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Editorial on the Research Topic 


The tumor microenvironment and immunotherapy for head and neck tumors


Head and neck tumors represent a highly heterogeneous group of malignancies, both biologically and anatomically, posing significant challenges for clinical research and therapeutic optimization. This heterogeneity is particularly relevant in the context of immunotherapy, where the diverse immune landscapes profoundly influence treatment outcomes. Central to this dynamic is the tumor microenvironment (TME), which plays a pivotal role in tumor progression, immune evasion, and response to immunotherapy (1). Despite the efficacy of immune checkpoint inhibitors (ICIs), such as PD-1/PD-L1 blockade, in a subset of head and neck squamous cell carcinoma (HNSCC) patients, therapeutic resistance and immune evasion remain major clinical challenges. This Research Topic brings together several studies investigating key TME mechanisms, immune evasion, novel immunotherapy approaches, and clinical translation.

The immune composition of HNSCC varies significantly depending on factors such as HPV status (2, 3) and tumor location. Shivarudrappa et al. investigated immune dynamics in murine models expressing HPV16 E6/E7 and identified two distinct phenotypes: one exhibiting complete tumor eradication (C-225) and the other showing progressive growth (C-100). Intriguingly, the latter group displayed a higher CD8+ T cell infiltration but a pronounced functional exhaustion, marked by an elevated expression of PD-1 and LAG-3. This paradox highlights the critical role of immune checkpoint activation and myeloid-derived suppressor cell (MDSC) enrichment in driving immune evasion, even in the context of robust T cell infiltration. Moreover, tertiary lymphoid structures (TLS) are emerging as critical components of anti-tumor immunity (4, 5). Wu et al. developed a TLS scoring system and revealed that TLS presence correlated with PD-1+CXCL13+CD8+ T cell activity and improved immune responses in HNSCC patients. A case report by Jiang et al. examined the phenomenon of a “dissociated response” to immunotherapy, in which certain tumor sites regress while others progress. This observation underscores the spatial heterogeneity of the TME and may influence treatment strategy in advanced head and neck cancer.

Head and neck tumors frequently exhibit immune escape mechanisms that limit treatment efficacy. The identification of reliable biomarkers is crucial for predicting tumor progression and response to immunotherapy. In this Research Topic, He et al. investigated BANF1, which modulates immune infiltration and is associated with poor prognosis, likely due to its role in impairing immune cell recruitment within the TME of HNSCC. Another study by Qin et al. developed a disulfidptosis-related gene risk model (SLC3A2, NUBPL, ACTB, DSTN) for HNSCC prognostic stratification. Notably, DSTN was significantly upregulated in HNSCC and was shown to promote tumor progression, whereas its knockdown inhibited tumor growth, migration, and invasion—highlighting its potential as both a prognostic and therapeutic biomarker. Moreover, Yang et al. identified DLX6 as a novel prognostic biomarker for nasopharyngeal carcinoma (NPC). DLX6 expression was correlated with poor prognosis and was found to promote cell proliferation, invasion, and migration. It also impacted the immune landscape of NPC, suggesting its role in metastasis and immune modulation. Qin et al. explored the function of IRX5 in papillary thyroid carcinoma and found that its expression promoted macrophage polarization toward an M2 phenotype, thereby exacerbating immune suppression within the TME.

In addition to immune cell infiltration, other factors, such as stromal interactions and metabolic regulators, play a key role in tumor behavior. In this context, Pan et al. reviewed the role of neck adipose tissue (NAT) in head and neck cancer, highlighting its influence on cervical lymph node metastasis. Through the secretion of adipokines such as leptin, adiponectin, and interleukin-6, NAT may promote metastatic progression. A more profound understanding of the role of NAT and the interactions between cancer cells and adipocytes may inform new therapeutic strategies, particularly through targeted therapy or metabolic intervention.

Recent developments in head and neck cancer treatment highlight the growing importance of immunotherapy combinations, particularly in the development of personalized, organ-preserving approaches. Wu et al. conducted a retrospective cohort study involving 20 patients with locally advanced hypopharyngeal cancer (LAHPC) to evaluate the efficacy of neoadjuvant chemotherapy combined with ICIs. Their findings revealed a 50% pathological complete response rate at the primary tumor site and an impressive 95% laryngeal preservation rate. While these outcomes are encouraging, longer-term follow-up remains necessary to evaluate the sustained survival benefit and functional preservation. Gao et al. reported two cases of de novo metastatic NPC (dmNPC), in which chemotherapy combined with a PD-1 inhibitor—without locoregional radiotherapy—achieved durable remission. These findings suggest that carefully selected patients may benefit from radiation-sparing approaches, potentially avoiding treatment-related toxicities while maintaining therapeutic efficacy. In another case report, Wang et al. described a complete remission in a patient with NPC and extensive bone marrow metastases following a stepwise, individualized immunotherapy-based combination regimen. This underscores the value of flexible, multidisciplinary strategies tailored to disease burden and treatment tolerance. Furthermore, Shan et al. found that early-onset head and neck squamous cell carcinoma (HNSCC) may harbor a distinct tumor microenvironment characterized by enhanced immune suppression, potentially indicating greater sensitivity to immunotherapeutic interventions in this subgroup.

Innovative therapeutic approaches are being explored in head and neck tumors. Sun et al. reviewed advances in CAR-T cell therapy for thyroid cancer. CAR-T cells constructed with antigens such as TSHR, ICAM-1, GFRα4, B7-H3, and CEA have demonstrated preclinical anti-tumor activity. However, only a few have progressed to clinical trials, with results still pending. Further optimization of CAR constructs, enhancement of T cell activation, and strategies to overcome the immunosuppressive TME remain critical challenges. Meanwhile, nanomedicine is an emerging field that offers new avenues for HNSCC treatment. In a review by Li et al., nanodrug delivery systems are highlighted for their ability to enhance radiotherapy sensitivity and optimize immune targeting, thus expanding the therapeutic options available for HNSCC. Turner et al. summarized recent advances in therapeutic options for follicular-derived thyroid cancer. Despite progress with kinase inhibitors and ICIs, radioiodine-refractory differentiated thyroid cancers and anaplastic thyroid cancers remain therapeutic challenges. Strategies targeting M2 macrophages, dendritic cells, and NK cells may hold promise for overcoming resistance. While many of these strategies are still in the experimental or early clinical stages, their development underscores the rapid evolution of immunotherapy in head and neck tumors.

In clinical practice, the introduction of ICIs has revolutionized the treatment paradigm for HNSCC. Landmark trials such as CheckMate 141 (6) and KEYNOTE-048 (7) have led to the incorporation of PD-1 inhibitors in treatment guidelines for recurrent or metastatic HNSCC, establishing ICIs as a cornerstone of therapy in this setting. The demonstrated efficacy has catalyzed the systematic evaluation of ICIs in earlier stages of disease, with locally advanced HNSCC (LA-HNSCC) representing a major therapeutic challenge under investigation. The KEYNOTE-689 trial (8)—which evaluated pembrolizumab as both neoadjuvant and adjuvant therapy in combination with standard of care (radiotherapy ± cisplatin) for previously untreated, resectable LA-HNSCC—reportedly met its primary endpoint and has the potential to be practice-changing.

In the future, realizing the full potential of immunotherapy in this heterogeneous disease spectrum will require sustained multidisciplinary collaboration, well-designed clinical trials, and the integration of advanced technologies such as single-cell (9) and spatial omics (10). Ultimately, bridging the gap between mechanistic insights and clinical application will be crucial for improving outcomes for patients with head and neck tumors.
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Purpose

To evaluate the efficacy and laryngeal function preservation of neoadjuvant treatment with chemotherapy and immune checkpoint inhibitor for locally advanced hypopharyngeal cancer (LAHPC).





Methods

We retrospectively collected LAHPC patients who were diagnosed between February 2022 and June 2023. The patients received a combination of chemotherapy and immune checkpoint inhibitors as the neoadjuvant therapy. The response to treatment, laryngeal function preservation rate, and short-term survival were assessed.





Results

A total of 20 patients were included. Of these patients, 17 (85.0%) had stage IVA-B disease. Ten (50%) and four (20%) patients achieved pathological complete response (PCR) and major pathological response (MPR) to the primary tumor, respectively. In addition, 6 patients had incomplete pathological response (IPR). In the neck, 19 patients had node-positive disease before treatment, and only 5 patients (26.4%) had PCR to regional lymph nodes. Pathologically positive lymph nodes were still observed in 14 (73.6%) patients. Significant downgrading on narrow-band imaging assessment in primary tumors was associated with a higher probability of PCR or MPR than those with IPR (92.9% vs. 33.3%, P=0.014). The overall rate of laryngeal preservation was 95.0%. No severe perioperative complications or perioperative death were found. All patients completed the recommended postoperative radiotherapy/chemoradiotherapy. The median follow-up period was 12.1 months. The 1-year progression-free survival and overall survival were 94.1% and 92.9%, respectively. During the follow-up period, all 19 patients who underwent laryngeal preservation surgery had their laryngeal function preserved.





Conclusion

The addition of an immune checkpoint inhibitor to neoadjuvant chemotherapy effectively preserves laryngeal function without increasing complications related to surgery and postoperative radiotherapy in LAHPC.





Keywords: hypopharyngeal cancer, neoadjuvant chemotherapy, immunotherapy, tumor response, laryngeal preservation





Background

Hypopharyngeal cancer (HPC) is a relatively rare malignant tumor in the head and neck, with an estimated 6475 and 2314 new cases occurring annually in China and the United States, respectively (1). More than 80% of patients were diagnosed with locally advanced hypopharyngeal carcinoma (LAHPC), and 35-66% of them would develop disease recurrence after multimodal treatment (2–4). The 5-year overall survival (OS) rate of LAHPC was only around 22-30% and the survival rates were still unchanged during the past decades (5–7). The optimal therapeutic strategies remain controversial in LAHPC (8, 9). The potential damage of surgery to organ function and related surgical complications may affect treatment decisions (10). Several prospective studies have demonstrated that the implementation of neoadjuvant chemotherapy (NAC) followed by radiotherapy can serve as a viable approach for organ preservation without compromising OS rates (11, 12). However, real-world data have raised concerns that radiotherapy-based treatment may be detrimental to the OS of HPC patients (3, 5, 13, 14).

Immune checkpoint inhibitor (ICI) has been an important drug development in head and neck cancer (HNC) patients after cetuximab in the past two decades (15, 16). Immune-inflamed pattern (74%) is the predominant preexisting immune profile in HPC and served as an independent predictor of unfavorable prognosis, which indicates the potential benefit of immunotherapy in HPC (17). Several studies have shown a low effectiveness rate of NAC for HPC, with a complete response (CR) rate of 0-5% (18–20). Several previous studies have assessed the efficacy of neoadjuvant ICI in patients with HNC, while HPC accounts for a relatively small proportion of enrolled patients (0-30%) (21–24). In this study, we explore the effect of NAC combined with ICI on initial efficacy and laryngeal function preservation in LAHPC.





Materials and methods




Patients

We retrospectively included patients who were diagnosed with LAHPC between February 2022 and June 2023 in our institution. Patients who met the following criteria were included: 1) stage III-IV hypopharyngeal squamous cell carcinoma; 2) treated with NAC combined with ICI; 3) treated with surgery after neoadjuvant treatment. Patients without histologically or cytologically confirmed HPC or without primary lesions resection was excluded. The study received approval from the Ethics Committee of the First Affiliated Hospital of Xiamen University. All patients provided written informed consent before treatment.





Variables

The following variables were included in the analysis: age, gender, smoking history, alcohol histology, TNM classification, combined positive score (CPS), chemotherapy regimen, ICI regimen, surgical procedure, response to neoadjuvant treatment, and toxic effects. To explore any potential correlation between PD-L1 expression and the efficacy of neoadjuvant therapy, CPS of 22C3 was used to describe the expression of PD-L1 in primary lesions before neoadjuvant therapy via immunohistochemical staining. In the evaluation of CPS, the positive rate of PD-L1 immunostaining in tumor cells and the positive rate of PD-L1 immunostaining in immune cells infiltrating the tumor were measured independently. CPS was determined by summing these two rates together.





Treatment

The treatment strategies of patients were formulated based on a multidisciplinary team in our institution. During the neoadjuvant therapy period, the patients received ICI combined with paclitaxel (Albuminbound) 260mg/m2 and cisplatin 60 mg/m2 using a three-week treatment cycle. The ICI included camrelizumab, tislelizumab, pembrolizumab, or nivolumab. The decision-making of the administration of ICI was mainly according to physician-specific preference. Due to significant price differences among different ICIs, the selection of specific ICIs was mainly based on patient preferences.

Surgery was performed approximately 4 weeks following the completion of the last cycle of neoadjuvant treatment. Regardless of any regression of the lesion after neoadjuvant therapy, all patients underwent surgical resection. In cases where there was a complete response (CR) or partial response (PR) to the primary lesion, a pyriform sinus resection or posterior pharyngeal wall resection was performed using a low-temperature plasma knife. Total or partial laryngopharyngectomy was performed in those with stable disease (SD) or progressive disease (PD) after neoadjuvant treatment. The extent of the primary lesion in the hypopharynx was determined based on imaging examination. Similarly, the scope of surgical resection after neoadjuvant therapy was also determined by referring to imaging examinations. According to the imaging examination of lymph node status during HPC diagnosis, ipsilateral or bilateral neck lymph node dissection was performed after neoadjuvant therapy.

All patients underwent postoperative radiotherapy/chemoradiotherapy to the tumor bed and the tumor-draining lymph nodes. The prescribed dose was 60-66 gray (Gy)/32 fractions (f) to the tumor bed and 54-60Gy/32f to the neck. Platinum-based concurrent chemoradiotherapy was conducted for patients with extranodal invasion, multiple lymph node metastases, or positive margins.





Assessment of response to neoadjuvant chemotherapy and immunotherapy

White light imaging endoscopy, narrow-band imaging (NBI), computed tomography (CT), or magnetic resonance (MR) imaging were conducted to assess the extent of their lesions before neoadjuvant treatment and before surgery in all patients.

The response to neoadjuvant therapy using radiological assessment was defined as CR, PR, SD, or PD using the Response Evaluation Criteria in Solid Tumors version 1.1 standard.

Currently, there is no globally recognized NBI classification for hypopharyngeal lesions (25). Overall, Type I was commonly observed in normal mucosa and cysts. Type II was mainly observed in cases of inflammation. Type III was mainly observed in cases of lymphoid hyperplasia. Type IV was mainly observed in cases of low-grade intraepithelial neoplasia or lymphoid hyperplasia with inflammation. Type Va was mainly observed in cases of high-grade intraepithelial neoplasia or carcinoma in situ. Type Vb and Vc were considered as invasive carcinoma.

Postoperative pathology was assessed by examining the remaining tumors in the resected samples. Pathological complete response (PCR) was defined as the absence of any remaining tumor tissue in both the primary site and metastatic lymph nodes. PCR evaluations were conducted separately for primary tumors and cervical lymph nodes. A major pathological response (MPR) was defined as the presence of fewer than 10% viable tumor cells in the primary lesion. An incomplete pathological response (IPR) was defined as the presence of 10% or more viable tumor cells in the primary lesion.





Adverse reactions after treatment

Adverse reactions were evaluated based on the Common Terminology Criteria for Adverse Events V5.0. Follow-up data was collected through outpatient visits or telephone interviews. Additionally, electronic laryngoscopy and CT/MR scans of the head and neck were conducted for further examination.





Statistical analyses

Categorical variables were compared using the Chi-square test or Fisher’s test. We utilized multivariable logistic regression to assess the independent predictors associated with PCR or MPR. Progression-free survival (PFS) and overall survival (OS) were calculated using Kaplan–Meier methods. Multivariable Cox proportional hazards regression was not conducted in this study due to the limited sample size. All statistical analyses were conducted by SPSS version 26.0 (IBM Corp., Armonk, NY, USA). P values <0.05 were considered statistically significant.






Results




Patient characteristic

A total of 20 patients were included with a median age of 59 years (range, 39-78) (Table 1). There were 3 (15.0%) and 17 (85.0%) patients who had stage III and IV disease, respectively. All patients had reported as Type VB-VC using NBI assessment before neoadjuvant therapy. Moreover, there were 13 (65.0%) patients had CPS <20, and 7 (35.0%) patients had CPS ≥20. All patients completed at least two cycles of neoadjuvant therapy. There were 18 patients (90%) received two cycles of neoadjuvant therapy, one patient (5%) received three cycles of neoadjuvant therapy due to the delay in the surgery caused by the COVID-19 pandemic, and one patient (5%) received four cycles of neoadjuvant therapy due to poor response to neoadjuvant therapy. Regarding ICIs, 8, 7, 4, and 1 patients treated with camrelizumab (40.0%), tislelizumab (35.0%), pembrolizumab (20.0%), and nivolumab (5.0%), respectively.


Table 1 | Patient clinicopathological characteristics.







Response to neoadjuvant treatment before surgery

Specific radiological and NBI responses after the completion of the NAC and ICI are shown in Figure 1. In terms of the primary tumor, 5 (25.0%) patients showed a CR, 11 (55.0%) patients showed a PR, 4 (20.0%) had an SD, and 0 (0%) had a PD. In the neck, 19 patients had node-positive disease and 15 (78.9%) had radiological nodes that persisted after neoadjuvant therapy. There were 4 (21.0%), 7 (36.8%), 7 (36.8%), and 1 (5.3%) had CR, PR, SD, and PD in the neck lymph nodes after neoadjuvant therapy.




Figure 1 | Treatment response of the study population.



Regarding the NBI assessment, there were 5 (25%) patients remained recorded as Type Vb or Vc after NAC and ICI. In addition, 15 (75%) patients had recorded as Type I-IV, including 9 (60%), 1 (6.7%), 2 (13.3%), and 3 (18.8%) patients recorded as Type I, II, III, and IV, respectively.





Adverse reactions after neoadjuvant treatment

A total of 18 patients experienced treatment-associated adverse events (Table 2). Regarding hematological toxicity, 3 (15%), 2 (10%), 2 (10%), 2 (10%), and 1 (5%) patients experienced anemia, leukopenia, neutropenia, lymphocytopenia, and thrombocytopenia, respectively. We routinely used polyethylene glycol recombinant human granulocyte colony-stimulating factor for patients undergoing chemotherapy, thus there were no patients who had grade 3-4 myelosuppression.


Table 2 | Acute Toxicities during neoadjuvant treatment with chemotherapy and an immune checkpoint inhibitor (n=20).



In terms of non-hematological toxicity, the most common were peripheral sensory neuropathy (n=9, 45.0%), fatigue (n=8, 40%), rash (n=6, 30.0%), thyroid dysfunction (n=4, 20%), nausea (n=4, 20%), and vomiting (n=4, 20.0%). No grade 3-5 adverse events were observed. Among the 8 patients who received treatment with camrelizumab, 2 patients (25%) experienced reactive cutaneous capillary endothelial proliferation, all of which were grade 1 or 2.





Surgery procedures

The patients underwent surgery with an average interval of 30.5 days. Among those with CR or PR to the primary tumors, a pyriform sinus resection or posterior pharyngeal wall resection was performed (n=16 patients). In those with SD or PD to the primary tumor, three patients received partial laryngectomy and hypopharyngectomy and one patient received a total laryngectomy and hypopharyngectomy. The overall rate of laryngeal preservation was 95.0% (19/20). Ipsilateral and bilateral modified radical cervical lymph node dissection was performed in 15 (75.0%) and 5 patients (25.0%), respectively. No severe perioperative complications or perioperative deaths were found.





Response to neoadjuvant treatment using pathological assessment

Specific pathological responses to NAC and ICI are shown in Figure 1. Ten patients (50%) and 4 (20%) patients achieved PCR and MPR to the primary tumor, respectively. In addition, 6 (30%) patients had IPR. In three patients with IPR, one presented with carcinoma in situ in surgical margin and 2 patients had positive surgical margins. One patient achieved PCR by the pathological assessment of the surgical specimen, but the radiological assessment was categorized as SD.

Regarding the regional lymph nodes, pathologically positive lymph nodes were found in 14 (73.6%) of 19 patients. Only 5 patients (26.4%) had PCR to the regional lymph nodes. One patient had node-negative using radiological assessment before NAC and ICI and also had node-negative after cervical lymph node dissection (30 lymph nodes on the ipsilateral neck were all negative).





Response to neoadjuvant treatment between NBI and pathological assessment

In those with PCR to the primary tumor (n=10), 3 (30%), 1 (10%), 2 (20%), 2 (20%), and 1 (10%) patients showed Type I, II, III, IV, and IVB using NBI assessment, respectively (Figures 1, 2). In those with MPR to the primary tumor (n=4), all patients had recorded as Type I using NBI assessment. However, in those with IPR (n=6), 2 (33.3%) and 4 (66.7%) patients were recorded as Type I and VB, respectively (Figures 1, 3).




Figure 2 | Changes in a patient with significant downgrading on NBI assessment after NAC and ICI (A), CT scan before NAC and ICI; (B), partial response using CT assessment after NAC and ICI; (C), white light imaging assessment before NAC and ICI; (D), NBI assessment before NAC and ICI; (E), white light imaging assessment after NAC and ICI; (F), a significant downgrading on NBI assessment after NAC and ICI (CT, computed tomography; NAC, neoadjuvant chemotherapy; ICI, immune checkpoint inhibitor; NBI, narrow band imaging) (The green arrow refers to the primary hypopharyngeal lesion).






Figure 3 | Changes in a patient with non-significant downgrading on NBI assessment after NAC and ICI (A), CT scan before NAC and ICI; (B), partial response using CT assessment after NAC and ICI; (C), white light imaging assessment before NAC and ICI; (D), NBI assessment before NAC and ICI; (E), white light imaging assessment after NAC and ICI; (F), a non-significant downgrading on NBI assessment after NAC and ICI (CT, computed tomography; NAC, neoadjuvant chemotherapy; ICI, immune checkpoint inhibitor; NBI, narrow band imaging) (The green arrow refers to the primary hypopharyngeal lesion).



We found that significant downgrading on NBI assessment was associated with a higher probability of PCR or MPR (92.9% vs. 33.3%, P=0.014) (Table 1). There was no significant correlation between other variables and the PCR or MPR rate. The multivariable logistic regression confirmed that significant downgrading on NBI assessment was the independent predictor associated with PCR or MPR (odds ratio 0.035, 95% confidence interval 0.002-0.721, P=0.030).





The completeness of postoperative radiotherapy

All patients received postoperative radiotherapy/chemoradiotherapy within six weeks after surgery. There were 14 (70%) patients received platinum-based concurrent chemoradiotherapy and 6 (30%) patients received radiotherapy alone. All patients completed the recommended radiotherapy/chemoradiotherapy, and three patients used a feeding tube due to grade 3 mucositis.





Survival

The median follow-up was 12.1 months (range, 4-20 months), one patient with IPR had local tumor recurrence in 7.0 months and died with this disease in 8.9 months. The 1-year PFS and OS were 94.1% and 92.9%, respectively (Figure 4). During the follow-up period, all 19 patients who underwent laryngeal preservation surgery had their laryngeal function preserved.




Figure 4 | Progression-free survival (A) and overall survival (B) in the study population.








Discussion

In this study, we explored the preliminary efficacy of combined IC and immunotherapy in preserving the laryngeal function of LAHPC. Our study found that the new induction therapeutic regime safely and effectively preserves laryngeal and swallowing function without increasing complications related to surgery and postoperative radiotherapy.

The immune-inflamed pattern is the predominant preexisting immune profile in HPC (17, 20), which suggests the potential benefit of immunotherapy in HPC. A recent prospective study included 15 LAHPC patients who received NAC combined with pembrolizumab. The overall rate of laryngeal preservation was 86.6%. After surgery, 4 had PCR (26.6%), 2 had MPR (13.3%), and 9 had IPR (60.0%) (26). A retrospective study included 156 patients with locally advanced laryngeal and hypopharyngeal squamous cell carcinoma treated with PD-1 inhibitors combined with NAC (48.7% of HPC), the results found that 23.1%, 65.4%, 9.0%, and 3.0% of patients demonstrated a radiological CR, PR, SD, and PD, respectively. However, only 26 patients (16.7%) underwent surgical treatment, therefore, it was not possible to accurately assess the pathological response after neoadjuvant treatment (27). In our study, we found a PCR rate of 50% and an MPR rate of 20% after neoadjuvant treatment. The PCR rates of NAC plus ICI based on the current literature including ours have exceeded the previous combination chemotherapy regimens (17–19).

In HPC, the laryngeal preservation rate and laryngeal function preservation rate could be improved using NAC (28), but it does not have a significant impact on OS (29). Moreover, currently, data on the impact of tumor response after neoadjuvant immunotherapy on survival are still immature (30). A previous study from other HNC showed that patients who achieve an MPR after neoadjuvant immunotherapy have a 2-year progression-free survival rate of 100%, significantly better than patients with an IPR (23). Therefore, more data accumulation and longer follow-up should be undertaken to explore the impact of tumor response on the long-term survival of LAHPC patients after NAC plus immunotherapy.

Conventional tumor assessment criteria may not be sufficient to accurately evaluate the tumor response in the era of immunotherapy. The study by Wang et al. showed no patients reached a radiological CR but the postoperative evaluation showed a PCR rate of 26.6% after NAC and ICI (26). Therefore, accurate assessment of tumor response is crucial for subsequent treatment decisions in the era of immunotherapy. In our study, we employed NBI to evaluate the response of primary tumors. We found that 92.9% (13/14) of patients with PCR or MPR to the primary tumor showed significant downgrading on NBI assessment. The study by Lu et al. found that NBI had significantly higher diagnostic accuracy and sensitivity for hypopharyngeal lesions than white light imaging endoscopy (31). The radiological assessment primarily evaluates the size of the tumor and the NBI allows us to observe the microvascular patterns and invasion depth of the superficial carcinoma (32). Based on our findings, NBI may have a certain supplementary value for evaluating tumor response after NAC and immunotherapy. However, NBI can only observe the superficial distribution of tumor blood vessels, making it challenging to accurately assess tumors with deep invasion.

Due to the potential complications and functional disorders after surgery (10), the majority of patients in the real world tend to opt for definitive chemoradiotherapy (5). Nevertheless, definitive chemoradiotherapy may have higher recurrence rates and inferior OS rates compared to surgical treatment (5, 13, 14). In this study, patients with CR or PR to primary tumor underwent a local extended resection, thus we could accurately assess the pathological remission of tumors and minimize damage to laryngeal function.

Several studies have found that metastatic neck nodes were often less responsive to NAC, and recurrence could occur in only regional sites (33, 34). In this study, we found differences in the efficacy of NAC and ICI on PCR rate between primary lesions (50.0%) and metastatic neck lymph nodes (26.4%). Fang et al. also showed a lower response rate in cervical lymph node metastasis of locally advanced laryngeal and hypopharyngeal cancers using NAC and ICI (27), which suggests that this subset of patients may benefit from additional treatment considerations. The reasons for the lower response of neck lymph nodes compared to the primary lesion remain unknown. In the study of squamous cell carcinoma of the oropharynx, a higher infiltration of Tregs in metastatic lymph nodes was found and can be a potential driver of an immunosuppressive milieu leading to favor cancer progression (35). In tumor immunity, patients with high expression of Treg show lower sensitivity to immunotherapy as they suppress immune responses (36). Rahim et al. further found that in cases of human HNC, the dynamic CD8+ T cell responses to immunotherapy in regional lymph nodes were impaired in metastatic lymph nodes (37). These findings provide a basis for the potential advancement of immunotherapy that effectively utilizes anti-tumor immunity in human lymph nodes and contributes to the development of immune-monitoring approaches for cancer patients undergoing immunotherapy.

Several studies have reported that there is no significant correlation between the expression of PD-L1 and the prognosis of HPC (18, 38). However, the relationship between PD-L1 expression levels and the response to neoadjuvant therapy remains uncertain. Previous studies have shown no significant correlation between PD-L1 expression and the response to NAC, but it is important to note that those studies did not include patients treated with ICI (18). Conversely, Wang et al. observed that a CPS >5 in the biopsies of primary lesions was associated with a higher rate of PCR (26). In our study, we found no correlation between PCR or MPR and CPS. Given the limited research on neoadjuvant ICI in HPC and the small sample size in our study, it is necessary to accumulate more data in the future to identify predictive biomarkers for immunotherapy in HPC.

In this study, all patients underwent postoperative radiotherapy/chemoradiotherapy, and no additional adverse reactions during radiotherapy/chemoradiotherapy were found. We did not incorporate ICI during postoperative radiotherapy/chemoradiotherapy because several prospective studies have found that adding ICI during radiotherapy/chemoradiotherapy did not improve survival in patients with locally advanced HNC (39, 40). However, an area of concern is whether patients who achieve PCR in the primary lesion after NAC and ICI still require tumor bed radiotherapy in addition to surgical resection.

Several limitations should be acknowledged in our study. First, our study was a retrospective analysis, which can introduce inherent biases and limit the level of evidence. Second, we only included a limited sample size of patients in this study and were unable to precisely analyze the factors associated with PCR after neoadjuvant therapy, which could reduce the statistical power and generalizability. Third, the duration of follow-up is another important limitation in this study. Moreover, the toxicities of neoadjuvant chemotherapy and ICI treatment tend to be underestimated in retrospective studies. Finally, the swallowing and speech functions as well as quality of life were not assessed in this study.





Conclusions

In conclusion, our study suggests that the addition of ICI to NAC effectively preserves laryngeal function without increasing complications related to surgery and postoperative radiotherapy in LAHPC. Prospective randomized controlled trials are required to confirm our findings and establish the role of neoadjuvant ICI with chemotherapy in the laryngeal function preservation and long-term survival of LAHPC patients.
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Previous studies indicated that adipose tissue significantly influences cancer invasion and lymphatic metastasis. However, the impact of neck adipose tissue (NAT) on lymph node metastasis associated with head and neck cancer remains ambiguous. Here, we systematically assess the classification and measurement criteria of NAT and evaluate the association of adipose tissue and cancer-associated adipocytes with head and neck cancer. We delve into the potential mechanisms by which NAT facilitate cervical lymph node metastasis in head and neck cancer, particularly through the secretion of adipokines such as leptin, adiponectin, and Interleukin-6. Our aim is to elucidate the role of NAT in the progression and metastasis of head and neck cancer, offering new insights into prevention and treatment.
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1 Introduction

Cervical lymph nodes metastasis (LNM) is crucial in the clinical staging of head and neck cancer (HNC), and it serves as a vital indicator for assessing the progression and prognosis (1). Although adipose tissue (AT) is the predominant tissue surrounding cervical LNM, its relationship with LNM in HNC remains elusive. Previous studies have shown that breast cancer and prostate cancers are surrounded by abundant AT, forming a unique microenvironment between AT and cancer cells (2, 3). There exists a same crosstalk between cancer cells and adipocytes in HNC. This interplay continuously alters the tumor microenvironment, thus leading to the formation of specialized AT. AT can induce metabolic reprogramming in cancer, facilitating the uptake of free fatty acids and glycerol from adipocytes. This uptake serves as an energy source for oxidative phosphorylation in mitochondria, resulting in an “anti-Warburg effect” that enhances the invasion and metastasis of cancers such as breast and prostate cancers (2–4). AT releases higher levels of adipose-derived cytokines, such as leptin, Interleukin-6 (IL-6), and CC-chemokine ligand 5 (CCL5), promoting cancer proliferation and invasion (2). Esposito et al. identified a notable association between positive CCL5 staining in peritumoral adipocytes and LNM in breast cancer (5). Further, adipocytes in breast cancer rely on the fatty acid synthase ACSL3(acyl-CoA synthetase long-chain family member 3) to release MUFA (oleic acid), enabling cancer to resist ferroptosis (6). In prostate cancer, AT plays a role in recruiting immunosuppressive cells, modifying the extracellular matrix, supporting neovascularization, and inducing malignant tumor invasion (7). Yousuke Shimizu et al. discovered the existence of 2% LNM in the prostatic anterior fat pad of prostate cancer patients. Consequently, Urology guidelines recommend the routine removal of prostatic anterior fat pad during radical prostatectomy to minimize the risk of residual tumor tissue (8). It is evident that AT significantly influences LNM in some malignant tumors such as breast and prostate cancers.

Recent studies have identified an indirect link between AT and the invasion and metastasis of HNC (9, 10). Studies focusing on thyroid cancer (11), nasopharyngeal carcinoma (12), and oral squamous cell carcinoma (13) have demonstrated associations between body mass index (BMI) and incidence rate, aggressive pathological features, and unfavorable clinical outcomes. Lymphatic metastasis serves as a primary route for the local metastasis of HNC. AT, the principal energy source in the tumor microenvironment, facilitates lymphangiogenesis (14). Additionally, overwhelming evidence supports the notion that AT is an endocrine tissue that can secrete a variety of adipokines, such as leptin (15), adiponectin (16), and IL-6 (17), which also contribute to cancer invasion (15). Therefore, we analyzed and summarized the correlation between NAT and lymph node metastasis in HNC. We started by summarizing the current methodologies for quantifying NAT. Then, we tried to research the associations between NAT and LNM in HNC. Finally, we analyzed the mechanisms by which NAT might promote LNM. Our aim is to identify potential NAT risk factors for LNM in HNC, ultimately improving the prognosis of patients with HNC.



1.1 Definition, classification, and function of adipose tissue

AT, a specialized connective tissue, predominantly consists of adipocytes (18). Beyond adipocytes, it also comprises adipose-derived stem cells, preadipocytes, fibroblasts, lymphocytes, macrophages, and vascular endothelial cells (19). It is essential for mechanical support, thermoregulation, energy storage and release, appetite, and immune regulation (18). BMI is calculated by the formula: weight divided by height squared (kg/m²), which serves as an indirect indicator of overall adiposity (20).

There are three principal types of AT, namely, white adipose tissue (WAT), brown adipose tissue (BAT), and beige adipose tissue. WAT is characterized by large unilocular lipid droplets and a limited number of mitochondria (21). WAT is the most abundant type in the adult neck (22). WAT primarily regulates the storage and release of energy to cater to the needs of various tissues (23). White adipocytes can be converted to thermogenic beige adipocytes following stimuli such as exercise or cold exposure, a process termed “browning of WAT” (24). Beige adipocytes are thermogenically active, bear a morphological and biochemical resemblance to BAT, and include multilocular lipid droplets and abundant mitochondria (25).

BAT is distinguished by small multilocular lipid droplets and a profusion of mitochondria rich in cytochrome content (21). A series of studies using 18F-FDG-PET/CT detection found that the most common location of BAT in the adult neck is in the frontal aspect, superficial and lateral to the sternocleidomastoid muscle, and supraclavicular regions (26, 27). Although BAT constitutes a minor portion of body mass, it is pivotal for non-shivering heat production during cold exposure (18). Recent studies have revealed intriguing links between BAT and cancer proliferation. Takahiro Seki et al. observed that cold environment was found to activated substantial BAT in the mice, leading to inhibited energy uptake and consequent tumor cell apoptosis (28).





2 Relationship between BMI, NAT and lymph node metastasis in HNC



2.1 Relationship between BMI, NAT and lymph node metastasis in thyroid cancer

NC can serve as a direct indicator of NAT accumulation around the respiratory tract or within the cervical subcutaneous AT layer, while BMI provides an indirect assessment of NAT. Many studies have delved into the prognostic value of NC and BMI in thyroid cancer. Excluding patients with a tumor size greater than 2 cm, Kim et al. found that male patients with lateral LNM had a notably larger NC compared with those without metastasis. Thus, NC emerged as a predictor of cervical LNM in male patients with thyroid cancer (29). A retrospective cohort study involving 796 patients diagnosed with early-stage papillary thyroid cancer found that when BMI was ≥18.5 kg/m², the average number of LNM in the central and lateral cervical regions increased proportionately with BMI. For overweight patients, the incidence of central and lateral cervical LNM was 55.3% and 37.9%, respectively. By contrast, these figures for the obese group were 55.9% and 45.3%, respectively (30). Similarly, Li et al. demonstrated that obese patients with papillary thyroid cancer had a significantly higher incidence of metastasis to the central and lateral lymph nodes compared with their normal-weight counterparts (31). By contrast, Zhao et al. found that their findings did not reveal any significant differences in cervical LNM across different BMI categories (32). Numerous studies have demonstrated that overall AT and NAT facilitate the process of LNM in thyroid cancer. However, disparities between individual studies arise from variations in sample size, ethnic background, and the inherent limitation of BMI (its inability to distinguish between muscle and AT or to quantify specific AT compartments). Although there is a strong correlation between BMI and NAT, there is insufficient evidence to directly replace association between BMI and HNC with that between NAT and HNC.




2.2 Relationship between BMI, NAT and other HNC

BMI serves as a significant indicator of NAT. In the context of oral cancer, Bao et al. analyzed BMI data from 1,395 oral cancer patients between 2007 and 2018. They observed that underweight patients exhibited inferior survival outcomes (HR = 1.585; 95% CI: 1.207–2.082) (13). Choi et al. employed contrast-enhanced CT scans of the neck (from the anterior superior of the hyoid to the third cervical spine and inferiorly to the first rib) in 79 patients with various HNC. Using the 3D slicer tool, they measured NAT volume changes both pre- and post-radiotherapy over one year. Their findings indicated that patients with low NAT volume before and after treatment had poorer overall survival rates. Further, significant weight loss during treatment was also linked to diminished overall and recurrence-free survival rates (33). An increased NAT volume appears to improve the prognosis of patients with HNC. This improvement might be attributed to the protective role of AT in helping patients withstand the side effects of radiotherapy and the nutritional challenges associated with cancer. Expanding on this, Huang et al. studied 400 stage III or IVa nasopharyngeal carcinoma patients. Their research probed the correlation between pretreatment BMI and clinical outcomes in patients undergoing chemoradiotherapy. The results revealed 5-year failure-free survival rates of 44%, 61%, 68%, and 73%, and 5-year overall survival rates of 51%, 68%, 80%, and 72% for underweight, normal weight, overweight, and obese groups, respectively (34). They postulated that an adequate volume of AT could potentially ameliorate the adverse effects of chemoradiotherapy in advanced nasopharyngeal carcinoma cases and counteract cachexia in cancer patients. Similarly, our research group has previously demonstrated that adipose tissue and lipid metabolism related factors exhibited a regulatory influence on the process of LNM and prognosis in patients with HNC (35, 36). However, given the limited research on the interplay between NAT and HNC, further studies are essential to ascertain the exact impact of NAT on prognosis and the potential mechanisms by which AT might promote cervical LNM in HNC.





