenePharma, China) were synthesized. SiRNAs and plasmids were transfected with Lipofectamine™ 3000 reagent (Thermo Fisher Scientific) according to the manufacturer’s protocol.



Western Blotting

Proteins from GBM cells were obtained using RIPA lysis buffer (ThermoFisher, USA) containing a 1% protease and phosphate inhibitor cocktail. PVDF membranes (Bio-Rad, CA, USA) were incubated with specific antibodies after Western blotting was performed. The primary antibodies used in this study are as follows: METTL1 (Proteintech, USA) and β-actin (Cell Signaling Technology, USA).



5-Ethynyl-2′-Deoxyuridine (EdU) Cell Proliferation Assay

An EdU cell proliferation assay kit (RiboBio, #C10310-1; China) was used to evaluate the proliferative activity of GBM cells. The cell proliferation rate was assessed via the ratio of EdU-positive (red) cells to total Hoechst-positive (blue) cells.



Transwell Assay

To evaluate migratory ability, U251 cells were added to the top chamber in DMEM without FBS, and the bottom chamber was filled with 10% FBS DMEM. To measure the ability to recruit macrophages, macrophages were added to the top chamber in RPMI-1640 without FBS, and the bottom chamber was filled with 10% FBS RPMI-1640 and growth media of different groups of CNE2 cells. After 24 h of incubation, the membrane was fixed in 4% paraformaldehyde and stained with crystal violet for 20 min and observed by microscopy.



Relationship Between METTL1 Expression or Activity and Immunity

Estimation of Stromal and Immune Cells in Malignant Tumor Tissues Using Expression Data (ESTIMATE) algorithm was used to infer the degree of infiltration of stroma or immune cells into tumour based on RNA sequence profiles (25). Using ESTIMATE package, we calculated the stromal and immune score for each sample. Then we investigated the relationship between METTL1 expression or activity and four scores (Stromal score, Immune score, ESTIMATE score, and Tumor purity) generated by ESTIMATE. As a general deconvolution algorithm, CIBERSORT could assess the relative abundance of various tumor infiltrating immune cell subpopulations (26). The relationship between METTL1 expression or activity and 22 immune cell infiltration was calculated in 33 cancers respectively. In addition, using the TISIDB website (http://cis.hku.hk/TISIDB/index.php), we explored the relationship between METTL1 expression and three immunological modulators including immune stimulators, immune inhibitors, and major histocompatibility complex (MHC) molecules.



Stemness Index Generated From OCLR

To quantify the tumor stemness, we trained a predictive model using OCLR based on mRNA expression or DNA methylation data obtained from PCBC dataset (https://progenitorcells.org/). Stemness index ranging from 0 to 1 is used to measure the resemblance among tumor cells and stem cells. OCLR-based models are trained to generate transcriptomic and epigenetic signatures. Transcriptomic and epigenetic signatures were then used to quantify the stem cell indices of TCGA samples. We used transcriptomic signatures to score TCGA cohort using spearman correlation for RNA expression data, whereas, for DNA methylation data, the linear model was applied to calculate the stemness indices. We could be able to reveal the stemness of GBM patients from gene expression and epigenetic features respectively.



Relationship Between METTL1 Expression or Activity and Stemness

To reflect the relationship between METTL1 expression or activity and the self-renewal potential of tumor cells, we performed Spearman correlation analysis and visualised the results as heatmap.



The Biological Significance of METTL1 Expression

To analyze the biological process of METTL1 in 33 cancers, we used “Gene set variation analysis (GSVA)” R-package to generate gene function enrichment analysis (27). “c2.cp. kegg.v7.4” as well as “c5. go.bp.v7.4” were received from Molecular Signatures Database (MSigDB)-v7.4 (http://www.gsea-msigdb.org/gsea/) for GSEA analysis.



Cell Counting Kit -8 and Drug Dose-Response Curves

The CCK-8 was used to evaluate the cell viability. U118MG or U251 cells (5 × 103 cells/well) were incubated in 96-well plates. Cells were treated with diverse drug concentration gradients (10, 20, 40, 80 160, and 320μM) for 24 hours. Then the CCK-8 solution (10 μL) was added to each well and the plates were incubated for 1 h at 37°C, and then the absorbance at 450 nm wavelength (OD450) was measured in a Perkinelmer EnSight. Data were normalized to max/min and the IC50 was visualized and calculated in Graphpad PRISM.



Association Analysis Between Drug Sensitivity and METTL1 Expression

The expression of METTL1 in various cell lines were obtained from CCLE. The AUC value which indicated cellular sensitivity to drugs were obtained from GDSC. Then we performed spearman correlation analysis to estimate the association between drug sensitivity and METTL1 expression. A positive correlation indicates that cell lines with high METTL1 expression have higher AUC values and lower sensitivity to specific drugs, whereas a negative correlation indicates that cell lines with high METTL1 expression have lower AUC values and higher sensitivity to specific drugs. Besides, EPZ5676 and Ulixertinib were purchased from MedChemExpress (USA).



Statistical Analysis

Using Spearman and Pearson coefficients, relationships between variables were analyzed. Two-group comparisons were performed with Student’s t-Test and represented as mean ± SD unless noted otherwise. Wilcoxon and one-way ANOVA test were applied for non-parametric data and parametric for comparisons among three or more groups, respectively. For survival analyses, applying the Kaplan-Meier approach and log-rank test, we acquired survival curves while assessed the statistical significance. All statistical analyses were two-sided and all statistical data analyses were carried out via Rstudio software. P < 0.05 was regarded as statistically significant.




Results


Clinical Landscape of METTL1 Expression in Pan-Cancer

Figure 1 shows the study details for a comprehensive prospect. Table S1 presents the full names and abbreviations of the 33 cancers enrolled in this study. To identify the differences of METTL1 expression between tumours and normal tissues, we obtained METTL1 expression. As indicated in Figure 2A and Table S2, METTL1 was differentially expressed in 18 of 33 kinds of cancers (UCEC, THCA, THYM, ESCA, STAD, PCPG, PRAD, LIHC, LUAD, LUSC, KIRC, HNSC, READ, GBM, CHOL, COAD, BLCA, and BRCA). The expression of METTL1 was differentially higher in UCEC, THYM, STAD, READ, PRAD, LIHC, LUAD, LUSC, KIRC, HNSC, GBM, ESCA, CHOL, COAD, BLCA, and BRCA than in the corresponding normal tissues. In contrast, METTL1 expression was lower in PCPG and THCA. METTL1 was significantly highly expressed in elder patients of BRCA, KIRC, LGG, OV, SARC, and THCA cases, nevertheless the expression of METTL1 was weakly expressed in CESC, ESCA, LIHC, LUAD, as well as LUSC groups (Figure 2B). In addition, METTL1 expression was significantly associated with tumour stage in some cancers, such as KIRC, LIHC and STAD. (Figure 2C). In the meantime, the results illustrated significant differences based on gender in METTL1 expression of BRCA, KIBP, as well as SARC (Figure S1A). What is more, patients who were alive at the last follow-up had different METTL1 expression in DLBC, KIRC, LGG, LIHC, OV, and PCPG (Figure 2D). The patients’ treatment outcomes were associated with the METTL1 expression in KIBP and LGG (Figure S1B).




Figure 1 | Landscape of this study workflow. I. The mRNA expression data, somatic information and clinical traits were collected for follow-up analysis. II. Patients were divided into high and low expression groups according to METTL1 expression, and then we compared the immune infiltration, tumor mutation burden, survival prognosis, etc. between the different groups. III. Stemness indices were generated using OCLR algorithm and correlation analysis between stemness indices and METTL1 expression was performed. IV. Exploring the immunotherapeutic response of METTL1 in diverse ICB cohorts and investigating the potential targeting therapeutic value of METTL1.






Figure 2 | Correlation between METTL1 expression and clinical traits. (A) The expression of METTL1 between normal tissues and tumor among pan-cancer. (B) The relationship between METTL1 expression and age distribution. (C) The relationship between METTL1 expression and tumor stage. (D) The relationship between METTL1 expression and status. * means P < 0.05; ** means P < 0.01; *** means P < 0.001.



To further assess the significance of the protein level of METTL1, we constructed METTL1 gene signature based the 100 genes which were most related to METTL1 expression in pan-cancer. METTL1 activity was generated using ssGSEA. As the results showed, METTL1 activity was significantly elevated in tumor group of BLCA, and UCEC, READ, THCA, STAD, PRAD, LUSC, LUAD, LIHC, ESCA, KIBP, KICH, KIRC, HNSC, GBM, CESC, CHOL, COAD as well as BRCA (Figure 3A; Table S3). In addition, the association between METTL1 activity and age, tumor stage, gender, survival, and treatment outcome were presented in Figures 3B-D, S1C-D. The results of Figure S1E demonstrated that six kinds of cancers (TGCT, DLBC, UVM, ACC, UCS, and SKCM) indicate similarly higher expression and activity of METTL1.




Figure 3 | Correlation between METTL1 activity and clinical traits. (A) The differential activity of METTL1 between normal and tumor tissues among pan-cancer. (B) The relationship between METTL1 activity and age. (C) The relationship between METTL1 activity and tumor stage. (D) The relationship between METTL1 activity and status. * means P < 0.05; ** means P < 0.01; *** means P < 0.001.





Prognostic Prediction Function of METTL1 in Pan-Cancer

A positive relationship was obvious between OS and METTL1 expression in ACC, MESO, KIRC, LGG, LIHC, and SARC, yet a negative correlation was identified in DLBC and PCPG as shown in the forest plots (Figure 4; Table S4). Regarding METTL1 expression and DFS, a significant positive association was observed in CHOL, LGG, LIHC, and PRAD (Figure 4; Table S4). In view of DSS, METTL1 expression had a favorable influence in OV and PCPG, however, it deemed to be a hazard factor in ACC, KIRC, LGG, LIHC, MESO, THCA, as well as THYM (Figure 4; Table S4). What’s worse, METTL1 expression was presented as a hazard factor among ACC, KIRC, KIRP, LGG, LIHC, MESO, and PRAD in the PFS forest plot (Figure 4; Table S4). Figure S2 showed significant correlation between METTL1 expression and OS, DFS, DSS, as well as PFS in some types of cancer. To further evaluate the prognosis value of METTL1 among pan-cancer, we performed receiver operating characteristic curve (ROC) analysis and exhibited results in Figure S3. As the results exhibited, METTL1 expression exhibited powerful capacity of OS prediction in ACC, DLBC, LGG, MESO, and PCPG patients accurately, with an average AUC about 0.7 during a follow-up of 3 years. For DFS at two years later, METTL1 expression showed strong predictive power in CHOL, with an AUC above 0.8. For DSS, the expression of METTL1 presented powerful prediction capacity in ACC, LGG, MESO, and PCPG, with an average AUC about 0.7. However, the predictive power of METTL1 expression for PFS was not satisfactory in ACC, KIRC, KIRP LIHC, LGG, and PRAD, with the AUC less than 0.7 during a follow-up of 3 years. In addition, the expression of METTL1 was an independent risk factor for LGG and LIHC (Figures S5C, D).