3 Mechanism of adipose tissue promoting cervical lymph node metastasis of HNC



3.1 Lymphangiogenesis enhanced by adipose tissue

Lymphatic vessels in the human body play a significant role in lipid transport and absorption. Peter et al. reported that the expression of the fatty acid β-oxidation (FAO) pathway was markedly elevated in lymphatic vessels compared with other vessel types. Further investigation showed that by utilizing fatty acids for β-oxidation, lymphatic endothelial cells enhanced the expression of the lymphangiogenic factor-prox1, thus facilitating the formation of new lymphatic channels (37). The vascular endothelial growth factor-C (VEGF-C) stands out as a potent lymphangiogenic factor. Adipose-derived stem cells (ADSCs) are known to secrete growth factors and exosomes, thereby modulating the tumor microenvironment. A study carried out in 2018 unveiled that following VEGF-C treatment, ADSCs-secreted miR-132 was transferred to lymphatic endothelial cells via exosomes. The uptake of miR-132 by these cells stimulated their proliferation, migration, and formation of lymphatic channels. This discovery underscores the regulatory role of ADSCs exosomes in VEGF-C-mediated lymphangiogenesis (38). Collectively, these insights highlight the importance of AT in lymphatic vessel development and functionality. When primary tumors are present in the head and neck regions, NAT might facilitate lymphatic metastasis of these tumors by regulating lymphatic vessel.




3.2 Cancer-associated adipocytes

Adipocytes that interact with cancer cells are termed “cancer-associated adipocytes” (4). The idea that adipocytes might influence tumor progression was initially suggested by Spector et al. In 2003, Puneeth et al. discovered that adipocytes surrounding breast cancer tissues promoted tumor progression. This promotion was achieved by the secretion of collagen VI, which induced an anti-apoptotic transcriptional program and stabilized proto-oncogenes in tumor cells (39). Subsequently, Dirat et al. revealed that breast cancer cells exhibited increased invasiveness when co-cultivated with mature adipocytes. Further, the number of lung metastases was enhanced in mice injected with adipocytes co-cultivated with 4T1 tumor cells compared with mice injected with 4T1 cells alone. Intriguingly, when co-cultured with breast tumor cells, mature adipocytes showed a marked reduction in the number and size of lipid droplets and a decreased expression of adipocyte differentiation markers such as hormone-sensitive triglyceride lipase (HSL), resistin, and adiponectin. By contrast, upregulation of the expression of proinflammatory cytokines (e.g., IL6, IL1β, TNFα) and matrix remodeling proteins (e.g., MMP-11, PAI-1) was observed. In various solid tumors such as breast cancer (4), prostate cancer (7), melanoma (40), and colorectal cancer (41), the invasion of tumor cells into the surrounding AT is linked to a profound reduction of lipid in adipocytes. Nieman et al. noted that ovarian cancer preferentially metastasizes to the omentum, which is rich in adipocytes. They further found that co-culturing adipocytes with ovarian cancer cells led to a direct lipid transfer from adipocytes to the cancer cells. This process allowed cancer cells to utilize fatty acids by β-oxidation (42). In addition, cancer-associated adipocytes have been found to release high levels of cytokines and growth factors such as IL-6, CCL2, CCL5, IL1β, TNFα, and VEGF, which collectively contribute to enhanced tumor cell proliferation, invasion, and angiogenesis (43). Consequently, the interaction between cancer-associated adipocytes and cancer cells in the tumor microenvironment serves to bolster the survival, proliferation, and metastatic potential of the cancer through direct lipid exchange or adipokine secretion (44).




3.3 Adipokine in the tumor microenvironment promotes lymph node metastasis in HNC



3.3.1 Leptin

Leptin is a product encoded by the LEP gene on human chromosome 7. It is a 16 kDa adipokine synthesized and secreted by adipocytes, primarily playing a crucial role in regulating energy metabolism and promoting cell proliferation. Both leptin and its receptor are highly expressed in thyroid cancer, salivary gland carcinoma, oral squamous cell carcinoma, and laryngeal cancer. Further, the expression of leptin and its receptor is positively correlated with cancer invasiveness indicators including tumor size and LNM (45–49). Cheng et al. assessed the levels of leptin and its receptor in 49 primary tumors and 15 LNM using immunohistochemistry. They discovered that leptin and its receptor were expressed in 37% and 51% of papillary thyroid carcinomas, respectively. The co-expression of leptin and its receptor in primary tumors was associated with a higher likelihood of LNM (50). Leptin can stimulate tumor cells invasion and inhibit tumor cells apoptosis. Eliane et al. found that in SCC-9 and SCC-4 oral squamous cell lines, leptin promoted the expression of genes related to angiogenesis and invasiveness such as E-cadherin, Col1A1, MMP2, and MMP9, thereby enhancing cell proliferation and invasiveness (49). Further, leptin can enhance the migration of thyroid cancer cells through the PI3K/AKT and MEK/ERK signaling pathways (51). Through an in vitro study, Shahab et al. determined that overexpression of the leptin receptor can inhibit apoptosis by upregulating BCl-XL and XIAP (anti-apoptotic genes) (47).




3.3.2 Adiponectin

Adiponectin is a primary adipokine secreted by AT that can also be produced by cardiomyocytes, skeletal muscle cells, and lymphocytes (52). Adiponectin belongs to the complement factor C1q-like protein superfamily. Adiponectin primarily functions in regulating glucose metabolism and stimulating FAO (53). Recently, a strong inverse correlation was shown between adiponectin levels and the incidence of various malignant tumors, such as colorectal cancer, breast cancer, prostate cancer, leukemia, and endometrial cancer. Adiponectin is also considered a potent anticancer factor that inhibits cancer growth. In endometrial cancer, adiponectin activates AMPK and downregulates Bcl-2 and MMP-9 expression, consequently inhibiting the invasion of tumor cells and promoting tumor cell apoptosis (54). However, research on the association between adiponectin and HNC is limited. Nicholas et al. found a significant independent negative correlation between circulating adiponectin levels and the risk of thyroid cancer (55). Cheng et al. determined that AdipoR1 was expressed in 27% of primary malignant tumors, while AdipoR2 was found in 47% of primary malignant tumors via immunohistochemical staining of 49 thyroid tumor samples and metastatic lymph nodes. In addition, negative expression of both adiponectin receptors was significantly correlated with extrathyroidal invasion, multicentricity, and higher TNM staging (56). Ersilia et al. discovered that adiponectin inhibited the proliferation of papillary thyroid cancer cell lines (BCPAP and K1) and anaplastic thyroid cancer cell lines (CAL62). Current research suggests that adiponectin exerts its effect by binding to its receptors and regulating AKT/mTOR/PI3K and MAPK signaling pathways, which are associated with cell proliferation and energy modulation, thereby inhibiting the activity and growth of thyroid cancer (16). Evidently, adiponectin serves as a protective adipokine against HNC. Therefore, reduced levels of adiponectin in obese individuals can potentially promote the onset of HNC.




3.3.3 Interleukin-6

IL-6 is a multifunctional cytokine that plays a crucial role in the broad biological activity of cancer cells. IL-6 is involved in immune modulation and tumorigenesis. In pathological conditions of obesity and cancer, IL-6 levels secreted by adipocytes are significantly increased (17). Nandita et al. found that serum IL-6 levels positively correlated with tumor size, extrathyroidal invasion, and distant metastasis in papillary thyroid carcinoma patients (17). In prostate cancer (57), breast cancer (58), ovarian cancer (59), non-small cell lung cancer (60), and endometrial cancer (61), IL-6 also had a correlation with clinical progression of the cancer. Numerous studies suggest that IL-6 can promote tumor invasion, inhibit tumor cell death, and facilitate tumor cell immune evasion through various mechanisms. IL-6 binds to a specific binding receptor on the cell membrane (IL-6R), leading to activation of the JAK/STAT3 pathway and promoting thyroid tumor cell invasion (62). Similarly, Mingyu et al. collected specimens from normal tissues, vocal cord leukoplakia, and HNC. they found that levels of IL-6 were higher than in normal epithelium. It was discovered that IL-6 transcriptionally activates xCT, a key amino acid antiporter, via the JAK2/STAT3 signaling pathway. The upregulation of xCT induces ferroptosis resistance and tumor progression, suggesting IL-6 as a novel oncogenic ferroptosis inhibitor (63).




3.3.4 Other substances

Extracellular vesicles serve as a critical conduit for communication between adipocytes and tumor cells. These vesicles transport proteins and fatty acids related to lipid metabolism. Once internalized by tumor cells, they enhance FAO (14). Adipocytes cultured in high-fat conditions exhibit an increased secretion of extracellular vesicles. The fatty acids from these vesicles accumulate in the lipid droplets of cancer cells and are subsequently released during fat autophagy, further driving FAO (14). Further, cancer cells can release extracellular vesicles that stimulate lipolysis in adipocytes (44). For example, extracellular vesicles from lung cancer cells were found to be enriched with IL-6, which triggers lipolysis in adipocytes by activating the STAT3 pathway (64). Beyond this, adipose tissue releases other adipokines including interleukin-8 (65), IGFBP-2 (66), β-hydroxybutyrate (67), CD36 (35), FASN (35) and IGF-1 (68), which can influence tumor invasion.






4 Conclusion

Given the association of breast cancer, prostate cancer, and other malignant tumors with surrounding AT, as well as studies correlating NC and BMI with LNM in HNC, it is evident that NAT foster cervical LNM in HNC. On the one hand, NAT can directly fuel tumors and nascent lymphatic vessels through FAO. In addition, it might secrete adipokines or extracellular vesicles that modulate tumor growth or alter the microenvironment around the malignant tumor, thereby influencing malignant tumor invasion and migration. On the other hand, HNC can induce the transformation of typical adipocytes in the neck to cancer-associated adipocytes. This can shift the metabolic expression patterns of HNC, creating a feedback loop that fosters growth, migration, and LNM.

Currently, the bulk of research centers on the association between BMI and HNC, with limited epidemiological and foundational studies directly linking NAT to HNC. There is no universally accepted methodology for quantifying NAT. Future research should prioritize investigating the connection between NAT and various HNC, delineate the alterations in submental NAT instigated by HNC and discern the role of NAT in the progression of HNC. Delving into the mechanisms by which NAT drives HNC and LNM could provide novel insights and strategies for the diagnosis and management of HNC.
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Background

With a rise in recent years, thyroid cancer (TC) is the most prevalent hormonal cancer worldwide. It is essential to investigate the inherent variability at the molecular level and the immune environment within tumors of various thyroid cancer subtypes in order to identify potential targets for therapy and provide precise treatment for patients with thyroid adenocarcinoma.





Methods

First, we analyzed the expression of IRX5 in pan-cancer and papillary thyroid carcinoma by bioinformatics methods and collected paired samples from our center for validation. Subsequently, we analyzed the significance of IRX5 on the prognosis and diagnosis of PTC. Next, we explored the possible mechanisms by which IRX5 affects the prognosis of thyroid cancer patients by GO/KEGG enrichment analysis, and further investigated the effect of IRX5 on immune infiltration of thyroid cancer. Ultimately, by conducting experiments on cells and animals, we were able to show how IRX5 impacts the aggressive characteristics of thyroid cancer cells and its influence on macrophages within the immune system of thyroid cancer.





Results

In 11 malignant tumors, including PTC, IRX5 is overexpressed and associated with a poor prognosis. IRX5 may affect the prognosis of PTC through embryonic organ development, ossification, mesenchyme development, etc. Increased IRX5 expression decreases the presence of cytotoxic and Th17 cells in papillary thyroid cancer. IRX5 was highly expressed in different PTC cell lines, such as K-1 and TPC-1. Silencing IRX5 effectively halted the growth and movement of PTC cells while also decreasing M2 polarization and enhancing M1 polarization in tumor-associated macrophages.





Conclusion

IRX5 could impact the outlook of individuals with PTC by stimulating the shift of macrophages to M2 in the immune surroundings of thyroid cancer growths, suggesting a potential new focus for treating thyroid cancer, particularly through immunotherapy.





Keywords: proliferation, tumor immune microenvironment, macrophage polarization, IRX5 gene, thyroid cancer





Introduction

Thyroid cancer is the most prevalent malignant tumor of the endocrine system globally, with a rising number of cases observed in the past few years (1–3). DTC, the most prevalent form of thyroid cancer, typically has a positive outlook. Nevertheless, managing patients with advanced DTC who experience recurrence, metastasis, and are resistant to iodine remains a significant clinical challenge. As the thyroid gland secretes thyroxine and other physiologically essential hormones, which are crucial for the growth and development of infants and children, there is a gradual trend toward a younger age of PTC onset. Thus, PTC threatens the health and development of an increasing number of people. It is essential to thoroughly investigate the inherent molecular diversity and immune environment of tumors in various types of thyroid cancer in order to identify potential therapeutic targets and improve the precision treatment and overall management of the disease.

IRX genes, similar to TALE-like homology box genes, are highly conserved among different species and play important roles in fundamental tissue development (4). IRX homology domain transcription factors were first identified in Drosophila, and play important roles in early as well as mid- and late stages of development. Previous research has demonstrated that IRX5 functions as a cancer-causing gene in liver cancer (5), tongue cancer (6), and lung cancer (7), as well as contributing to genetic instability in colorectal cancer (8). Yet, the involvement of IRX5 in papillary thyroid cancer remains undisclosed.

Immunotherapy is considered the most promising treatment for eliminating cancer, marking the beginning of a new era in cancer therapy (9). One of the ten traits of immune-evading tumors is the ability of tumor cells to instruct tumor-infiltrating leukocytes to shift from a pro-inflammatory to an anti-inflammatory state, preventing the elimination of tumor cells. Tumor-infiltrating macrophages (TIMs) originate from circulating monocyte progenitors and play a role in promoting tumor development, suppressing the immune system’s response to cancer, and facilitating the growth of new blood vessels (10, 11).High infiltration rates of TAMs are usually associated with a poor prognosis in solid tumors (12, 13). Macrophages have the ability to shift toward either M1/killer type macrophages, which are classically activated and have anti-tumor properties, or M2/restorative macrophages, which have anti-inflammatory effects but can also promote tumor growth (14). Promoting the polarization of TAMs toward M1 and reducing M2 polarization is one of the key research directions in tumor immunotherapy today (15–17).





Materials and methods




Clinical samples from patients

From June 2023 to December 2023, 10 paired cases of thyroid-like carcinoma (PTC) tissues and paracarcinoma tissues were collected at Tongji Hospital and stored in negative 80 degrees Celsius environment. Approval for the study was granted by the Ethics Committee at Tongji Hospital, with all participants providing written informed consent.





Survival analysis in the TCGA database

PTC samples from the TCGA database were divided into two groups, high and low expression, according to IRX5 levels. The prognostic variances of these two were evaluated utilizing the Kaplan-Meier approach (http://www.kmplot.com) (18).





Functional enrichment analysis

The R software’s clusterProfiler package was utilized to identify 735 genes with the strongest correlation to IRX5 co-expression in PTC (|FoldChange| > 1.5 and P < 0.05). The 708 genes associated with the prognosis of PTC were considered intersections. Subsequently, GO/KEGG pathway analysis were conducted on the resulting 66 genes, with visualization done using Graphpad Prism version 8.0.





Cell culture and treatment

BCPAP, FTC133, K-1, and TPC-1 cell lines were acquired from the Wuhan Institute of Cell Biology in Wuhan, China.5% CO2 was added to a ThermoFisher incubator at 37°C.A dependable database is capable of identifying every acquired cell line through STR analysis.





Pathological sample processing

Samples from tumors and adjacent tissues were preserved in 10% formalin, embedded in paraffin, cut into 5 mm slices, treated with dewaxing, rehydration, and microwaving. The IRX5 antibody from GeneTex (GTX52167) was used on the samples at 1°C for 30 minutes at ambient temperature, followed by staining the secondary antibodies with DAB substrate and then applying hematoxylin.





RNA extraction and qRT-PCR

In order to isolate total RNA, we used TRIzol reagent along with IRX5 and GAPDH primers obtained from Tsingke Biotech. The primer sequences for IRX5 were as follows: forward GGGCTACAACTCGCACCTC and reverse CCCGTAAGGGTACGATCCCA.GAPDH forward - GGAGCGAGATCCCTCCAAAAT, reverse - GGCTGTTGTCATACTTCTCATGG.PCR was performed 40 times at 95°C for 5 minutes, then normalized to the internal control and analyzed using a 2-ΔΔCT approach.





CCK8 assay

Optical density in each group was measured using an enzyme marker at 450 nm. Each group digested the cells and resuspended them in full culture media. Cell growth was measured using the CCK-8 assay at 24, 48, 72, and 96 hours.





Colony-formation assay

Following inoculation of 5,000 cells into six-well plates, colonies were dyed with crystal violet after being fixed for 10 minutes in 4% polyacetal. Photographs and tallies of colonies were captured.





Transwell assay

A transwell upper chamber (Corning, USA) contains 20,000 cells that were wiped from its top surface after 24 hours at 37°C. Crystal violet stain was applied for 10 minutes to the chamber bottom, and migrating cells were counted and imaged after that.





Scratch test

Healthy K-1 and TPC-1 thyroid cancer cells were used to incubate IBIDI two-well culture inserts for 36 hours in 24-well plates. The inserts were delicately extracted from the untouched surface using forceps, then each well was filled with 1 mL of media with low serum content. Cell movement was detected using a light microscope on days 0 and 1 following removal of the inserts.





Tumor xenograft

12 female nude mice without thymus were divided into two groups, each consisting of 8-week-old mice with an average weight of 24 g.A total of 1 × 106 K1 cells were subcutaneously implanted into the lateral abdomen of the mice. Every other day, the xenografts’ dimensions were assessed. The ultimate size of the xenografts was determined by calculating V = 0.5 × L (tumor length) × W2 (tumor width). After a period of 20 days, every nude mouse was given anesthesia until they died, and then the tumors that had been transplanted were removed and weighed. The Animal Ethics Committee of Jingzhou Central Hospital approved and oversaw our study.





Immune cell infiltration

Analysis of immune cell infiltration in PTC was conducted by using the GSVA package in R. The results were derived from the ssGSEA package. After categorizing 24 immune cells and consulting past research, the level of IRX5 expression in TCGA-THCA samples was measured according to the extent of immune cell infiltration (high or low).





Immunofluorescence microscopy

Actin and nuclei were observed by exposing cells to paraformaldehyde solution for 15 minutes and staining with rhodamine ghost pen cyclic peptide at a concentration of 2.5 units/ml and DAPI. Fluorescence microscopy was then used to examine the stained cells.





ELISA

An ELISA test was conducted to measure the levels of specific cytokines in the culture medium obtained from the lower chamber of a coculture of PTC cells and macrophages. Using an enzyme marker, we determined the absorbance at 450 nm by calculating a standard curve and expressing the result in picograms per milliliter.






Results




IRX5 expression analysis

Unpaired (Figure 1A) and paired samples (Figure 1B) of the TCGA thyroid cancer cohort showed significantly high expression.




Figure 1 | The expression difference of IRX5 in cancer tissue and normal tissue. (A) Expression of IRX5 in unpaired thyroid cancer samples in TCGA-THTC database. (B) Expression of IRX5 in paired thyroid cancer samples in TCGA-THTC database. (C) Expression of IRX5 in pan-cancer and adjacent normal tissues in TCGA and GTEx databases. Data were shown as mean ± SD. *p < 0.05, **p < 0.01, ***p < 0.001.



As a result, we investigated IRX5 expression in both the TCGA and GTEx pancancer databases and found that it was higher in 11 tumors compared to normal tissues (Figure 1C).

To verify the overexpression of IRX5 in PTC, we collected 10 pairs of paired PTC samples from our center, typical immunohistochemistry results are shown in Figure 2A, and quantitative analysis of the paired samples are shown in Figure 2B, which showed that IRX5 was overexpressed in the PTC cancer foci, which was in line with the results of bioinformatics analysis.




Figure 2 | Verification of IRX5 overexpression in thyroid cancer in our center specimen. (A) Typical cancer and paracancer IRX5 immunohistochemical images. (B) Quantitative IRX5 immunohistochemical analysis of 10 paired specimens. *p < 0.05.







The correlation between the expression of IRX5 and the outlook for individuals with PTC

Diagnostic ROC curve of IRX5 in PTC (Figure 3A) AUC=0.722 (CI=0.661–0.784) and time-dependent ROC curve (Figure 3B) AUC=0.922 (1year), 0.699 (3year), 0.666 (5year). The above results suggest that IRX5 has good predictive value for PTC. In the TCGA cohort, we examined the association between IRX5 expression and OS (Figure 3C) to test whether it can be used to predict cancer patient prognosis. High levels of IRX5 were linked to unfavorable outcomes in PTC, with a hazard ratio of 4.16 and a significance level of 0.006.




Figure 3 | Expression of IRX5 and prognosis of thyroid cancer patients. (A) Diagnostic ROC curve of IRX5. (B) Time-dependent ROC curve of IRX5. (C) OS of thyroid cancer patients based on IRX5 expression level.







Correlation and enrichment analyses

Analysis of TCGA-THCA data was conducted with the statistical package in R software, identifying the top 50 molecules showing the strongest positive or negative correlation with IRX5 co-expression for heatmap visualization (Figures 4A, B). The top genes correlated with IRX5 co-expression in PTC (735 genes) were identified using specific criteria and compared with PTC prognosis-related genes (708 genes). A total of 66 genes were selected for further analysis, revealing potential pathways linking IRX5 to PTC prognosis, including embryonic organ development, ossification, and mesenchyme development (Figures 4C–E). The protein interaction network of these 66 molecules is shown in Figure 4F.




Figure 4 | Analysis of IRX5-related enrichment pathways. (A) Heatmap of TOP25 genes positively associated with IRX5 co-expression. (B) Heatmap of TOP25 genes negatively associated with IRX5 co-expression. (C) Wayne plot of IRX5 co-expressed genes taking intersection with PTC survival related genes. (D) GO/KEGG analysis of IRX5 co-expressed genes. (E) GO/KEGG analysis of intersecting genes. (F) Protein interactions network of intersecting genes.







Expression of IRX5 and immune cell infiltration

Then, we examined the immune cell infiltration of PTC patients (Figure 5A). In IRX5 overexpressing PTC, the infiltration of Eosinophils (Figure 5B), Mast cells (Figure 5C) and NK cells (Figure 5D) was elevated, while the infiltration of Th17 cells (Figure 5E) and Cytotoxic cells was decreased.




Figure 5 | Associated between IRX5 with immune cell infiltration. (A) Correlation between the expression level of IRX5 and various immune cell infiltration. (B) Correlation between IRX5 expression and Eosinophils. (C) Correlation between IRX5 expression and Mast cells. (D) Correlation between IRX5 expression and NK cells. (E) correlation between IRX5 expression and Th17 cells. ns, not statistically.







IRX5 knockdown inhibited PTC cells’ malignant behavior

BCPAP, FTC133, K-1, and TPC-1 cells exhibited high levels of IRX5 expression, unlike Nthy-ori3–1 cells, which are a model of healthy thyroid cells. (Figure 6A). To investigate the impact of IRX5 on the growth of PTC cells, we employed two siRNAs targeting IRX5 to suppress its expression in K-1 and TPC-1 cells. (Figures 6B, C) After measuring cell proliferation with CCK8 assays, the results showed that IRX5 knockdown significantly reduced proliferation rates in both cell lines (Figures 6D, E). The negative effect of IRX5 on PTC cell growth was confirmed through a colony formation test, as shown in Figure 7A. The outcomes of the transwell experiment and scratch test also indicated a significant decrease in the migratory capacity of PTC cells following the suppression of IRX5 (Figures 7B, C). We conducted quantitative analyses on scratch, transwell, and clone generation assays (Figures 7D–F). Growth of transplanted tumors in nude mice injected with K-1 cells and si-IRX5 K-1 cells and growth curve of grafted tumor volume are showed in Figures 7G, H. To sum up, IRX5 triggers biological activities that result in cancer, including movement, growth, and penetration.




Figure 6 | Expression and knockdown of IRX5 in various cell lines and CCK8 cell proliferation experiment. (A) IRX5 expression in Nthy-ori3–1, BCPAP, FTC-133, K-1 and TPC-1 cell lines. (B) IRX5 knockdown efficiency of two siRNA in K-1 cell lines. (C) IRX5 knockdown of two siRNA in TPC-1 cell lines Efficiency. (D, E) Cell proliferation in two siRNA knockout groups and control groups in K-1 and TPC-1 cell lines. **p < 0.01, ***p < 0.001.






Figure 7 | Cellular and animal experiments to validate the effect of IRX5 on PTC cells. (A) Clone formation of control group and two siRNA knockout groups in K-1 and TPC-1 cell lines. (B) Scratch test images of control group and two siRNA knockout groups in K-1 and TPC-1 cell lines. (C) Transwell images of control group and two siRNA knockout groups in K-1 and TPC-1 cell lines. (D) Quantitative analysis of clone formation experiment. (E) Quantitative analysis of scratch experiment. All assays were independently repeated at least three times. (F) Quantitative analysis of transwell experiment. (G) Growth of transplanted tumors in nude mice injected with K-1 cells and si-IRX5 K-1 cells. (H) Weight of grafted tumors. Data are presented as the mean ± SD. **p < 0.01, ***p < 0.001.







Effect of IRX5 knockdown on tumor-associated macrophages in PTC

To model the tumor immune environment where tumor cells interact with macrophages associated with tumors. We constructed a PTC co-culture model with macrophages as shown in Figure 8A. Transwell chambers with a pore diameter of 1 μm were chosen, with K-1 and TPC-1 cells placed in the top chamber and RAW264.7 cells in M0 condition placed in the bottom chamber. After 36 hours of co-culture, the cell cultures in the lower chamber were collected for cytokine detection by ELISA assay. Figure 8B displays that macrophages co-cultured with PTC from the IRX5 knockdown group released higher levels of IL-1β, IL-6, and TNF-α, while producing lower amounts of IL-4 and IL-10 compared to the control group. RNA was extracted from lower chamber macrophages and analyzed for macrophage polarization markers. Results indicated increased levels of iNOS, TNF-α, and IL-1β in macrophages co-cultured with PTC from the IRX5 knockdown group compared to the control group, while levels of Arg-1, IL-10, and TGF-β were reduced (Figure 8C). Immunofluorescence photographs showed that macrophages co-cultured with the IRX5 (Figure 8D) group and NC (Figure 8E) knockdown group were polarized like M2 and M1 direction, respectively (Figure 8F).




Figure 8 | Effect of IRX5 knockdown on thyroid cancer tumor-associated macrophages. (A) Schematic diagram of the co-culture model of thyroid cancer cells and macrophages. (B) Cytokine content (ELISA) of culture fluid in co-culture chambers. (C) Macrophage polarization marker expression. (D) Immunofluorescence graph of macrophage morphology (si-IRX5). (E) Immunofluorescence graph of macrophage morphology (si-Ctrl). (F) Detection of macrophage polarization in mouse tumors by flow cytometry. * p < 0.05, **p < 0.01, ***p < 0.001. ns, not statistically.



To further explore the impact of macrophage infiltration and polarization on the prognosis of PTC patients, we used the TIMER algorithm of the immunedeconv software package to analyze the immune infiltration of PTC patients with different IRX5 expression in the TCGA database, as shown in Figure 9A. Macrophages, Myeloid dendritic cells, Neutrophil and CD4+ T cells were elevated in our IRX5 high expressing PTC. We then analyzed the TCGA data using the cell type scores from the Cancer Immunology Database (TCIA), as shown in Figure 9B, and in THCA, the macrophage M2 percentage was the 6th highest (63%) among the various malignancies.




Figure 9 | Immune cell infiltration in TCGA-THCA. (A) TIMER scores related to IRX5 expression in TCGA-THCA (the cohort was divided into two groups by the 50% median IRX5 expression. G1:IRX5 high expression group, G2:IRX5 low expression group) (B) TCIA database analysis of the M1 to M2 ratio of TAM in various malignancies. ns, not statistically. *p < 0.05, ***p < 0.001, ****p < 0.0001.








Discussion

Thyroid cancer rates have been increasing worldwide for the last four decades. Based on the 2020 WHO GLOBOCAN cancer incidence and mortality database, thyroid cancer ranks ninth worldwide in terms of cancer incidence (19). Molecular subtypes of PTC have been identified, including BRAF-like and RAS-like, which are both associated with genetic mutations and tumorigenesis  (20, 21). Several gene mutations at the molecular level have been linked to PTC malignancy and clinicopathological characteristics, however, none of these mutated genes have been proven to assist in treatment or confirm the diagnosis at this time. Therefore, the discovery of new causative genes will provide new hope for precision treatment of thyroid cancer.

IRX5, part of the IRX gene family, was discovered to be upregulated in several types of cancers, such as thyroid cancer. Samples were gathered from our facility for further confirmation. Meanwhile, IRX5 overexpressed PTC patients have a worse prognosis. The intersection of IRX5 co-expressed genes and PTC survival-related genes was taken and analyzed by GO/KEGG enrichment, which led to the possible pathways by which IRX5 affects the prognosis of PTC. The results of cellular and animal experiments further demonstrated that IRX5 overexpression promotes malignant biological behaviors such as proliferation and migration of PTC cells.

In solid tumors, there are various types of cells, including malignant cells, cancer stem cells, fibroblasts, stromal cells, and immune cells from both innate and adaptive immunity (22). For tumor growth to occur, it is critical for cancer cells and immune cells to communicate within the tumor environment. A macrophage is a versatile cell with several functions that are crucial for both innate and adaptive immunity in vertebrates. Tumor-infiltrating monocytes from the peripheral blood are responsible for producing TAM. Current studies have shown that TAMs are constantly switching between M1 and M2 types (23, 24). M1-macrophages exhibit antitumor properties by identifying and eliminating tumor cells through two distinct methods: direct cytotoxicity and antibody-dependent cell-mediated cytotoxicity. On the other hand, M2-macrophages are categorized into various subtypes with different functions: M2a aids in tissue fibrosis, M2b supports tumor advancement, M2c contributes to tissue reconstruction, and M2d stimulates angiogenesis (25–27).

Tumor-associated macrophages (TAMs) are immune cells that have the ability to infiltrate thyroid tumors and make up to half of the tumor’s total volume. In contrast, in thyroid cancer, TAMs predominantly exhibit an M2 phenotype. Thyroid cancer cells and M2-macrophages have the ability to stimulate one another. M2-TAMs aid in the dedifferentiation, growth, and spread of TC by releasing Wnt1 and Wnt3 ligands, which trigger the Wnt signaling pathway and enhance β-catenin activation. Thyroid cancer cells have the ability to cause macrophage polarization, which then influences tumor cells, resulting in the advancement and spread of the tumor (28). Furthermore, TAM polarization is influenced by genetic mutations like the BRAFV600E mutation, resulting in a higher proportion of M2-TAMs and enhancing tumor development (29).

Our current research revealed heightened eosinophil and NK cell penetration and reduced Th17 cells in PTC with IRX5 overexpression. Research has shown that eosinophils have the ability to display various receptors on their exterior that can communicate with NK cells, such as ntb-a, 2B4, CD84, CD58, IRp60, CD48, and LFA-1 (ICAM-3) (30, 31). During prolonged periods of inflammation, eosinophils suppress the cytotoxic function of natural killer cells, leading to an elevated tumor burden (32). Th17 cells are characterized by being CD4-positive T lymphocytes that produce high levels of interleukin 17A (IL-17A) and contain the transcription factor retinoic acid receptor-associated orphan receptor γT (33, 34). These cells can develop into either immunosuppressive Treg cells (35, 36) or pro-inflammatory Th1 cells (37) under certain circumstances, both of which exhibit notable anti-tumor effects (38, 39). This mirrors the polarization seen in tumor-associated macrophages. The involvement of Th17 lymphocytes in cancer is still a topic of much debate.

By constructing a co-culture model of thyroid tumor cells and macrophages, we found that IRX5 knockdown thyroid cancer cells could induce macrophages to secrete multiple pro-inflammatory cytokines and polarize toward anti-tumor M1, which may be a new direction for thyroid cancer immunotherapy. Interestingly, in the course of macrophage M1 polarization, the pro-inflammatory cytokines within the tumor’s immune microenvironment have the ability to prompt the transformation of Th17 cells into Th1 cells, potentially enhancing the efficacy of immunotherapy. This is the focus of our next research.

Among the 19 malignant tumors included in the TCGA database, the macrophage M2/M1 ratio in THCA ranked 6th (63%), and therefore, regulating macrophage polarization toward M1 has significant potential in THCA treatment. Previously, it was reported that P53 is an important regulator of macrophage polarization (40, 41), and in hepatocellular carcinoma, IRX5 may promote hepatocellular carcinoma proliferation and inhibit its apoptosis by regulating the TP53 signaling pathway (42). Therefore, we hypothesized that in PTC, knockdown of IRX5 may inhibit the development of PTC by suppressing the TP53 signaling pathway, thereby contributing to the polarization of TAM toward M1, which ultimately inhibits the development of PTC.

Although we identified the potential PTC oncogene IRX5 and verified its relationship with tumor-associated macrophage polarization, the in vivo environment is far more complex compared to in vitro models. A large number of individuals with thyroid cancer have connections to chronic lymphocytic thyroiditis or Graves’ disease, conditions that change the presence of immune cells in the thyroid. It remains uncertain if the intricate immune cell groupings will impact the effectiveness of immunotherapy for these patients.
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Although most follicular-derived thyroid cancers are well differentiated and have an overall excellent prognosis following treatment with surgery and radioiodine, management of advanced thyroid cancers, including iodine refractory disease and poorly differentiated/undifferentiated subtypes, is more challenging. Over the past decade, better understanding of the genetic drivers and immune milieu of advanced thyroid cancers has led to significant progress in the management of these patients. Numerous targeted kinase inhibitors are now approved by the U.S Food and Drug administration (FDA) for the treatment of advanced, radioiodine refractory differentiated thyroid cancers (DTC) as well as anaplastic thyroid cancer (ATC). Immunotherapy has also been thoroughly studied and has shown promise in selected cases. In this review, we summarize the progress in the understanding of the genetic landscape and the cellular and molecular basis of radioiodine refractory-DTC and ATC, as well as discuss the current treatment options and future therapeutic avenues.
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Introduction

Thyroid cancer (TC) subtypes vary according to originating cell, histopathology, and clinical course. TCs arising from the thyroglobulin-producing follicular cells of the thyroid gland are classified based on their differentiation status, spanning from well-differentiated TCs (DTCs) to poorly differentiated (PDTC) (5% of TCs) or anaplastic (undifferentiated) (ATC) (1-2% of TCs) subtypes (1, 2). DTCs include papillary (PTC), follicular (FTC), and oncocytic carcinomas of the thyroid (OCA; formerly known as Hürthle cell TC), which account for about 90%, 4%, and 2% of all TCs respectively (3) (Figure 1). Aside from carcinomas originating from the follicular cells of the thyroid, medullary TC (MTC), derived from parafollicular cells (C-cells), accounts for 1-2% of TCs (3).




Figure 1 | Follicular-derived thyroid cancer evolution. Well-differentiated TC histotypes (PTC, FTC, and OCA) are characterized by driver mutations in BRAF, RAS, RET, and mitochondrial DNA. It is thought that these DTCs, through the accumulation of various mutations, become less differentiated and more aggressive, potentially leading to ATC. Created with BioRender.com.



In the United States, TC is the 12th most common cancer diagnosis overall and the 7th most common for women, accounting for an estimated 44,000 new cases in 2022 (4, 5). TC incidence is nearly three times greater in women than men (4). In addition, the incidence rate increases with age, with an average age at diagnosis of 52 for women and 69 for men (4). Although incidence of this cancer has sharply increased over the last 3 decades, mortality rates have remained relatively low and stable at around 0.5 per 100,000 cases (4). While DTCs have a promising prognosis with a 98.4% 5-year relative survival, ATCs are more aggressive, with historical overall survival of only four to six months, accounting for 40-50% of all TC-related deaths in the United States (5, 6).

Although most DTCs have good overall outcomes and respond well to conventional treatment strategies such as surgery and radioactive iodine (RAI), 5-10% of patients will develop distant metastatic disease, which is often refractory to RAI (7). Additionally, ATC presents a unique clinical challenge to diagnose and treat effectively due to its rapid growth, highly metastatic nature, and relatively high mutational burden (6). Recent advances in molecular biology techniques have enabled deeper understanding of the genomic, cellular, and immunologic characteristics of advanced DTC and ATC, leading to FDA approval of several targeted therapies including sorafenib (DTC), lenvatinib (DTC), cabozantinib (second-line DTC), selpercatinib and pralsetinib (RET-alteredaltered TCs), as well as the combination of dabrafenib/trametinib (BRAFV600E mutated TCs) (8–13). Due to high expression of programmed death-1 (PD-1) and its ligand PD-L1 in more aggressive thyroid cancers, these carcinomas may benefit from therapies with immune checkpoint inhibitors (ICIs), especially ATC (14–16). Multiple studies have shown immunotherapy to be a promising option for patients with ATC (17–19). While much progress has been made, further study is needed to elucidate the mechanisms underlying ATC development in order to delineate novel predictive biomarkers and to improve treatment and survival outcomes for this fatal disease. In this review, we will focus on follicular-derived thyroid cancers, summarizing current understandings of their pathogenesis and the role of the immune system, contemporary treatment strategies, as well as future therapeutic perspectives.





Clinical characteristics of TC

TC types vary by severity and are classified based on the TNM (Tumor, Node, Metastasis) staging system, which considers tumor size, lymph node status, and metastatic stage (31). Each subtype presents with unique clinical and cytomorphological features and can be differentially diagnosed via histopathological examination (32).

Papillary Thyroid Cancer (PTC) is a slow growing malignancy with the highest incidence of all TC subtypes, as it affects approximately 90% of patients with TC. Despite relatively high incidence, PTC generally has a better prognosis than any other subtype with a 5-year relative survival of 99% (4). PTC cells display larger, elongated nuclei with a clear appearance compared to the normally round follicular cell. Histological subtypes include follicular, tall cell, columnar, diffuse sclerosing and hobnail variants (33). Patients with PTC may present with a slow growing thyroid nodule and/or palpable cervical lymph nodes. In most cases, patients are asymptomatic. PTC has been found to metastasize to the lymph nodes primarily in the neck, as well as to the lungs (34, 35).

Follicular Thyroid Cancer (FTC) has a lower incidence than PTC at 4-5% of all TC cases and a slightly lower 5-year survival rate of 91-97.9% (3). FTC can be classified into minimally invasive, encapsulated angioinvasive, and widely invasive subtypes (36). Histological characteristics of FTC consist of enlarged and elongated nuclei, fibrotic scarring of the tumoral tissue, and an abundance of eosinophils in the lumen of the follicle (37, 38). Patients with FTC have higher rates of distant metastases (e.g. lung, bone, liver) than PTC and rarely metastasizes to the lymph nodes (39).

Oncocytic carcinoma of thyroid (OCA), previously known as “Hürthle cell” carcinomas, make up 1-2% of all TCs and have an average 5-year survival of 91% (40). OCAs usually present as an encapsulated tumor and are subclassified by the degree of capsular and/or vascular invasion into minimally invasive, encapsulated angioinvasive, and widely invasive subtypes (40). OCA is distinguished from other TC histotypes by an extensive presence of oncocytic cells (>75%) with eosinophilic cytoplasm caused by an abundance of dysfunctional mitochondria, a lack of nuclear features indicative of PTC, and high-grade features such as high mitotic activity and tumor necrosis (32, 41). OCA has been reported to be more prone to recurrence and metastasis than the non-oncocytic TCs (42). In fact, metastatic state has been reported to be an independent prognostic factor in OCA with distant metastatic disease significantly decreasing 5-year survival rates to 46% from 98.6% and 97.6% in local or regional disease, respectively (43).




Poorly differentiated thyroid carcinoma and differentiated high-grade thyroid cancer

There has been much debate on how to classify carcinomas of the thyroid with intermediate prognoses and histological features falling between the classically differentiated TCs and the undifferentiated ATC. However, in the most recent fifth edition of the WHO classification, PDTC and DHGTC were recognized as two distinct types of high-grade non-anaplastic follicular cell-derived carcinomas. Tumors in both of these classes are known to often be large and highly invasive (32). DHGTC is a new intermediate entity where tumors retain the architectural and cytologic properties of the well-differentiated TCs but have a high mitotic rate and/or tumor necrosis is present. PDTCs are further on the dedifferentiation spectrum, characterized by solid, trabecular or insular growth in addition to tumor necrosis and/or high mitotic activity (32). PDTC and DHGTC are relatively rare subtypes of thyroid cancer, comprising about 1 to 6.7% of TCs and have a much poorer prognosis than well-differentiated TCs (32). DHGTC and PDTC have been reported to have similar 5-year disease specific survival rates of 68% and 70%, respectively (54).

Anaplastic Thyroid Carcinoma (ATC) is known for being the most aggressive form of TC with historically low survival and cure rates (6). It affects 1-2% of all TC patients in the United States. ATCs arise from previously well differentiated TC which acquire additional mutations, ultimately leading to anaplastic transformation (3, 55). Though ATCs are automatically classified as stage IV regardless of tumor burden or metastatic state, they are further subclassified according to locoregional and distant spread. Tumors confined to the thyroid gland are stage IVA, tumors with extrathyroidal extension and/or spread to regional lymph nodes are stage IVB, and tumors that have spread to distant sites outside the neck are stage IVC (56). Further highlighting ATCs’ aggressive nature, distant metastatic disease is seen in about 50% of patients at diagnosis (57). Common presenting symptoms of ATC include dysphonia, dysphagia, neck or ear pain, dyspnea, and weight loss (57). Morphological features of ATC include tissue invasion, high mitotic activity and necrosis (58).






Mutational landscape of TC

During the last 10 years, major advances have been made in genomic profiling of TCs, which has uncovered some fundamental mutational schemes driving pathogenesis. Though TCs tend to have lower mutational burdens than other tumors such as lung cancer and melanoma, the mutational profiles heavily drive clinicopathological course and treatment strategies (59) (Figure 1). The main pathways that are highly implicated in thyroid tumorigenesis are the mitogen-activated protein kinase (MAPK) and phosphatidylinositol-3 kinase (PI3K)/AKT signaling cascades (Figure 2) (60). RAS, RAF, MEK, and ERK are the main protagonists of the MAPK pathway, which is involved in cell differentiation, proliferation, and apoptosis. Signal transduction through the MAPK pathway occurs after extracellular growth factors bind to a variety of receptor tyrosine kinases (RTKs) which lead to RAS activation and binding to BRAF, that subsequently leads to activation of MEK and ERK. TCs often harbor mutually exclusive mutations in the BRAF (such as BRAFV600E) or RAS (HRAS, NRAS, and KRAS isoforms) components of the MAPK pathway (60, 61).




Figure 2 | Signaling pathways and key mutations involved in thyroid cancer tumorigenesis and targeted therapies. Overview of the MAPK (left) and PI3K/AKT (right) pathways which are aberrantly activated in TC. Common mutations resulting in a loss or gain of function are depicted in red and green, respectively. Dashed arrows show targets of multi-kinase inhibitors (RET, PDGFR, and VEGFR) and single kinase inhibitors targeting BRAF, MEK, or mTOR. Created with BioRender.com.



The PI3K/AKT pathway is the second most frequently dysregulated pathway in TC. Although RAS is a classical dual activator of both PI3K/Akt and MAPK signaling, RAS mutations seem to preferentially activate the PI3K-AKT-mTOR pathway which is involved in cell proliferation and survival (62). Point mutations in the phosphatidylinositol-4,5-bisphosphate 3-kinase catalytic subunit alpha (PIK3CA) and phosphatase and tensin homolog (PTEN), a tumor suppressor and PI3K antagonist, also lead to PIK3/AKT pathway activation and promote thyroid tumorigenesis (60). Other common TC mutations activating MAPK and PI3K pathways include gene fusions of proto-oncogenes, such as those occurring in the rearrangement during transfection (RET) and neurotrophic-tropomyosin receptor kinase (NTRK) genes, which encode RTKs (63). Various mutations in genes involved in transduction and regulation of these pathways lead to constitutive activation of MAPK and PI3K/Akt signaling and ultimately to uncontrolled cell survival and proliferation (64).

Furthermore, genomic mutations have been found to be correlated to responses to RAI treatment. Overactivation of the MAPK pathway suppresses the expression of thyroid-specific genes required for iodine uptake such as the sodium iodide symporter, leading to RAI refractoriness (65, 66). Inhibition of BRAF or MEK has been shown to reverse this effect and restore RAI avidity (65). Further, exceptional responders to RAI were found to have an enrichment of RAS, class 2 BRAF, or RTK fusion mutations, which act through RAF dimerization, leading to a low MAPK transcriptional output. On the other hand, non-responders were associated with the BRAFV600E mutation, which signals as a monomer that is unresponsive to negative feedback, resulting in high flux through the MAPK pathway. They were also found to be enriched in mutations of genes regulating mRNA splicing and the PI3K pathway (67).

PTC has a relatively low mutational burden compared to other carcinomas, likely contributing to its slow growth and less aggressive clinical nature (55, 68). Alterations in BRAF, mainly BRAFV600E (61.7%), RAS (12.9%), and RET fusions (5%) are hallmark drivers in PTC (64). Based on a BRAFV600E-RAS gene expression score, PTCs may be grouped according to their molecular differences as BRAFV600E-like and RAS-like PTC. BRAFV600E mutation is linked to enhanced MAPK activation and is more frequent in classic and tall-cell variant PTC (64). Several studies have reported an association between the V600E variant and aggressive disease features such as RAI refractoriness, lymph node metastases, locoregional invasion, and recurrence (64, 67, 69). Interestingly, PTCs with coexisting mutations in BRAF and the telomerase reverse transcriptase (TERT) promoter are associated with aggressive clinicopathological characteristics, more so than either mutation alone (70, 71). On the other hand, RAS mutations occur mostly in follicular-variant PTC and non-invasive follicular thyroid neoplasm, which have a genomic profile more similar to FTC. RAS-like PTCs are associated with a decreased risk of recurrence, RAI uptake, and less aggressive phenotypes (64, 67, 69). Aside from alterations of the MAPK pathway, some well-differentiated PTCs have been reported to harbor mutations in EIF1AX as well as fusions within PPAR-γ, NTRK1/3, and THADA (72). Genomic analyses reveal that PTC bears a relatively stable genome, which could explain the usually indolent course of this disease. Nonetheless, transformation of PTC to ATC may occur and, therefore, continued study is necessary for identification of those PTCs early that will dedifferentiate and become aggressive and life-threatening.

In FTC, the most common mutations are in the RAS gene family (HRAS, KRAS, and NRAS), especially in the NRAS isoform, which has been found to be mutated in as many as 57% of RAS-mutant FTC cases (2). Although RAS mutations were proposed to be negative prognostic markers, they do not appear to be predictors of disease-specific mortality (73). Another standout genetic alteration in FTC is the PAX8-PPARγ gene rearrangement, which has been reported in multiple studies to occur at differing incidences (12-53%) but appears to have little correlation with survival, invasiveness, or prognosis (2, 74). TERT promoter mutations have been described in about 15% of FTCs and are associated with worse clinical and prognostic features (75). In fact, in a genomic analysis of advanced DTCs and ATC, TERT mutations were more commonly reported in widely invasive FTCs (91.67%) than any other subtype (75). Furthermore, point mutations of driver genes EIF1AX and DICER1 as well as somatic arm-level copy changes (loss of 22q) have been described in FTC, although their clinical significance still needs to be clarified (69). In FTC the total mutational burden has been reported to be a positively correlated predictor of mortality and recurrence, independent of histopathological classification (76).

Uniquely, OCAs harbor numerous mutations affecting the mitochondrial DNA (mtDNA) (71%), which is likely linked to the abundant mitochondrial load characterizing these cells. Sixty-seven percent of the mtDNA mutations observed occur in the genes encoding complex I of the electron transport chain. However, no significant correlation was observed between mitochondrial mutations and tumor aggressiveness, implicating mtDNA mutations in the tumorigenesis rather than progression of OCA (77). Like other DTCs, OCAs have significant dysfunction in the MAPK and PI3K/AKT/mTOR pathways caused by numerous somatic mutations in their components. Interestingly, overexpression of BRAF (12%) has been detected due to whole chromosome duplication of chromosome 7 in OCA tumors (77). At least one RTK was found to be mutated in 20% of OCAs such as RET (4%), MET (4%), EGFR (2%), and PDGFR (2%) (77). RAS mutations (15%) are also common with NRAS (9%) being the most commonly mutated isoform (77). Along with that, EIF1AX, NF1, TP53, CDKN1A mutations were detected in 11%, 9%, 7%, and 4% of OCAs, respectively (77). Further, they have also been reported to harbor mutations in TERT (22%), which are more common in the widely invasive (32%) than the minimally invasive subtype (5%) (77).

PDTC and DHGTC harbor driver mutations in BRAF and RAS. As DHGTC derives from PTC, it is more associated with BRAFV600E mutations (53%) and RAI refractoriness (54). On the other hand, PDTC more commonly harbors RAS mutations (48%) and has a higher rate of RAI avidity (54). As seen in other TCs, the driver mutation of either subtype is predictive of clinical behavior. RAS mutations are more correlated with enhanced tumor growth and risk of distant metastases while BRAF-mutants tend to be smaller and more prone to nodal metastases than distant disease (54, 68). Aside from BRAF/RAS mutations, high grade non-anaplastic TCs acquire additional genomic alterations which are responsible for their dedifferentiation. For instance, TERT mutations, which are known to be associated with more aggressive tumor behavior, were reported in 59% and 52% of DHGTCs and PDTCs, respectively (54). Although TP53, PTEN, and EIF1AX mutations were detected in both types, PDTC had significant enrichment in these mutations (54). Additionally, TERT, TP53 and PTEN mutations were associated with decreased distant-metastasis free survival (54). Gene fusions such as those involving RET, PAX8-PPARγ, ALK, and NTRK were detected in only 10% of either DHGTC or PDTC.

Similar to PTC and FTC, ATC has driver mutations in BRAF (19-45%) and RAS (9.5-27%); however, their frequencies are lower than in DTC (55, 68, 75). Due to the availability of effective targeted therapy, ATCs harboring BRAFV600E mutations have been reported to be associated with significantly enhanced overall survival (OS) compared to RAS-mutated ATC. On the other hand, tumors that are wild-type for both BRAF and RAS mutations have been found to be enriched in NF1 mutations and carry an intermediate OS (78). The two most frequent mutations occurring in ATC are TP53 and TERT promoter mutations, both reported to occur in about 65-73% of cases (55, 68). Interestingly, both mutations often coexist with BRAF and RAS mutations (78). Also, activating mutations in the PI3K/AKT pathway such as PTEN and PI3KCA occur more frequently in ATC (37%) than DTC (18%) (55). Further, ATC harbors mutations less typical for thyroid tumors in genes associated with the SW1/SNF chromatin remodeling complex (18%-36%), histone modification (19%), cell cycle regulation such as CDKN2A, CDKN2B, and CCNE1 (29%), and tumor immune regulation (PDL1, PDL2, and JAK2) (55, 68). Additionally, some fusions involving RET, ALK, and NTRK 1-3 genes have been reported at low incidences in ATC (63). Interestingly, in this panorama of mutations, four distinct subtypes of molecular patterns of ATC have been proposed: (1) type 1 ATC, BRAF-positive ATC, likely evolving from PTC; (2) type 2 ATC, NRAS-positive ATC, which may originate from FTC; (3) type 3 ATC, which carries RAS mutations or more atypical ones (PTEN, NF1 and RB1) and is likely to originate from FTC or from OCA; and (4) mixed ATC, which harbor loss-of-function mutations in the genes of cell-cycle regulators, such as CDKN2A and CDKN2B, and do not seem to derive from a pre-existing DTC (55, 68, 75, 79).





Thyroid cancer cellular microenvironment

Understanding interactions between tumor cells and other components of the TME is crucial to effectively direct immunotherapeutic approaches in the treatment of TC, particularly for those not responsive to conventional therapies. In TCs, the TME is composed of cancer associated fibroblasts (CAFs) and various immune cells categorized as tumor associated myeloid (TAMC) or lymphoid (TALC) cells (80). TAMCs include macrophages (TAMs), myeloid-derived suppressor cells (MDSCs), neutrophils (TANs), and dendritic cells (TADCs), while TALCs include T cells and NK cells (69). Based on recent genomic analyses, in contrast to DTC and PDTC, ATC has higher number of immune infiltrates in TME, particularly of type 2 TAMs and dysfunctional/exhausted T cells and NK cells (81–83). In addition, ATC is characterized by high expression of PD-L1 compared to other TC subtypes (16). Based on this altered immune profile, ATC tumors may potentially benefit from ICI therapy, adoptive T and NK cell therapies as well as therapeutic strategies targeting TAM populations. Moreover, due to ATC’s relatively high tumor burden, neoantigen vaccines also offer a promising therapeutic scheme. For each TC subtype, the TME composition is unique with distinct interplay between the immune, stromal, and tumor cells. Understanding these interactions not only provides multiple targets for therapies but also allows for personalized approaches to potentially enhance outcomes for patients. Here, we detail the different cell subsets involved in conferring the pro-tumorigenic nature of the TME in ATC and other TCs (Figure 3).




Figure 3 | Schematic representation of the tumor microenvironment in thyroid cancer. Thyroid cancer (TC) is characterized by a complex tumor microenvironment (TME) with multiple interactions between tumor cells and various immune and stromal cells. Tumor cells induce activation and differentiation of fibroblasts into myCAFs or iCAFs by releasing multiple factors such as TGFβ, EGF, PDGF, HGF, IGF, etc. In return, myCAFs promote tumor progression and angiogenesis. The iCAF subset attracts and induces suppressive functions of myeloid cells by releasing inflammatory cytokines. ATC tumor cells induce M2 macrophage polarization through TIM3 expression. M2 macrophages and MDSCs play a key role in inhibiting T cell effector function in TC. Immature DCs also suppress the cytolytic functions of T cells and CD56dimCD16+ NK cells in ATC. Tumor cells also recruit neutrophils which act to promote cancer cell proliferation and invasiveness. The TME in ATC is characterized by an expansion of exhausted CD8+ T cells expressing PD1, CTLA4, and TIM3 and of an immunosuppressive NK subset (CD56bright CD16low). Dashed arrows show immune checkpoint inhibitors targeting PD-1 and CTLA-4. Created with BioRender.



Cancer-Associated Fibroblasts (CAFs) are involved in the development and progression of TC through cell proliferation and extracellular matrix (ECM) remodeling (84). CAFs are derived from various sources including resident tissue fibroblasts, mesenchymal stem cells, bone-marrow derived fibroblasts, adipocytes, endothelial, and epithelial cells and are activated in response to the secretion of soluble factors such as TGF-β, epidermal growth factor (EGF), reactive oxygen species (ROS), platelet-derived growth factor (PDGF), and interleukin (IL)-6 from thyroid tumor cells (85). In turn, CAFs promote cancer cell growth, invasion, angiogenesis, and metastasis through production of various growth factors (vascular endothelial growth factor (VEGF), EGF, connective tissue growth factor (CTGF), insulin-like growth factor (IGF), and hepatocyte growth factor (HGF)), cytokines (IL-6, IL-11, and IL-17), chemokines (CCL7, CCL5, CXCL12, and CXCL7), and the extracellular matrix (ECM) molecules (collagen, fibronectin, elastin, laminin) (84, 85). CAFs are recruited in the stroma at the tumor invasive front where they synthesize and deposit collagen, which is then cross-linked by the thyroid tumor-cell derived enzyme LOX. Collectively, this coordinated action leads to matrix stiffness and progression from PTC to the less differentiated PDTC and ultimately ATC (86).

CAFs are classified into two major subsets: myofibroblasts (myoCAF), highly expressing genes such as ACTA2, MCAM, MYH11, and TAGLN, and inflammatory fibroblasts (iCAFs), which overexpress genes involved in inflammation regulation such as CXCL1, CXCL6, CXCL8, IL-32, C1S, and C1R (83). The ATC-derived CAFs are mostly iCAFs, whereas the PTC-derived CAFs are mostly myoCAFs (83). In addition, ATC-derived CAFs are characterized by high expression of cytokines and chemokines, including CXCL1, CXCL3, CXCL6, CXCL8, IL6, IL-24, and IFI27 (83). Thyroid CAFs promote TC growth and progression by increasing the expression of immune checkpoints such as CTLA4, PDL1/2 and IDO1 and downregulation of CD8+ T cells and endothelial cells (87). Patients with a high CAF score had remarkably increased risk of aggressive outcomes in both ATC and PTC. Additionally, a high CAF score in TC patients was shown to be positively correlated with an increased expression of immune checkpoint markers, such as PD-L1, PD-L2, CD86, CD80 and CTLA4, and an increased expression of markers of activated TAMs, including EMR1, CSF1R, CD163 and ITGM in ATC and PTCs (88). Consequently, further studies are required to identify molecular signaling pathways regulating the immune modulating role of CAFs in order to design potential novel therapeutic approaches able to abolish the pro-tumorigenic immunity seen in TC.




Tumor infiltrating immune cells

Tumor-associated macrophages (TAMs) are the largest component of infiltrating immune cells, representing more than 50% of the total cells, and are generally associated with poor survival in TC (15, 89, 90). They are subdivided into the pro-inflammatory/anti-tumor M1 (CD64, IDO, SOCS1, CXCL10, TNF-α and IL-1) and the anti-inflammatory/pro-tumor M2 (MRC1, TGM2, CD23, CCL22, IL-10 and IL-13) macrophages. While TAMs compose a smaller percentage of the total cells in PTC, they tend to be positively associated with more aggressive pathologies such as larger tumor sizes and lymph node metastasis (91). Compared to PTCs, the ATC TME is characterized by a polarization toward M2 macrophages (SELENOP+, SPP1+MARCO+, and SPP1+TGFBI+) and a decrease in M1 macrophages (IL-1B+, FCGBP+, and TXNIP+) (68, 83, 92–94). Soluble factors produced by ATC cells induce pro-tumor M2-like polarization of monocytes through T-cell immunoglobulin and mucin-domain containing protein-3 (TIM3). TIM3 and CSF1R expression as well as several pathways, such as E2F targets, IL-6-JAK-STAT3, and G2M checkpoint are positively correlated with the TAM-related prognostic index and T cell dysfunction in ATC (94). FZD6, RBBP8, PREX1 and HSD3B7 expressed by M2 macrophages are prognostic factors that are correlated with proliferation and invasion of ATC (95, 96). Recently, IL2RA+VSIG4+ TAMs have been identified as an ATC-specific subset with bifunctional M1 and M2 phenotype signatures that correlate with high lymphocyte infiltration and better prognosis (79). TCs could benefit from therapies that will deplete M2 TAMs or reprogram M2 towards an M1 phenotype; thus, further preclinical research and clinical trials need to be conducted to assess its potential application.

Myeloid derived suppressor cells (MDSCs) are a subtype of myeloid cells known to have an immunosuppressive function in cancer through ROS, arg-1, nitric oxide (NO), IL-10, TGFβ, cyclooxygenase 2 (COX-2) and PD-L1 and are usually associated with a poor prognosis (97). Peroxynitrite (PNT), the product of the interaction between superoxide and NO, could cause nitration of T cell receptor-CD8 complex, reducing its binding to the peptide MHC class I complex and rendering T cells unresponsive to antigen-specific stimulation (98). PNT has also been shown to hamper the recognition of cancer cells by cytotoxic T lymphocytes (98). Further, accelerated depletion of L-arginine and cysteine in the TME caused by MDSCs results in decreased CD3 chain expression, diminished production of IL-2 and IFN-γ, and inhibited T cell proliferation (98). MDSCs have also been shown to alter immune activity by promoting Foxp3+ T regulatory (Treg) cell differentiation via IL-10 and TGFβ secretion as well as enhancing Treg trafficking to tumor sites through CCR5 (98). MDSCs can also activate Th17 cells by secretion of IL-6 and TGF-β (99). IL-17 increased the immuno-suppressive function of MDSCs through the upregulation of arg-1, matrix metalloproteinase 9 (MMP-9), indoleamine 2,3-dioxygenase (IDO), and COX-2 (99). Circulating MDSCs are significantly higher in ATC patients compared to healthy controls and correlated with increased serum levels of IL-10 (97). Along with that, long-term survivor (LTS) ATC patients, who have survived longer than two years, display lower numbers of tumor-infiltrating MDSCs compared to ATC control patients (100).

Tumor-associated dendritic cells (TADCs) display an immature phenotype characterized by low levels of co-stimulatory molecules, high levels of inhibitory molecules and the production of immunosuppressive cytokines (IL-10 and TGF-β), which lead to poor T and NK cell-mediated immune responses (101, 102). Further, it has been suggested that TADCs also contribute to tumorigenesis through crosstalk with Tregs (101). Interruption of the DC and Treg axis could be a promising therapeutic strategy to quell the immunosuppressive TME in TC. The function of TADCs can be restored by blocking immunosuppressive pathways, such as those associated with PD-1, IL-10 secretion, and lactic acid production (101). While TADCs infiltration has been reported in PTCs, further studies are required to determine DC involvement in ATC (103, 104). To combat the immunosuppressive effects of TADCs, neoantigen-based DC vaccine therapy has been explored as a treatment option in TC. A phase I clinical study demonstrated that mature DC vaccination combined with low-dose IL-2 was well tolerated when administered to advanced PTC and FTC patients (105). Presently, there is not a recognized ATC-specific antigen. However, as ATC has a relatively high mutation burden, the application of a DC vaccine has potential as a treatment in ATC, with need for further exploration and development of tumor-specific antigens and neoantigens.

Tumor-associated neutrophils (TANs) have a controversial role in cancer despite their inflammatory function. On one hand, TANs are able to kill tumor cells, stimulate the T cell-dependent anti-tumor response, and inhibit angiogenesis (106–108). On the other hand, TANs can favor genetic instability in cancer cells and release cytokines (oncostatin-M, VEGF-A) or granule proteins (neutrophil elastase) that are involved in the promotion of cancer cell proliferation, invasiveness, and angiogenesis (109–111). In fact, for TCs, the neutrophil-to-lymphocyte ratio (NLR) has been explored as a prognostic indicator, in which a high NLR has been associated with aggressive forms of TCs such as PDTC and ATC and/or poor treatment responses (112, 113). TC-cell released factors such as CXCL8/IL-8 and GM-CSF recruit neutrophils and significantly improve their survival. Furthermore, TCs induced the production of factors by TANs (ROS, the expression of proinflammatory and angiogenic mediators (CXCL8/IL-8, VEGF-A, and TNF-α), and the release of MMP-9) that can retain the ability to promote tumor progression. ATCs induce neutrophil extracellular DNA trap (NET) release, whereas PTCs or normal thyroid cells did not. ATCs-induced NET production occurred in a ROS-dependent and cell death-independent manner and was associated with mitochondrial reactive oxygen species production, mitochondrial DNA release, and ATC cell growth (114). Further research is needed to understand the mechanisms by which neutrophils influence TC development and progression.

Natural killer (NK) cells are known to have an anti-tumor function by directly killing tumor cells via granzyme B and perforins (115). Two NK subgroups have been identified: 1) CD56dimCD16+ NK cells with typical cytotoxic functions and 2) CD56brightCD16-/low NK cells which are only weakly cytotoxic and have a more immunoregulatory role, mediated through the secretion of IL-13 (116, 117). Compared to healthy individuals, patients with PTC have a significant enrichment of the dysfunctional CD56brightCD16-/low NK cells (117). Further, ATC patients have been characterized by an increased frequency of the CD56hiCD16hi/lo NK subset with significantly reduced cytotoxicity and high expression of exhaustion markers such as PD-1 and TIM3 (14, 115). PD-1 and TIM3 blockade reinvigorated cytotoxicity of both the dysfunctional CD56hiCD16hi/lo and the more functional CD56loCD16hi NK cell subsets from ATC patients, suggesting that NK cells might be potential treatment targets in advanced thyroid cancers (115). Moreover, patients with ATC may benefit from NK cell-based immunotherapy as ATC tumor-derived NK cells display a suppressed phenotype due to downregulated expression of natural killer group 2, member D (NKG2D), a constitutively expressed NK cell receptor which is critical for cancer immunosurveillance (118). In fact, in a preclinical pulmonary metastasis model of ATC, NK cells were able to target metastatic ATC; highlighting that NK cell-based immunotherapy may serve as an effective therapeutic approach for ATC (82).

Tumor-infiltrating T cells are the heterogeneous population that include both the antitumoral CD8+ cytotoxic T cells (CTLs) and T helper (Th1) cells and the pro-tumoral Th2 and Treg cells (119–123). In PTC patients, the CD8+ CTL, CD4+ T cells and B cell infiltration is associated with better outcomes and enhanced survival rate (124). Tregs are involved in the suppression of immune responses, favoring disease progression and lymph node metastases in various cancers (14). A high infiltration of Treg has been reported in PTC tumors and metastatic lymph node tissues when compared to multinodular goiter patients and it was associated with the aggressiveness and recurrence of the PTC (124). Moreover, CD4+ and CD8+ T cells displayed functional exhaustion in patients with metastatic DTC (125, 126). While ATC displays enhanced immune infiltration compared to PTC, TILs characterized by expression of T-cell exhaustion markers such as cytotoxic T-lymphocyte-associated protein 4 (CTLA-4), PDL-1/PDL-2, PD-1, PVR, TIGIT, LAG3, and TIM-3 (14). The role of other major CD4+ T cell subsets such as Th17 cells and follicular helper T (Tfh) cells in TC have not been studied thoroughly (14). Moreover, follicular CD8+ T cells (CD8+CXCR5+) are significantly increased in ATC tumors compared to healthy PBMCs; however, their function is still unclear (127). Collectively, enhancement of exhausted T cells in ATC warrants clinical trials of immune-based cancer therapy including immune checkpoint inhibitors, adoptive T cell, and CAR-T (ICAM-1 CAR-T) cell therapies.






Current treatments and future directions

Neck surgery and selected use of RAI have been the mainstay of therapy in differentiated thyroid cancers for many years. However, historically, therapeutic options for patients with metastatic disease refractory to RAI were limited. In the past decade, treatment of advanced DTCs has undergone major advancements. Broader access to next generation sequencing of tumors and better understanding of tumor biology has opened the horizons to novel targeted therapies which have led to significant improvements in the prognosis of these patients. The molecular profile of tumors, disease burden and rate of progression, as well as patient comorbidities should all be taken into account when considering the optimal drug and timing for initiation of systemic therapy, as will be discussed in the following sections.




Differentiated thyroid cancer

The vast majority of DTCs can be treated with surgery, followed by RAI in selected cases. The decision regarding type of surgery is based on the extent of disease, presence of lymph node metastases, as well as the patient’s comorbidities and preference (128). Lobectomy should be considered for small tumors measuring less than 4 cm with no evidence of gross extrathyroidal extension. When carefully selected, patients undergoing a lobectomy have comparable overall survival as those treated with a total thyroidectomy (129, 130). Additionally, with adequate follow-up, the rare cases of disease recurrence after an initial lobectomy can be readily detected and treated. Following total thyroidectomy, RAI should be considered in patients at intermediate or high risk of disease recurrence per the American Thyroid Association (ATA) risk classification (128). TSH suppression should also be considered, based on recurrence risk (128).

Although DTC has an excellent prognosis, a minority of patients will develop distant metastases, most frequently to the lungs and bones (131). As long as these metastases remain RAI-avid, prognosis remains favorable (132). However, half of metastatic DTCs become refractory to RAI, which is associated with a poor prognosis and a 10-year overall survival of barely 10% (133). Yet, given the indolent, slowly progressive course of disease in most of these patients, they can be initially watched under TSH suppression alone, with regular imaging, laboratory workups and clinical follow-ups (7, 72, 128). Locoregional therapy to oligo-progressive disease, such as stereotactic radiation or surgery, can be considered during this observation period (7, 72, 131, 132, 134). If localized therapy is not feasible, disease becomes symptomatic, and/or there is significant progression in multiple sites of disease, then initiation of systemic therapy becomes warranted (7, 72, 131, 132, 134). As genetic-informed targeted therapy is FDA approved for TCs with certain mutations or fusions, it is important to obtain molecular profiling of the tumor when faced with a patient with metastatic DTC needing systemic therapy.

There are multiple drugs or drug combinations that are approved for DTC, of which 5 require a particular mutation or fusion to be present in the tumor (Table 1). The remaining drugs are all anti-angiogenics which do not require this information. The optimal sequencing of anti-angiogenics and genetic-informed therapies is currently an area of debate.


Table 1 | Summary of clinical trials for kinase inhibitors in differentiated and anaplastic thyroid cancers.



The multikinase-inhibitors (MKIs) sorafenib and lenvatinib are approved as a first-line therapy for locally advanced or metastatic RAI-refractory DTC and PDTC. These drugs are potent inhibitors of the vascular endothelial growth factor receptors (VEGF-R) 1 -3 and have variable inhibitory action on other tyrosine kinases, including the fibroblast growth factor (FGF) and platelet-derived growth factor (PDGF) receptors. In the phase III randomized, double-blind, placebo-controlled DECISION trial, sorafenib led to a significant 5-month prolongation of progression-free survival (PFS) compared to placebo (10.8 vs 5.8 months) in patients with progressive RAI-refractory DTC (27). The following year, the SELECT phase III double-blind, placebo-controlled trial of lenvatinib in a similar patient population was published. In this study, median PFS with lenvatinib was significantly longer than in the placebo group, at 18.3 months versus 3.6 months (24). Given this significant prolongation in PFS, lenvatinib has become the treatment of choice in advanced RAI-refractory DTC with no actionable mutation, since its FDA approval in 2015. More recently, in 2021, cabozantinib, another MKI, was approved as a second-line therapy for patients with locally advanced or metastatic RAI-refractory DTC that have progressed on prior antiangiogenic therapy. Cabozantinib inhibits the VEGF-R, but also has activity against other tyrosine kinases involved in tumor growth and angiogenesis including AXL and c-MET, which have been implicated in resistance to antiangiogenics (135, 136). The COSMIC-311 trial, which led to the FDA approval of cabozantinib, is a double-blind phase III placebo-controlled trial in patients with RAI-refractory DTC who have progressed on ≤ 2 prior anti-VEGF-R MKIs. This trial showed significant prolongation of PFS with cabozantinib, with a median of 11.0 months compared to 1.9 months with placebo (20). Nevertheless, despite their efficacy, MKIs are associated with significant toxicity related to their VEGF-R inhibition, including hypertension, palmar-plantar erythrodysaesthesia syndrome, stomatitis and weight loss.

As previously mentioned, BRAFV600E is the most frequent driver mutation in PTCs. The BRAF inhibitor dabrafenib with or without the MEK inhibitor trametinib, showed encouraging overall survival (OS) and PFS outcomes in metastatic BRAFV600E-mutated PTC and should be considered in these patients (21). Moreover, although less frequent, thyroid cancers can be driven by chromosomal rearrangements, including RET, NTRK, ALK and BRAF fusions (137). Specific kinase inhibitors targeting each of these fusions are available and have shown notable efficacy in TC. The LIBRETTO-001 trial looking at the RET-inhibitor selpercatinib, which included 19 patients with RET fusion-positive DTC previously treated with at least one systemic therapy, showed an overall response rate (ORR) of 79% and a median PFS of 20.1 months (26). Similarly, the selective RET-inhibitor pralsetinib showed an ORR of 84% and a median PFS of 25.4 months in previously treated RET fusion-positive DTC (25). In NTRK fusion-positive DTC, the selective TRK inhibitors larotrectinib and entrectinib have also shown prolonged OS and PFS, with a 24-month PFS of 84% with larotrectinib and a median PFS of 19.9 months with entrectinib (22, 23). Moreover, selective ALK inhibitors have been successfully used in case reports of ALK fusion-positive DTCs (138, 139). Due to minimal off-target activity, these selective kinase inhibitors have more acceptable toxicity profiles compared to antiangiogenic kinase inhibitors, justifying their choice as first-line therapies when possible.

Another therapeutic avenue that is being increasingly recognized for RAI-refractory advanced TC is redifferentiation therapy. This strategy aims to restore RAI uptake through inhibition of MAPK signaling. In fact, increased MAPK pathway activation, such as in the presence of a BRAFV600E mutation, leads to decreased NIS expression and tumor dedifferentiation, ultimately rendering RAI ineffective (140). Several studies have shown that by inhibiting MAPK signaling with mutation-specific kinase inhibitors, RAI uptake can be restored, allowing subsequent I131 therapy in a tumor which was previously non-RAI avid. Redifferentiation therapy has been attempted using MEK inhibitors in RAS-mutant tumors (141–145), BRAF ± MEK inhibitors in BRAFV600E-mutant tumors (142, 143, 146–149), and even NTRK or RET inhibitors in patients harboring corresponding fusions (150–153). Data thus far show promising results with this strategy, allowing disease control in many patients and potentially delaying the need for systemic therapy with kinase inhibitors. For instance, in the recently published prospective multicentric phase II MERAIODE trial, Leboulleux and colleagues treated patients with RAI-refractory progressive DTC with an empiric dose of 150 millicuries of RAI after a short course of kinase inhibitors. Patients with a BRAFV600E mutation were treated with dabrafenib + trametinib, while those with a RAS mutation were treated with trametinib alone. At 6 months, 90% of patients had either stable disease (18/31) or a partial response (10/31) in both BRAF and RAS mutated cohorts. Nevertheless, available trials are very heterogenous such that many questions remain unanswered, including ideal candidates for redifferentiation, duration of targeted therapy prior to RAI administration and optimal dose of RAI. Therefore, more studies are needed to further determine how to best use this approach, which patients are most likely to benefit from it and potential long-term risks (154). Some data suggest that RAS mutation, higher thyroglobulin levels, smaller tumor diameter and lower 18FDG uptake on PET/CT could predict success of redifferentiation therapy (149, 155). An ongoing phase 2 clinical trial investigating the efficacy of selpercatinib in restoring RAI uptake in RET fusion-positive RAI-refractory TC may help answer some of these questions (NCT05668962).

One major gap in the currently available therapies is related to the lack of specific kinase inhibitors targeting RAS, which is the second most frequent driver mutation in TC. BRAF inhibitors, which target the MAPK pathway downstream of RAS, are ineffective in RAS-mutant tumors because they lead to a paradoxical activation of MAPK signaling through dimerization of nonmutant RAF isoforms in the presence of active RAS (156–158). Thus, several new drug classes are currently under investigation for the treatment of RAS-altered tumors. These include pan-RAF and RAF dimer inhibitors, which have high biding potencies to all RAF isoforms, therefore overcoming the paradoxical MAPK activation that occurs with first generation BRAF inhibitors (157, 158). Multiple new RAF inhibitors have shown efficacy in vitro and are currently being investigated in phase I clinical trials: ERAS-254 (NCT05907304), DAY101 (NCT04985604), BGB-3245 (NCT04249843), KIN-2787 (NCT04913285), JZP815 (NCT05557045). Small molecules directly inhibiting ERK1/2, which target the MAPK pathway signaling downstream of both BRAF and RAS kinases, are also being studied in clinical trials, including BVD-523 (NCT04488003) and LY3214996 (NCT04534283) (159–161).

Pan-RAF, RAF dimer and ERK kinase inhibitors also represent potential therapeutic options for patients harboring class II/III BRAF alterations. While the class I BRAF V600x mutations allow BRAF to act as a constitutively active monomer, class II/III mutations signal through BRAF homo- or heterodimers (162). Yet, first generation RAF inhibitors selectively target BRAF monomers, making then ineffective against class II/III mutations, Pan-RAF kinase inhibitors suppress the activity of both monomeric and dimeric forms of BRAF and therefore can target all BRAF mutations and oncogenic fusions. Similarly, the mechanism of action of RAF dimer and ERK inhibitors make them also effective against class II/III BRAF mutations.