Figure 4 | Univariate Cox regression analyses for METTL1 expression in pan-cancer. Forest plot visualizing the association of METTL1 expression and OS, DFS, DSS as well as PFS respectively among pan-cancer. Hazard ratio (HR) value > 1 represents risk factor, whereas HR value < 1 represents favorable factor.



We performed survival analysis to further assess the prognostic significance of METTL1 activity. Interestingly, a positive relationship was obvious between OS and METTL1 activity in ACC, KIRC, KIRP, LGG, LIHC, LUAD, MESO, SARC and SKCM, yet a negative correlation was identified in OV as shown in the forest plots (Figure S4). With regard to METTL1 activity and DFS, a significant positive association was observed in LIHC (Figure S4). In term of DSS, METTL1 activity deemed to be a hazard factor in ACC, KICH, KIRC, KIRP, LGG, LIHC, LUAD, MESO, as well as SKCM (Figure S4). In addition, METTL1 activity was presented as a hazard factor among ACC, KIRC, KIRP, LGG, LIHC, MESO, PRAD, and SKCM in the PFS forest plot (Figure S4).



Influence of METTL1 on Tumor Progression

To suppose the web of possible correlation for METTL1 and top ten candidate proteins, the protein-protein interaction (PPI) analysis was performed. We found that there were interactions between METTL1 and WDR4 (score = 0.979), AKT serine/threonine kinase 1 (AKT1, score = 0.918), mRNA turnover 4 homolog (MRTO4, score = 0.849), NOP2/Sun domain family member 2 (NSUN2, score = 0.815), dihydrouridine synthase 1-like (DUS1L, score = 0.801), bystin-like (BYSL, score = 0.794), pseudouridylate synthase 7 homolog (PUS7, score = 0.794), dihydrouridine synthase 3-like (DUS3L, score = 0.788), MAK16 (score = 0.784),nuclear import 7 homolog (NIP7, score = 0.780) (Figure 5A). All these proteins are critical in posttranscriptional RNA modification processing.




Figure 5 | Functional analyses of METTL1. (A) PPI network visualized the potential proteins that interact with METTL1 and play a biological regulating function of METTL1. Line colors indicates the prediction methods; “green” indicates neighborhood, “red” indicates gene fusion, “blue” indicates co-occurrence, “black” indicates co-expression, “pink” indicates experiments, “wathet” indicates databases, “grass green” indicates textmining. (B-D) GSEA results based on Hallmark and KEGG dataset among KIRC, LGG, and LIHC. (E) Western blot analysis was performed to assess the expression levels of METTL1. β-actin was used as a loading control. (F, G) EdU was performed in U251 transfected si-control, si-METTL1#1, si-METTL1#2, vector and ov- METTL1 cells (scale bar = 100 μm). ** means P < 0.01; *** means P < 0.001.



Considering the robust correlation between METTL1 and KIRC, LGG, and LIHC, we enquired the potential pathways concerning METTL1 signaling in pan-cancer using GSEA. The Figures 5B-D manifest that genesets from proliferation and metastasis related pathways, containing the E2F, JAK-STAT, and epithelial-mesenchymal transition signaling pathways, prefer being enriched in the high METTL1 cases of KIRC, LGG, as well as LIHC. The enrichment result for other tumor types were presented in Figure S9.

To assess the role of METTL1 in diverse cellular processes, we knocked down and overexpressed METTL1 in U251, respectively, and performed several experiments. Downregulation of METTL1 resulted in a significant decrease in the EdU-positive cell percentage, whereas overexpression of METTL1 increased EdU-positive cell percentage (Figures 5E–G). Transwell assays revealed that METTL1 silencing reduced the number of cells migrating to the membrane and METTL1 overexpression increase it (Figure S5A).