Although showing good initial responses to kinase inhibitors, both selective agents and MKIs, many patients with advanced DTC will eventually progress due to acquired resistance to therapy (7, 163). For instance, acquired secondary RAS mutations have been described as a mechanism of resistance to BRAF inhibitors (163). These could potentially respond to RAF or ERK inhibitors if these drugs were proven to be clinically effective in RAS-mutant TC. Paradoxical BRAF dimerization can also lead to resistance to BRAF inhibitors. Paradox-breaker BRAF inhibitors, such as PLX8394 and CFT1946, are potent, highly selective drugs that inhibit BRAF dimerization and do not lead to paradoxical pathway reactivation (164). These drugs have shown promising in vitro efficacy (165, 166). A phase I/II trial of CFT1946, a bifunctional degradation activating compound degrader, is currently underway in BRAFV600E-mutant solid tumors (NCT05668585). Next generation small molecule BRAF inhibitors, which offer a more potent BRAF blockade, are also under investigation in patients who failed first-generation drugs. Preliminary results from the phase I trial looking at the new BRAF inhibitor ABM-1310 in patients with BRAFV600E-mutated solid tumors showed favorable safety and efficacy, including in patients previously refractory to BRAF/MEK inhibitors (NCT04190628) (167). Finally, novel combinations with BRAF inhibitors are also being explored to overcome treatment resistance. Notably, Serum Glucocorticoid-Regulated Kinase 1 (SGK1) signaling has been found to maintain MAPK and PI3K activation in patients on BRAF + MEK inhibitors, leading to resistance to therapy. A novel SGK1 inhibitor (THRV-1257) has shown promising efficacy in vitro in ATC cell lines and will soon be investigated in a phase I clinical trial (168). Increased expression and activation of HER2/HER3 tyrosine kinase receptors was also suggested to play a role in resistance to BRAF inhibitors (169). Thus, the HER kinase inhibitor lapatinib is currently being investigated in combination with dabrafenib in refractory BRAFV600E/K mutated thyroid cancers (NCT01947023).

Immune checkpoint inhibition has also been studied in DTC as one of the potential strategies to delay progression or as a salvage therapy at progression (Table 2). As previously mentioned, some advanced DTCs have an immunosuppressive TME and high PD-L1 expression, making them suitable for immune checkpoint inhibition (126, 170, 171). However, results with single-agent immunotherapy in DTC have not been promising. In the KEYNOTE-028 phase Ib trial, 22 patients with PD-L1 positive, locally advanced or metastatic DTC, treated with single agent pembrolizumab for 24 months or until progression or unacceptable toxicity, had a with a median PFS of 7 months and an ORR of 9% (46). Combination of immunotherapy with kinase inhibitors was then explored. Addition of pembrolizumab to the MKI lenvatinib was studied in a phase II clinical trial (NCT02973997). Preliminary results reported in a poster at the 2020 American Society of Clinical Oncology (ASCO) meeting showed a 12-months PFS of 74%, which may be attributable to the lenvatinib alone (47). Another ongoing trial is looking at the combination of cabozantinib with the anti-PD-L1 atezolizumab in advanced solid tumors, including DTC (NCT03170960). Results in 31 patients with metastatic and/or progressive RAI-refractory DTC were presented in a highlighted poster at the 2022 ATA meeting, showing a promising median PFS of 15.2 months (44). Multiple other clinical trials of immunotherapy in advanced DTC are ongoing, including a phase II trial of the combination of the anti-CTLA4 ipilimumab with the anti-PD1 nivolumab (NCT03246958), a phase II trial of cabozantinib + ipilimumab/nivolumab (NCT03914300), a phase II trial of the BRAF inhibitor encorafenib + MEK inhibitor binimetinib with or without nivolumab in metastatic BRAFV600E-mutated RAI-refractory DTC (NCT04061980), and a phase II trial of the anti-PD-L1 durvalumab with the anti-CTLA4 tremelimumab (NCT03753919).


Table 2 | Summary of available clinical data with immunotherapy in differentiated and anaplastic thyroid cancers.



Beyond immune checkpoint inhibition, other immune-targeting therapies are under investigation in advanced TC, including chimeric antigen receptor modified T-cells (CAR-Ts). These are genetically engineered T-cells reprogramed to recognize and eliminate tumor cells expressing specific antigens (172). CAR-Ts have demonstrated remarkable efficacy in hematological malignancies but are more challenging to develop for solid tumors, due to more difficult tumor-specific antigen selection and an immunosuppressive TME that impedes access of CAR-Ts into the tumor (173). The TSH-receptor, a well-known thyroid specific antigen, seems to be a promising target for CAR-Ts in advanced DTCs in in-vitro and mouse models (174).





Anaplastic thyroid cancer

While ATC was historically been known as a highly lethal malignancy with a median OS of only 5 months, kinase inhibitors and immunotherapy have revolutionized the management of this disease over the past few years (175) (Tables 1, 2). Treatment of patients with ATC differs significantly from those with DTC. Given that ATC is a rapidly progressive malignancy which often presents with locoregional advanced disease and distant metastases, expedited initiation of the appropriate treatment is crucial. In patients with stage IVB disease, surgical resection of the primary tumor, when feasible, followed by high-dose external beam radiation therapy to the neck with concomitant radiosensitizing chemotherapy, remains the mainstay of therapy (56). In patients with stage IVB inoperable tumors or stage IVC disease, systemic therapy should be considered. Since 2017, the combination of dabrafenib + trametinib has been FDA approved for the treatment of BRAFV600E-mutated ATC and has revolutionized the management of these patients (176). Approval was based on results from the phase II ROAR basket trial, which showed an ORR of 56%, a median PFS of 6.7 months and a median OS of 14.5 months (28). However, real-life data showed far shorter OS with dabrafenib + trametinib alone (177, 178). One approach to potentially prolong duration of response in initially inoperable tumors has been to proceed with surgery after initial BRAF-directed therapy to make the tumor operable (57). In a retrospective study, this treatment strategy, known as the neoadjuvant approach, led to a 2-year OS of 80.3% in a population comprised of 63% stage IVC patients (179). In non-BRAF-mutated ATC, single agent kinase inhibitors have shorter responses, with a median PFS of 2.6 months with lenvatinib and 1.9 months with sorafenib (29, 30). In fact, under selective pressure, inherent genomic instability of ATC cells allows them to rapidly acquire escape mechanisms (163). Various potential mechanisms of resistance to therapy have been described in ATC, including activation of parallel pro-angiogenic signaling pathways, and acquisition of wildtype copy number amplification or secondary mutations in oncogenes such as RAS, NF1 and NF2 (180–185).

As previously detailed, ATC is suitable for immunotherapy with PD-1/PD-L1 inhibitors. Therefore, immune checkpoint inhibitors have been studied in this malignancy. However, once again, single-agent immunotherapy has shown limited efficacy. In a small retrospective study of 13 patients with ATC treated with anti-PD-1 monotherapy (pembrolizumab or nivolumab), ORR was 16% and median PFS 1.9 months (51). Similarly, in a prospective phase II trial, single-agent anti-PD-1 spartalizumab showed an ORR of 19% and a median PFS of 1.7 months (53). A phase I study combining durvalumab with tremelimumab and stereotactic body radiotherapy (SBRT) for metastatic ATC showed a median OS of only 14.5 weeks (49).

Although single-agent immunotherapy showed modest efficacy in ATC, combination of immune checkpoint inhibitors with kinase inhibitors had more promising results, owing to a synergistic effect between these two drug classes (186–188). In a murine model of BRAFV600E-mutant ATC, combination of a BRAF inhibitor with an anti-PD-L1 antibody led to significantly more tumor shrinkage compared to either agent alone (186). Similarly, in another murine model, anti-PD-1/PD-L1 immunotherapy was shown to enhance efficacy of lenvatinib in ATC (187). These observations were then supported by clinical data, showing prolonged responses to combinations of kinase inhibitors and immunotherapy in patients with ATC. In a retrospective study of 12 ATC patients who had progressed on prior kinase inhibitors, addition of pembrolizumab at time of progression led to further prolongation of survival, with a median OS of 6.9 months from the addition of immunotherapy (50). In BRAFV600E-mutated ATC, a retrospective study of 71 patients comparing dabrafenib/trametinib alone to dabrafenib/trametinib + pembrolizumab added either at baseline or at time of progression showed significant improvement in survival with the addition of anti-PD1 immunotherapy, with a median OS of 17 months with the triplet as opposed to 9 months with BRAF/MEK inhibitors alone (p=0.037) (189). PFS was also significantly improved when an anti-PD1 was added to the initial treatment regimen (Median PFS 11 vs 4 months; p=0.049). Similarly, a phase II clinical trial of the BRAF inhibitor vemurafenib + MEK inhibitor cobimetinib combined with the anti-PD-L1 atezolizumab in patients with BRAFV600E-mutated ATC showed remarkable response rates (ORR 72%) and a 24-month OS of 67% (median OS not reached) (48). Moreover, in non-BRAF mutated ATC, combination of lenvatinib with pembrolizumab in a prospective phase II trial of 27 patients showed an ORR of 52% and a median OS of 11 months, as opposed to a median OS of only 3.2 months with lenvatinib monotherapy (29, 52). The significant improvement in survival outcomes shown with the addition of anti-PD1 immunotherapy to kinase inhibitors in ATC led to the incorporation of pembrolizumab, as monotherapy or in combination with lenvatinib, to the 2024 National Comprehensive Cancer Network (NCCN) guidelines as a potential treatment option in selected patients with ATC (190).

Multiple clinical trials looking at various other immunotherapy combinations in ATC are currently underway, including the combination of cabozantinib + atezolizumab (NCT04400474) and pembrolizumab + docetaxel (NCT03360890), among others. In an ongoing phase II trial (NCT03246958) of the combination of ipilimumab + nivolumab, 3/10 enrolled ATC patients had profound partial responses, two of which lasted more than one year (13 and 26 months) (191). Pembrolizumab is also being studied in the adjuvant setting in patients with stage IVB disease after intensity-modulated radiation therapy (NCT05059470). Finally, like in advanced DTC, CAR-Ts are also under investigation in ATC. A trial assessing the safety and tolerability of autologous CAR-Ts targeting intracellular adhesion molecular-1 (ICAM-1) in advanced refractory PDTC and ATC is currently ongoing (NCT04420754).






Conclusion

Despite the favorable prognosis for DTCs, treatment of most advanced/metastatic DTC and ATC patients remain a challenge, as none of the available targeted therapies are curative. In the last decade, the enhanced understanding of TC-specific molecular drivers has led to the development and FDA-approval of targeted therapies for advanced TCs. Although these treatment options have had promising outcomes, many advanced TC patients will eventually progress due to acquired resistance to therapy. Recently, ICIs have been explored as treatment modality in TCs to reinvigorate anti-tumor T cell function. While ICIs have shown enhancement in survival rates especially when used in conjunction with other treatment strategies, it is often accompanied by toxicities that can preclude patients from further therapy and ultimately lead to tumor progression and mortality. In addition to T cells, multiple immune components which have been implicated in thyroid tumorigenesis offer novel potential approaches for TC treatment such as NK cell-based immunotherapy, DC vaccines, and M2 TAM blockade, for example. Deeper knowledge of the immune milieu of thyroid cancer, strong predictive and prognostic biomarkers, and effective mechanism-rooted clinical trial strategies are needed to improve prognosis of aggressive thyroid cancers.





Author contributions

NT: Conceptualization, Writing – original draft, Writing – review & editing. SH: Conceptualization, Writing – original draft, Writing – review & editing. RO: Conceptualization, Writing – original draft. RR: Writing – original draft. YH: Writing – review & editing. MP: Writing – original draft. SA: Writing – original draft. JC-M: Writing – review & editing. MZ: Writing – review & editing. SL: Writing – review & editing. SK: Conceptualization, Writing – review & editing. MC: Conceptualization, Writing – review & editing, Writing – original draft. RN: Conceptualization, Writing – review & editing.





Funding

The author(s) declare that financial support was received for the research, authorship, and/or publication of this article. This work was supported by Petrick/MDA Funds: The Anaplastic Thyroid Cancer Multidisciplinary Research Project (MZ, SL, MC, RN), NIH R01 grants (RN: R01HL141966 and R01HL143520), Cancer Prevention and Research Institute of Texas (CPRIT) grant (RN: RP190326), CPRIT Research Training Award (CPRIT Training Program) SA: RP210028), NIH UPWARDS Training Program (Underrepresented Minorities Working Towards Research Diversity in Science) (MP: 1R25CA240137-01A1).





Conflict of interest

MC has received grant funding from Genentech and Merck and has received consulting fees from Bayer. MC on advisory board for Exelixis and Lilly. SL is medical affairs consultant with Cardinal Health. MZ has research grant funding from Eli Lilly and Merck.

The remaining authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.





References

1. Ibrahimpasic, T, Ghossein, R, Shah, JP, and Ganly, I. Poorly differentiated carcinoma of the thyroid gland: current status and future prospects. Thyroid. (2019) 29:311–21. doi: 10.1089/thy.2018.0509

2. Prete, A, Borges de Souza, P, Censi, S, Muzza, M, Nucci, N, and Sponziello, M. Update on fundamental mechanisms of thyroid cancer. Front Endocrinol. (2020) 11:102. doi: 10.3389/fendo.2020.00102

3. Kitahara, CM, and Schneider, AB. Epidemiology of thyroid cancer. Cancer Epidemiol Biomarkers Prev. (2022) 31:1284–97. doi: 10.1158/1055-9965.EPI-21-1440

4. Surveillance, Epidemiology, and End Results (SEER) Program. SEER*Stat database. Bethesda, MD: National Cancer Institute, DCCPS, Surveillance Research Program (2023).

5. SEER Cancer Stat Facts. Thyroid cancer. Bethesda, MD: National Cancer Institute (2023).

6. Maniakas, A, Dadu, R, Busaidy, NL, Wang, JR, Ferrarotto, R, Lu, C, et al. Evaluation of overall survival in patients with anaplastic thyroid carcinoma, 2000-2019. JAMA Oncol. (2020) 6:1397–404. doi: 10.1001/jamaoncol.2020.3362

7. Hamidi, S, Hofmann, MC, Iyer, PC, Cabanillas, ME, Hu, MI, Busaidy, NL, et al. Review article: new treatments for advanced differentiated thyroid cancers and potential mechanisms of drug resistance. Front Endocrinol (Lausanne). (2023) 14:1176731. doi: 10.3389/fendo.2023.1176731

8. U.S.F.D. Administration. 2011 Notifications. U.S Food Drug Administration. (2011).

9. McFarland, DC, and Misiukiewicz, KJ. Sorafenib in radioactive iodine-refractory well-differentiated metastatic thyroid cancer. Onco Targets Ther. (2014) 7:1291–9. doi: 10.2147/OTT

10. Nair, A, Lemery, SJ, Yang, J, Marathe, A, Zhao, L, Zhao, H, et al. FDA approval summary: lenvatinib for progressive, radio-iodine-refractory differentiated thyroid cancer. Clin Cancer Res. (2015) 21:5205–8. doi: 10.1158/1078-0432.CCR-15-1377

11. U.S.F.D. Administration. FDA grants accelerated approval to dabrafenib in combination with trametinib for unresectable or metastatic solid tumors with BRAF V600E mutation. U.S Food Drug Administration. (2022).

12. U.S.F.D. Administration. FDA approves cabozantinib for differentiated thyroid cancer. U.S Food Drug Administration. (2021).

13. Duke, ES, Bradford, D, Marcovitz, M, Amatya, AK, Mishra-Kalyani, PS, Nguyen, E, et al. FDA approval summary: selpercatinib for the treatment of advanced RET fusion-positive solid tumors. Clin Cancer Res. (2023) 29:3573–8. doi: 10.1158/1078-0432.CCR-23-0459

14. Menicali, E, Guzzetti, M, Morelli, S, Moretti, S, and Puxeddu, E. Immune landscape of thyroid cancers: new insights. Front Endocrinol (Lausanne). (2020) 11:637826. doi: 10.3389/fendo.2020.637826

15. Jung, KY, Cho, SW, Kim, YA, Kim, D, Oh, BC, Park, DJ, et al. Cancers with higher density of tumor-associated macrophages were associated with poor survival rates. J Pathol Transl Med. (2015) 49:318–24. doi: 10.4132/jptm.2015.06.01

16. Chintakuntlawar, AV, Rumilla, KM, Smith, CY, Jenkins, SM, Foote, RL, Kasperbauer, JL, et al. Expression of PD-1 and PD-L1 in anaplastic thyroid cancer patients treated with multimodal therapy: results from a retrospective study. J Clin Endocrinol Metab. (2017) 102:1943–50. doi: 10.1210/jc.2016-3756

17. Marabelle, A, Le, DT, Ascierto, PA, Di Giacomo, AM, De Jesus-Acosta, A, Delord, JP, et al. Efficacy of pembrolizumab in patients with noncolorectal high microsatellite instability/mismatch repair-deficient cancer: results from the phase II KEYNOTE-158 study. J Clin Oncol. (2020) 38:1–10. doi: 10.1200/JCO.19.02105

18. Khan, SA, Kurian, P, Mobley, B, Burks, T, Beg, MS, Ross, JS, et al. Relationship of anaplastic thyroid cancer high tumor mutation burden and MSI-H status with response to anti-PD1 monotherapy. J Clin Oncol. (2018) 36:e18114–4. doi: 10.1200/JCO.2018.36.15_suppl.e18114

19. Wirth, LJ, Eigendorff, E, Capdevila, J, Paz-Ares, LG, Lin, C-C, Taylor, MH, et al. Phase I/II study of spartalizumab (PDR001), an anti-PD1 mAb, in patients with anaplastic thyroid cancer. J Clin Oncol. (2018) 36:6024–4. doi: 10.1200/JCO.2018.36.15_suppl.6024

20. Brose, MS, Robinson, BG, Sherman, SI, Jarzab, B, Lin, CC, Vaisman, F, et al. Cabozantinib for previously treated radioiodine-refractory differentiated thyroid cancer: Updated results from the phase 3 COSMIC-311 trial. Cancer. (2022) 128:4203–12. doi: 10.1002/cncr.34493

21. Busaidy, NL, Konda, B, Wei, L, Wirth, LJ, Devine, C, Daniels, GA, et al. Dabrafenib versus dabrafenib + Trametinib in BRAF-mutated radioactive iodine refractory differentiated thyroid cancer: results of a randomized, phase 2, open-label multicenter trial. Thyroid. (2022) 32:1184–92. doi: 10.1089/thy.2022.0115

22. Demetri, GD, De Braud, F, Drilon, A, Siena, S, Patel, MR, Cho, BC, et al. Updated integrated analysis of the efficacy and safety of entrectinib in patients with NTRK fusion-positive solid tumors. Clin Cancer Res. (2022) 28:1302–12. doi: 10.1158/1078-0432.CCR-21-3597

23. Waguespack, SG, Drilon, A, Lin, JJ, Brose, MS, McDermott, R, Almubarak, M, et al. Efficacy and safety of larotrectinib in patients with TRK fusion-positive thyroid carcinoma. Eur J Endocrinol. (2022) 186:631–43. doi: 10.1530/EJE-21-1259

24. Schlumberger, M, Tahara, M, Wirth, LJ, Robinson, B, Brose, MS, Elisei, R, et al. Lenvatinib versus placebo in radioiodine-refractory thyroid cancer. N Engl J Med. (2015) 372:621–30. doi: 10.1056/NEJMoa1406470

25. Subbiah, V, Hu, MI, Mansfield, AS, Taylor, MH, Schuler, M, Zhu, VW, et al. Pralsetinib in patients with advanced/metastatic rearranged during transfection (RET)-altered thyroid cancer: updated efficacy and safety data from the ARROW study. Thyroid. (2024) 34:26–40. doi: 10.1089/thy.2023.0363

26. Wirth, LJ, Sherman, E, Robinson, B, Solomon, B, Kang, H, Lorch, J, et al. Efficacy of selpercatinib in RET-altered thyroid cancers. N Engl J Med. (2020) 383:825–35.

27. Brose, MS, Nutting, CM, Jarzab, B, Elisei, R, Siena, S, Bastholt, L, et al. Sorafenib in radioactive iodine-refractory, locally advanced or metastatic differentiated thyroid cancer: a randomised, double-blind, phase 3 trial. Lancet. (2014) 384:319–28. doi: 10.1016/S0140-6736(14)60421-9

28. Subbiah, V, Kreitman, RJ, Wainberg, ZA, Cho, JY, Schellens, JHM, Soria, JC, et al. Dabrafenib plus trametinib in patients with BRAF V600E-mutant anaplastic thyroid cancer: updated analysis from the phase II ROAR basket study. Ann Oncol. (2022) 33:406–15. doi: 10.1016/j.annonc.2021.12.014

29. Wirth, LJ, Brose, MS, Sherman, EJ, Licitra, L, Schlumberger, M, Sherman, SI, et al. Open-label, single-arm, multicenter, phase II trial of lenvatinib for the treatment of patients with anaplastic thyroid cancer. J Clin Oncol. (2021) 39:2359–66. doi: 10.1200/JCO.20.03093

30. Savvides, P, Nagaiah, G, Lavertu, P, Fu, P, Wright, JJ, Chapman, R, et al. Phase II trial of sorafenib in patients with advanced anaplastic carcinoma of the thyroid. Thyroid. (2013) 23:600–4. doi: 10.1089/thy.2012.0103

31. van Velsen, EFS, Peeters, RP, Stegenga, MT, van Kemenade, FJ, van Ginhoven, TM, van Balkum, M, et al. Evaluating disease-specific survival prediction of risk stratification and TNM systems in differentiated thyroid cancer. J Clin Endocrinol Metab. (2022) 108:e267–74. doi: 10.1210/clinem/dgac721

32. Baloch, ZW, Asa, SL, Barletta, JA, Ghossein, RA, Juhlin, CC, Jung, CK, et al. Overview of the 2022 WHO classification of thyroid neoplasms. Endocrine Pathol. (2022) 33:27–63. doi: 10.1007/s12022-022-09707-3

33. Xu, B, and Ghossein, R. Critical prognostic parameters in the anatomic pathology reporting of differentiated follicular cell-derived thyroid carcinoma. Cancers. (2019) 11:1100. doi: 10.3390/cancers11081100

34. Al-Hakami, HA, Alqahtani, R, Alahmadi, A, Almutairi, D, Algarni, M, and Alandejani, T. Thyroid nodule size and prediction of cancer: A study at tertiary care hospital in Saudi Arabia. Cureus. (2020) 12:e7478. doi: 10.7759/cureus.7478

35. Yang, Z, Heng, Y, Zhou, J, Tao, L, and Cai, W. Central and lateral neck involvement in papillary thyroid carcinoma patients with or without thyroid capsular invasion: A multi-center analysis. Front Endocrinol. (2023) 14. doi: 10.3389/fendo.2023.1138085

36. D'Avanzo, A, Treseler, P, Ituarte, PH, Wong, M, Streja, L, Greenspan, FS, et al. Follicular thyroid carcinoma: histology and prognosis. Cancer. (2004) 100:1123–9. doi: 10.1002/cncr.20081

37. Seethala, RR, Baloch, ZW, Barletta, JA, Khanafshar, E, Mete, O, Sadow, PM, et al. Noninvasive follicular thyroid neoplasm with papillary-like nuclear features: a review for pathologists. Mod Pathol. (2018) 31:39–55. doi: 10.1038/modpathol.2017.130

38. Rosario, PW, and Mourão, GF. Noninvasive follicular thyroid neoplasm with papillary-like nuclear features (NIFTP): a review for clinicians. Endocrine-Related Cancer. (2019) 26:R259–66. doi: 10.1530/ERC-19-0048

39. Ashorobi, D, and Lopez, PP. Follicular thyroid cancer, statPearls. Treasure Island (FL: StatPearls Publishing LLC. (2024).

40. Coca-Pelaz, A, Rodrigo, JP, Shah, JP, Sanabria, A, Al Ghuzlan, A, Silver, CE, et al. Hürthle cell carcinoma of the thyroid gland: systematic review and meta-analysis. Adv Ther. (2021) 38:5144–64. doi: 10.1007/s12325-021-01876-7

41. Siegmund, S, Landa, I, Wong, KS, and Barletta, JA. Hürthle cell neoplasms. Diagn Histopathology. (2021) 27:231–9. doi: 10.1016/j.mpdhp.2021.03.001

42. Wenter, V, Albert, NL, Unterrainer, M, Ahmaddy, F, Ilhan, H, Jellinek, A, et al. Clinical impact of follicular oncocytic (Hürthle cell) carcinoma in comparison with corresponding classical follicular thyroid carcinoma. Eur J Nucl Med Mol Imaging. (2021) 48:449–60. doi: 10.1007/s00259-020-04952-2

43. Zhou, X, Zheng, Z, Chen, C, Zhao, B, Cao, H, Li, T, et al. Clinical characteristics and prognostic factors of Hurthle cell carcinoma: a population based study. BMC Cancer. (2020) 20:407. doi: 10.1186/s12885-020-06915-0

44. Taylor M, DG, Thein, K, Larlot, Y, Khan, S, Goldschmidt, J, Lebellec, L, et al. Cabozantinib in combination with atezolizumab as first line thrapy in patients with radioaiodine-refractory differentiated thyroid: results from cohort of 18 of the phase 1B COSMIC-21 study. Thyroid. (2022) 32. doi: 10.1089/thy.2022.29137.abstracts

45. Konda B, SE, Masarelli, E, Xia, B, Muzaffar, J, Morris, J, Ryder, M, et al. Cabozantinb in combination with nivolumab and ipilimumab in patients with radioactive iodine-refractory differentiated thyroid cancer whose cancer progressed after one prior VEGFR targeted therapy: interim results of a multicenter phase 2 NCI-ITOG trial (NCI#10240). Thyroid. (2022) 32.

46. Mehnert, JM, Varga, A, Brose, MS, Aggarwal, RR, Lin, CC, Prawira, A, et al. Safety and antitumor activity of the anti-PD-1 antibody pembrolizumab in patients with advanced, PD-L1-positive papillary or follicular thyroid cancer. BMC Cancer. (2019) 19:196. doi: 10.1186/s12885-019-5380-3

47. Haugen, B, French, J, Worden, FP, Konda, B, Sherman, EJ, Dadu, R, et al. Lenvatinib plus pembrolizumab combination therapy in patients with radioiodine-refractory (RAIR), progressive differentiated thyroid cancer (DTC): Results of a multicenter phase II international thyroid oncology group trial. J Clin Oncol. (2020) 38:6512–2. doi: 10.1200/JCO.2020.38.15_suppl.6512

48. Cabanillas, M, Busaidy, N, Zafereo, M, Gule-Monroe, M, Liu, S, Ferrarotto, R, et al. BRAF/MEK inhibitor plus immunotherapy for BRAFV600E-mutated anaplastic thyroid carcinoma. Thyroid. (2022) 32(S1). doi: 10.1089/thy.2022.29140.lb.abstracts

49. Lee, NY, Riaz, N, Wu, V, Brinkman, T, Tsai, CJ, Zhi, W, et al. A pilot study of durvalumab (MEDI4736) with tremelimumab in combination with image-guided stereotactic body radiotherapy in the treatment of metastatic anaplastic thyroid cancer. Thyroid. (2022) 32:799–806. doi: 10.1089/thy.2022.0050

50. Iyer, PC, Dadu, R, Gule-Monroe, M, Busaidy, NL, Ferrarotto, R, Habra, MA, et al. Salvage pembrolizumab added to kinase inhibitor therapy for the treatment of anaplastic thyroid carcinoma. J Immunother Cancer. (2018) 6:68. doi: 10.1186/s40425-018-0378-y

51. Hatashima, A, Archambeau, B, Armbruster, H, Xu, M, Shah, M, Konda, B, et al. An evaluation of clinical efficacy of immune checkpoint inhibitors for patients with anaplastic thyroid carcinoma. Thyroid. (2022) 32:926–36. doi: 10.1089/thy.2022.0073

52. Dierks, C, Ruf, J, Seufert, J, Kreissl, M, Klein, C, Spitzweg, C, et al. 1646MO - Phase II ATLEP trial: Final results for lenvatinib/pembrolizumab in metastasized anaplastic and poorly differentiated thyroid carcinoma. Ann Oncol. (2022) 33. doi: 10.1016/j.annonc.2022.07.1726

53. Capdevila, J, Wirth, LJ, Ernst, T, Ponce Aix, S, Lin, CC, Ramlau, R, et al. PD-1 blockade in anaplastic thyroid carcinoma. J Clin Oncol. (2020) 38:2620–7. doi: 10.1200/JCO.19.02727

54. Xu, B, David, J, Dogan, S, Landa, I, Katabi, N, Saliba, M, et al. Primary high-grade non-anaplastic thyroid carcinoma: a retrospective study of 364 cases. Histopathology. (2022) 80:322–37. doi: 10.1111/his.14550

55. Pozdeyev, N, Gay, LM, Sokol, ES, Hartmaier, R, Deaver, KE, Davis, S, et al. Genetic analysis of 779 advanced differentiated and anaplastic thyroid cancers. Clin Cancer Res. (2018) 24:3059–68. doi: 10.1158/1078-0432.CCR-18-0373

56. Bible, KC, Kebebew, E, Brierley, J, Brito, JP, Cabanillas, ME, Clark, TJ Jr., et al. 2021 American thyroid association guidelines for management of patients with anaplastic thyroid cancer. Thyroid. (2021) 31:337–86. doi: 10.1089/thy.2020.0944

57. Cabanillas, ME, Ferrarotto, R, Garden, AS, Ahmed, S, Busaidy, NL, Dadu, R, et al. and immune-directed therapy for anaplastic thyroid carcinoma. Thyroid. (2018) 28:945–51. doi: 10.1089/thy.2018.0060

58. Filetti, S, Durante, C, Hartl, D, Leboulleux, S, Locati, LD, Newbold, K, et al. Thyroid cancer: ESMO Clinical Practice Guidelines for diagnosis, treatment and follow-up†. Ann Oncol. (2019) 30:1856–83. doi: 10.1093/annonc/mdz400

59. Shao, C, Li, G, Huang, L, Pruitt, S, Castellanos, E, Frampton, G, et al. Prevalence of high tumor mutational burden and association with survival in patients with less common solid tumors. JAMA Network Open. (2020) 3:e2025109–e2025109. doi: 10.1001/jamanetworkopen.2020.25109

60. Hu, J, Yuan, IJ, Mirshahidi, S, Simental, A, Lee, SC, and Yuan, X. Thyroid carcinoma: phenotypic features, underlying biology and potential relevance for targeting therapy. Int J Mol Sci. (2021) 22:1950. doi: 10.3390/ijms22041950

61. Schubert, L, Mariko, ML, Clerc, J, Huillard, O, and Groussin, L. MAPK pathway inhibitors in thyroid cancer: preclinical and clinical data. Cancers (Basel). (2023) 15:710. doi: 10.3390/cancers15030710

62. Bikas, A, Ahmadi, S, Pappa, T, Marqusee, E, Wong, K, Nehs, MA, et al. Additional oncogenic alterations in RAS-driven differentiated thyroid cancers associate with worse clinicopathologic outcomes. Clin Cancer Res. (2023) 29:2678–85. doi: 10.1158/1078-0432.CCR-23-0278

63. Cheng, L, and Newbold, K. Genomic landscape of anaplastic thyroid cancer and implications on therapy. Curr Opin Endocrine Metab Res. (2023) 30:100458. doi: 10.1016/j.coemr.2023.100458

64. Agrawal, N, Akbani, R, Arman, AB, Ally, A, Arachchi, H, Asa, SL, et al. Integrated genomic characterization of papillary thyroid carcinoma. Cell. (2014) 159:676–90. doi: 10.1016/j.cell.2014.09.050

65. Chakravarty, D, Santos, E, Ryder, M, Knauf, JA, Liao, X-H, West, BL, et al. Small-molecule MAPK inhibitors restore radioiodine incorporation in mouse thyroid cancers with conditional BRAF activation. J Clin Invest. (2011) 121:4700–11. doi: 10.1172/JCI46382

66. Oh, JM, and Ahn, BC. Molecular mechanisms of radioactive iodine refractoriness in differentiated thyroid cancer: Impaired sodium iodide symporter (NIS) expression owing to altered signaling pathway activity and intracellular localization of NIS. Theranostics. (2021) 11:6251–77. doi: 10.7150/thno.57689

67. Boucai, L, Saqcena, M, Kuo, F, Grewal, RK, Socci, N, Knauf, JA, et al. Genomic and transcriptomic characteristics of metastatic thyroid cancers with exceptional responses to radioactive iodine therapy. Clin Cancer Res. (2023) 29:1620–30. doi: 10.1158/1078-0432.CCR-22-2882

68. Landa, I, Ibrahimpasic, T, Boucai, L, Sinha, R, Knauf, JA, Shah, RH, et al. Genomic and transcriptomic hallmarks of poorly differentiated and anaplastic thyroid cancers. J Clin Invest. (2016) 126:1052–66. doi: 10.1172/JCI85271

69. Yoo, SK, Lee, S, Kim, SJ, Jee, HG, Kim, BA, Cho, H, et al. Comprehensive analysis of the transcriptional and mutational landscape of follicular and papillary thyroid cancers. PloS Genet. (2016) 12:e1006239. doi: 10.1371/journal.pgen.1006239

70. Cao, J, Zhu, X, Sun, Y, Li, X, Yun, C, and Zhang, W. The genetic duet of BRAF V600E and TERT promoter mutations predicts the poor curative effect of radioiodine therapy in papillary thyroid cancer. Eur J Nucl Med Mol Imaging. (2022) 49:3470–81. doi: 10.1007/s00259-022-05820-x

71. Yu, P, Qu, N, Zhu, R, Hu, J, Han, P, Wu, J, et al. TERT accelerates BRAF mutant-induced thyroid cancer dedifferentiation and progression by regulating ribosome biogenesis. Sci Adv. (2023) 9:eadg7125. doi: 10.1126/sciadv.adg7125

72. Cabanillas, ME, Ryder, M, and Jimenez, C. Targeted therapy for advanced thyroid cancer: kinase inhibitors and beyond. Endocr Rev. (2019) 40:1573–604. doi: 10.1210/er.2019-00007

73. Ahmadi, S, and Landa, I. The prognostic power of gene mutations in thyroid cancer. Endocrine Connections. (2024) 13:e230297. doi: 10.1530/EC-23-0297

74. Boos, LA, Dettmer, M, Schmitt, A, Rudolph, T, Steinert, H, Moch, H, et al. Diagnostic and prognostic implications of the PAX8-PPARγ translocation in thyroid carcinomas-a TMA-based study of 226 cases. Histopathology. (2013) 63:234–41. doi: 10.1111/his.12150

75. Yoo, S-K, Song, YS, Lee, EK, Hwang, J, Kim, HH, Jung, G, et al. Integrative analysis of genomic and transcriptomic characteristics associated with progression of aggressive thyroid cancer. Nat Commun. (2019) 10:2764. doi: 10.1038/s41467-019-10680-5

76. Nicolson, NG, Murtha, TD, Dong, W, Paulsson, JO, Choi, J, Barbieri, AL, et al. Comprehensive genetic analysis of follicular thyroid carcinoma predicts prognosis independent of histology. J Clin Endocrinol Metab. (2018) 103:2640–50. doi: 10.1210/jc.2018-00277

77. Ganly, I, Makarov, V, Deraje, S, Dong, Y, Reznik, E, Seshan, V, et al. Integrated genomic analysis of hürthle cell cancer reveals oncogenic drivers, recurrent mitochondrial mutations, and unique chromosomal landscapes. Cancer Cell. (2018) 34:256–270.e255. doi: 10.1016/j.ccell.2018.07.002

78. Wang, JR, Montierth, M, Xu, L, Goswami, M, Zhao, X, Cote, G, et al. Impact of somatic mutations on survival outcomes in patients with anaplastic thyroid carcinoma. JCO Precis Oncol. (2022) 6:e2100504. doi: 10.1200/PO.21.00504

79. Capdevila, J, Mayor, R, Mancuso, F, Iglesias, C, Caratù, G, Matos, I, et al. Early evolutionary divergence between papillary and anaplastic thyroid cancers. Ann Oncol. (2018) 29:1454–60. doi: 10.1093/annonc/mdy123

80. Shin, E, and Koo, JS. Cell component and function of tumor microenvironment in thyroid cancer. Int J Mol Sci. (2022) 23:12578. doi: 10.3390/ijms232012578

81. Giannini, R, Moretti, S, Ugolini, C, Macerola, E, Menicali, E, Nucci, N, et al. Immune profiling of thyroid carcinomas suggests the existence of two major phenotypes: an ATC-like and a PDTC-like. J Clin Endocrinol Metab. (2019) 104:3557–75. doi: 10.1210/jc.2018-01167

82. Zhu, L, Li, XJ, Kalimuthu, S, Gangadaran, P, Lee, HW, Oh, JM, et al. Natural killer cell (NK-92MI)-based therapy for pulmonary metastasis of anaplastic thyroid cancer in a nude mouse model. Front Immunol. (2017) 8. doi: 10.3389/fimmu.2017.00816

83. Lu, L, Wang, JR, Henderson, YC, Bai, S, Yang, J, Hu, M, et al. Anaplastic transformation in thyroid cancer revealed by single-cell transcriptomics. J Clin Invest. (2023) 133:e169653. doi: 10.1172/JCI169653

84. Fozzatti, L, and Cheng, SY. Tumor cells and cancer-associated fibroblasts: A synergistic crosstalk to promote thyroid cancer. Endocrinol Metab (Seoul). (2020) 35:673–80. doi: 10.3803/EnM.2020.401

85. Fozzatti, L, Alamino, VA, Park, S, Giusiano, L, Volpini, X, Zhao, L, et al. Interplay of fibroblasts with anaplastic tumor cells promotes follicular thyroid cancer progression. Sci Rep. (2019) 9:8028. doi: 10.1038/s41598-019-44361-6

86. Minna, E, Brich, S, Todoerti, K, Pilotti, S, Collini, P, Bonaldi, E, et al. Cancer associated fibroblasts and senescent thyroid cells in the invasive front of thyroid carcinoma. Cancers (Basel). (2020) 12:112. doi: 10.3390/cancers12010112

87. Yang, Z, Wei, X, Pan, Y, Xu, J, Si, Y, Min, Z, et al. A new risk factor indicator for papillary thyroid cancer based on immune infiltration. Cell Death Dis. (2021) 12:51. doi: 10.1038/s41419-020-03294-z

88. Wen, S, Qu, N, Ma, B, Wang, X, Luo, Y, Xu, W, et al. Cancer-associated fibroblasts positively correlate with dedifferentiation and aggressiveness of thyroid cancer. Onco Targets Ther. (2021) 14:1205–17. doi: 10.2147/OTT.S294725

89. Ryder, M, Ghossein, RA, Ricarte-Filho, JC, Knauf, JA, and Fagin, JA. Increased density of tumor-associated macrophages is associated with decreased survival in advanced thyroid cancer. Endocr Relat Cancer. (2008) 15:1069–74. doi: 10.1677/ERC-08-0036

90. Caillou, B, Talbot, M, Weyemi, U, Pioche-Durieu, C, Al Ghuzlan, A, Bidart, JM, et al. Tumor-associated macrophages (TAMs) form an interconnected cellular supportive network in anaplastic thyroid carcinoma. PloS One. (2011) 6:e22567. doi: 10.1371/journal.pone.0022567

91. Kim, S, Cho, SW, Min, HS, Kim, KM, Yeom, GJ, Kim, EY, et al. The expression of tumor-associated macrophages in papillary thyroid carcinoma. Endocrinol Metab (Seoul). (2013) 28:192–8. doi: 10.3803/EnM.2013.28.3.192

92. Qing, W, Fang, WY, Ye, L, Shen, LY, Zhang, XF, Fei, XC, et al. Density of tumor-associated macrophages correlates with lymph node metastasis in papillary thyroid carcinoma. Thyroid. (2012) 22:905–10. doi: 10.1089/thy.2011.0452

93. Kim, DI, Kim, E, Kim, YA, Cho, SW, Lim, JA, and Park, YJ. Macrophage densities correlated with CXC chemokine receptor 4 expression and related with poor survival in anaplastic thyroid cancer. Endocrinol Metab (Seoul). (2016) 31:469–75. doi: 10.3803/EnM.2016.31.3.469

94. Palacios, LM, Peyret, V, Viano, ME, Geysels, RC, Chocobar, YA, Volpini, X, et al. TIM3 expression in anaplastic-thyroid-cancer-infiltrating macrophages: an emerging immunotherapeutic target. Biol (Basel) 11. (2022) 11(11):1609. doi: 10.3390/biology11111609

95. Luo, Y, Yang, YC, Ma, B, Xu, WB, Liao, T, and Wang, Y. Integrated analysis of novel macrophage related signature in anaplastic thyroid cancer. Endocrine. (2022) 78:517–30. doi: 10.1007/s12020-022-03179-5

96. Cho, JW, Kim, WW, Lee, YM, Jeon, MJ, Kim, WG, Song, DE, et al. Impact of tumor-associated macrophages and BRAF(V600E) mutation on clinical outcomes in patients with various thyroid cancers. Head Neck. (2019) 41:686–91. doi: 10.1002/hed.25469

97. Suzuki, S, Shibata, M, Gonda, K, Kanke, Y, Ashizawa, M, Ujiie, D, et al. Immunosuppression involving increased myeloid-derived suppressor cell levels, systemic inflammation and hypoalbuminemia are present in patients with anaplastic thyroid cancer. Mol Clin Oncol. (2013) 1:959–64. doi: 10.3892/mco.2013.170

98. Condamine, T, Ramachandran, I, Youn, JI, and Gabrilovich, DI. Regulation of tumor metastasis by myeloid-derived suppressor cells. Annu Rev Med. (2015) 66:97–110. doi: 10.1146/annurev-med-051013-052304

99. Wen, L, Gong, P, Liang, C, Shou, D, Liu, B, Chen, Y, et al. Interplay between myeloid-derived suppressor cells (MDSCs) and Th17 cells: foe or friend? Oncotarget. (2016) 7:35490–6. doi: 10.18632/oncotarget.v7i23

100. Xu, B, Zhang, L, Setoodeh, R, Mohanty, AS, Landa, I, Balzer, B, et al. Prolonged survival of anaplastic thyroid carcinoma is associated with resectability, low tumor-infiltrating neutrophils/myeloid-derived suppressor cells, and low peripheral neutrophil-to-lymphocyte ratio. Endocrine. (2022) 76:612–9. doi: 10.1007/s12020-022-03008-9

101. Tran Janco, JM, Lamichhane, P, Karyampudi, L, and Knutson, KL. Tumor-infiltrating dendritic cells in cancer pathogenesis. J Immunol. (2015) 194:2985–91. doi: 10.4049/jimmunol.1403134

102. Harimoto, H, Shimizu, M, Nakagawa, Y, Nakatsuka, K, Wakabayashi, A, Sakamoto, C, et al. Inactivation of tumor-specific CD8⁺ CTLs by tumor-infiltrating tolerogenic dendritic cells. Immunol Cell Biol. (2013) 91:545–55. doi: 10.1038/icb.2013.38

103. Hilly, O, Koren, R, Raz, R, Rath-Wolfson, L, Mizrachi, A, Hamzany, Y, et al. The role of s100-positive dendritic cells in the prognosis of papillary thyroid carcinoma. Am J Clin Pathol. (2013) 139:87–92. doi: 10.1309/AJCPAKYDO56NKMYZ

104. Ugolini, C, Basolo, F, Proietti, A, Vitti, P, Elisei, R, Miccoli, P, et al. Lymphocyte and immature dendritic cell infiltrates in differentiated, poorly differentiated, and undifferentiated thyroid carcinoma. Thyroid. (2007) 17:389–93. doi: 10.1089/thy.2006.0306

105. Kuwabara, K, Nishishita, T, Morishita, M, Oyaizu, N, Yamashita, S, Kanematsu, T, et al. Results of a phase I clinical study using dendritic cell vaccinations for thyroid cancer. Thyroid. (2007) 17:53–8. doi: 10.1089/thy.2006.0178

106. Koga, Y, Matsuzaki, A, Suminoe, A, Hattori, H, and Hara, T. Neutrophil-derived TNF-related apoptosis-inducing ligand (TRAIL): a novel mechanism of antitumor effect by neutrophils. Cancer Res. (2004) 64:1037–43. doi: 10.1158/0008-5472.CAN-03-1808

107. Mahiddine, K, Blaisdell, A, Ma, S, Créquer-Grandhomme, A, Lowell, CA, and Erlebacher, A. Relief of tumor hypoxia unleashes the tumoricidal potential of neutrophils. J Clin Invest. (2020) 130:389–403. doi: 10.1172/JCI130952

108. Finisguerra, V, Di Conza, G, Di Matteo, M, Serneels, J, Costa, S, Thompson, AA, et al. MET is required for the recruitment of anti-tumoural neutrophils. Nature. (2015) 522:349–53. doi: 10.1038/nature14407

109. Knaapen, AM, Seiler, F, Schilderman, PA, Nehls, P, Bruch, J, Schins, RP, et al. Neutrophils cause oxidative DNA damage in alveolar epithelial cells. Free Radic Biol Med. (1999) 27:234–40. doi: 10.1016/S0891-5849(98)00285-8

110. Canli, Ö., Nicolas, AM, Gupta, J, Finkelmeier, F, Goncharova, O, Pesic, M, et al. Myeloid cell-derived reactive oxygen species induce epithelial mutagenesis. Cancer Cell. (2017) 32:869–883.e865. doi: 10.1016/j.ccell.2017.11.004

111. Coussens, LM, and Werb, Z. Inflammation and cancer. Nature. (2002) 420:860–7. doi: 10.1038/nature01322

112. Cho, MJ, Park, KS, Cho, MJ, Yoo, YB, and Yang, JH. A comparative analysis of endoscopic thyroidectomy versus conventional thyroidectomy in clinically lymph node negative thyroid cancer. Ann Surg Treat Res. (2015) 88:69–76. doi: 10.4174/astr.2015.88.2.69

113. Cho, JS, Park, MH, Ryu, YJ, and Yoon, JH. The neutrophil to lymphocyte ratio can discriminate anaplastic thyroid cancer against poorly or well differentiated cancer. Ann Surg Treat Res. (2015) 88:187–92. doi: 10.4174/astr.2015.88.4.187

114. Cristinziano, L, Modestino, L, Loffredo, S, Varricchi, G, Braile, M, Ferrara, AL, et al. Anaplastic thyroid cancer cells induce the release of mitochondrial extracellular DNA traps by viable neutrophils. J Immunol. (2020) 204:1362–72. doi: 10.4049/jimmunol.1900543

115. Yin, M, Di, G, and Bian, M. Dysfunction of natural killer cells mediated by PD-1 and Tim-3 pathway in anaplastic thyroid cancer. Int Immunopharmacol. (2018) 64:333–9. doi: 10.1016/j.intimp.2018.09.016

116. Poli, A, Michel, T, Thérésine, M, Andrès, E, Hentges, F, and Zimmer, J. CD56bright natural killer (NK) cells: an important NK cell subset. Immunology. (2009) 126:458–65. doi: 10.1111/j.1365-2567.2008.03027.x

117. Gogali, F, Paterakis, G, Rassidakis, GZ, Liakou, CI, and Liapi, C. CD3(-)CD16(-)CD56(bright) immunoregulatory NK cells are increased in the tumor microenvironment and inversely correlate with advanced stages in patients with papillary thyroid cancer. Thyroid. (2013) 23:1561–8. doi: 10.1089/thy.2012.0560

118. Wennerberg, E, Pfefferle, A, Ekblad, L, Yoshimoto, Y, Kremer, V, Kaminskyy, VO, et al. Human anaplastic thyroid carcinoma cells are sensitive to NK cell-mediated lysis via ULBP2/5/6 and chemoattract NK cells. Clin Cancer Res. (2014) 20:5733–44. doi: 10.1158/1078-0432.CCR-14-0291

119. Zhang, L, Conejo-Garcia, JR, Katsaros, D, Gimotty, PA, Massobrio, M, Regnani, G, et al. Intratumoral T cells, recurrence, and survival in epithelial ovarian cancer. N Engl J Med. (2003) 348:203–13. doi: 10.1056/NEJMoa020177

120. Teng, F, Meng, X, Kong, L, Mu, D, Zhu, H, Liu, S, et al. Tumor-infiltrating lymphocytes, forkhead box P3, programmed death ligand-1, and cytotoxic T lymphocyte–associated antigen-4 expressions before and after neoadjuvant chemoradiation in rectal cancer. Trans Res. (2015) 166:721–732.e721. doi: 10.1016/j.trsl.2015.06.019

121. Clemente, CG, Mihm, MC Jr., Bufalino, R, Zurrida, S, Collini, P, and Cascinelli, N. Prognostic value of tumor infiltrating lymphocytes in the vertical growth phase of primary cutaneous melanoma. Cancer. (1996) 77:1303–10. doi: 10.1002/(SICI)1097-0142(19960401)77:7<1303::AID-CNCR12>3.0.CO;2-5

122. Sato, E, Olson, SH, Ahn, J, Bundy, B, Nishikawa, H, Qian, F, et al. Intraepithelial CD8+ tumor-infiltrating lymphocytes and a high CD8+/regulatory T cell ratio are associated with favorable prognosis in ovarian cancer. Proc Natl Acad Sci U.S.A. (2005) 102:18538–43. doi: 10.1073/pnas.0509182102

123. Galon, J, Costes, A, Sanchez-Cabo, F, Kirilovsky, A, Mlecnik, B, Lagorce-Pagès, C, et al. Type, density, and location of immune cells within human colorectal tumors predict clinical outcome. Science. (2006) 313:1960–4. doi: 10.1126/science.1129139

124. Cunha, LL, Morari, EC, Guihen, AC, Razolli, D, Gerhard, R, Nonogaki, S, et al. Infiltration of a mixture of immune cells may be related to good prognosis in patients with differentiated thyroid carcinoma. Clin Endocrinol (Oxf). (2012) 77:918–25. doi: 10.1111/j.1365-2265.2012.04482.x

125. Cunha, LL, Marcello, MA, Nonogaki, S, Morari, EC, Soares, FA, Vassallo, J, et al. CD8+ tumour-infiltrating lymphocytes and COX2 expression may predict relapse in differentiated thyroid cancer. Clin Endocrinol (Oxf). (2015) 83:246–53. doi: 10.1111/cen.12586

126. Severson, JJ, Serracino, HS, Mateescu, V, Raeburn, CD, McIntyre, RC Jr., Sams, SB, et al. PD-1+Tim-3+ CD8+ T lymphocytes display varied degrees of functional exhaustion in patients with regionally metastatic differentiated thyroid cancer. Cancer Immunol Res. (2015) 3:620–30. doi: 10.1158/2326-6066.CIR-14-0201

127. Zhou, Y, Guo, L, Sun, H, Xu, J, and Ba, T. CXCR5(+) CD8 T cells displayed higher activation potential despite high PD-1 expression, in tumor-involved lymph nodes from patients with thyroid cancer. Int Immunopharmacol. (2018) 62:114–9. doi: 10.1016/j.intimp.2018.07.002

128. Haugen, BR, Alexander, EK, Bible, KC, Doherty, GM, Mandel, SJ, Nikiforov, YE, et al. 2015 American thyroid association management guidelines for adult patients with thyroid nodules and differentiated thyroid cancer: the American thyroid association guidelines task force on thyroid nodules and differentiated thyroid cancer. Thyroid. (2016) 26:1–133. doi: 10.1089/thy.2015.0020

129. Matsuzu, K, Sugino, K, Masudo, K, Nagahama, M, Kitagawa, W, Shibuya, H, et al. Thyroid lobectomy for papillary thyroid cancer: long-term follow-up study of 1,088 cases. World J Surg. (2014) 38:68–79. doi: 10.1007/s00268-013-2224-1

130. Nixon, IJ, Ganly, I, Patel, SG, Palmer, FL, Whitcher, MM, Tuttle, RM, et al. Thyroid lobectomy for treatment of well differentiated intrathyroid Malignancy. Surgery. (2012) 151:571–9. doi: 10.1016/j.surg.2011.08.016

131. Fugazzola, L, Elisei, R, Fuhrer, D, Jarzab, B, Leboulleux, S, Newbold, K, et al. 2019 European thyroid association guidelines for the treatment and follow-Up of advanced radioiodine-Refractory thyroid cancer. Eur Thyroid J. (2019) 8:227–45. doi: 10.1159/000502229

132. Haugen, BR. 2015 American Thyroid Association Management Guidelines for Adult Patients with Thyroid Nodules and Differentiated Thyroid Cancer: What is new and what has changed? Cancer. (2017) 123:372–81. doi: 10.1002/cncr.30360

133. Aashiq, M, Silverman, DA, Na'ara, S, Takahashi, H, and Amit, M. Radioiodine-refractory thyroid cancer: molecular basis of redifferentiation therapies, management, and novel therapies. Cancers (Basel). (2019) 11(9):1382. doi: 10.3390/cancers11091382

134. Filetti, S, Durante, C, Hartl, DM, Leboulleux, S, Locati, LD, Newbold, K, et al. ESMO Clinical Practice Guideline update on the use of systemic therapy in advanced thyroid cancer. Ann Oncol. (2022) 33:674–84. E.G.C.E.a. clinicalguidelines@esmo.org. doi: 10.1016/j.annonc.2022.04.009

135. Shojaei, F, Lee, JH, Simmons, BH, Wong, A, Esparza, CO, Plumlee, PA, et al. HGF/c-Met acts as an alternative angiogenic pathway in sunitinib-resistant tumors. Cancer Res. (2010) 70:10090–100. doi: 10.1158/0008-5472.CAN-10-0489

136. Zhou, L, Liu, XD, Sun, M, Zhang, X, German, P, Bai, S, et al. and AXL overcomes resistance to sunitinib therapy in renal cell carcinoma. Oncogene. (2016) 35:2687–97. doi: 10.1038/onc.2015.343

137. Fagin, JA, and Wells, SA Jr. Biologic and clinical perspectives on thyroid cancer. N Engl J Med. (2016) 375:2307. doi: 10.1056/NEJMc1613118

138. Aydemirli, MD, van Eendenburg, JDH, van Wezel, T, Oosting, J, Corver, WE, Kapiteijn, E, et al. Targeting EML4-ALK gene fusion variant 3 in thyroid cancer. Endocrine-Related Cancer. (2021) 28:377–89. doi: 10.1530/ERC-20-0436

139. Zhu, L, Ma, S, and Xia, B. Remarkable response to alectinib for metastatic papillary thyroid cancer with STRN-ALK fusion: A case report. Front Oncol. (2022) 12:1009076. doi: 10.3389/fonc.2022.1009076

140. Lamartina, L, Anizan, N, Dupuy, C, Leboulleux, S, and Schlumberger, M. Redifferentiation-facilitated radioiodine therapy in thyroid cancer. Endocr Relat Cancer. (2021) 28:T179–91. doi: 10.1530/ERC-21-0024

141. Ho, AL, Grewal, RK, Leboeuf, R, Sherman, EJ, Pfister, DG, Deandreis, D, et al. Selumetinib-enhanced radioiodine uptake in advanced thyroid cancer. N Engl J Med. (2013) 368:623–32. doi: 10.1056/NEJMoa1209288

142. Jaber, T, Waguespack, SG, Cabanillas, ME, Elbanan, M, Vu, T, Dadu, R, et al. Targeted therapy in advanced thyroid cancer to resensitize tumors to radioactive iodine. J Clin Endocrinol Metab. (2018) 103:3698–705. doi: 10.1210/jc.2018-00612

143. Iravani, A, Solomon, B, Pattison, DA, Jackson, P, Ravi Kumar, A, Kong, G, et al. Mitogen-activated protein kinase pathway inhibition for redifferentiation of radioiodine refractory differentiated thyroid cancer: an evolving protocol. Thyroid. (2019) 29:1634–45. doi: 10.1089/thy.2019.0143

144. Leboulleux, S, Benisvy, D, Taieb, D, Attard, M, Bournaud, C, Terroir-Cassou-Mounat, M, et al. MERAIODE: A phase II redifferentiation trial with trametinib and (131)I in metastatic radioactive iodine refractory RAS mutated differentiated thyroid cancer. Thyroid. (2023) 33:1124–9. doi: 10.1089/thy.2023.0240

145. Burman, B, Tuttle, RM, Grewal, RK, Sherman, EJ, Baxi, SS, Boucai, L, et al. Phase 2 of trametinib plus radioiodine in RAS-mutant and wild-type, radioiodine-refractory thyroid cancer (ETCTN9446). J Clin Oncol. (2022) 40:6089–9. doi: 10.1200/JCO.2022.40.16_suppl.6089

146. Leboulleux, S, Do Cao, C, Zerdoud, S, Attard, M, Bournaud, C, Lacroix, L, et al. A Phase II Redifferentiation Trial with Dabrafenib-Trametinib and 131I in Metastatic Radioactive Iodine Refractory BRAF p.V600E Mutated Differentiated thyroid Cancer. Clin Cancer Res. (2023) 29(13):2401–9. doi: 10.1158/1078-0432.CCR-23-0046

147. Dunn, LA, Sherman, EJ, Baxi, SS, Tchekmedyian, V, Grewal, RK, Larson, SM, et al. Vemurafenib redifferentiation of BRAF mutant, RAI-refractory thyroid cancers. J Clin Endocrinol Metab. (2019) 104:1417–28. doi: 10.1210/jc.2018-01478

148. Rothenberg, SM, Daniels, GH, and Wirth, LJ. Redifferentiation of iodine-refractory BRAF V600E-mutant metastatic papillary thyroid cancer with dabrafenib-response. Clin Cancer Res. (2015) 21:5640–1. doi: 10.1158/1078-0432.CCR-15-2298

149. Weber, M, Kersting, D, Riemann, B, Brandenburg, T, Fuhrer-Sakel, D, Grunwald, F, et al. Enhancing radioiodine incorporation into radioiodine-refractory thyroid cancer with MAPK inhibition (ERRITI): A single-center prospective two-arm study. Clin Cancer Res. (2022) 28:4194–202. doi: 10.1158/1078-0432.CCR-22-0437

150. Groussin, L, Clerc, J, and Huillard, O. Larotrectinib-enhanced radioactive iodine uptake in advanced thyroid cancer. N Engl J Med. (2020) 383:1686–7. doi: 10.1056/NEJMc2023094

151. Chan, HP, Chen, IF, Tsai, FR, Kao, CH, and Shen, DH. Reversing "Flip-flop" Phenomenon of 131 I and glucose avidity in RET-fusion positive radioiodine-refractory thyroid cancer lesions after treatment of pralsetinib. Clin Nucl Med. (2023) 48:e147–8. doi: 10.1097/RLU.0000000000004475

152. Lee, YA, Lee, H, Im, SW, Song, YS, Oh, DY, Kang, HJ, et al. NTRK and RET fusion-directed therapy in pediatric thyroid cancer yields a tumor response and radioiodine uptake. J Clin Invest. (2021) 131:e144847. doi: 10.1172/JCI144847

153. Waguespack, SG, Tewari, SO, Busaidy, NL, and Zafereo, ME. Larotrectinib before initial radioactive iodine therapy in pediatric TRK fusion-positive papillary thyroid carcinoma: time to reconsider the treatment paradigm for distantly metastatic disease? JCO Precis Oncol. (2022) 6:e2100467. doi: 10.1200/PO.21.00467

154. Cabanillas, ME, Busaidy, NL, and Sherman, SI. Redifferentiation therapy-returning to our roots in a post-kinase inhibitor world. Clin Cancer Res. (2022) 28:4164–6. doi: 10.1158/1078-0432.CCR-22-1710

155. Toro-Tobon, D, Morris, JC, Hilger, C, Peskey, C, Durski, JM, and Ryder, M. Clinical outcomes of radioactive iodine redifferentiation therapy in previously iodine refractory differentiated thyroid cancers. Thyroid. (2024) 34:70–81. doi: 10.1089/thy.2023.0456

156. Hatzivassiliou, G, Song, K, Yen, I, Brandhuber, BJ, Anderson, DJ, Alvarado, R, et al. RAF inhibitors prime wild-type RAF to activate the MAPK pathway and enhance growth. Nature. (2010) 464:431–5. doi: 10.1038/nature08833

157. Jin, T, Lavoie, H, Sahmi, M, David, M, Hilt, C, Hammell, A, et al. RAF inhibitors promote RAS-RAF interaction by allosterically disrupting RAF autoinhibition. Nat Commun. (2017) 8:1211. doi: 10.1038/s41467-017-01274-0

158. Rasco, DW, Medina, T, Corrie, P, Pavlick, AC, Middleton, MR, Lorigan, P, et al. Phase 1 study of the pan-RAF inhibitor tovorafenib in patients with advanced solid tumors followed by dose expansion in patients with metastatic melanoma. Cancer Chemother Pharmacol. (2023) 92:15–28. doi: 10.1007/s00280-023-04544-5

159. Yap, JL, Worlikar, S, MacKerell, AD Jr., Shapiro, P, and Fletcher, S. Small-molecule inhibitors of the ERK signaling pathway: Towards novel anticancer therapeutics. ChemMedChem. (2011) 6:38–48. doi: 10.1002/cmdc.201000354

160. Sullivan, RJ, Infante, JR, Janku, F, Wong, DJL, Sosman, JA, Keedy, V, et al. First-in-class ERK1/2 inhibitor ulixertinib (BVD-523) in patients with MAPK mutant advanced solid tumors: results of a phase I dose-escalation and expansion study. Cancer Discovery. (2018) 8:184–95. doi: 10.1158/2159-8290.CD-17-1119

161. Taza, F, Durm, GA, Opyrchal, M, Jalal, SI, Radovich, M, Schneider, BP, et al. A phase 2 basket trial of an ERK1/2 inhibitor (LY3214996) in combination with abemaciclib for patients whose tumors harbor pathogenic alterations in BRAF, RAF1, MAP2K1/2 ERK1/2, and NF1. J Clin Oncol. (2023) 41:e15088–8. doi: 10.1200/JCO.2023.41.16_suppl.e15088

162. Śmiech, M, Leszczyński, P, Kono, H, Wardell, C, and Taniguchi, H. Emerging BRAF mutations in cancer progression and their possible effects on transcriptional networks. Genes (Basel). (2020) 11:1342. doi: 10.3390/genes11111342

163. Hofmann, MC, Kunnimalaiyaan, M, Wang, JR, Busaidy, NL, Sherman, SI, Lai, SY, et al. Molecular mechanisms of resistance to kinase inhibitors and redifferentiation in thyroid cancers. Endocr Relat Cancer. (2022) 29:R173–90. doi: 10.1530/ERC-22-0129

164. Zhang, C, Spevak, W, Zhang, Y, Burton, EA, Ma, Y, Habets, G, et al. RAF inhibitors that evade paradoxical MAPK pathway activation. Nature. (2015) 526:583–6. doi: 10.1038/nature14982

165. Tutuka, CSA, Andrews, MC, Mariadason, JM, Ioannidis, P, Hudson, C, Cebon, J, et al. PLX8394, a new generation BRAF inhibitor, selectively inhibits BRAF in colonic adenocarcinoma cells and prevents paradoxical MAPK pathway activation. Mol Cancer. (2017) 16:112. doi: 10.1186/s12943-017-0684-x

166. Wichmann, J, Rynn, C, Friess, T, Petrig-Schaffland, J, Kornacker, M, Handl, C, et al. Preclinical characterization of a next-generation brain permeable, paradox breaker BRAF inhibitor. Clin Cancer Res. (2022) 28:770–80. doi: 10.1158/1078-0432.CCR-21-2761

167. Piha-Paul, SA, Nagpal, S, Weise, AM, Braiteh, FS, Chen, C, Huang, CQ, et al. A phase 1, multicenter, open-label study of a new BRAF inhibitor ABM-1310 in adult patients (pts) with BRAFv600-mutated solid tumors. J Clin Oncol. (2023) 41:3098–8. doi: 10.1200/JCO.2023.41.16_suppl.3098

168. Delphine, L, Luong, H, Maroua, K, Paul, T, Debra, O, Antonio, DC, et al. Meeting program and abstracts. Thyroid®. (2023) 33:P-1-A-124. doi: 10.1089/thy.2023.29161.lb.abstracts

169. Montero-Conde, C, Ruiz-Llorente, S, Dominguez, JM, Knauf, JA, Viale, A, Sherman, EJ, et al. Relief of feedback inhibition of HER3 transcription by RAF and MEK inhibitors attenuates their antitumor effects in BRAF-mutant thyroid carcinomas. Cancer Discovery. (2013) 3:520–33. doi: 10.1158/2159-8290.CD-12-0531

170. Moretti, S, Menicali, E, Nucci, N, Guzzetti, M, Morelli, S, and Puxeddu, E. THERAPY OF ENDOCRINE DISEASE Immunotherapy of advanced thyroid cancer: from bench to bedside. Eur J Endocrinol. (2020) 183:R41–55. doi: 10.1530/EJE-20-0283

171. French, JD, Kotnis, GR, Said, S, Raeburn, CD, McIntyre, RC Jr., Klopper, JP, et al. Programmed death-1+ T cells and regulatory T cells are enriched in tumor-involved lymph nodes and associated with aggressive features in papillary thyroid cancer. J Clin Endocrinol Metab. (2012) 97:e934–943. doi: 10.1210/jc.2011-3428

172. Ding, J, Li, D, Liu, X, Hei, H, Sun, B, Zhou, D, et al. Chimeric antigen receptor T-cell therapy for relapsed and refractory thyroid cancer. Exp Hematol Oncol. (2022) 11:59. doi: 10.1186/s40164-022-00311-z

173. Edeline, J, Houot, R, Marabelle, A, and Alcantara, M. CAR-T cells and BiTEs in solid tumors: challenges and perspectives. J Hematol Oncol. (2021) 14:65. doi: 10.1186/s13045-021-01067-5

174. Li, H, Zhou, X, Wang, G, Hua, D, Li, S, Xu, T, et al. and potent preclinical activity against differentiated thyroid cancer. J Clin Endocrinol Metab. (2022) 107:1110–26. doi: 10.1210/clinem/dgab819

175. Smallridge, RC, and Copland, JA. Anaplastic thyroid carcinoma: pathogenesis and emerging therapies. Clin Oncol (R Coll Radiol). (2010) 22:486–97. doi: 10.1016/j.clon.2010.03.013

176. Hamidi, S, and Maniakas, A. Recent advances in anaplastic thyroid cancer management. Curr Opin Endocrinol Diabetes Obes. (2023) 30(5):259–64. doi: 10.1097/MED.0000000000000823

177. Chang, CF, Yang, MH, Lee, JH, Shih, SR, Lin, CH, Chen, CP, et al. The impact of BRAF targeting agents in advanced anaplastic thyroid cancer: a multi-institutional retrospective study in Taiwan. Am J Cancer Res. (2022) 12:5342–50.

178. Lorimer, C, Cheng, L, Chandler, R, Garcez, K, Gill, V, Graham, K, et al. Dabrafenib and trametinib therapy for advanced anaplastic thyroid cancer - real-world outcomes from UK centres. Clin Oncol (R Coll Radiol). (2023) 35:e60–6. doi: 10.1016/j.clon.2022.10.017

179. Zhao, X, Wang, JR, Dadu, R, Busaidy, NL, Xu, L, Learned, KO, et al. Surgery after BRAF-directed therapy is associated with improved survival in BRAF(V600E) mutant anaplastic thyroid cancer: A single-center retrospective cohort study. Thyroid. (2023) 33(4):484–91. doi: 10.1089/thy.2022.0504

180. Nazarian, R, Shi, H, Wang, Q, Kong, X, Koya, RC, Lee, H, et al. Melanomas acquire resistance to B-RAF(V600E) inhibition by RTK or N-RAS upregulation. Nature. (2010) 468:973–7. doi: 10.1038/nature09626

181. Bagheri-Yarmand, R, Busaidy, NL, McBeath, E, Danysh, BP, Evans, KW, Moss, TJ, et al. RAC1 alterations induce acquired dabrafenib resistance in association with anaplastic transformation in a papillary thyroid cancer patient. Cancers (Basel). (2021) 13:4950. doi: 10.3390/cancers13194950

182. Cabanillas, ME, Dadu, R, Iyer, P, Wanland, KB, Busaidy, NL, Ying, A, et al. Acquired secondary RAS mutation in BRAF(V600E)-mutated thyroid cancer patients treated with BRAF inhibitors. Thyroid. (2020) 30:1288–96. doi: 10.1089/thy.2019.0514

183. Danysh, BP, Rieger, EY, Sinha, DK, Evers, CV, Cote, GJ, Cabanillas, ME, et al. Long-term vemurafenib treatment drives inhibitor resistance through a spontaneous KRAS G12D mutation in a BRAF V600E papillary thyroid carcinoma model. Oncotarget. (2016) 7:30907–23. doi: 10.18632/oncotarget.v7i21

184. Duquette, M, Sadow, PM, Husain, A, Sims, JN, Antonello, ZA, Fischer, AH, et al. Metastasis-associated MCL1 and P16 copy number alterations dictate resistance to vemurafenib in a BRAFV600E patient-derived papillary thyroid carcinoma preclinical model. Oncotarget. (2015) 6:42445–67. doi: 10.18632/oncotarget.v6i40

185. Corcoran, RB, Ebi, H, Turke, AB, Coffee, EM, Nishino, M, Cogdill, AP, et al. EGFR-mediated re-activation of MAPK signaling contributes to insensitivity of BRAF mutant colorectal cancers to RAF inhibition with vemurafenib. Cancer Discovery. (2012) 2:227–35. doi: 10.1158/2159-8290.CD-11-0341

186. Brauner, E, Gunda, V, Vanden Borre, P, Zurakowski, D, Kim, YS, Dennett, KV, et al. Combining BRAF inhibitor and anti PD-L1 antibody dramatically improves tumor regression and anti tumor immunity in an immunocompetent murine model of anaplastic thyroid cancer. Oncotarget. (2016) 7:17194–211. doi: 10.18632/oncotarget.v7i13

187. Gunda, V, Gigliotti, B, Ashry, T, Ndishabandi, D, McCarthy, M, Zhou, Z, et al. Anti-PD-1/PD-L1 therapy augments lenvatinib's efficacy by favorably altering the immune microenvironment of murine anaplastic thyroid cancer. Int J Cancer. (2019) 144:2266–78. doi: 10.1002/ijc.32041

188. Boudin, L, Morvan, JB, Thariat, J, Metivier, D, Marcy, PY, and Delarbre, D. Rationale efficacy and safety evidence of lenvatinib and pembrolizumab association in anaplastic thyroid carcinoma. Curr Oncol. (2022) 29:7718–31. doi: 10.3390/curroncol29100610

189. Hamidi, S, Iyer, P, Dadu, R, Gule-Monroe, M, Maniakas, A, Zafereo, ME, et al. Checkpoint inhibition in addition to dabrafenib/trametinib for BRAF(V600E) mutated anaplastic thyroid carcinoma. Thyroid. (2024) 34(3):336–46. doi: 10.1089/thy.2023.0573

190.. National Comprehensive Cancer Network Guidelines - Thyroid Carcinoma. National Comprehensive Cancer Network. (2024) 1.2024.

191. Lorch, JH, Barletta, JA, Nehs, M, Uppaluri, R, Alexander, EK, Haddad, RI, et al. A phase II study of nivolumab (N) plus ipilimumab (I) in radioidine refractory differentiated thyroid cancer (RAIR DTC) with exploratory cohorts in anaplastic (ATC) and medullary thyroid cancer (MTC). J Clin Oncol. (2020) 38:6513–3. doi: 10.1200/JCO.2020.38.15_suppl.6513




Publisher’s note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2024 Turner, Hamidi, Ouni, Rico, Henderson, Puche, Alekseev, Colunga-Minutti, Zafereo, Lai, Kim, Cabanillas and Nurieva. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.




REVIEW

published: 07 June 2024

doi: 10.3389/fimmu.2024.1411300

[image: image2]


CAR-T cell therapy in advanced thyroid cancer: from basic to clinical


Zhenhua Sun *†, Chaohui Wang †, Yuyang Zhao and Qingyi Ling


Department of Thyroid and Breast Surgery, Affiliated Hospital of Jiangsu University, Zhenjiang, China




Edited by: 

Lei Tao, Fudan University, China

Reviewed by: 

Thanh Huong Phung, Hanoi University of Pharmacy, Vietnam

William J. Magner, University at Buffalo, United States

*Correspondence: 

Zhenhua Sun
 bjxh100@163.com









†These authors have contributed equally to this work



Received: 02 April 2024

Accepted: 27 May 2024

Published: 07 June 2024

Citation:
Sun Z, Wang C, Zhao Y and Ling Q (2024) CAR-T cell therapy in advanced thyroid cancer: from basic to clinical. Front. Immunol. 15:1411300. doi: 10.3389/fimmu.2024.1411300



The majority of patients with thyroid cancer can attain a favorable prognosis with a comprehensive treatment program based on surgical treatment. However, the current treatment options for advanced thyroid cancer are still limited. In recent years, chimeric antigen receptor-modified T-cell (CAR-T) therapy has received widespread attention in the field of oncology treatment. It has achieved remarkable results in the treatment of hematologic tumors. However, due to the constraints of multiple factors, the therapeutic efficacy of CAR-T therapy for solid tumors, including thyroid cancer, has not yet met expectations. This review outlines the fundamental structure and treatment strategies of CAR-T cells, provides an overview of the advancements in both preclinical investigations and clinical trials focusing on targets associated with CAR-T cell therapy in treating thyroid cancer, and discusses the challenges and solutions to CAR-T cell therapy for thyroid cancer. In conclusion, CAR-T cell therapy is a promising therapeutic approach for thyroid cancer, and we hope that our review will provide a timely and updated study of CAR-T cell therapy for thyroid cancer to advance the field.
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1 Background

Thyroid cancer is the most common malignant tumor of the endocrine system, and its incidence has been increasing significantly year by year; it has become the malignant tumor with the highest incidence rate among women in certain regions (1). The main tissue types are papillary thyroid carcinoma(PTC), follicular thyroid carcinoma (FTC), anaplastic thyroid cancer (ATC), and medullary thyroid cancer (MTC) (2). Due to the expression of sodium iodide symporter (NIS) and thyroid stimulating hormone (TSH)-dependent growth pattern, radioactive iodine 131 (131 I) therapy and TSH suppression therapy are effective in most differentiated thyroid cancers. However, treatment options for recurrent/metastatic differentiated thyroid cancer, poorly differentiated/undifferentiated thyroid cancer, and medullary thyroid carcinoma are still insufficient (3).

CAR-T is one of the methods of adoptive cell transfer therapy (ACT); its main principle is to isolate T cells from patients, use genetic engineering technology to insert a chimeric antigen receptor (CAR) into the T cells that can recognize tumor cells and activate the T cells at the same time, and then infuse the expanded CAR-T cells back into the patients and attack the target cells expressing the relevant antigens without relying on the major histocompatibility complex (MHC) (4). As an active medication, CAR-T cell immunotherapy has significantly advanced the treatment of cancer, especially hematologic malignancies. In August 2017, the U.S. Food and Drug Administration (FDA) approved Novartis’ Kymriah, the world’s first CAR-T cell therapy product for the treatment of hematologic malignancies, for the treatment of refractory and relapsed B-cell acute lymphoblastic leukemia (B-ALL) patients (5). The successful application in hematologic malignancies has driven extensive research on CAR-T cell therapy in refractory and relapsed solid malignancies. Several basic studies and clinical trials have demonstrated that CAR-T cell therapy has significantly progressed in thyroid cancer (6). This comprehensive review will present the most recent advancements in CAR-T therapy for thyroid cancer, covering topics such as the biological foundation of CAR-T, ongoing clinical studies, obstacles encountered, and potential solutions to these obstacles.




2 Principles of CAR-T therapy and basic structure of CAR-T

T cells depend on the attachment of T cell receptor (TCR) on their surface to antigens presented by MHC molecules on the cell membrane for identifying various cells (7). However, tumor cells evade T cell recognition and killing by reducing or losing MHC expression (8). Conventional ACT approaches, such as tumor-infiltrating lymphocyte (TIL) therapy and T-cell receptor-engineered T-cell (TCR-T) therapy, which recognize only MHC-delivered antigens, may be limited by down-regulation or mutation of MHC molecules of the tumor cells, thus evading immune surveillance, which has certain limitations in the clinic (9, 10). To overcome the limitations of MHC, a promising approach is to modify T cells using CAR to acquire specificity for specific antigenic epitopes, thus enhancing the antigen recognition and activation function of T cells (11). Compared with natural T-cell surface receptors, CAR confers HLA-independent recognition of tumor antigens on T cells, which traditional cellular overlay therapies have unmatched advantages. The U.S. FDA has approved six CAR-T cell therapy medications to treat hematologic cancers (Table 1) (18).


Table 1 | FDA approves CAR-T therapeutics.



The typical structure of CAR consists of four parts (Figure 1A), including the extracellular antigen recognition structural domain, the spacer region, the transmembrane structural domain, and the intracellular signaling structural region (19). The extracellular antigen recognition structural domain is the single chain variable fragment (ScFv), which is the key part of CAR-T to recognize tumor antigen targets and can recognize tumor-associated antigen (TAA) or tumor-specific antigen (TSA). The spacer region, also known as the hinge region, together with ScFv, forms the extracellular structural domain. The transmembrane domain is considered the most important structural feature and generally consists of dimeric membrane proteins that anchor the CAR to the T cell and connect to the intracellular signaling domain (20, 21).




Figure 1 | (A) The typical structure of CAR consists of four parts, including the extracellular antigen recognition structural domain, the spacer region, the transmembrane structural domain, and the intracellular signaling structural region. (B) The development of CAR through the generations, from the first to the fifth generation.