Association Between Immune-Related Factors and METTL1

Figure 6A and Table S5 list the stromal score, immune score, ESTIMATE score, as well as tumor purity. Notably, METTL1 expression was positively associated with the SARC stromal score, whereas it was positively related to the KIRP, LGG, PCPG, SARC, and TGCT immune score. In HNSC, METTL1 expression was positively associated with the stromal score, immune score, as well as ESTIMATE score. In addition, M2 macrophage infiltration was positively associated with METTL1 expression in HNSC (Figure 6B; Table S6). Interestingly, we found that METTL1 knockdown significantly inhibited the capability of conditioned medium from CNE2 cells to recruit THP1-differentiated macrophage and METTL1 overexpression promoted it (Figure S5B). METTL1 expression was positively associated with regulatory T cell content in BRCA, KIRC, KIRP, LIHC, LUAD, PRAD, and SARC for immune cell infiltration (Figure 6B; Table S6). In TGCT, METTL1 expression was negatively associated with resting mast cell, M2 macrophage, and M0 macrophage infiltration but positively correlated with activated memory CD4+ T cells, follicular helper T cells, CD8 T cell, and naive B cell infiltration (Figure 6B; Table S6). In addition, Figures S6A, B showed the association between METTL1 activity and immune infiltration. What’s more, the correlation between immune modulators and METTL1 expression was analyzed. As depicted in Figure S7A, the correlation between METTL1 expression and twenty-four immune inhibitors were studied. METTL1 expression was positively correlated with PVRL2 in nearly all cancers, whereas, it was negatively associated with KDR and CD274 in nearly all cancers. In addition, the analyses of forty-five immune stimulators showed that METTL1 expression was positively related to TNFRSF18 as well as negatively associated with TNFSF15 and IL6R in nearly all cancers (Figure S7B). Figure S7C emerges that METTL1 expression was positively correlated to TAPBP and HLA-A in nearly all types of cancers. In the contrary, we uncovered a negative association between METTL1 expression and HLA-DOA as well as HLA-E among nearly all cancers.




Figure 6 | Analysis of METTL1 expression related immune characteristics. (A) Heatmap visualized the relationship between METTL1 expression and immune score, stromal score, tumor purity as well as ESTIMATE score in pan-cancer. (B) Heatmap showed correlation between METTL1 expression and 22 immune cell infiltration value obtained by CIBERSORT algorithm among pan-cancer. Upper half of each grid exhibited the p value and lower half exhibited the correlation coefficient. * means P < 0.05; ** means P < 0.01; *** means P < 0.001.



Figure 7A explained that METTL1 expression was positively correlated to the tumor mutational burden (TMB) in STAD, PRAD, LUAD, LUSC, LIHC, LGG, KICH, KIRC HNSC, and BRCA, while a negative association was found in COAD and THCA. For microsatellite instability (MSI), a positive association in BLCA, DLBC, HNSC, KICH, KIBP, MESO, PRAD, SKCM, STAD, and THCA, as well as a negative association in COAD, LAML, and TGCT was identified (Figure 7B). In addition, Figure 7C indicates METTL1 expression is negatively related to the CD274 in THCA, SARC, STAD, SKCM, PRAD, OV, LGG, LAML, KIRC, KIBP, HNSC, COAD, CESC, and BRCA, whereas positively in TGCA.




Figure 7 | Role of METTL1 expression in response to ICB therapy. (A-C) Radar chart visualized the relationship between METTL1 expression and TMB (A), MSI (B) and CD274 expression value respectively (C). The dots in the radar chart indicates the correlation coefficient. (D) The column chart showed the proportion of patients with low or high METTL1 expression who responded to PD-L1 block immunotherapy. (E) Differences in neoantigen burden between low and high METTL1 expression groups (P = 0.04, Wilcoxon test). (F) Kaplan-Meier curve showed the survival of the high and low METTL1 expression patient groups in anti-PD-L1 immunotherapy cohort (IMvigor210 dataset; P = 0.08, Log-rank test). (G) Heatmap exhibited the relationship between METTL1 expression and stemness indices among pan-cancer. The upper half of each grid exhibited the p value and the lower half exhibited the correlation coefficient. * means P < 0.05; ** means P <0.01; *** means P < 0.001.





Correlation Between METTL1 Expression and Response to ICB Therapy With PD-1/L1 Blockers

Significant efforts have been performed to distinguish biomarkers to foretell the immunotherapy response; some previously studied effective biomarkers include the TMB and the PD-1/L1 protein expression level (28). Considering that the METTL1 expression appears to be associated with the TME, we probed the value of the METTL1 on predicting the response to ICB therapy. Three immunotherapy cohorts, two anti-PD-1 cohorts (GSE 67501; GSE 78220) and an anti-PD-L1 cohort (IMvigor210) were involved (29–31). The patients in the IMvigor210 cohort demonstrated various degrees of response to anti-PD-L1 blockers, consisting of stable disease (SD), progressive disease (PD), partial response (PR), as well as complete response (CR). We discovered that METTL1 expression in response group was significantly higher than those in no/limited response groups (Figure 7D). The METTL1 expression in excluded immune phenotype group was obviously lower than that in disease group (Figure S8A). Tumor neoantigen burden reflects the response to ICB therapy directly and has been deemed as a favorable prognostic factor among patients. We found that patients with high METTL1 expression had high neoantigen burden (Figure 7E). However, the association between METTL1 expression and survival was not obvious (Figure 7F). For patients without platinum therapy, METTL1 expression in response group was significantly higher than those in no/limited response groups and high-METTL1-expression cases had favorable prognosis (Figures S8B, C). No evident difference of METTL1 expression was detected between the non-response and response groups in two anti-PD-1 cohorts (Figures S8D, E). We found that 30 cancers, except for ACC, CHOL, and UCS, revealed correlation between the stemness indices and METTL1 expression (Figure 7G; Table S7). In addition, Figure S6C showed the association between METTL1 activity and stemness indices.