Depending on the design of intracellular signaling structural domains for different purposes, CAR has undergone an evolution from the first to the fifth generation (Figure 1B) (22). The extracellular structural domain scFv of first-generation CARs is connected to the intracellular signaling motif CD3ζ through a transmembrane structural domain, which cannot transduce proliferative signals and induce cytokine production due to the absence of co-stimulatory molecule expression, rendering the T-cells unable to increase continuously in vivo, The therapeutic effect of tumor-killing is not apparent (23). The second-generation CARs add a co-stimulatory structural domain to its predecessor by adding a co-stimulatory molecule such as CD28, CD137, or an inducible co-stimulatory molecule (ICOS), which allows the T cells to proliferate and release cytokines even in the absence of exogenous co-stimulatory molecules, which can increase the immune memory effect and killing activity (24). Third-generation CARs contain two co-stimulatory structural domains, CD28, CD137, CD134, and ICOS, designed to further enhance signaling capabilities and anti-tumor responses (25, 26). However, it has been shown that the third-generation CART cell-killing activity did not gain significant enhancement, probably because the activation signal generated by a single co-stimulatory molecule in T lymphocytes has reached the threshold, and simply adding co-stimulatory structural domains in quantity will not further enhance the activation effect of CAR on T cells (27). The fourth generation of CAR, also called T cells redirected for universal cytokine-mediated killing (TRUCKs) (28), introduces the activated intra-nuclear factor of T cells (NFAT) based on the previous generation, which can be used to promote the further activation of CAR-T cells in the tumor microenvironment through the production of a series of cytokines, such as interleukin-12 (IL-12), or to add suicide genes or chemokine receptor structures on the structure of CAR-T cells to avoid off-target effects and increase the infiltration of T cells in tumor tissues (29), thus achieving enhanced killing effects on solid tumors. The addition of suicide genes or chemokine receptors to the CAR-T structure can help to avoid off-target effects and increase the infiltration of T-cells in tumor tissues, thus enhancing the killing effect of solid tumors. Based on the second-generation CAR structure, the fifth-generation CAR incorporates co-stimulatory domains that trigger additional signaling pathways, such as the IL-2 receptor β-chain fragment (IL-2Rβ). When the CAR-T cells target tumor antigens, activating the receptor specific to the antigen can activate the downstream JAK-STAT signaling pathway, increasing T-cell proliferation, survival, and anti-tumor activity. While a thorough assessment of the safety and effectiveness of fifth-generation CARs is necessary, their promising potential for advancement has been demonstrated (4, 30).




3 CAR-T treatment process

CAR-T cell therapy undergoes the following processes (Figure 2A): First, blood is extracted from the patient and non-specific T cells are isolated, the isolated T cells are enriched and activated, and then CAR gene transfer is performed using a viral or non-viral vector system that inserts CARs on the surface of the T cells that recognize relevant tumor antigens (31). The reconstructed T cells are cultured and expanded in vitro, and finally, the screened and quality-controlled CAR-T cells are infused back into the patient’s body to fight against tumor cells (32). Even though this type of autologous CAR-T cells can successfully evade rejection, the procedure not only requires an extensive preparation period but also comes with a high price tag.”Off-the-shelf” CAR-T cells made from allogeneic T cells are a new alternative (Figure 2B) (33, 34). The process begins with the isolation of T lymphocytes from a healthy donor, followed by the transfer and expansion of the CAR gene into the T cells via a viral vector, and finally, quality control, packaging, and frozen storage. Theoretically, allogeneic CAR-T cells are similar to “medicines” and can be used by patients at any time. However, it also faces challenges such as immune rejection and low durability (35).




Figure 2 | (A) The process of treating malignant tumors with CAR-T cells prepared from autologous T cells. (B) CAR-T cells are prepared from T cells of allogeneic origin.






4 Targeting of CAR-T cells for the treatment of thyroid cancer

Tumor antigens can be classified into two groups based on their specificity: TSAs and TAAs (36). Since solid tumors often lack TSA, we have to choose TAA as the target in CAR-T cell design, and solid tumor TAA is expressed on the surface of both tumor cells and normal tissue cells in different degrees. Although this CAR-T target design mode has a certain tumor-killing effect, it is also prone to an “off-target effect”, resulting in serious and long-lasting damage to normal tissues and organs. This “off-target effect” is the main difficulty limiting CAR-T therapy’s clinical application for solid tumors (37). In past research on CAR-T therapy for solid tumors, we tried to avoid tissue-specific antigens in the target screening to avoid the damage of CAR-T cells to normal tissues. Currently, the main clinical treatment strategy for thyroid cancer is to surgically remove the tumor and normal thyroid tissues, followed by oral thyroid hormone replacement therapy (38). Based on this treatment strategy, in selecting CAR-T targets for thyroid cancer, tissue-specific targets expressed on the surfaces of both normal and cancerous thyroid cells can be selected, such as thyroid stimulating hormone receptor (TSHR) and glial-derived neurotrophic factor receptor α4 (GDNFRα4, GFRα4).In addition, non-tissue-specific targets such as carcinoembryonic antigen (CEA), intercellular cell adhesion molecule-1 (ICAM-1), and B7-H3 (CD26), a member of the B7 family of immune checkpoint proteins, are also the main research directions of the current CAR-T cell therapy for thyroid cancer. In the following sections, we will discuss in detail the pre-clinical studies and selected clinical trials of these targets (Table 2).


Table 2 | Ongoing clinical trials of CAR-T therapy for different targets in thyroid cancer.





4.1 TSHR

TSHR is expressed on the basolateral membrane of thyroid follicular cells and is a member of the transmembrane protein superfamily, G-protein-coupled receptors (41). The development of thyroid cells and their differentiation, as well as the production and release of thyroid hormones, are controlled by TSHR through its interaction with thyrotropin. Research conducted in the past has demonstrated the presence of TSHR in both healthy thyroid tissue and thyroid tumors (42).

Li et al. reported for the first time that TSHR showed good efficacy and safety as a target for CAR-T cell therapy in DTC (40). The researchers first validated the expression of TSHR in tissues and found that TSHR was highly expressed in DTC and low in ATC. Meanwhile, TSHR expression remained high in cervical lymph nodes and refractory thyroid cancer tissues, while it was largely absent in other normal tissues. Given that long-term culture may lead to the transformation of existing differentiated thyroid cancer cell lines into TSHR-deficient types, the researchers constructed TSHR-highly expressing cell lines for in vitro experiments. By using pre-existing TSHR antibodies, the researchers screened for scFv capable of targeting TSHR and obtained TSHR CAR-T cells by lentiviral transfection of T cells. After the successful construction, no significant change in the CD4+/CD8+ cell ratio was observed, indicating that the CAR structure was not significantly toxic to the autoimmune system, and the excellent killing effect of CAR-T cells on target cells was evaluated. The research team further established a thyroid cancer model in NSG mice to validate the anti-tumor effect of TSHR CAR-T cells. The outcomes demonstrated that in mice receiving TSHR-CAR-T cell therapy, the tumor volume was considerably decreased. After treatment, the TSHR CAR-T cells increased in vivo on days 20 and 34. By monitoring the behavior of the mice and examining their major organs, no significant toxic reactions were observed. Based on this study, a phase I clinical trial entitled “Clinical Study of the Safety and Efficacy of dPD-1 (TSHR+CD19) CART Cells in the Treatment of Relapsed Refractory Thyroid Cancer” has been conducted, which has been completed, and the results have not yet been reported.

2022 Ding et al. reported a clinical case of TSHR+CD19 dual-targeted CAR-T cells to treat one case of recurrent refractory thyroid cancer (43). A female patient with poorly differentiated thyroid cancer received a TSHR+CD19 CAR-T cell infusion. Imaging on day 30 after infusion suggested no tumor progression and partial remission occurred on day 90. Dynamic monitoring of the patient’s in vivo CAR-T cell proliferation revealed that the number of CAR-T cells continued to increase after infusion, reaching a peak on day six and remaining detectable for three months. The patient died of a lung infection on day 141 post-infusion, but the efficacy of thyroid cancer treatment was still evaluated as a partial remission (PR) before the patient’s death. Overall, TSHR+CD19CAR-T cells expanded well in vivo in humans and have promising efficacy with aggressive control of adverse effects.




4.2 ICAM−1

ICAM-1, a cell surface glycoprotein and adhesion receptor, belongs to the immunoglobulin superfamily and is found on various cells. It plays a crucial role in controlling the migration of white blood cells from the bloodstream to inflammatory areas. It involves essential physiological processes such as cell signaling and activation, immune response, and inflammatory response. Some studies have shown that ICAM-1 expression is increased in a variety of tumors, including thyroid, pancreatic, and breast cancers, and is involved in biological processes such as tumor invasion and metastasis (44, 45). Previous studies have shown that CAR-T cells constructed against overexpressed ICAM-1 have excellent anti-tumor efficacy and safety and thus are expected to be a target for tumor CAR-T therapy (46–48).

In 2017, Min et al. reported the first study of CAR-T therapy for thyroid cancer utilizing ICAM-1 as a target (49). In vitro experiments, ICAM-1 CAR-T cells demonstrated efficient killing effects on ICAM-1-expressing papillary thyroid cancer and undifferentiated cancer cell lines. As verified by the metastatic tumor animal model constructed in NSG mice, ICAM-1, CAR-T significantly inhibited the growth of tumor cells and exhibited durable anti-tumor activity, prolonging the survival of mice. In addition, the killing effect of autologous ICAM-1 CAR-T on thyroid malignant tumor cells in vivo and in vitro was verified. Studies in cytotoxicity revealed that ICAM-1 CAR-T had no significant killing effect on non-tumor cells and that endogenously expressed ICAM-1 had no significant adverse effect on the autoimmune system. After infusing ICAM-1 CAR-T cells into immunodeficient mice, no significant damage was observed to essential tissues such as lungs and livers. In summary, CAR-T cell therapy for refractory and recurrent thyroid cancer has significant potential with ICAM-1 as a target.

In follow-up studies, Min and his team optimized the production process of ICAM-1 CAR-T cells, improved the cell structure, and conducted an in-depth evaluation of their efficacy and safety. This ultimately provided sufficient preparation for developing phase I clinical trials (50). In 2020, AffyImmune Therapeutics, Inc. of the U.S. is conducting a Phase I clinical trial of ICAM-1 CAR-T cells for the treatment of patients with relapsed/refractory poorly-differentiated thyroid cancer and patients with BRAF wild-type undifferentiated thyroid to evaluate the safety and tolerability of its product AIC100, the trial is expected to last until June 2024. Reports from this preclinical trial indicated that AIC100 amplified well in ATC and PTC patients, demonstrated an excellent safety profile, and effectively killed tumors (51, 52).




4.3 GFRα4

GFRα4 is a member of the glial-derived neurotrophic factor (GDNF) family of receptors alpha expressed in normal and malignant medullary thyroid cells in humans. When GFRα4 binds specifically to the GDNF family ligand persephin (PSPN), it induces phosphorylation of RET proteins, activating downstream signaling pathways and exerting its physiological effects (53). Given the restricted expression profile of GFRα4 in MTC (54), it may be a potential specific and relevant antigenic target for CAR-T treatment of MTC.

A study by Bhoj et al. reported that GFRα4 expression in humans is restricted to parafollicular thyroid cells and was detected in the tumors of all MTC patients tested (55). Due to the lack of specific monoclonal antibodies, the investigators performed a structural screen of scFv against GFRα4 isoforms and successfully obtained GFRα4 CAR-T cells by lentiviral transfection of T cells. In vitro experiments verified the specificity of the CAR structure binding to GFRα4 and observed that cells expressing the CAR structure could be activated by MTC cells. Further studies showed that the GFRα4 CAR-T had a killing effect on MTC cell lines and leukemia cell lines with high expression of GFRα4 and secreted IL-2 and interferon γ (IFN-γ). In in vivo experiments, the researchers found that GFRα4 CAR-T cells could effectively inhibit tumor growth in the constructed MTC cell line NSG mouse xenograft animal model. However, GFRα4 CAR-T cells expanded to a greater extent, possibly related to off-target effects. In terms of in vivo toxicity, GFRα4 CAR-T cells exhibited toxicity against the skin of NSG mice, but no significant toxicity manifestation was observed in other tissues and organs. Further studies showed that, unlike mouse epithelial cells, human epithelial cells, as well as other cells except for MTC, could not activate GFRα4 CAR-T cells. The skin toxicity may result from the off-target response of CAR to unknown antigens in mice but not human keratinocytes. Subsequent studies humanized scFv and validated its specific binding to GFRα4 as well as its efficacy in vitro and in vivo and skin toxicity (56). In 2021, the University of Pennsylvania initiated a Phase I clinical trial of single-stranded scFv CAR-T cells targeting GFRα4 for the treatment of recurrent or metastatic MTC to evaluate the safety and feasibility of the product and to find the maximum safe dose, with a trial cut-off date expected to be June 2039 (39).




4.4 CEA

CEA is a tumor-associated antigen, initially thought to be a proteoglycan complex present in colon cancer and normal embryonic intestines, and later shown to be widely present in digestive tumors of endodermal origin. Its expression is positively correlated with the malignancy of the cancer. It is also found in trace amounts in the blood of ordinary people, so CAR-T therapy targeting CEA needs to consider its possible adverse effects (57). CAR-T cell therapy targeting CEA has demonstrated significant efficacy in early studies and clinical trials against metastatic liver cancer, colorectal cancer, and other tumors (58). Erickson et al. (59)reported the design and synthesis of a CAR-T cell targeting CEA for targeted therapy against MTC. The results of in vitro experiments clarified the binding ability of CEA CAR-T cells to their target. They confirmed that these cells had a significant killing effect on CEA-expressing positive MTC cells but not CEA-negative ones. In addition, high levels of IFN-γ, tumor necrosis factor (TNF), and IL-2 expression also demonstrated the practical killing effect of CEA CAR-T cells on target cells. The killing ability of CEA CAR-T cells against CEA-expressing positive MTC cells was further validated by an animal model of MTC established in NSG mice. However, its safety still needs to be further evaluated. No relevant clinical trials for CEA CAR-T cell therapy against MTC have been registered.




4.5 B7-H3

B7-H3, an immunological checkpoint protein belonging to the B7 family, is expressed significantly in a range of primary malignancies and exhibits restricted expression in normal tissues (60). As a co-stimulatory molecule, B7-H3 provides a second signal in T-cell proliferation and activation. However, its effects on T-cells appear to have multiple effects. Recent research indicates that B7-H3 plays a key role in immune evasion, tumor spread, angiogenesis, and resistance to treatment in cancers. This suggests that targeting B7-H3 could be a promising strategy for tumor immunotherapy, particularly in MTC (61). The utilization of the pan-cancer antigen B7-H3 as a target for CAR-T cells has demonstrated effective preclinical activity in the treatment of a variety of malignant tumors. Duan et al. designed a CAR-T cell targeting B7-H3 (62), which tandemly linked fragment of antigen binding (Fab) and natural TCR intracellular signaling structural domains to form a novel Fab CAR, which recognizes MHC-independent tumor antigens and mimics the natural activation process of endogenous TCR. This design effectively addresses the problem of premature T-cell depletion. The study findings indicated that Fab CAR-T cells could efficiently target cancerous cells of the human follicular thyroid and induce cytotoxic effects. Unfortunately, the experiment was not evaluated for safety in animal studies. Further animal experiments are needed to evaluate the safety of Fab CAR-T cells, which will help to comprehensively evaluate their efficacy and potential application prospects.




4.6 Other potential targets

In addition to the targets mentioned above, no additional studies on CAR-T cell therapy for thyroid cancer have been reported. Based on the principles of CAR construction (63), we speculate that pan-tumor markers such as NIS, thyroglobulin(Tg), thyroid peroxidase(TPO), proto-oncogene tyrosine-protein kinase receptors(RET), calcitonin(CT), protein kinase B(PKB), telomerase reverse transcriptase (TERT), and the kinetochore element Ndc80 could be potential targets for thyroid cancer immunotherapy (59, 64). However, further preliminary studies and clinical trials need to validate these speculations.





5 Challenges and strategies for CAR-T cell therapy for thyroid cancer

Despite demonstrating potential in both preclinical research and clinical trials as a treatment for thyroid cancer, the application of CAR-T cell therapy continues to encounter numerous obstacles. These challenges mainly include the lack of specific antigens and tumor heterogeneity, deficient infiltration of CAR-T cells within tumors, immunosuppression of the tumor microenvironment (TME), and toxic side effects of CAR-T cells (65, 66). To address these issues, researchers have proposed strategies to promote further CAR-T cell therapy’s use in treating solid tumors.



5.1 Specific antigen deficiency and tumor heterogeneity

A key factor in immune cell therapy’s remarkable success in treating hematologic tumors is its ability to target well-defined, uniformly expressed, and tumor cell-specific antigens. In contrast, in solid tumor therapy, fewer TSAs are present, mostly TAA, and these antigens are not only expressed in tumor cells but can also be found in normal tissues, thus increasing the risk of off-targeting (36). In addition, the heterogeneity of expression intensity and distribution exhibited by solid tumor antigens in the immune microenvironment makes it challenging to ensure efficacy even when ideal targets are identified (67, 68). In addition to searching for and developing new targets with higher specificity, the lack of specific antigens can be addressed by modifying CAR-T cells to improve their ability to recognize tumor antigens. Wendell A Lim’s team implanted the synNotch system in CAR-T cells. Under the regulation of synNotch, CARs recognizing the relevant TAA will only be expressed on T cells migrating into tumors and will not attack cells in normal tissues, improving the specificity of CAR-T recognition of antigens (66). In addition, various traditional epigenetic modulators have been shown to modulate antigen density, thereby increasing the sensitivity of CAR-T to antigen recognition. For example, Decitabine, a DNA methylation transferase inhibitor, can enhance the specific recognition and killing effect of MUC1 CAR-T by upregulating the expression of MUC1 antigen on pancreatic cancer cells (69). Various strategies for modifying CARs have been developed to target antigenic heterogeneity in solid tumors, one of which is the simultaneous targeting of multiple tumor antigens to provide a higher level of antigen recognition ability for infused immune cells, such as dual-targeted tandem CARs recognizing EpCAM and ICAM-1 (70), and triple-targeted CARs targeting three antigens, namely, HER2, IL-13Rα2, and EphA2, at the same time (71). Secondly, EGFRvIII -CAR-T cells that secrete bispecific T-cell engager (BiTE) targeting EGFR can circumvent toxicity and improve anti-tumor efficacy against heterogeneous glioblastoma (72). These approaches have shown better efficacy in preclinical models.




5.2 Inefficient transit of CAR-T cells in thyroid cancer therapy

Infiltration of immune cells into the tumor site is a prerequisite for their effector function. The highly abnormal vascular and stromal structures in the microenvironment of solid tumors are thought to be the main factors hindering the infiltration of CAR-T cells. Tumor vasculature usually exhibits an irregular shape with varying degrees of collapse, whereas the tumor stroma is much denser. These two constitute a physical barrier resulting in brutal penetration of CAR-T cells (73). In addition, some solid tumors inhibit the secretion of specific chemokines. The interaction of chemokines with their receptors promotes the migration of T cells to the tumor microenvironment (74). Concurrently, CAR-T cells also lack pertinent surface receptors that correspond to the chemokines released by solid tumors, resulting in inadequate CAR-T cell infiltration at tumor sites. Recent studies targeting chemokines have opened up new possibilities for CAR-T cell infiltration of solid tumors. Overexpression of chemokines by pretreatment of tumors with chemotherapeutic agents or modification of CAR-T cells can increase endogenous immune cell infiltration at the tumor site (75). Similarly, modification of the chemokine receptors CXCR1/CXCR2/CXCR5 to the surface of CAR-T cells can increase cellular transport within the tumor and anti-tumor efficacy (76–78). Modification of CAR-T cells by strategies targeting the tumor stroma, such as using ECM-degrading agents such as acetyl heparinase or fibroblast activating proteins (79, 80), enhances their ability to penetrate physical barriers and thus increases aggregation in solid tumors. In addition, multidisciplinary cross-fertilization opens up new ideas to break the dilemma of insufficient immune cell infiltration in the tumor microenvironment, such as intratumoral injection (81), implantable scaffolds (82), and special biomaterials delivery (83), etc., which can enable the infused immune cells to be delivered to the tumor site more efficiently and effectively and target the tumor as well as reduce the off-target effect.




5.3 Immunosuppression of the tumor microenvironment

TME is a microenvironment that promotes the growth of cancer cells and consists of tumor cells, inflammatory cells, fibroblasts, mesenchymal tissues, and various cytokines. CAR-T cells can reach their destination directly after entering the blood circulation for hematologic tumors (74). However, for solid tumors, the tumor microenvironment not only has a physical barrier to inhibit T-cell infiltration but also contains a variety of immunosuppressive cells and immune checkpoints (84). This environment predisposes CAR-T cells to poor migration and persistence, impaired cellular function, and cellular exhaustion, thus failing to kill tumor cells effectively (85). Low-dose chemotherapy, a primary pretreatment strategy in present-day clinical CAR-T therapy, can potentially alter the tumor’s immune microenvironment. This modification can heighten CAR-T effectiveness through the removal of immunosuppressive cells (86, 87). In addition, studies have shown that CAR-T efficacy can be improved by modifying CARs to release immunostimulatory cytokines (88) or by interfering with immunosuppressive cytokines and inhibitory signaling pathways to counteract TME-induced immunosuppression (89). Immune checkpoints present an alternative solution for assisting CAR-T cells in overcoming the immunosuppressive conditions within solid tumors (90). Combining programmed death 1(PD-1) blockers with CAR-T cells that target ICAM1 enhances the efficacy of eliminating ICAM1-expressing thyroid tumor cells compared to using only CAR-T therapy (91). In addition to combining immune checkpoint inhibitors, it is also possible to construct CAR with anti-programmed cell death-Ligand 1 (PD-L1) scFv sequences (92), which are CAR-T cells that kill tumor cells while also blocking the PD-1/PD-L1 signaling pathway to release the immunosuppressive state.




5.4 CAR-T cell therapy-related toxicity

While CAR-T cell therapy has demonstrated revolutionary potential in cancer treatment, its elevated toxicity rates have hindered its widespread adoption as a primary clinical intervention, with the main types of toxicity being targeted tumor toxicity, non-tumor-targeted toxicity, off-target toxicity, and neurotoxicity (93). In addition, the FDA’s latest announcement states that all approved CAR-T cell therapy products targeting BCMA or CD19 carry a malignant risk of secondary T-lymphoblastic neoplasms (94). However, this risk has not been reported in solid tumors. Several approaches have been developed in recent years to address the issue of toxicity, including modification of CAR-T cell structure, modification of CAR-transduced T cells, implementation of a CAR “off switch,” or introduction of a suicide gene. By modifying the modular structure of CAR-T cells, it is possible to reduce their affinity for antigens, thus avoiding targeting normal tissues, and at the same time regulating the secretion of cytokines and reducing the immunogenicity of CAR, to achieve the purpose of controlling the toxicity of CAR-T cell therapy (95–97). Mitigation of CAR-T cell toxicity can also be achieved by implementing an “off switch” or introducing a suicide gene that selectively reduces genetically modified cells upon the occurrence of an adverse event by treatment with a secondary inducer, e.g., by inducing caspase 9 (iCasp9) and CD20 as a safety switch to remove CAR-T cells by rituximab treatment. Shikinumab treatment removes CAR-T cells, thereby reducing their toxicity (98). Another promising approach involves using the tyrosine kinase inhibitor Dasatinib to reversibly activate T cells by inhibiting proximal TCR signaling kinases (99). T-cell activation is ensured while reducing toxicity.





6 Conclusion and outlook

Currently, immunotherapy is not yet used as a conventional treatment for thyroid cancer. Still, for those patients who are in advanced stages of the disease and for whom other treatments have not been effective, novel therapeutic regimens, represented by CAR-T, may offer a new avenue for them and clinical practitioners. The purpose of this article is to review the development of CAR-T cell therapy for thyroid cancer from basic research to clinical trials. In preclinical studies, CAR-T cells constructed with antigens such as TSHR, ICAM-1, GFRα4, B7-H3, and CEA demonstrated anti-tumor effects. Still, only three antigens have entered clinical trials, and some relevant results have not yet been published. Further, fundamental studies and clinical trials are required to refine the CAR architecture for improved T cell activation, recognition specificity, anti-tumor activity, and safety control to achieve a reliable cure for solid tumors such as thyroid cancer. Finding optimal signaling and co-stimulation regions to enhance CAR-T therapy efficacy is crucial. In addition, there is a need to overcome the immunosuppressive tumor microenvironment with additional modifications to CAR-modified T cells. Establish standard clinical protocols, including patient pretreatment, cytokine support, and other potential combination therapies (100, 101). Through these efforts, we expect to make reliable advancements in CAR-T cell therapy in thyroid cancer and provide better treatment options for patients.
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Case report: Immunotherapy-based combination therapy achieving complete remission and prolonged survival in nasopharyngeal carcinoma with extensive bone marrow metastasis
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Nasopharyngeal carcinoma with bone marrow metastasis presents a rare and challenging clinical scenario associated with exceedingly poor prognosis. While standard treatment regimens offer limited efficacy and tolerability in such cases, individualized approaches are increasingly necessary. We present the case of a 64-year-old male diagnosed with recurrent nonkeratinizing undifferentiated nasopharyngeal carcinoma with extensive bone marrow metastasis (rTxN0M1). Treatment was initiated with immunotherapy-based combination therapy, consisting of pembrolizumab and low-dose cisplatin, which resulted in an initial response. Subsequently, there was a transition to standard-dose nab-paclitaxel-cisplatin chemotherapy in combination with pembrolizumab, followed by maintenance therapy with pembrolizumab plus fruquintinib. The patient achieved a sustained response with renormalization of tumor markers, imaging findings, and bone biopsies, resulting in complete remission. This case highlights the successful management of nasopharyngeal carcinoma with extensive bone marrow metastasis through an individualized treatment approach incorporating immunotherapy.
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1 Introduction

Nasopharyngeal carcinoma (NPC) is a rare malignancy in most regions worldwide but exhibits a high incidence in southern China (1). Early-stage and locally advanced NPC are typically managed with radical radiotherapy, sometimes complemented by concurrent or induction chemotherapy (2). For NPC with distant metastasis, systemic therapy is the cornerstone of management. While there is no curative treatment available for patients with distant metastasis, the overall prognosis has improved due to the advancement of treatment regimens, transitioning from cisplatin-based combination chemotherapy to chemotherapy combined with immune checkpoint inhibitors (3–6).

To detect metastases in NPC, fluorine-18 fluorodeoxyglucose (FDG) positron emission tomography/computed tomography (FDG-PET/CT) is widely used due to its high diagnostic accuracy. A previous meta-analysis has indicated an overall accuracy exceeding 90% for the detection of nodal and distant metastases (7).

However, bone marrow metastasis from NPC is rare, and the prognosis for these patients is exceedingly poor (8–10). Due to the severe complications associated with bone marrow metastasis, patients are typically ineligible for standard first-line regimens. Individualized therapy is a sensible choice for such patients.

Here, we present a case of recurrent NPC with extensive bone marrow metastasis. The patient underwent immunotherapy-based combination therapy, resulting in a sustained response and prolonged survival.




2 Case presentation

A 64-year-old male patient presented with progressive lumbar and right hip pain and was admitted to our hospital on September 20, 2022. He was diagnosed with stage III nonkeratinizing undifferentiated NPC (cT3N2M0) 21 months prior. The in situ hybridization (ISH) test for Epstein-Barr virus-encoded RNA (EBER) showed a positive result. He received two cycles of cisplatin plus fluorouracil induction chemotherapy, followed by radical radiotherapy with concurrent cisplatin chemotherapy. Post-treatment evaluation confirmed complete remission. By July 2022, the patient experienced impaired mobility due to right hip pain. FDG-PET/CT revealed diffuse bone FDG uptake [maximum standardized uptake value (SUVmax) 15.6] with a pathological fracture of right femoral neck and multiple parailiac lymphadenopathies showing increased FDG uptake (SUVmax 13.8) (Figure 1A). On August 12, 2022, he underwent right hip tumor resection and artificial femoral head replacement in another hospital. Histological examination of the resected hip joint suggested undifferentiated squamous cell carcinoma invasion (EBER ISH positive). The level of plasma Epstein-Barr virus DNA (EBV-DNA) was below the limit of detection. Oncogenetic testing indicated a tumor mutational burden of 1.03 mutations per Mb unit, and a microsatellite stable status. Two weeks post-surgery, the patient developed anemia and thrombocytopenia, which worsened during subsequent follow-up. Consequently, the patient sought treatment at our center 39 days after the artificial femoral head replacement surgery.




Figure 1 | FDG-PET/CT images of the patient. (A) The pre-treatment scan (July 2022) revealed diffuse bone FDG uptake (SUVmax 15.6) and multiple lymph node enlargements adjacent to the right iliac vessels (yellow arrow) showing increased FDG uptake (SUVmax 13.8). (B) The scan before the 5th cycle of treatment (February 2023) revealed a significant reduction in bone FDG uptake (SUVmax 5.3) and regression of the enlarged lymph nodes (yellow arrow). (C) The scan conducted at the 14th month post-treatment initiation (November 2023) showed normal systemic bone FDG uptake and no evidence of disease. FDG, fluorine-18 fluorodeoxyglucose; PET/CT, positron emission tomography/computed tomography; SUVmax, maximum standardized uptake value.



On admission, the physical examination revealed the patient was totally confined to bed due to limited mobility following surgery and weakness, with a low-grade fever and signs of anemia. Blood tests revealed a hemoglobin level of 71 g/L, a platelet count of 54*10^9/L, and a white blood cell count of 8.62*10^9/L (Figure 2A). Serum levels of cytokeratin 19 fragment (71.50 ng/ml) and neuron-specific enolase (139.00 ng/ml) were elevated, while the levels of other tumor markers were within the normal range (Figure 2B). Particularly noteworthy was the serum lactate dehydrogenase level, which was elevated to 3000 U/L (Figure 2B). The patient was initially treated with analgesics, nutritional support, empirical anti-infective therapy, subcutaneous denosumab for bone metastasis, and subcutaneous recombinant human thrombopoietin plus interleukin-11 for thrombocytopenia.




Figure 2 | Curves of key laboratory tests. (A) Hemoglobin level (orange) and platelet count (blue). Arrows indicate the timing of antitumor treatment. (B) Serum levels of neuron-specific enolase (orange), cytokeratin 19 fragment (gray), and lactate dehydrogenase (blue). HB, hemoglobin; PLT, platelet; NSE, neuron-specific enolase; Cyfra21–1, cytokeratin 19 fragment; LDH, lactate dehydrogenase.



Considering the possibility of bone marrow metastasis, the patient underwent bone marrow aspiration and biopsy from the left posterior superior iliac spine on the third day of admission. The bone marrow smear revealed infiltration of malignant tumor cells (Figure 3A). The bone marrow tissue biopsy confirmed metastasis of undifferentiated carcinoma with elevated PD-L1 expression (combined positive score 80) (Figures 3B-D). The EBER ISH test of the bone marrow tissue biopsy was negative, but immunohistochemistry staining showed positive results for p40 and p63. The patient was diagnosed with bone marrow metastasis from NPC, necessitating urgent anti-tumor therapy. However, a repeat blood test revealed contraindications for chemotherapy, with a hemoglobin level of 70 g/L and a platelet count of 38*10^9/L (Figure 2A). Consequently, a tailored regimen was initiated, consisting of pembrolizumab (200 mg intravenous infusion on day 1) and low-dose cisplatin (40 mg intravenous infusion on day 2).




Figure 3 | Hematoxylin-eosin (H&E) staining and immunohistochemical evaluation of the bone marrow aspiration and biopsy. (A) H&E staining of the pre-treatment bone marrow smear. (B) H&E staining of the pre-treatment bone marrow biopsy. (C, D) Immunohistochemical evaluation of P40 and PD-L1 for the pre-treatment bone marrow biopsy. (E, F) H&E staining of the bone marrow smear and biopsy obtained at the 12th month post-treatment. (G, H) H&E staining of the bone marrow smear and biopsy obtained at the 14th month post-treatment.



Over the next two months after starting treatment, the patient experienced recurrent episodes of declining hemoglobin and platelet count, with the hemoglobin dropping to a minimum of 44 g/L and the platelet count reaching a minimum of 46*10^9/L (Figure 2A). He received transfusions of red blood cell suspension and continued treatment for thrombocytopenia with recombinant human thrombopoietin. Fortunately, the patient experienced substantial pain relief, and tumor markers decreased significantly from pre-treatment levels (cytokeratin 19 fragment and neuron-specific enolase levels dropped to 24.90 ng/ml and 23.20 ng/ml, respectively) (Figure 2B). The patient received a second dose of pembrolizumab 60 days after the first cycle. Due to anemia and thrombocytopenia, cisplatin infusion was discontinued in the second cycle. After cycle 2, the patient’s platelet count and hemoglobin level gradually recovered after a transient decline (Figure 2A). On day 18 of the second cycle, the hemoglobin level increased to 71 g/L, and the platelet count rose to 131*10^9/L. The cytokeratin 19 fragment level dropped to 8.05 ng/ml, and neuron-specific enolase decreased to within the normal range. Serum lactate dehydrogenase level also decreased significantly to 878 U/L (Figure 2B).

Subsequently, the regimen was escalated to standard dosing, which consisted of pembrolizumab (200 mg intravenous infusion on day 1 every 3 weeks), nab-paclitaxel (125mg/m2 intravenous infusion on days 1 and 8 every 3 weeks), and cisplatin (75mg/m2 intravenous infusion on days 1 every 3 weeks). Before the start of cycle 5, a tumor evaluation was conducted. Compared to the pre-treatment level, FDG-PET/CT revealed a significant reduction in bone FDG uptake and regression of the lymph nodes adjacent to the right iliac vessels, indicating a partial response (Figure 1B). Treatment was continued with the same regimen. After six cycles of pembrolizumab plus standard-dose chemotherapy, chemotherapy was discontinued, and pembrolizumab was continued as maintenance therapy. However, considering the bone FDG uptake identified in the latest FDG-PET/CT scan, low-dose fruquintinib (3 mg on days 1–14 every 3 weeks) was added to prevent disease progression. The maintenance therapy has been continuously administered until present without any severe adverse events.

At months 12 and 14 post-treatment initiation, bone marrow aspiration biopsies were performed at the left and right posterior superior iliac spine, respectively, revealing no tumor cells on pathology (Figures 3E-H). Furthermore, at the 14th month, FDG-PET/CT scan showed a normal systemic bone FDG uptake and normal-sized lymph nodes adjacent to the right iliac vessel, confirming complete remission (Figure 1C). During the course of the disease, the results of plasma EBV-DNA tests were all below the limit of detection. To date, the patient has achieved a progression-free survival (PFS) of 18 months.




3 Discussion

NPC is endemic to southern China (1). Distant metastasis occurs in 6% to 8% of initially diagnosed patients and 15% to 30% of those who have received treatment, posing a significant challenge to oncologists (2, 11). Before the era of immunotherapy, cisplatin-based chemotherapy served as the standard first-line treatment for these patients. The GEM20110714 phase III study reported a median overall survival (OS) of 22.1 months in patients with recurrent or metastatic NPC treated with gemcitabine plus cisplatin (3). The 5-year OS probability was only 31.0%. Later, checkpoint inhibitor immunotherapy was compared to chemotherapy in the KEYNOTE-122 study. The results demonstrated no improvement in OS but a reduced incidence of treatment-related adverse events with pembrolizumab monotherapy (12). Combining checkpoint inhibitor immunotherapy with chemotherapy significantly improved PFS and OS compared to chemotherapy alone. The JUPITER-02 study compared toripalimab with placebo in combination with gemcitabine-cisplatin chemotherapy for patients with recurrent or metastatic NPC who were chemotherapy-naïve. In the toripalimab group, the median PFS was 21.4 months, and median OS was not reached, compared to 8.2 months PFS and 33.7 months OS in the placebo group (5). The addition of several other checkpoint inhibitors to chemotherapy also demonstrated benefits in PFS, while OS data are still under investigation (4, 6). Consequently, the combination of immunotherapy and chemotherapy is now the first-line treatment for patients with recurrent or metastatic NPC.

However, the standard combination treatment may not be suitable for patients with NPC exhibiting extensive bone marrow metastasis. Bone marrow metastasis is a poor prognostic factor in all non-hematologic malignancies (13). Patients with bone marrow metastasis typically lack specific clinical manifestations and commonly exhibit symptoms such as anemia, thrombocytopenia, bone pain, and bleeding tendencies (14). Since bone marrow aspiration is not a routine test for solid tumors, most patients have already experienced diffuse tumor invasion in the bone marrow at the time of diagnosis. At this stage, many patients have developed fatal complications, such as severe myelosuppression, infection, and disseminated intravascular coagulation (13). This creates a treatment dilemma: these patients may struggle to tolerate the side effects of standard-dose chemotherapy. Conversely, without effective antitumor treatment, the patient’s condition will rapidly deteriorate. Given the complexities associated with bone marrow metastasis in NPC, a tailored and individualized treatment strategy is imperative.

FDG-PET/CT exhibits excellent diagnostic performance in the N and M staging of NPC (7). In patients with locally advanced squamous cell carcinoma of the head and neck, FDG-PET/CT holds significant value in altering the overall staging, determining the radiation therapy target area, and assessing the therapeutic effects (15). Conducting FDG-PET/CT promptly when there is clinical suspicion of metastasis can help improve the prognosis (16). As for bone marrow metastasis, successful and early identification of interval bone marrow oligometastasis can also be achieved through the use of FDG-PET/CT (17).

Reports on NPC with bone marrow metastasis are rare, and the prognosis for these patients is extremely poor. In 1991, Zen et al. reported five cases of NPC with bone marrow metastasis (10). The median survival of the patients was only 16 days, with the longest survivor living for only 3 months. Berry et al. reported a case with bone marrow metastasis in primary NPC, and the patient survived for only 2 weeks (9). Miyaushiro et al. reported a patient with NPC and bone marrow metastasis treated with weekly paclitaxel therapy (8). The patient showed a partial response and survived for 8 months, indicating that low-dose chemotherapy may be an option to improve patients’ conditions when they cannot tolerate standard-dose chemotherapy. To our knowledge, the best reported outcome for NPC with bone marrow metastasis comes from a case reported by Zhang et al., involving a 44-year-old male patient. He achieved symptom relief and long-term survival following an initial treatment of chemotherapy plus cetuximab and a maintenance therapy of capecitabine plus PD-1 inhibitor sintilimab. At the time of the article’s publication, the patient’s survival had reached 16 months. The case highlights the role of combination therapy (18).