Potential Therapeutic Value of METTL1 Expression

We appraised the correlation between METTL1 expression and the response to drugs in multiple cancer cell lines. We identified 31 drugs for which METTL1 expression and drug sensitivity were significantly correlated in the GDSC database (Figure 8A) (32). The METTL1 expression was positively correlated with the sensitivity to 17 drugs including chromatin histone methylation inhibitors EPZ5676 and GSK343, IGF1R signaling inhibitor Linsitinib, genome integrity inhibitor BIBR-1532, and PI3K/MTOR signaling inhibitor LJI308, etc.; the METTL1 expression was negatively related to drug sensitivity (and this positively correlated with drug resistance) for 14 drugs (Figure 8A). Furthermore, the signaling pathways targeted by above drugs were analyzed. Drugs whose sensitivity was related to a high METTL1 expression chiefly targeted the chromatin histone methylation, ERK-MAPK and WNT signaling pathways. Instead, drugs whose sensitivity was bound up with a low METTL1 expression targeted the cell cycle, apoptosis, and protein stability and degradation signaling pathways (Figure 8B). Together, these results imply that METTL1 expression is associated with drug sensitivity. In this way, METTL1 is likely to serve as a potential biomarker for designing effective treatment strategies.




Figure 8 | The relationship between METTL1 expression and response to drug sensitivity. (A) The relationship between METTL1 expression and drug sensitivity calculated by Spearman algorithm. The color of each column represents the p value, whereas the height of each column represents the correlation coefficient. Rs represents the drug sensitivity correlated with the METTL1 expression. (B) Dot plot visualized the signal pathways targeted by drugs which were sensitivity (blue) or resistant (red) to the METTL1 expression. The bar plot on the right represented drugs’ number of each targeted pathway. (C) Western blot analysis was performed to assess the expression levels of METTL1 in four glioma cell lines. (D, E) Representative EPZ5676 and Ulixertinib dose response curves of U118MG and A172 assessed by CCK-8 assay at 24 h post-treatment.



We uncovered that A172 had lowest METTL1 expression while U118MG had highest METTL1 expression (Figure 8C). CCK-8 assays demonstrated high-METTL1-expression U118MG cells were strikingly more sensitive to chromatin histone methylation inhibitor EPZ5676 and ERK-MAPK inhibitor Ulixertinib (Figures 8D, E).




Discussion

METTL1 was an infrequent methyltransferase to be proved to drive oncogenic transformation by forming m7G on tRNA (14). Although studies of METTL1 have been limited, overexpression of METTL1 could drive tumor progression which was reported in hepatocellular carcinoma, colon cancer, intrahepatic cholangiocarcinoma, and lung cancer (9–13). Immunotherapy generally shows a low response rate because of the tumor immune microenvironment (15, 16). Therefore, more research on METTL1 in the fields of TME, immune cells, immunomodulators, immunomodulators and immunotherapeutic response is imminent. In this study, we aim to gain more insights into the underlying mechanism of METTL1 and immune-related factors in pan-cancer research. In the beginning, we investigated the relationship between METTL1 and clinical information and found there were no obvious differences of METTL1 expression among gender, age, tumor stage, status as well as treatment outcome in most cancer types. However, there were significant correlations with METTL1 expression in KIRC. Based on the survival information from the TCGA database, we found that two (LGG and LIHC) of pan-cancer showed a highly consistent relationship between poor prognosis and high METTL1 expression; METTL1 expression in ACC, KIRC, and MESO is significantly related to OS, PFS, and DSS, instead of DFS. In terms of the results that the high expression of METTL1 has various prognostic value in different cancers, we hypothesized that it could be an efficient strategy with clinical benefits to regulate METTL1 therapeutic activity according to different tumor types.

To assess the expression of METTL1 more comprehensively, we conduct METTL1 gene activity based on a gene set containing on hundred genes which were most related to METTL1 expression in pan-cancer. The gene activity was considered to indirectly reflect the difference of METTL1 protein level. Comparing the mRNA expression of METTL1 with METTL1 activity score, we found that the transcription value partially matched the METTL1 activation in some cancers (TGCT, DLBC, UVM, ACC, UCS, SKCM, STAD, and KIRC), indicating that mRNA expression of METTL1 could reveal METTL1 activation in these cancers. However, there was an inconsistency between the activity and expression of METTL1 in other cancers (LUSC, COAD, LUAD as well as KICH). This could be attributed to the protein metabolism and post transcriptional protein level modification.

In addition, we also analyzed the significance of METTL1 on prognosis, and explored its mechanism through gene function enrichment analysis among pan-cancer. GSEA demonstrated that genes from proliferation and metastasis-relevant pathways were more likely to be enriched in the high METTL1 expression cohorts of KIRC, LGG, as well as LIHC.

The TME contains various cells including abundant infiltrating immune cells (33).To explore the probable value of METTL1 moreover, the association between immune cells infiltration and METTL1 was investigated. We observed a marked correlativity between METTL1 and regulatory T cell content in BRCA, KIRP, KIRC, LUAD, LIHC, PRAD, and SARC. In TGCT, a negative association was exhibited in resting mast cells, M2 macrophages, and M0 macrophages and a positive relevancy was evident in activated memory CD4+ T cell, CD8 T cell, follicular helper T cell, and naive B cell. Nevertheless, no definite correlation was discovered between METTL1 and immune cells in DLBC, GBM, and UVM. For diverse immune inhibitors, KDR and CD274 demonstrated the most significant negative relationship with METTL1 among nearly all cancers. Among MHC molecules and immune stimulators, most of the biomarkers exhibited a negative association with METTL1, excluding KIRP, LGG, and TGCT. The findings contribute to the discovery of innovative mechanisms of immunotherapy.

By way of addition, in this study, three ICB therapeutic biomarkers (MSI, TMB, as well as CD274) showed a significant correlation with METTL1 among a few cancers. Patients with high TMB status present acceptable clinical responses to ICB therapy because of the more neoantigens to form (34). Given by inadequate DNA mismatch repair, MSI is defined as a potential prognosticative biomarker for ICB therapy (35). METTL1 was negatively related to MSI and TMB in COAD, nevertheless it was positively correlated with the markers in HNSC, KICH, PRAD, and STAD, which manifested that METTL1 might possess an effect on the ICB therapeutic response in HNSC, KICH, PRAD, as well as STAD. Besides, the correlation between the ICB therapeutic response and METTL1 was explored. The METTL1 expression in the no/limited response group were importantly lower than those in the response group of anti-PD-L1 cohort, insinuating that METTL1 expression can reflect the sensitivity to ICB therapy. However, no significant differences were found in two anti-PD-1 cohorts. To be honest, we only analyzed three relevant cohorts in current study, which was hard to estimate the value of METTL1 to predict the immunotherapeutic response comprehensively. We hypothesize that METTL1 may influence the ICB therapeutic response via targeting other immune checkpoints including T cells Ig and ITIM domain (TIGIT) or cytotoxic T lymphocytes associated protein 4 (CTLA-4).

Furthermore, we concluded that drugs whose sensitivity was correlative with a high METTL1 expression mainly targeted the chromatin histone methylation, ERK-MAPK and WNT pathways. Conversely, the drug whose sensitivity was related to a low METTL1 expression targeted the cell cycle, apoptosis, and protein stability and degradation signaling pathways. Together, these results indicated that METTL1 expression is correlated with drug sensitivity. METTL1 expression may be a significant biomarker for projecting rational therapy strategies.

In addition, we evaluated the potential therapeutic effects of METTL1. METTL1 expression was related with resistance to drugs targeting cell cycle, apoptosis, protein stability as well as degradation signaling pathways, and with sensitivity to drugs targeting the chromatin histone methylation, ERKMAPK and WNT pathways. These results demonstrated that patients with higher METTL1 benefit from drugs targeting the chromatin histone methylation, ERK-MAPK and WNT pathways, instead of cell cycle, apoptosis, and protein stability and degradation signaling pathways. Thus, METTL1 expression might be regarded as a qualified predictor that can be used to predict the clinical outcome of targeted or chemotherapy therapies.

As far as we know, this is original research that concentrates on the value of METTL1 in multiple cancers (thirty-three types). This study supplies forward-looking view on the significance of METTL1 in cancer immunotherapy and reveals the correlation between essential immunological indicators and METTL1, which might be advantageous to comprehend the potential mechanisms according to immune system and METTL1.



Conclusion

This study is instrumental in appraising the ICB therapeutic value of METTL1 among pan-cancer. Increased METTL1 expression was related to adverse prognosis in 14 cancers, especially LGG and LIHC, as well as with high immune infiltration of regulatory T cell, resting mast cell, and M2 macrophage. Therefore, METTL1 is important for immune cell infiltration and may represent a distinct biomarker. We are confident that these findings may provide suggestions for experimentation and have implications for clinical treatment.
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Supplementary Figure S1 | Correlation between METTL1 and clinical traits. (A) The relationship between METTL1 expression and gender. (B) The relationship between METTL1 expression and treatment response. (C) The relationship between METTL1 activity and gender. (D) The relationship between METTL1 activity and treatment response. (E) The mean expression as well as activity value of METTL1 in pan-cancer.

Supplementary  Figure S2 | Kaplan-Meier curves showing the survival information of different METTL1 expression level in pan-cancer.


Supplementary Figure S3 | ROC curve showing sensitivity of METTL1 as a marker to predict prognosis in pan-cancer.

Supplementary Figure S4 | Univariate Cox regression analyses for METTL1 activity in pan-cancer. Forest plot visualizing the association of METTL1 activity and OS, DFS, DSS as well as PFS respectively among pan-cancer. HR value > 1 represents risk factor, whereas HR value < 1 represents favorable factor.


Supplementary Figure S5 | (A) Transwell assay performed in U251 transfected si-METTL1#1, si-METTL1#2, vector and ov- METTL1 cells (scale bar=100 µm). (B) Transwell assays showed the ability of growth media of different CNE2 cells to recruit macrophages (scale bar=100 µm). (C) Multivariate Cox regression analysis demonstrated that the expression of METTL1 was independent risk factor in LGG. (D) Multivariate Cox regression analysis in LIHC.


Supplementary Figure S6 | Analysis of METTL1 activity related immune characteristics. (A) Heatmap visualized the relationship between METTL1 activity and immune score, stromal score, tumor purity as well as ESTIMATE score in pan-cancer. (B) Heatmap showed correlation between METTL1 activity and 22 immune cell infiltration value obtained by CIBERSORT algorithm among pan-cancer. (C) Heatmap exhibited the relationship between METTL1 activity and stemness indices among pan-cancer. The upper half of each grid exhibited the p value and the lower half exhibited the correlation coefficient.