Compared to chemotherapy, immunotherapy has mild hematologic toxicity and is better tolerated, facilitating the management of adverse events in patients with compromised performance status (12). In addition, preclinical studies provided evidence on the immunomodulation effect of cisplatin (19). As shown in the present case, initiating treatment with immunotherapy combined with a reduced dose of cisplatin allows for a balance between efficacy and toxicity. Once the patient’s condition improves, the chemotherapy dose can be gradually increased to the standard level, enabling further remission.

For NPC with diffuse metastasis, systemic therapy is often the first-line treatment. The present case underwent artificial femoral head replacement in another center before starting systemic antitumor treatment considering the existence of pathological fracture of right femoral neck. In our opinion, making such decisions should be prudent because the recovery from surgery can postpone prompt chemotherapy and immunotherapy. A multidisciplinary consultation should be strongly recommended in this process.

This report documents another successful case of managing bone marrow metastasis from NPC through immunotherapy-based combination therapy. As of the current report, the patient has attained an overall survival of 18 months, and continues to survive with no evidence of disease. Nevertheless, several challenges and uncertainties emerge regarding the management of such cases. Studies have shown the effectiveness of various immune checkpoint inhibitors when combined with chemotherapy in advanced NPC (4–6). However, the optimal combination remains unclear. Moreover, determining the regimen for maintenance therapy poses challenges. In most clinical trials of chemotherapy combined with immunotherapy for the treatment of advanced NPC, maintenance therapy typically involved immune checkpoint inhibitor monotherapy after its combination with 4–6 cycles of chemotherapy. However, the unmeasurable nature of bone marrow metastasis makes it difficult for early detection of disease progression. Delayed diagnosis of disease progression may render patients unable to tolerate second-line therapy due to complications from bone marrow metastasis. In our case, FDG-PET/CT scans performed 4 months before the end of chemotherapy still showed increased bone marrow FDG uptake. Given the risk of disease progression, we administered immunotherapy in combination with fruquintinib, a vascular endothelial growth factor receptor - tyrosine kinase inhibitor (VEGFR-TKI). This decision was based on preliminary evidence from a phase II study suggesting the efficacy of VEGFR-TKI plus anti-PD-1 therapy in patients with advanced NPC (20). Notably, the maintenance therapy led to complete remission in this case, with no severe adverse events occurring.

In summary, our case indicates that checkpoint inhibitor immunotherapy-based combination therapy is an effective and well-tolerated treatment for patients with NPC with bone marrow metastasis.
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Human papilloma virus (HPV) is an etiological factor of head and neck squamous cell carcinoma (HNSCC). To investigate the role of HPV antigen in anti-tumor immunity, we established mouse models by expressing HPV16 E6 and E7 in a SCC tumor cell line. We obtained two HPV antigen-expressing clones (C-225 and C-100) transplantable into C57BL/6 recipients. We found that C-225 elicited complete eradication in C57BL/6 mice (eradicated), whereas C-100 grew progressively (growing). We examined immune tumor microenvironment (TME) using flow cytometry and found that eradicated or growing tumors exhibited differential immune profiles that may influence the outcome of anti-tumor immunity. Surprisingly, the percentage of CD8 and CD4 tumor-infiltrating lymphocytes (TILs) was much higher in growing (C-100) than eradicated (C-225) tumor. However, the TILs upregulated PD-1 and LAG-3 more potently and exhibited impaired effector functions in growing tumor compared to their counterparts in eradicated tumor. C-225 TME is highly enriched with myeloid cells, especially polymorphonuclear (PMN) myeloid-derived suppressor cells (MDSC), whereas the percentage of M-MDSC and tumor-associated macrophages (TAMs) was much higher in C-100 TME, especially M2-TAMs (CD206+). The complete eradication of C-225 depended on CD8 T cells and elicited anti-tumor memory responses upon secondary tumor challenge. We employed DNA sequencing to identify differences in the T cell receptor of peripheral blood lymphocytes pre- and post-secondary tumor challenge. Lastly, C-225 and C-100 tumor lines harbored different somatic mutations. Overall, we uncovered differential immune TME that may underlie the divergent outcomes of anti-tumor immunity by establishing two SCC tumor lines, both of which express HPV16 E6 and E7 antigens. Our experimental models may provide a platform for pinpointing tumor-intrinsic versus host-intrinsic differences in orchestrating an immunosuppressive TME in HNSCCs and for identifying new targets that render tumor cells vulnerable to immune attack.
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Introduction

Head and neck cancers (HNC) arise from the mucosal surfaces of the upper aerodigestive tract, and present as one of commonest types of cancer in the US and worldwide (1). Head and neck squamous cell carcinomas (HNSCCs) constitute 90% of all HNC (1, 2) and exhibit a high morbidity and mortality rate with a 5-year survival rate of ~50% (3). HNSCCs frequently associate with mutagens (e.g., tobacco or alcohol) or human papilloma virus (HPV) (4–6), thereby categorized as HPV− or HPV+ HNSCCs. Oncogenic HPV subtypes (16 and 18) play a key role in the etiology of a subset of HNSCC, particularly those arising in the oropharynx (7–9). The incidence of HPV+ oropharyngeal HNSCC is rapidly rising (10). In the US, two-thirds of HNSCC patients with oropharynx cancer have HPV+ tumors (11). HPV+ HNSCC generally has a more favorable prognosis than HPV− HNSCC (7, 11). Nevertheless, given the rapid rising of HPV+ HNSCC cases, it is important to develop new therapeutic strategies to treat HPV+ HNSCCs more effectively. HPV infection has been strongly associated with HNSCC development. A cohort of patients is unable to clear the HPV infection, which may lead to disease persistence, chronic inflammation and carcinogenesis (12). However, how HPV leads to HNSCC development in the context of adaptive immunity and the role of HPV antigen in mediating anti-tumor immunity remains incompletely understood.

The outcome of anti-tumor immunity can be highly heterogeneous with some hosts capable of eradicating their tumors while others succumbing to tumor progression. Despite extensive prior studies, the mechanisms underlying the heterogeneity of anti-tumor immune responses remain elusive. A deeper understanding of such mechanisms may have a positive impact on developing more effective personalized cancer immunotherapy. Human HNSCC samples exhibit a wide range of mutational burden and infiltration of immune cells including tumor-infiltrating myeloid cells in the tumor microenvironment (TME) (13–16). In general, HNSCC samples present with an immunosuppressive TME manifested with a high level of tumor-infiltrating myeloid cells such as tumor-associated macrophage (TAMs) and myeloid-derived suppressor cells (MDSCs) (16). It has been established that the two subsets of MDSCs, namely, M-MDSC (monocytic-MDSC) and PMN-MDSC (polymorphonuclear-MDSC), may play a pivotal role in immune suppression during tumorigenesis (17). Our prior studies also identified the infiltration of M-MDSC and PMN-MDSC in the TME of various mouse models of HNSCCs including KPPA tumor and A223 tumor (18–20).

It is well-known that HNSCC patients mount heterogeneous anti-tumor immune responses, evidenced by a highly variable level of T cell infiltration before treatment (21, 22). However, it is very difficult to model such heterogeneity in human patients due to uncontrollable variables including completely different genetic backgrounds, distinct immune systems, and vastly different tumors. Thus, a well-controlled mouse model may facilitate the investigation of mechanistic differences in anti-tumor immune responses in different individuals. To establish a mouse model that mimics HPV+ HNSCCs, we introduced HPV16 E6 and E7 into a mouse squamous cell carcinoma (SCC) line and generated two subclones, both of which express HPV16 E7 antigens (C-225 and C-100). Surprisingly, we found that C-225 and C-100 elicited completely different outcomes when transplanted into C57BL/6 recipient mice with C-225 eradicated and C-100 progressing aggressively. Complete eradication was dependent on CD8 T cells. We examined immune TME using flow cytometry and found that eradicated or growing tumors exhibited differential immune profiles that may influence the outcome of anti-tumor immunity. Our experimental models may provide a platform for elucidating tumor-intrinsic vs. host-intrinsic differences in setting up an immunosuppressive TME in HNSCCs and for discovering new targets that render tumor cells vulnerable to immune attack.





Materials and methods




Transfection and PCR

The plasmids containing the E6/E7 cDNA (pB-actin E6 E7, Catalog No. 13712, Addgene, USA) were transfected into the parental (A1419) cell line using the Amaxa™ 4D-Nucleofector™ Protocol for Normal Human Epidermal Keratinocytes (NHEK) (P3 Primary Cell 4D-Nucleofector™ X Kit, Program DS-138). A GFP-containing plasmid was co-transfected according to the manufacturer’s protocol. The GFP-positive cells were sorted using a cell sorter (Beckman Coulter MoFlo Astrios High Speed Sorter) into 96 well plates (single cell per well) and cultured to establish single clones of stable cell lines. To confirm the presence of E7 cDNA, genomic DNA isolated from the subclones was screened using PCR with the forward primer 5’-GAACCGGACAGAGCCCATTA-3’ and reverse primer 5’-TCTGAGAACAGATGGGGCAC-3’. The resultant PCR products were run on agarose gel and visualized using the G: Box Chemi-XX6 platform (Syngene, Frederick, MD). E7 positive clones were identified.

MEER, C-225 and C-100 tumor cell lines were used for the detection of E6 transcript. Total RNA was purified with Trizol reagent (Catalog15596026, Invitrogen). For each cDNA synthesis reaction, total template RNA (1μg) was used according to manufacturer’s instructions using Revert Aid First Strand cDNA Synthesis Kit (K1622, Thermo Scientific) followed by real-time PCR. Briefly, the reaction mixture contained 4μL of diluted cDNA (1:20) sample, 0.2μM Primers and 5μl of SYBR green mix. PCRs were performed in Light Cycler 480II (Roche, Basel, Switzerland). The primers and PCR reaction condition were listed in Supplementary Table 3. For quantification, percentage of E6 transcript/beta-actin was calculated based on the equation 100 × 2Ct(beta-actin)-Ct (E6) and presented. Negative control was also included with each set of reactions, which contains all PCR reagents other than cDNA.





Western blot and cell culture

Cells were harvested and lysed using a lysis buffer containing Tris-base (50 mM, pH 7.5), EDTA (1 mM), NaCl (150 mM), Sodium orthovanadate (2 mM), Sodium Fluoride (4 mM), Triton-X100 (1%), SDS (0.1%), and Sodium deoxycholate (0.5%). The lysate was incubated on ice for 30 min, and centrifuged at 12,000 rpm at 4°C for 10 min. The supernatant was collected, and protein concentration was quantified using a Pierce BCA protein assay kit (Catalog No. 23228, Thermo Scientific). The cellular protein (120μg) was loaded onto 12% gel and separated by SDS-PAGE (Bio-Rad, Hercules, CA). The separated proteins on SDS-PAGE were transferred onto nitrocellulose membranes (1620112, Bio-Rad). The membranes were blocked with 6% dried skimmed milk and subsequently probed with specific primary antibodies (anti-HPV16 E7 or anti-β-actin) followed by HRP-conjugated secondary antibodies (Supplementary Table 1). Protein bands were visualized using ECL Plus (Cytiva) on the G:Box Chemi-XX6 platform (Syngene, Frederick, MD).

Tumor cells were cultured in DMEM medium (Gibco, Thermo Fisher Scientific, USA) supplemented with 10% heat-inactivated FBS (fetal bovine serum) (Biowest, USA), antibiotic-antimycotic 100× (Gibco, Thermo Fisher Scientific, USA), and HEPES (Corning, USA) at 37°C CO2 incubator (5%). Cells were dissociated with trypsin (0.05%) (Gibco, Thermo Fisher Scientific, USA) and used for various experiments.





In vivo animal studies, tumor injection, and histology

Wild-type (WT) C57BL/6 (B6) female mice were purchased from Charles River (6–8 weeks old). CD8-KO mice were purchased from Jackson Laboratory (JAX stock #002665) and genotyping PCR was performed as described on the JAX website (https://www.jax.org/Protocol?stockNumber=002665&protocolID=28916). All mice were maintained under specific pathogen-free conditions in the UPMC Hillman Cancer Center Animal Facility (Pittsburgh, PA). Animal work was approved by the Institutional Animal Care and Use Committee (IACUC) of University of Pittsburgh.

C-225 and C-100 tumor cells were cultured and trypsinized as described above. Cells were resuspended in sterile PBS and Matrigel (Corning, US) in a 1:1 ratio (50% PBS: 50% Matrigel). Subsequently, 2×106 tumor cells (in a final volume of 100μL) were injected subcutaneously into the flank regions of each mouse. Tumor growth was monitored by measuring tumor volume (TV) with calipers and TV was calculated with the formula (length×width2)/2. C-225 tumors were harvested on day 7 when TV reached the maximal size, and C-100 tumors were collected on day 7 or day 30 after tumor inoculation. For histology analysis, tumors were fixed in 10% neutral-buffered formalin and submitted to Pitt Biospecimen Core/TARPS (University of Pittsburgh) for H&E staining. H&E slides were scanned, and images were captured using Keyence Digital Microscope (BZ-X810) (Magnification 20×).





Flow cytometry

Single-cell suspensions were prepared from spleens or tumors harvested in culture medium from tumor-bearing mice as described previously (18). Briefly, tumors were finely cut and digested using Liberase DL (50μg/mL) (Roche, USA) for 30 mins at 37°C. The digested tumors or processed spleens were filtered through cell strainers, 70μm or 40μm, respectively. The red blood cells (RBC) in the single-cell suspensions were lysed using ACK lysis buffer (Quality Biological, USA), and neutralized with medium. Cells were washed and centrifuged at 1500 rpm for 5 mins at 4°C. The single-cell suspension was either stained for surface markers (see Ab List in Supplementary Table 1) or stimulated for intracellular cytokine staining (ICS). For ICS stimulation, the single-cell suspension of spleens or tumors was stimulated with ionomycin (650nM) and phorbol 12-myristate 13-acetate (PMA) (40nM) in the presence of Brefeldin A solution (1×) (BFA) (Catalog No. 347688, BD Biosciences, San Jose, CA, USA) in DMEM culture medium supplemented with β-mercaptoethanol (100µM) for 4 hrs at 37°C. Cells were first stained for LIVE/DEAD Fixable Aqua Dead Cell Stain (Invitrogen, Waltham, MA, USA) and blocked with TruStain FcX CD16/32 (BioLegend, San Diego, CA, USA) according to manufacturer’s instructions. Flow antibodies were employed at the concentrations according to the manufacturer’s recommendations. For ICS, Cytofix/CytoPerm buffer kit (BD Biosciences) was used to fix and permeabilize cells according to manufacturer’s instructions. Data were acquired on BD Fortessa and analyzed with FlowJo™ software (FLOWJO, Oregon, USA).





Cell proliferation assay

The proliferation of C-225 and C-100 tumor cells was examined using CellTrace™ Violet Cell Proliferation Kit (Cat. No., C34557 Thermo Fischer Scientific) according to the manufacturer’s protocol. Cells were trypsinized and washed with PBS. Subsequently, 1×106 cells were resuspended in 5µM CellTrace Violet in PBS, incubated in the dark at room temperature (RT) for 20 mins, neutralized by adding culture medium, and followed by 5 mins incubation at RT in the dark. Labeled cells were washed with medium and 4×104 cells were seeded onto the culture plates (12 well) in triplicates. Cultured cells were harvested on day 0, day 1, day 2, and day 3, stained for live/dead cells using LIVE/DEAD™ Fixable Green Dead Cell Stain Kit (Cat. No. L23101, Invitrogen) and stored at 4°C in 1% paraformaldehyde until flow cytometry analysis. All samples collected on specified days were run on BD Fortessa on day 3 of cell culture. Data were analyzed using FlowJo™ software (FLOWJO, Oregon, USA).





Whole exome sequencing and TCRβ sequencing

The genomic DNA samples were isolated from tumor cell lines including parental A1419, C-225 & C-100, and the DNA purity and concentration were determined by NanoDrop™ OneC (Thermo Fisher Scientific). DNA samples were submitted to Innomics for WES. Library prep was sequenced on DNBseq platform, and the read length was pair-end 150bp. Sequencing reads were analyzed as described previously (19). Raw reads underwent standard preprocessing steps: BWA alignment, sorting, marking duplicates and base quality score recalibration by using GATK (version 4.2.2.0). Two variant-calling pipelines, GATK Mutect2 function and BCFtools mpileup function were applied to identify tumor-specific variants using parental A1419 as normal control and C-100 or C-225 as tumor, respectively. Unique variants per cell line were annotated for SNPs and amino acid (protein) changes by tool SnpEff and SnpSift (23). For the first pipeline (GATK), further filtering was performed with FilterMutectCalls function after annotation and only passed variants were included. For the second pipeline (BCFtools), passed variants were defined as tumor total count >= 10, tumor alternative count >= 4, tumor alternative rate >= 0.1 and normal alternative rate <= 0.05. Variants with high or moderate impact were included that may alter protein functions or effectiveness.

PBMCs were isolated from peripheral blood samples collected from C-225 tumor-bearing mice (n=7) on day 102 (pre-PBMC) and day 116 (post-PBMC) after the first tumor inoculation. Each mouse has 2 samples sequenced including pre- and post-PBMC. In total, 14 samples were sequenced for 7 tumor-bearing mice. RBC was lysed as described above, and genomic DNA was purified and used for TCRβ sequencing with ImmunoSEQ platform by Adaptive Biotechnologies. ImmunoSEQ Analyzer was employed to retrieve, process, and track the TCRβ sequencing data. The data was further analyzed using R version 4.3.0 as described previously (24). Clonal proportion and clonotype tracking were analyzed with Immunarch (1.0.0) in R version 4.2.0.






Results




Generation of two HPV-antigen expressing SCC subclones that elicit opposite outcomes when transplanted in vivo

To establish a mouse model that can mimic HPV+ HNSCCs, we transfected HPV16 E6 and E7 cDNA into a SCC cell line (A1419) that was generated previously by 4-NQO induction (20). Upon transfection, we obtained two subclones, C-100 and C-225, which harbor E7 and E6 antigen confirmed by PCR (Figure 1A, data not shown), western blotting for E7 protein (Figure 1B) and real-time PCR for E6 transcript (Supplementary Figure 1). We used mEER cell line as a positive control, which was transformed by H-Ras and expressed HPV16 E7 antigen (25). Next, we transplanted C-225 and C-100 into wildtype (WT) B6 mice to test the tumor growth pattern in vivo. C-100 tumor grew out progressively in all of the recipient mice (Figure 1C). Surprisingly, we observed that the mice transplanted with C-225 tumor cells developed tumors initially; however, 100% of WT B6 recipient mice eliminated the tumor spontaneously without any intervention (Figures 1D, G). To confirm the initial tumor development upon C-225 injection, we performed H&E histological assessment of tumor samples collected at 4 or 7 days after tumor inoculation. We indeed observed the presence of tumor cells and C-225 tumors were characterized as moderately-to-poorly differentiated SCC (Figure 1E).




Figure 1 | Generation of two SCC subclones eliciting opposite outcomes when transplanted in vivo. (A) Detection of E7 DNA. Representative gel image showing PCR products of E7 amplicons in C-100, C-225, and mEER (positive control) but not in parental A1419 tumor cells (negative control). (B) Detection of E7 protein. E7 protein expression detected by western blotting in mEER (positive control), C-100, and C-225 but not in parental A1419 tumor cells (negative control). (C, D) Tumor growth curve of C-100 (C) or C-225 (D) in WT B6 recipient mice. Tumor cells (2×106) were inoculated at the flank region of WT B6 mice (n=9 for C-100; n=6 for C-225). (E) H&E analysis of C-225 tumors. Tumor samples were collected on day 4 and day 7 after tumor inoculation. Top panel: scan of the entire slides; Bottom panel: enlarged images of the selected region (black square in top panel). Magnification: 20×. (F) Tumor growth curve of first and secondary challenge with C-225 tumor cells. WT B6 mice (n=6) that rejected the first tumor challenged were re-challenged again on day 52 after the first tumor inoculation. (G, H) Percentage of recipient mice eradicating or succumbing to C-225 tumors. The percentage of WT B6 (n=13) (H) or CD8-KO (n=16) (G) mice that eradicated C-225 tumors or succumbed to tumor progression. (I) Tumor growth curve of CD8-KO recipient mice (n=8).



To test whether tumor eradication is mediated by adaptive immunity, we determined if mice that eradicated C-225 tumors develop immunological memory against C-225 tumors. We re-challenged a cohort of mice that had previously eradicated C-225 tumors with C-225 tumor cells and found that all of them eradicated tumors again with slightly faster kinetics (Figure 1F). To further test whether CD8 T cells play a critical role in mediating tumor eradication, we injected C-225 tumor cells into CD8-/- mice and found that a fraction of these mice failed to eliminate tumors (Figures 1H, I), demonstrating that CD8 T cells were essential for complete tumor eradication. However, we also found that a portion of these mice were able to eliminate C-225 tumor (Figure 1H), and these data suggest that other immune cells such as CD4 T cells can also mediate tumor eradication. Overall, we conclude that C-225 tumor elicited complete eradication, which depends on CD8 T cells and induces an immunological memory response that quickly cleared a second tumor challenge.





Characterization of CD4 and CD8 tumor-infiltrating lymphocytes in the immune TME of C-225 vs. C-100 tumors

To better understand how C-100 (growing) and C-225 (eradicated) elicited opposite outcomes of anti-tumor immunity, we performed flow cytometry analysis to characterize CD4 and CD8 TILs in the TME. As controls, we analyzed the splenocytes collected from tumor-bearing (TB) mice with C-100 or C-225. The single-cell suspension of the TB spleen control, C-100 and C-225 tumors was stained with antibodies for CD4 and CD8 and gated on the CD45+ population (a marker for hematopoietic cells) to differentiate hematopoietic cells from other cell lineages (Supplementary Figures 2A-D). Surprisingly, we found that the percentage of CD4 and CD8 TILs within CD45+ population was significantly higher in C-100 than in C-225 tumors (Figures 2A, B).




Figure 2 | Characterization of CD4 and CD8 TILs in the TME of C-225 vs. C-100 tumors. Flow cytometry analysis was performed for spleen controls from tumor-bearing (TB) mice or CD4 and CD8 TILs from C-225 (n=7) or C-100 (n=12) tumors for all panels. Tumor and spleen samples were collected on day 7 or day 30 post-tumor injection, for C-225 or C-100, respectively. (A) Representative flow plots of CD4 and CD8 T cells in TB spleen (top panel) and tumors (bottom panel). (B) Quantification of the percentage of CD4+ or CD8+ T cells in CD45+ population of spleen controls, C-225 and C-100 tumors. (C-H) Differential expression of immune checkpoint molecules in CD8 T cells. Splenic CD8 T cells and CD8 TILs from C-100 and C-225 tumors were stained with anti-PD1 and anti-LAG-3 Abs. Representative flow plots are shown for CD8 vs. PD-1 (C), CD8 vs. LAG-3 (D), or PD-1 vs. LAG-3 (gated on CD8+ T cells) (E). (F, G) Quantification of the percentage of CD8 T cells expressing different immune checkpoints in TB splenic control and tumors including PD-1 or LAG-3 (F) or both PD-1 and LAG-3 (G). (H) A lower level of PD-1 expression in CD8 TILs of C-225 tumors shown by the MFI of PD-1. Statistical significance was calculated with an unpaired t-test; **P < 0.01, ***P < 0.001, **** <0.0001.



To evaluate the expression level of immune checkpoint molecules, we performed flow cytometry analysis by comparing TB splenic control and CD8 TILs from C-225 or C-100 tumors. We found that TB splenic CD8 T cells expressed a minimal level of checkpoint molecules (PD-1 or LAG-3); in contrast, CD8 TILs upregulated PD-1 or LAG-3 (Figures 2C, D, F). Moreover, the percentage of PD-1+ or LAG-3+ CD8 TILs was significantly higher in C-100 than in C-225 tumors (Figure 2F). We also detected CD8 TILs co-expressing PD-1 and LAG-3 in the TME, the percentage of PD-1+LAG-3+ CD8 TILs was remarkably higher in C-100 than in C-225 tumors (Figures 2E, G). Furthermore, the MFI of PD-1 expression appeared to be much higher in the CD8 TILs of C-100 tumors than C-225 ones (Figure 2H). Taken together, our data suggest that CD8 TILs in C-100 tumors exhibited more exhausted phenotypes, consistent with tumor progression.





Reduced effector functions of CD4 and CD8 TILs in C-100 tumors

IFN-γ and TNF-α are effector cytokines commonly examined for T cell functions, especially for their polyfunctionality. Polyfunctional T cells are effector T cells that can produce different cytokines, retain cytotoxic potential and may be more effective in suppressing tumor growth (26, 27). The loss of double producers (IFN-γ+TNF-α+) is an indicator of CD8 T cell dysfunction (28). To investigate the functional changes in CD8 TILs, we performed intracellular cytokine staining to detect the percentage of IFN-γ+, TNF-α+ or IFN-γ+TNF-α+ CD8 T cells from TB splenic control or C-100 vs. C-225 tumors (Figures 3A-E). We found that CD8 TILs from C-100 tumors exhibited a lower level of effector functions compared to those from C-225 tumors, evidenced by a lower percentage of IFN-γ+ or TNF-α+ CD8 TILs (Figures 3A-C). Importantly, the percentage of double producers (IFN-γ+TNF-α+) was substantially lower in CD8 TILs from C-100 tumors than those from C-225 tumors (Figures 3D, E). Most splenic CD8 T cells are naïve CD8 T cells, and naïve CD8 T cells tend to produce a high level of TNF-α upon stimulation (29). Consistently, we found that the percentage of TNF-α+ CD8 T cells was high in the TB splenic CD8 T cells (Figures 3B, C). Granzyme B (GZMB) is another effector molecule produced by activated CD8 T cells. We found that the percentage of GZMB+ CD8 TILs was significantly higher in C-225 than C-100 tumors (Figures 3F, G). We concluded that the effector functions of CD8 TILs were significantly reduced in C-100 tumors compared to C-225 ones.




Figure 3 | Reduced effector functions of CD4 and CD8 TILs in C-100 tumors. Flow cytometry analysis was performed as described in Figure 2 (n=7 for C-225; n=12 for C-100). (A-G) Effector molecule expression in CD8 T cells. Representative flow plots for the expression levels of IFN-γ (A), TNF-α (B), or IFN-γ+TNF-α+ (D) in CD8 T cells. (C, E) Quantification of the percentage of CD8 T cells expressing IFN-γ or TNF-α (C) or both IFN-γ+TNF-α+ (E) in TB splenic control or C-100 and C225 tumors. (F, G) Expression of GZMB in CD8 T cells. Representative flow plots of CD8 T cells expressing GZMB (F). Quantification of the percentage of CD8 T cells expressing GZMB (G) in different groups. (H-L) Effector molecule expression in CD4 T cells. Representative flow plots for the expression levels of IFN-γ (H), TNF-α (I), or IFN-γ+TNF-α+ (K) in CD4 T cells. (J, L) Quantification of the percentage of CD4 T cells expressing IFN-γ or TNF-α (J) or both IFN-γ+TNF-α+ (L) in different groups. Statistical significance was calculated with an unpaired t-test; *P < 0.05 **P < 0.01.



Given that C-225 eradication also occurred in CD8-/- mice suggesting a contribution from immune cells other than CD8 T cells, we examined the effector functions of CD4 T cells from TB splenic control, C-225 or C-100 tumors. Consistent with data from CD8 TILs, we found that CD4 TILs in C-100 tumors also exhibited reduced effector functions compared to their counterparts in C-225 tumors, as shown by a lower percentage of IFN-γ+ or TNF-α+ CD4 TILs in C-100 (Figures 3H-J). More importantly, the percentage of double producers (IFN-γ+TNF-α+) in CD4 TILs was also substantially lower in C-100 than C-225 tumors (Figures 3K, L). Of note, we detected a higher percentage of GZMB+ CD4 TILs in C-225 than C-100 tumors (Supplementary Figure 3A). Overall, our results are consistent with the observation that CD8 and CD4 TILs in C-100 tumors were more exhausted with impaired effector functions compared to their counterparts in C-225 tumors.





The drastic expansion of PMN-MDSCs in the TME of C-225 tumors

Apart from T cells, we also examined the tumor-infiltrating myeloid cells in C-225 vs. C-100 tumors. Our flow analysis showed that the percentage of CD11b+ population within CD45+ hematopoietic cells was significantly higher in C-225 than C-100 tumors (Figures 4A, B). Prior studies suggest that the two subsets of MDSCs, M-MDSC and PMN-MDSC, play a key role in immune suppression during tumorigenesis (17). By gating on the CD11b+ population with gating strategies established previously (Supplementary Figure 2) (17, 30), we assessed the percentage of M-MDSC (CD11b+Ly6G−Ly6Chigh) vs. PMN-MDSC (CD11b+Ly6G+Ly6Clow) and the percentage of CD11b+Ly6C−Ly6G− population in both C-225 and C-100 tumors and in TB splenic controls (Figure 4C). We found that the percentage of M-MDSC population was remarkably higher in C-100 than C-225 tumors; in contrast, the percentage of PMN-MDSC was significantly higher in C-225 than in C-100 tumors (Figure 4D). Thus, C-225 tumors exhibit a preferential increase of PMN-MDSC, whereas C-100 tumors are infiltrated with more M-MDSC.




Figure 4 | The drastic expansion of PMN-MDSCs in the TME of C-225 tumors. Flow cytometry analysis was performed for TB splenic control or tumor samples from tumor-bearing mice with C-225 (n=7) or C-100 (n=4) tumors, respectively, for all panels. (A, B) Representative flow plots for CD11b+ population within CD45+ population in C-225 or C-100 tumors (A). Quantification of the percentage of CD11b+ population within CD45+ population (B). (C, D) Analysis of different subsets of MDSCs (gated on CD11b+ population). Representative flow plots (C) for different subsets: M-MDSC (Ly6ChighLy6G−), PMN-MDSC (Ly6ClowLy6G+), and Ly6C−Ly6G−. Quantification of the percentage of M-MDSC or PMN-MDSC within CD11b+ population in indicated groups (D). (E) Representative flow plots for TAM population gated on Ly6C−Ly6G− population in panel C and displayed for CD11b vs. F4/80. (F, G) Quantification of the percentage of TAMs (CD11b+F4/80+Ly6C−Ly6G−) within Ly6C−Ly6G− population (F) or within total CD11b+ population (G). (H) Representative flow plots for TAMs (CD11b+Ly6C−Ly6G−F4/80+) expressing CD86 and/or CD206 in C-225 or C-100 tumors. (I) Quantification of the percentages of M1 (CD86+CD206−) and M2 (CD86−CD206+) TAMs. Statistical significance was calculated with an unpaired t-test; **P < 0.01, ***P < 0.001, **** <0.0001.



By gating on Ly6C−Ly6G− population, we found that most of this population was composed of TAMs (CD11b+F4/80+Ly6C−Ly6G−) (Figure 4E). The percentage of TAMs in Ly6C−Ly6G− population did not differ significantly between C-225 and C-100 tumors (Figure 4F); however, the percentage of TAMs in CD11b+ population was significantly higher in C-100 than C-225 tumors (Figure 4G). TAMs can be further classified into subsets based on surface markers such as M1-TAMs (CD86+CD206−), which may mediate proinflammatory and anti-tumor responses, and M2-TAMs (CD206+), which are thought to be immunosuppressive and promote tumor growth [26, 28]. Our results showed that, within the TAM population (CD11b+F4/80+ Ly6C−Ly6G−), the percentage of CD86+CD206−, CD86+CD206+ or CD206+CD86− population was significantly higher in C-100 tumors, while TAMs in C-225 tumors did not express a high level of CD86 or CD206 (Figures 4H, I). These data demonstrate that TAMs in C-100 tumors exhibit phenotypes consistent with immunosuppression.





Dynamic changes in the TILs of C-100 tumors harvested at an earlier time point

The dynamic changes in the frequency and function of TILs make it difficult to choose the optimal time point for comparing the growing C-100 and regressing C-225. As the tumor size increases, the changes in the myeloid compartment may further complicate our ability to compare these two tumors effectively. Therefore, we initially chose to compare these two tumors by focusing on the outcome of tumor growth, basically, with the former showing a full-blown tumor progression (day30) and the latter being suppressed (day7). This scenario of comparison may allow us to reveal the differences between a completely failed anti-tumor immune response vs. a successful one. Nevertheless, harvesting C-100 tumor at an earlier time point may provide more insights into the signs of early exhaustion in TME.

Therefore, we performed the experiments by inoculating C-100 tumors into WT B6 mice and harvested the tumors for flow analysis at day 7 post tumor injection and compared the immune phenotypes of these C-100 tumors (C-100-day-7) with the C-225 tumors harvested at day 7 (C-225-day-7) and the C-100 tumors harvested at day 30 (C-100-day-30). The tumor volume was similar between C-100-day-7 and C-225-day-7 (Supplementary Figure 4). There was a significantly higher level of CD4 and CD8 TILs in C-100-day-30 than either C-100-day-7 or C-225-day-7 (Supplementary Figures 5A, B). The percentage of PD-1+ CD8 TILs was significantly higher in C-100-day-30 than in either C-100-day-7 or C-225-day-7 (Supplementary Figure 5C). In contrast, the percentage of LAG-3+ or PD-1+LAG-3+ CD8 TILs was significantly higher in both C-100-day-7 and C-100-day-30 than C-225-day-7 (Supplementary Figures 5C, D). These data suggest that LAG-3 expression may serve as an early sign of CD8 TIL exhaustion in the TME of growing tumor.

We next compared the cytokine production of IFN-γ, TNFα, or both in CD4 and CD8 TILs. For CD8 TILs, the percentage of IFN-γ+, TNF-α+ or IFN-γ+TNF-α+ CD8 TILs did not differ between C-100-day-7 or C-225-day-7, while both groups were significantly higher than C-100-day-30 (Supplementary Figures 6A, B). In contrast, the percentage of GZMB+ CD8 TILs was significantly higher in C-225-day-7 than in both C-100-day-7 and C-100-day-30 (Supplementary Figure 6C), suggesting that the lack of GZMB expression may be an early sign of CD8 TIL exhaustion. For CD4 TILs, the percentage of IFN-γ+, TNF-α+ or IFN-γ+TNF-α+ CD4 TILs was significantly higher in C-225-day-7 than in both C-100-day-7 and C-100-day-30 (Supplementary Figures 6D, E). Similarly, the percentage of GZMB+ CD4 TILs was significantly higher in C-225-day-7 than in both C-100-day-7 and C-100-day-30 (Supplementary Figure 6F). These data suggest that the decline of cytokine production in CD4 TILs at day 7 may be an early sign of T cell exhaustion in the TME of growing tumors.

We found that the percentage of CD11b+ population within CD45+ hematopoietic cells decreased from C-225-day-7 to C-100-day-7, then to an even greater extent in C-100-day-30 (Supplementary Figure 7A). Similarly, the percentage of PMN-MDSC within CD11b+ population exhibited a gradually decreasing pattern from C-225-day-7 to C-100-day-7, then to C-100-day-30 (Supplementary Figure 7C). However, the percentage of M-MDSC within CD11b+ population was significantly increased in both C-100-day-7 and C-100-day-30 compared with C-225-day-7 (Supplementary Figure 7B), suggesting that the early rise of M-MDSC at day 7 may be a sign of developing immunosuppressive TME. Also, the percentage of TAMs within CD11b+ population was significantly higher in C-100-day-30 than either C-225-day-7 or C-100-day-7 (Supplementary Figure 7D), indicating its correlation with the immunosuppressive TME of a full-blown tumor. In contrast, the percentage of TAMs within Ly6C−Ly6G− population did not correlate with tumor growth pattern (Supplementary Figure 7E). TAMs can be further divided into subsets based on surface markers. Within the TAM population (CD11b+F4/80+Ly6C−Ly6G−), the percentage of CD86+CD206−, CD86+CD206+ or CD206+CD86− population varied substantially among three groups (Supplementary Figure 7F). Notably, the percentage of CD86+CD206+ population was increased in both C-100-day-7 and C-100-day-30 compared to C-225-day-7 (Supplementary Figure 7F), indicating that the early rise of this population may serve as a marker of developing immunosuppressive TME. Taken together, this illustrates C-225-day-7 exhibit a preferential increase of PMN-MDSC, whereas C-100-day-7 and C-100-day-30 are enriched with M-MDSC and distinct subsets of TAMs, whose early rise may serve as markers of developing immunosuppressive TME.





T cell receptor dynamic changes upon secondary tumor challenge of C-225

TCRs are generated via a somatic DNA recombination process, termed V(D)J recombination (31, 32). TCRs of most conventional T cells consist of an alpha (α) chain and a beta (β) chain, encoded by TRA and TRB, respectively, and linked by disulfide bonds. TCRs can be grouped into different “clonotypes” which have unique TCRα or TCRβ chains containing distinct V(D)J gene segments and complementarity-determining region 3 (CDR3). CDR3 region encompasses the highly divergent junction of V(D)J recombination and plays a key role in antigen recognition. To determine the dynamic changes in TCRs upon secondary tumor challenge, we inoculated C-225 tumor cells into the recipients that had rejected the first tumor challenge at 109 days after the first tumor inoculation (Figure 5A). PBMC samples were collected 7 days before (day 102) and after (day 116) the second tumor inoculation (Figure 5A). CD3+ T cells were purified from PBMC, and genomic DNA was obtained and subjected to TCRβ CDR3 DNA sequencing using Adaptive Biotechnologies’ immunoSEQ platform, which allowed us to examine more productive TCRβ CDR3 sequences. In total, we sequenced 7 pre-challenge (pre1-pre7) and 7 post-challenge (post1-post7) samples by isolating PBMC T cells from 7 individual mice. The total numbers of sequenced templates and productive rearrangements were shown for all 14 samples (Supplementary Table 2).