Supplementary Figure S7 | (A-C) The relationship between the METTL1 expression and immune inhibitors (A), immune stimulators (B) as well as MHC molecules (C) respectively.


Supplementary Figure S8 | Role of METTL1 expression in response to ICB therapy. (A) The proportion of patients with immune cell infiltration phenotype in low or high METTL1 expression groups. (B) The column chart showed the proportion of patients without platinum therapy with low or high METTL1 expression who responded to PD-L1 block immunotherapy. (C) Kaplan-Meier curve showed the survival of the high and low METTL1 expression patient without platinum therapy groups in anti-PD-L1 immunotherapy cohort. (D, E) Differences of METTL1 expression between patients with different immunotherapy responses in the GSE78220 and GSE67501 cohorts respectively. (F, G) Differences of METTL1 activity between patients with different immunotherapy responses in the GSE78220 and GSE67501 cohorts respectively.


Supplementary Figure S9 | GSEA results based on Hallmark dataset among pan-cancer.
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OPS/images/fimmu.2022.813732/table1.jpg
Number

%

Sex
Male
Female
Age (years)
Median
Cancer type
Oral squamous cell carcinoma
Oropharyngeal carcinoma
P16 positive
P16 negative
Other cancer type
PD-L1
CPS <1
CPS =1
Unknown
Number of prior lines
of therapy*
0

>1

92
29

57 (27-79)

30
84

70
60

76.0%
24.0%

75.2%
19.0%
41%
14.9%
5.8%

25.0%
69.4%
6.0%

NA
NA

"9 patients were treated with both PD-1 antibody and EGFR antibody at different lines.

NA, not applicable.
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Characteristic

CPS
>1
<1
1113 amplification
No
Yes
EGFR amplification
No
Yes
EGFR mutation
No
Yes

Clinical benefit (n, %)

cB

46 (64.8)
3(15.0)

51 (56.7)
1(12.5)

48 (52.7)
4(57.1)

52 (55.9)
00

NCB

25 (35.2)
17 (85.0)

39 (43.3)
7(87.5)

43 (47.3)
3(42.9)

41 (44.9)
5 (100)

p value (Fisher exact test)

<0.001

0.024

0.020

Odds ratio (95% ClI)

10.43 (2.78, 39.05)

9.15(1.08, 77.52)

0.84 (0.18, 3.95)

13.92 (0.75, 258.94)

CB, clinical benefit: NCB, non-clinical benefit; CPS, combined positive score; 11g13: CCND1_FGF3_FGF4_FGF19 or any one of them.
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Characteristic

Clinical benefit (n, row%)

p value (Fisher exact test)

0Odds ratio (95% CI)

CcB NCB

11913 amplification
No 46 (69.7) 20 (30.3) 0.004 24.95 (1.32, 472.62)
Yes 0(0) 5(100)

EGFR amplification
No 42 (64.6) 23 (35.4) 1.000 0.91 (0.16, 5.37)
Yes 4 (66.7) 2(33.3)

EGFR mutation
No 46 (66.7) 23(33.3) 0.121 9.89 (0.46, 214.55)
Yes 0(0) 2 (100)

CB, clinical benefit: NCB, non-clinical benefit; CPS, combined positive score; 11q13: CCND1_FGF3_FGF4_FGF19 or any one of them.
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Variables Sample size, n Percentage, %

Age (Median=64, Range=13-91)

<64 24 49.0
>64 25 51.0
Gender
Male 32 65.3
Female 17 34.7
Ethnicity
Malay 2 41
Chinese 9 18.4
Indian 17 34.7
Caucasian 21 429
Staging
Early (1 & 1l) 16 32.7
Late (Il & V) 32 65.3
Not available 1 20
Risk habits
Smoking 1 22.4
Alcohol drinking 2 4.1
Betel quid chewing 7 143
More than 1 risk habits 15 30.6
No risk habits 9 18.4
Not known 5 10.2
MAGEDA4B expression
Positive 44 100.0
Negative 0 0.0
Samples not available* 5 -
FUX1 expression
Positive 43 97.7
Negative 1 23
Samples not available* 5 -

*Formalin-fixed paraffin-embedded tissue samples not available hence staining was not performed on these patients.
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Patient ID

UoSno.1
UoSno.2
UoSno.3
UoSno.4
UoSno.5
UoSno.6
UoSno.7
UoSno.8
UoSno.9
UoSno.10
UoSno.11
UoSno.12
UoSno.13
UoSno.14
UoSno.15
UoSno.16
UoSno.17
UoSno.18
UoSno.19
UoSno.20
UoSno.21
04-0017-17
06-0008-19
06-0011-19
06-0012-19
06-0005-19
06-0037-17
06-0019-17
06-0024-19
01-0010-17
01-0002-18
04-0018-17
04-0019-17
04-0020-17
04-0001-18
04-0003-18
04-0005-18
06-0014-11
06-0047-17
06-0048-17
06-0053-17
06-0008-18
06-0016-18
06-0021-18
06-0025-18
06-0033-18
06-0038-18
06-0003-19
06-0014-19

Blank space indicating assay was not processed. FFPE blocks for samples UoSno.2, 3, 13,15 and 16 were not available at the time of the study.

Antigen expression (IHC)

MAGED4B

Pos

Pos
Pos
Pos
Pos
Pos
Pos
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Pos
Pos

Pos

Pos
Pos
Pos
Pos
Pos
Pos
Pos
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FJX1

Pos

Pos
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Pos
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Pos
Neg
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Pos
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Neg

Pos
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Neg
Neg

MAGED4B Tetramer+

Neg
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Neg
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Immunotherapy Effect Drug

Monoclonal antibody (mAbs)  Targeting molecular involving in tumor-genesis

Tumor antigen-targeted EGFR antagonist Cetuximab
mAbs
Immune checkpoint-targeted ~ CTLA4 Ipilimumab and Tremelimumab
mAbs
PD-1 Pembrolizumab and Nivolumab
PD-L1 Darvalumab
Tumor vaccines Activating tumor-antigen presentation by APC to T cells  vaccinia-based E6/E7 vaccines
Immune system modulators  Enhancing immune cell activation and expansion IL-2, IL-1B, IL-6, IL-8, IFN-y, TNF-a, G-CSF, GM-CSF, IRX-2, etc.
Stimulatory receptor agonists  Enhancing positive co-stimulatory pathways, providing  Agonists for CD40
cytokines Agonists for toll-like receptor
T-cell transfer therapy Transfer of ex vivo expanded/modulated tumor-reactive  Tumor-infiltrating lymphocytes (TIL) therapy, Chimeric antigen
T cells into patients. receptor(CAR) T-cell therapy

(56-58)
(59)

(60, 61)

mAbs, Monoclonal antibody; EGFR, epidermal growth factor receptor; CTLA4, Cytotoxic T-Lymphocyte Associated Protein 4; APC, antigen-presenting cell (62-69).
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CPS <1 (30, 26.8%) >1,<20 (49, 43.8%) >20 (33, 29.5%) Methodology A Methodology B Methodology C

Age 56.38 56.7 57.61 p=0.82 p=0413 p=0.474

Gender
Female 5 (20%) 15 (60%) 5 (20%) p=0.176 p=0.385 p=0.239
Male 25 (28.7%) 34 (39.1%) 28 (32.2%)

Sites
Non-tonsil 28 (32.6%) 37 (43%) 21 (24.4%) p =002 p=0012 p=0.033
tonsil 2(7.7%) 12 (46.2%) 12 (46.2%)

Smoking Status
No 14 (18.9%) 36 (48.6%) 24 (32.4%) p =0.032 p =0.009 p=0.336
Yes 16 (42.1%) 13 (34.2%) 9 (23.7%)

Drinking Status
No 22 (24.4%) 41 (45.6%) 27 (30%) p=0516 p=0258 p=0.801
Yes 8 (36.4%) 8 (36.4%) 6 (27.3%)

TNM stage
| 18 (22.5%) 39 (48.8%) 23 (28.7%) p=0.168 p=0.096 p=0.758
11-1n 12 (37.5%) 10 (31.3%) 10 (31.3%)

LN Metastasis
No 5(31.3%) 6 (37.5%) 5 (31.3%) p = 0.850 p=0.663 p=0.866
Yes 25 (26%) 43 (44.8%) 28 (43.2%)

Pathological Subtype
TL-poor 23 (41.1%) 24 (42.9%) 9 (16.1%) p <0.001 p=0.001 p=0.002

TiL-rich 7 (26.8%) 25 (43.8%) 24 (29.5%)
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Variable ICI alone ICI + chemotherapy

Hypothyroidism 3 8
Anemia 0 5
Liver dysfunction 1 5
Kidney dysfunction 0 3
Asthenia 1 6
Leukopenia 0 4
Thrombocytopenia 0 6
Rash 2 5
Diarrhea 0 2
Anorexia 0 9
Hand and foot syndrome 0 4
RCCEP 1 2
Pruritus 1 3

RCCEP, reactive cutaneous capillary endothelial proliferation; ICIl, immune
checkpoint inhibitor.
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Treatment modality No. of patients CR PR SD PD HPD

GP plus ICI 5 1 2 0 1 1
TP plus ICI 2 0 1 1 0 0
Gemcitabine and S-1 plus ICI 5 2 2 1 0 0
Gemcitabine plus ICI 2 0 2 0 0 0
S-1 plus ICI 5 1 2 1 1 0
Capecitabine plus ICI 2 1 1 0 0 0
ICl alone 7 2 2 1 1 1

GP, gemcitabine/cisplatin; ICI, immune checkpoint inhibitor; TP, docetaxel/cisplatin; CR,
complete response; PR, partial response; SD, stable disease; PD, progressive disease;
HPD, hyperprogressive disease.
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Variable Results

Sex

Male 21

Female 7
Age median 51 (18-80)
ECOG PS

0 18

1 10
Recurrent sites

Nasopharynx 17

Neck 5

Both 6
Prior lines of chemotherapy

2 23

>3 5
Prior radiotherapy

1 course 26

2 courses 2
Salvage treatment

ICl alone 7

ICl with chemotherapy 21
No. of ICI cycles 19(2-89)

ECOG PS, Eastern Cooperative Oncology Group performance status; ICI, immune
checkpoint inhibitor.
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