Figure 5 | T cell receptor (TCR) dynamic changes upon secondary challenge of C-225 tumor cells. (A) Schematic of tumor challenge and sample collection. WT B6 mice (n=7) that eradicated C-225 tumors were challenged with C-225 tumor on day 109 after the first tumor inoculation. Blood samples were collected 7 days before (day 102, pre-challenge, n=7) and 7 days after rechallenging (day 116, post-challenge, n=7). (B) Greater TCRβ clonal expansion in post-challenge (post1-post7) samples than pre-challenge (pre1-pre7) ones. Left: individual bar graph representing the occupied repertoire space for each sample sequenced with the proportion of each group’s TCRβ clonotypes shown color-coded according to clonotype indices such as 1:10, 11:20 or 21:50. Right: TCR clonotypes were sorted into different groups according to specific indices such as 1:10 or 11:20. The proportion of the clonotypes in each group was averaged for 7 pre- or 7 post-challenge samples (Pre-PBMC vs. Post-PBMC). P values are listed on top of each bar graph. Statistical difference was calculated with Wilcoxon rank sum test. (C) Clonotype tracking for the prevalent TCRβ clonotypes detected in all 7 pre- or 7 post-challenge samples. The proportion of a given TCRβ clonotype within each sample is shown along the y axis while sample ID is shown along x axis. (D) Newly emerging TCR clonotypes dominate in the top-ranked 20 clones in post-challenge samples. The top-ranked 20 clones from 7 post-challenge samples (n=140) were separated into three groups based on their clonal frequency in pre-challenge samples: newly emerging (clonal frequency=0), pre-existing (clonal frequency>0 but not in pre-top 20) and Pre-top20 (ranked in top 20 clones in the corresponding pre-challenge sample). The percentage of clonotypes in each group is shown. (E) Clonotype tracking of post-challenge (post 1) top-ranked 20 clones in corresponding pre-challenge samples (pre1). (F) Clonotype tracking of pre-challenge (pre 1) top-ranked 20 clones in corresponding post-challenge sample (post 1).



We found that T cells from post-challenge PBMC samples (post1-post7) underwent clonal expansion to a much greater degree than pre-challenge ones (Figure 5B, left). In particular, the relative abundance of top-ranked 20 clones (1:10 and 11:20) was remarkably higher in post-challenge samples compared to pre-challenge ones (Figure 5B, right). Of note, we identified one TCRβ clonotype (CASSQDLGNYAEQFF) whose clonal proportion was very high in some of the post-challenge samples and was present in the top-ranked 20 clones from all post-challenge samples (post1-post7). We also identified one TCRβ clonotype (CASSYWDNYAEQFF) that was present in the top-ranked 20 clones from all pre-challenge samples (pre1-pre7) (Figure 5C).

To better delineate the origin of top-ranked 20 clones in post-challenge samples, we categorized the TCR clonotypes into three groups: newly emerging, pre-existing, and pre-top20 (Figure 5D). We found that the majority (~55%) of the top-ranked 20 clones in post-challenge samples were newly emerging, which means that they were not detected in pre-challenge samples (Figure 5D). About 35% of the top-ranked 20 clones were pre-existing, which means that they were detected in the pre-challenge samples. Only about 10% of the top-ranked 20 clones fell in the category of pre-top20, which means that they were detected in the top-ranked 20 clones from pre-challenge samples (Figure 5D). When we performed clone tracking analysis, we found that the top-ranked 20 clones from post-challenge samples were almost undetectable in pre-challenge samples except for very few clones (Figure 5E; Supplementary Figure 8). In contrast, we found that the clonal proportions of top-ranked 20 clones from pre-challenge samples were collectively reduced in post-challenge samples and did not show substantial differences between pre- and post-challenge samples (Figure 5F; Supplementary Figure 8). Taken together, we conclude that T cells in post-challenge samples underwent substantial clonal expansion, and most of the top-expanded clones (top-20 clones) were newly emerging or pre-existing at a very low frequency and did not overlap with the pre-existing top-20 clones in pre-challenge samples.





Tumor-intrinsic differences in C-100 and C-225

To determine if C-100 and C-225 harbor different genetic mutations, we performed WES of C-100, C-225 and parental SCC (A1419). Using A1419 as control, we identified genetic differences between C-100 and C-225 tumor lines in the WES data that were independently analyzed using two different pipelines (see details in Method). Both analyses showed that C-100 and C-225 tumors contained tumor-specific somatic mutations when compared to parental A1419 SCC line (Figures 6A, B). All of the identified somatic mutations were listed in Supplementary Tables 4, 5 (analysis I, GATK pipeline) and Supplementary Tables 6, 7 (analysis II, BCFtools/mileup pipeline). Thus, we suggest that C-100 and C-225 tumors harbor tumor-specific genetic mutations that may contribute to their differential TME. Next, we tested whether C-100 and C-225 tumor cells differ in their proliferative abilities. Our data showed that C-100 tumor cells proliferate faster than C-225 ones (Figures 6C-E), consistent with the in vivo aggressive tumor growth of C-100 (Figure 1C). Overall, we suggest that tumor-intrinsic differences may account for differential TME of C-100 vs. C-225 tumors in vivo.




Figure 6 | Tumor-intrinsic differences in C-100 and C-225 tumor cells. (A) WES analysis by GATK-pipeline (left) and BCFtools mpileup-pipeline (right) revealed different numbers of variants in C-100 or C-225 tumor cells compared to parental A1419 tumor cells. (B) Mutation types in C-100 or C-225 tumor cells. Number of mutations identified in each category in C-100 or C-225 tumor cells using either GATK or BCFtools mpileup pipeline. (C-E) Tumor cell proliferation assays. Tumor cells were labeled with CellTrace™ Violet and cultured for 1, 2, and 3 days. Cells harvested on specific days along with day 0 samples were analyzed by flow cytometry. Populations with less intensity of CellTrace™ Violet staining (C-100) indicate more cell divisions. (C) Representative histogram for the proliferation of C-100 (red) and C-225 (blue) tumor cells on indicated days. (D) Overlay of the histogram of C-225 vs. C-100 for comparison of cell proliferation on indicated days. C-100 tumor cells exhibited less intensity (more dilution of CellTrace™ Violet) indicating more proliferation. (E) Quantification of mean fluorescence intensity (MFI) of CellTrace™ Violet in C-225 (blue) and C-100 (red) tumor cells on indicated days. Statistical significance was calculated by student’s t test, p value for C-225 vs. C-100 on day 0 = 0.0002, day 1 < 0.0001, day 2 < 0.0001, and day 3 < 0.0001.








Discussion

We presented a model system to compare the HPV-antigen expressing SCC lines that elicited opposite outcomes of anti-tumor immunity, namely, tumor eradication vs. tumor progression, which associated with differential immune profiles in the TME. We made unexpected findings that the percentage of CD8 and CD4 TILs was much lower in eradicated (C-225) tumor than growing one (C-100); nevertheless, the TILs in C-225 exhibited a lower level of PD-1 and LAG-3 expression and demonstrated more robust effector functions than their counterparts in C-100. On one hand, C-225 eradication depended on CD8 T cells since not all of the CD8 KO recipient mice eradicated tumors. On the other hand, immune cells besides CD8 T cells, such as CD4 T cells, also contributed to tumor eradication since ~40% of CD8-KO recipient mice did eradicate tumor. In line with this idea, we observed that CD4 TILs displayed stronger effector functions in the TME of C-225, consistent with prior studies showing a role of CD4 T cells in anti-tumor immunity (33–36). While frequency of CD4 T cells was associated with better prognosis in HNSCC, the specific role of CD4 T cells in HNSCC anti-tumor immunity remain less well-understood (15, 37, 38). Future studies are warranted to explore the role of CD4 TILs in this model system. It is also puzzling that only a fraction of CD8-KO mice eradicated tumors, suggesting that differences in the immune system of the individual host may account for the variable responses (39–42).

Notably, the TME of C-225 tumors is completely dominated by myeloid cells, with ~90% of CD45+ population being CD11b+ (Figures 4A, B). Among the CD11b+ population, 80% of them was PMN-MDSC, whereas the percentage of M-MDSC and TAMs was much lower (~15%). In TAM population, the percentages of both CD86+ and CD206+ populations were much lower in C-225 TME. Taken together, our data suggest that PMN-MDSC may not be a major contributor to immunosuppression and may be able to mediate anti-tumor responses under certain circumstances, at least in our model system. This notion is contrary to the prevailing view that PMN-MDSC is an immunosuppressive population (16, 17). However, a recent study reports that PMN-MDSC isolated from tumor-bearing mice treated with ceralasertib, an ATR inhibitor, exhibited a significantly lower suppressive activity against CD8 T cells, and the reduced suppressive activity was associated with up-regulation of type I IFN signature in PMN-MDSC (43). Taken together, we suggest that the function of PMN-MDSC can be modulated by therapeutic agents that skew this population to be permissive of anti-tumor immunity. In line with prior studies (16, 44), our data support an immunosuppressive role of TAMs, especially so-called M2-TAMs (CD206+), during progression of SCC tumors. M2-TAMs express a higher level of CD206 and can carry out immunosuppressive functions by expressing arginase-1 (Arg-1), chemoattractant such as IL-10 and TGF-β, and chemokine CCL17 and CCL22 (45). Consistently, the TME of HNSCC largely consists of M2-TAMs, which could reduce effector T cell function (46). A greater percentage of TAMs in the TME associates with lymph node metastasis and advanced stage of HNSCCs (16, 47). We suggest that future targeting approaches should be geared toward reducing TAMs or M-MDSC but modulating PMN-MDSC for HNSCC immunotherapy.

Our analysis of dynamic changes in the TILs of C-100 tumors harvested at different time points identified a few early indicators of immunosuppressive TME. We found that LAG-3 expression may serve as an early sign of CD8 TIL exhaustion while a decline of cytokine production in CD4 TILs at day 7 may indicate CD4 TIL exhaustion. An early rise of M-MDSC and distinct subsets of TAMs (CD86+CD206+ population) at day 7 may serve as markers of developing immunosuppressive TME. Future studies are warranted to better characterize different subsets of immune cells in C-100 vs. C-225 tumors at day 7 with more granular approaches. These studies may elucidate underlying mechanisms that dictate the outcomes of anti-tumor immunity at an early time point.

We noticed that the results of WES appear to be different between the two pipelines employed for data analysis. The two pipelines, GATK and BCFtools, will yield different mutation calling and distributions because they employ different approaches to identify and call variants (48, 49). While a systematic comparison of the two pipelines is beyond the scope of our current study, there are notable differences between these two pipelines: GATK Haplotypecaller is a local reassembly of haplotypes, while BCFtools is a positional and pileup based variant caller. These two pipelines also use different ways to perform filtering steps which filter out the potentially false-positive variants (48, 49).

We employed DNA sequencing to identify differences in the TCR of peripheral blood lymphocytes pre- and post-secondary challenge of C-225 tumor. It is not surprising that TCRs in post-challenge samples underwent more clonal expansion; however, it is unexpected that the top-ranked 20 clones are mainly composed of newly emerging clones, and very few of them overlap with the top-ranked 20 clones detected in pre-challenge samples. Our data suggest that new TCRs are preferentially recruited to anti-tumor memory responses (recall), instead of pre-existing top-ranked TCR clones (primary memory). This finding is distinct from previous studies that clearly showed consistent selection of the same TCRαβ clonotypes following secondary virus infection by comparing the TCR clonotypes from primary memory vs. recall responses (50).

The role of HPV antigen in tumor eradication remains unclear. Both C-225 and C-100 expressed a low level of E7 antigen, while mEER expressed a high level of E7 protein and E6 transcript but failed to induce tumor eradication. Thus, we suggest that the mere presence of HPV antigens is not sufficient to mediate tumor eradication; however, it remains possible that HPV antigen contributes to tumor eradication of C-225 because C-225 expressed a higher level of E6 transcript than C-100 (Supplementary Figure 1). Lastly, C-225 and C-100 tumor cell lines harbored different somatic mutations compared to parental A1419, suggesting that tumor-intrinsic mechanisms may play a role in mediating tumor eradication by orchestrating a less immunosuppressive TME (19, 41, 51, 52). Further studies are needed to pinpoint the tumor-intrinsic factors that influence the differentiation or expansion of tumor-infiltrating myeloid cells, especially for PMN-MDSC. Our experimental models may provide a platform for identifying tumor-intrinsic vs. host-intrinsic differences in influencing the outcome of anti-tumor immunity in HNSCCs and for uncovering novel targets that may render tumor cells vulnerable to immune attack mediated by various populations including CD8, CD4 and PMN-MDSCs.
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Background

Barrier-to-autointegration factor 1 (BANF1) is an abundant and ubiquitously expressed postnatal mammalian protein that is overexpressed in numerous human cancers and can promote cancer cell proliferation. However, the role of BANF1 in prognosis remains unclear in head and neck squamous cell carcinoma (HNSCC).





Methods

BANF1 expression data were obtained from the GEO and TCGA databases. We used Cox regression and Kaplan–Meier curves to assess the prognostic potential of BANF1. The role of BANF1-related genes was investigated using Kyoto Encyclopedia of Genes and Genomes (KEGG) and Gene Ontology (GO) enrichment analyses. In addition, we explored the link between BANF1, drug sensitivity, and the tumor immune microenvironment. Finally, functional in vitro and in vivo assays were used to explore the effects of BANF1 on tumor growth and metastasis of HNSCC.





Results

BANF1 was markedly overexpressed in HNSCC and was correlated with clinicopathological characteristics. According to survival analysis, BANF1 can be inversely correlated with patient survival and can act as a prognostic risk indicator. IC50 values for chemotherapeutic treatments indicated that the group with high BANF1 expression was more responsive to most antitumor treatments. Furthermore, higher TIDE scores were observed in the low BANF1 expression group, indicating a decline in the efficacy of immune checkpoint inhibitor therapy. Functionally, the malignant biological behavior of HNSCC cell lines was inhibited when BANF1 expression was knocked down.





Conclusion

BANF1 can promote tumor progression in patients with HNSCC. BANF1 shows great promise as a potential biomarker to assess the prognosis.





Keywords: BANF1, TCGA, immune infiltration, head and neck squamous cell carcinoma, prognostic biomarker





Introduction

Head and neck squamous cell carcinoma (HNSCC) is responsible for almost 90% of head and neck malignancies (1). HNSCC occurs primarily in the oral cavity, nasal cavity, sinuses, pharynx, and larynx (2–4). HNSCC has an annual diagnosis rate of about 830,000 cases, which represents 8% of all cancer diagnoses. This tumor exhibits a high level of aggressiveness, resulting in a death rate of up to 50% in a period of 5 years (5, 6). HNSCC is a diverse collection of malignancies that exhibit significant differences in tumor site, histological subtype, molecular characteristics, and prognosis (7, 8). HNSCC is influenced by various risk factors, such as tobacco use, alcohol consumption, exposure to environmental pollutants, and viral infections, including human papillomavirus (HPV) and human herpesvirus (HHV) (9). These variables can independently or in combination influence the risk of HNSCC and may vary depending on the specific location of the tumor. Treatment selection is influenced by various factors, including TNM staging, overall patient health, tumor size, nutritional status, availability of resources, and prognosis (10). Immunotherapeutic approaches have advanced significantly in recent years. These include monoclonal antibodies, vaccinations, immunomodulatory antibodies, lysogenic viruses, and T-cell transplants (11). These techniques are routinely utilized in clinical practice. Although humans have made considerable advances in the treatment of HNSCC, patient prognosis has not shown a significant improvement. The overall 5-year survival rate for HNSCC remains poor, ranging from 40% to 50% (12). The main obstacle to HNSCC treatment is the significant recurrence rate and/or metastasis in patients. This not only highlights the difficulties in treating HNSCC, but also uncovers the intricate molecular mechanisms involved in the genesis and progression of cancer. Therefore, it is imperative to investigate potent systemic treatments by obtaining a more thorough understanding of the molecular pathogenesis underlying HNSCC. Furthermore, it is crucial to pinpoint new therapeutic targets related to the prognosis of HNSCC and infiltration of the immune system.

Barrier to autointegration factor 1 (BAF), which is encoded by the BANF1 gene, is sometimes referred to as NGPS or BCRP1. It is located on chromosome 11q13.1. Originally identified and named for its function in binding to viral cytoplasmic DNA, the highly organized control of BAF in conjunction with multiple binding partners and its ability to attach and compact DNA are crucial for important cellular functions. These include the formation of the nuclear membrane after cell division, repairing damage to the protective barrier of the nuclear envelope, regulating gene expression, and responding to DNA damage (13–17). BAF dimers bind LAP2-Emerin-MAN1 (LEM) structural domain proteins and A-type lamellipodia proteins to the nuclear envelope (NE) by attaching to the LEM structural domains of proteins to form Ig-like folds on A-type lamellipodia proteins (18). Each individual BAF monomer has the ability to connect to DNA in a manner that is independent of the specific DNA sequence. This allows the formation of bridges between DNA strands and facilitates functional cross-linking (56). The capacity of BAF to establish DNA-protein complexes is crucial for BAF to perform its primary biological function. DNA binding by BAF in cells is controlled by phosphorylation at the N-terminal (19). BAF can both enhance and inhibit the expression of genes within an organism; BAF collaborates with other gene regulators to selectively influence the expression of specific genes (20). Multiple studies have demonstrated that BANF1 is related to the growth, infiltration, and spread of various tumor cells, such as in gastric (21), liver (22), breast (23), esophageal (24), and cervical malignancies (25). Furthermore, a correlation between BANF1 and the prognosis of certain types of cancer has been shown (26). Wang et al. (27) discovered that BANF1, which originates from tumors, plays a crucial role in the immune response of the body against tumors. Knockdown of BANF1 expression in cancer cells genetically induces activation of innate immunity through the cGAS/STING pathway. This activation results in the production of several interferon-stimulated genes (ISGs) and inflammatory chemokines, which attract CD8+T cells to the tumor microenvironment (TME). Furthermore, simultaneous elimination of BANF1 and the administration of anti-PD-1 antibodies significantly improves the effectiveness of antitumor treatment. Based on the findings of Xu et al. (28), BANF1 is highly expressed in gastric cancer and facilitates proliferation and multiplication of gastric cancer cells. Zhang et al. (57) demonstrated that BANF1 expression was increased in breast cancer and was associated with the spread of cancer cells to the lymph nodes. Sandoval et al. (29) discovered that there are specific associations between ERG and ATP-dependent mammalian SWI/SNF (BAF) chromatin remodeling complexes. These connections are crucial for the ERG-mediated base-to-lumen transition, which is necessary for the targeted action of BAF complexes, gene expression, prostate cancer cell growth, and the overall base-to-lumen transition driven by ERG. Therefore, it is logical to propose that BANF1 may have a significant impact on the HNSCC pathogenesis. However, the exact mechanism by which BANF1 influences HNSCC is not fully understood, and further research is necessary to explore the connection between BANF1 and relevant genes in HNSCC.

The present study examined BANF1 expression levels in HNSCC using data from databases available to the public. We evaluated the relationships between clinicopathological characteristics, overall survival (OS), and BANF1 expression. The relationship between tumor immune cell infiltration and BANF1 expression were also examined. Lastly, we investigated whether BANF1 affects tumor growth and metastasis in HNSCC. Our findings support the involvement of BANF1 in the carcinogenesis and prognosis of HNSCC and may point to a possible biomarker for the prognosis and treatment of the disease.





Materials and methods




BANF1 expression analysis

A total of 548 patients with HNSCC and 44 cases with available paraneoplastic tissue, gene expression data, and corresponding clinical data were recovered from TCGA database. GSE30784, GSE23558, and GSE37991 datasets were selected and downloaded from GEO. The association of the BANF1 RNA expression profile with different tumor pathologic stages in humans was explored using UALCAN (http://ualcan.path.uab.edu/analysis.html).





Evaluation of prognostic value

Survival analyses were performed by the Kaplan–Meier (KM) method using the median BANF1 expression as a threshold. We used both univariate and multivariate Cox regression analyses to determine whether BANF1 may be utilized as a prognostic predictor.





Analysis of BANF1 co-expression and functional enrichment

The biological involvement of BANF1 in HNSCC was investigated by comparing high and low gene expression groups using differential expression gene (DEG) analyses, and |logFC|> 1 and FDR <0.05 were used as parameters for significant DEGs (Supplementary Table 1). Gene Set Enrichment Analysis (GSEA) was used to explore BANF1-related pathways and phenotypes and to compare biological functions between patients with high and low BANF1 expression. Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) gene sets were obtained from authorized portals. The “c5.go.v2022.1.Hs.symbols.gmt” and “c2.cp.reactome. v2022.1.Hs.symbols.gmt” subsets were used to assess oncogenic or tumor-associated pathways in HNSCC and to perform functional analyses using the limma, clusterProfiler, and GSEA software packages in R.





Single-cell RNA sequencing analysis

We explored BANF1 expression at the single-cell level in three HNSCC single-cell sequencing datasets (GSE103322, GSE139324 and GSE172577) using the TISCH database.





Immune infiltration analysis

A detailed analysis of immune cell type infiltration involved extracting BANF1 gene expression data from each sample from TCGA HNSCC dataset. Using modules such as QUANTISEQ, TIMER, and XCELL, we explored the correlation between immune cell infiltration and BANF1 expression in HNSCC. TME assessment using the R package ESTIMATE enabled the calculation of stromal and immune scores for each patient based on their gene expression profile.





Immune checkpoint inhibitor therapy and gene expression

The Tumor Immune Dysfunction and Exclusion (TIDE) Platform has greatly improved our understanding of TME by offering a streamlined approach to forecast the potential efficacy of immune checkpoint inhibitors (ICIs) (30). We used the Imvigor210 data set to predict the impact of immunotherapy on the two distinct groups of patients with HNSCC according to their BANF1 expression levels: high and low. Patients with a high TIDE score were more likely to have immunological rejection, suggesting a reduced probability of benefiting from immunotherapy. We utilized the TIDE database to evaluate the prognostic efficacy of BANF1 and other biomarkers in HNSCC immunotherapy groups. The performance of a marker was considered better when its area under the curve (AUC) value is higher.





Analysis of chemotherapeutic sensitivity

The Genomics of Drug Sensitivity in Cancer (GDSC), a public pharmacogenomics database, was used to assess and predict chemotherapy responses in patients with HNSCC belonging to various risk groups in the TCGA database (31). The study examined the half-maximum inhibitory concentration (IC50), which is a reliable indicator of sensitivity to chemotherapy, between two groups: high-risk and low-risk. A statistically significant difference was determined if the p-value was less than 0.05. CellMiner (http://discover.nci.nih.gov/cellminer/) identified a correlation between BANF1 expression and drug response.





Cell lines

Human normal oral epithelial cells (HOK) were obtained from Wuhan Pricella Biotechnology Co., Ltd., while human HNSCC cell lines, HN4, HN6, SCC9, and CAL27, were obtained from the Typical Cultures Preservation Committee (TCPC) Cell Bank of the Chinese Academy of Sciences (CAS), Shanghai, China. DMEM medium, 10% fetal bovine serum, and 100 U/mL penicillin were used for all cell cultures. Cells were cultured at 37°C with 5% CO2.





RNA extraction and quantitative real-time polymerase reaction

Total RNA was extracted from cell lines using Thermo Fisher Scientific’s TRIzol reagent (USA). The NanoDrop spectrophotometer (Thermo Fisher Scientific, USA) was used to ascertain the quantity and purity of RNA. Prime Script RT Master Mix, manufactured by Takara (Cat. #RR047A) was used for the reverse transcription of all RNA and qRT-PCR was performed using CFX96 Touch Real-Time PCR Detection System (Bio-Rad) according to the manufacturer’s instructions. GAPDH was utilized for internal reference and the reaction was performed in a two-step process using the following conditions: initial predenaturation at a temperature of 95°C for a duration of 30 seconds, followed by denaturation at 95°C for 5 seconds, and annealing or extension at 60°C for 30 seconds. This cycle was repeated 50 times. The Ct method was employed to measure expression levels and the 2–ΔΔCt method was used to calculate relative gene expression.





Lentiviral design and transfection

Anhui General Gene Technology Co., Ltd. Successfully designed and constructed targeted lentiviral vectors for gene silencing experiments using BANF1 the gene sequence. The sh-BANF1 sequence and negative control (sh-NC) were designed to achieve effective inhibition of target genes. In this study, GV248 lentiviral RNAi vectors with titers of 9×108 TU/mL and 5×108 TU/mL, respectively. Green fluorescent protein gene was integrated into the transfer plasmid to monitor successful cell transfection or not and to remove untransfected cells by puromycin selection to construct stable transfected strains. qRT-PCR was used to determine BANF1 mRNA expression in SCC9 and CAL27 cells from the sh-BANF1 group and the sh-NC group.





Cell-counting Kit-8 proliferation assay

Transfected SCC9 and CAL27 cells were diluted to 30,000 cells/mL and 100 μL of the cell suspension was added to each well. Each group of cells was inoculated into four 96-well plates and cultured in the incubator for 0, 24, 48, or 72 h. Next, 10 μL of CCK-8 solution was added to each well, incubated in the incubator for 2 h, and then the absorbance at 450 nm was determined with an enzyme marker.





Colony formation assay

The transfected SCC9 and CAL27 cells of each group were stained with Taipan blue for viable cell counting, and 1000 viable cells were seeded per well in a six-well plate, so that the number of clones formed in each well was between 50 and 200. Next, cells were incubated for 10 to 15 days, fix with paraformaldehyde, wash with PBS once, stained with crystal violet for 30 minutes, and washed with water, and finally allowed to air dry. Images of the cultures were captured, and the number of clones formed were counted. To ensure precision, each experiment was performed three times.





Wound healing assay

Once achieving 80% cell confluence of transfected SCC9 and CAL27 cells seeded in 12-well plate, the monolayers were scraped with the tip of a 10 μL pipette. Following three washes with PBS to remove cellular debris, fresh medium containing serum was introduced. At the 0 and 24-h time points following scratching, three high-magnification fields were captured to acquire representative images of cell migration. The scratch width was determined using ImageJ.





Transwell migration and invasion assays

A serum-free cell suspension was prepared, and the cell density was adjusted to 1×105 cells/mL. A 100 µL volume of cell suspension was added to the desired number of chambers in a 24-well plate, and 600 µL of 30% serum medium was added to the lower chamber. After a 24-h incubation, cells were fixed with 4% paraformaldehyde for 15 minutes, washed once with PBS, stained with crystal violet for 10 minutes, and the chambers were immersed and rinsed several times. Three fields of view were randomly selected and the number of cells in the filter membranes were counted using a microscope; their average value was calculated. Three experiments are performed for each sample. For the invasion test, the Transwell system filters were coated with Matrigel (BD Biosciences), and the remaining processes were identical to those of the migration assay.





Xenografts in mice

Immunodeficient nude mice, aged 4 weeks, were purchased from the Laboratory Animal Center of the Air Force Medical University. Breeding conditions and all operational procedures were conducted in accordance with the requirements of the Animal Ethics Committee of the Air Force Medical University. Twelve nude mice were equally and randomly divided into two sh-NC and sh-BANF1 groups. After stable transfection of SCC9 cells, they were cultured to the logarithmic growth stage and resuspended with PBS to reach a cell density of 5×106 cells/mL, and then 200 μl of cell suspension was injected into the mice models. Once subcutaneous tumors formed, mice were examined every 3 days, their weight and tumor size are recorded. Mice were euthanized by cervical dislocation nearly 28 days after inoculation. Tumors samples are placed in a refrigerator at -80°C for future analysis and study.





Statistical analysis

A Wilcoxon rank sum test was used to analyze BANF1 expression levels between HNSCC tissues and non-tumor tissues downloaded from the GEO database. Cox regression was performed using multivariate and univariate analyses. The TME score and IC50 were analyzed using the Wilcoxon test to compare the high- and low-expression groups. Furthermore, we estimated the correlation coefficients between BANF1 expression and immune-infiltrating cell scores by Pearson’s correlation analysis. All statistical analyses were performed using R v.4.1.1 software. Unless otherwise stated, P < 0.05 was considered statistically significant.






Results




High expression of BANF1 in HNSCC

Our comprehensive analysis, which incorporated data from the TIMER2 databases, revealed distinct and tumor-specific expression patterns of BANF1 in 33 different cancer tissues. The expression of BANF1 in 15 tumors was higher than the matched normal tissues, including BLCA, BRCA, CHOL, COAD, ESCA, GBM, HNSC, KIRP, LIHC, LUAD, LUSC, READ, STAD, THCA and UCEC (Figure 1A). To confirm the up-regulation of BANF1 expression in HNSCC, we performed a verification analysis using TCGA data sets. Based on the results acquired, BANF1 mRNA levels in tumor tissues were significantly higher than those of healthy tissues (Figure 1B). The increased expression of BANF1 in HNSCC tissues was verified using samples retrieved from GEO (accession numbers: GSE23558, GSE30784, and GSE37991 datasets) (Figures 1C–E).




Figure 1 | The expression of BANF1 was markedly elevated in HNSCC tissues. (A) The gene expression profiles of BANF1 in the pan-cancer dataset of the TCGA database. (B) In the TCGA database, the expression level of BANF1 was elevated in HNSCC tissue compared to the neighboring normal tissue. (C–E) The expression level of BANF1 was higher in tumor tissues in the GSE37991, GSE23558, and GSE30784 datasets. *P<0.05, **P<0.01, ***P<0.001.



The UNCLAN program was used to evaluate clinical subgroups based on variations in BANF1 expression between normal samples in patients with HNSCC. Figures 2A–F demonstrate a notable increase in BANF1 expression among various subgroups of patients with HNSCC, such as those with TP53 mutations, presence of metastasis, sex, and varying tumor grades and stages. This suggests that BANF1 could serve as a promising biomarker for patients with HNSCC. However, no variation in HPV infection status was observed.




Figure 2 | Comparison of BANF1 expression in different subgroups of Tumor stage (A), Tumor grade (B), Nodal metastasis status (C), Gender (D), TP53 status (E), and HPV status (F). *P<0.05, **P<0.01, ***P<0.001. ns indicated no significance.







Prognostic value of BANF1 in HNSCC

Kaplan–Meier plotter was used to investigate the effects of BANF1 on overall survival in patients with HNSCC. When BANF1 expression was high, patients with HNSCC had a worse prognosis (Figure 3A). The results indicated that BANF1 expression was associated with outcome in patients with advanced HNSCC (Figures 3B–D). In terms of OS, the results of univariate analysis showed that N-stage and high BANF1 expression (P = 0.027, P = 0.013, respectively) were correlated with the OS of patients, whereas age, sex, and pathological grade were not significantly correlated with the OS of patients (P > 0.05). Multifactorial analysis also determined that stage N and BANF1 expression (P = 0.008, P = 0.002, respectively) were independent risk factors for unfavorable OS in HNSCC (Figures 3E, F). These findings suggest that BANF1 expression is strongly associated with poor prognosis in HNSCC patients, highlighting its potential as a prognostic biomarker for this disease.




Figure 3 | Investigation on the predictive importance of BANF1 in HNSCC. (A–D) Survival curves for patients with advanced HNSCC from the TCGA dataset were generated using the Kaplan-Meier plotter database. (E, F) Univariate and multivariate analyses were conducted to examine the relationship between overall survival and clinicopathologic features in individuals with HNSCC.







Analysis of BANF1-related genes

A total of 488 DEGs were identified between the BANF1 high- and low-expression groups, of which 124 genes showed up-regulation and 364 genes showed down-regulation (Figure 4A). Furthermore, GSEA showed that keratinization, developmental biology, cornified envelope formation, innate immune system, and neutrophil degranulation were negatively regulated in patients with BANF1 expression. High BANF1 expression was associated with transcription regulator activity, sequence specific DNA binding, chromatin, positive regulation of RNA metabolic process, and cell-cell signaling (Figures 4B, C). We also performed GO and KEGG pathway analysis, which revealed that the humoral immune response, peptidase inhibitor activity, cytokine-cytokine receptor interaction, and the IL-17 signaling pathway were enriched in patients with down-regulated genes, however, up-regulated genes were predominantly enriched in regionalization, neuronal cell body, signaling receptor activator activity and neuroactive ligand-receptor interaction, and the calcium signaling pathway (Figures 4D, E). In conclusion, these gene enrichment studies suggest that BANF1 is important in the immune response of HNSCC, as well as in the invasion of cancer cells through the cell adhesion pathway.




Figure 4 | Functional enrichment analysis of BANF1 in HNSCC. (A) Volcano plot showing DEGs between high and low expressing BANF1 groups in HNSCC. (B, C) GSEA enrichment plot showing the correlation of high and low BANF1 expression with different tumor-related pathways. (D, E) GO and KEGG pathway analysis of up- and down-regulated DEGs in HNSCC.







Relationship between BANF1 and tumor microenvironment

The prognosis of patients with HNSCC is closely related to multiple indicators of the immune system. To investigate the BANF1 expression in cancerous and immune cells within the TME of HNSCC, we examined three single-cell RNA sequencing databases, namely GSE140228, GSE166635, and GSE98638. Figures 5A–C shows that BANF1 expression was observed in both malignant cells and immune cells, such as
Tprolif cells, CD8+ T cells, Tregs cells, B cells, macrophages, NK cells, and DC cells. The extensive presence of BANF1 in many types of immune cells provides evidence supporting its potential role in the TME of HNSCC. We evaluated immune cell infiltration in patients with HNSCC to clarify the influence of BANF1 on the TME (Supplementary Table 2). A significant negative correlation was found between BANF1 expression and many immune cells, such as Treg cells, mast cells, macrophages, and neutrophils (Figure 6A). Furthermore, patients with low expression of BANF1 had higher Estimate, Immune, and Stromal scores compared to the high expression group (Figures 6B–D). ssGSEA analysis further suggested that patients with low expression of BANF1 may have more active immune responses (Figures 6E, F). These findings confirm our speculation that prolongation of BANF1-associated tumors is strongly associated with immune cell infiltration, which helps to explain the differences in patient survival.




Figure 5 | Sequencing analysis of BANF1 single cells in HNSCC from the TISCH website. The main distributions of BANF1 on cell types in (A) HNSC_GSE103322, (B) HNSC_GSE139324 and (C) OSCC_GSE172577 dataset.






Figure 6 | Quantification of immune-invading cells. (A) The expression of BANF1 showed a substantial negative correlation with the majority of immune cells. (B–F) The BANF1 group with lower levels had elevated TME scores and enhanced immunological activity. *P<0.05, **P<0.01, ***P<0.001. ns indicated no significance.







Prediction of immunotherapy response

We conducted a study using data from the TCGA database to examine the impact of BANF1 expression on immunotherapy responses in patients. The high-expression group exhibited lower TIDE scores, suggesting a more positive response to immunotherapy (Figure 7A). The group with low BANF1 expression had higher dysfunction scores, but lower exclusion scores compared to the group with high BANF1 expression (Figures 7B, C). Furthermore, our analysis revealed that individuals who responded to treatment exhibited markedly higher levels of BANF1 expression compared with those who did not respond (Figure 7D). Furthermore, the findings of the TIDE analysis demonstrated that patients with high expression of BANF1 exhibited a more positive response to ICI treatment compared to those in the low expression group, with response rates of 91% and 79%, respectively (Figure 7E). The predictive capacity of BANF1 to determine immunotherapy response was evaluated by evaluating the AUC and comparing them with other established immunotherapy biomarkers such as TIDE, MSI score, Merck18, IFGN, CD8, and CD274 expression. In the cohort of patients with HNSCC who received pretreatment with PD-1, BANF1 showed greater predictive performance compared to CD274. BANF1 had AUC values >0.8, indicating a high probability of a good response to immunotherapy. Furthermore, in the cohort of patients with HNSCC who received PD-1 treatment, the ability of BANF1 to predict results was similar to that of other biomarkers (Figure 7F). These findings indicate that BANF1 is a reliable marker for immunotherapy in HNSCC.




Figure 7 | Comparison of immunotherapeutic responses between groups with high and low BANF1 expression. (A–C) There are differences in TIDE, Exclusion, and Dysfunction ratings between the groups with high and low expression. (D) Differences in BANF1 gene expression between patients with good response to treatment and those with a poor response. (E) The proportion of individuals who responded and did not respond in groups with high and low expression in TCGA cohort. (F) The TIDE biomarker determines the effectiveness of BANF1 in the immunotherapy response for HNSCC.







BANF1 and drug response

We used the “pRRophetic” software tool to analyze the GDSC database and examine the potential to predict the response to chemotherapy in various risk groups by evaluating BANF1 expression. IC50 values of afatinib, erlotinib, gefitinib, and nelarabine were markedly elevated in the high expression group compared to the low expression group, indicating that these treatments would exhibit reduced chemotherapeutic response rates in the high expression group (Figure 8A). In contrast, cisplatin, docetaxel, paclitaxel, and rapamycin exhibited lower IC50 values in the high-expression group (Figure 8B). This indicates that these medications would be more beneficial for patients with high BANF1 expression levels. There was a favorable correlation between BANF1 expression and response to drugs 7-hydroxystaurosporine, chlorambucil, fenretinide, temsirolimus, and 5-fluoro deoxyuridine 10-mer (Figure 8C). Furthermore, a detrimental association was observed between BANF1 expression and the anticancer drugs selumetinib, cobimetinib (isomer 1), trametinib, okadaic acid, and geldanamycin analog (Figure 8D). These data provide valuable information to researchers to discover drugs that may exhibit sensitivity or resistance to HNSCC tumors based on their BANF1 expression levels.




Figure 8 | BANF1 is a predictive factor for treatment responsiveness in patients with HNSCC. (A, B) Comparative analysis of IC50 values of chemotherapeutic medication in cases of high and low expression of BANF1. (C, D) The correlation between BANF1 and HNSCC IC50 values for small and medium-molecule drugs.







BANF1 promoted HNSCC cell proliferation, migration, and invasion

To confirm the cancer-causing role of BANF1 in HNSCC, we initially examined BANF1 mRNA expression. Five HNSCC cell lines exhibited higher level of BANF1 expression compared to HOK cells (Figure 9A). We created models to silence the BANF1 gene by introducing sh-NC and sh-BANF1 into HNSCC cells by transfection. Following qRT-PCR experiments, the creation of these models was validated in SCC9 and CAL27 cell lines (Figure 9B). The CCK-8 assay demonstrated that BANF1 facilitated cell growth (Figure 9C). Analysis of colony formation demonstrated that suppression of BANF1 significantly hindered cell cloning capacity in SCC9 and CAL27 cells (Figure 9D). We conducted Transwell and scratch assays to examine the impact of BANF1 on HNSCC cell migration and invasion. The wound healing assay demonstrated that inhibition of BANF1 resulted in a decrease in cell migration capacity (Figure 9E). Cell migration and invasion were significantly suppressed by silencing BANF1 expression in the Transwell experiment (Figure 9F). Furthermore, in conjunction with in vitro tests, we created a xenograft HNSCC model in nude mice to investigate the impact of BANF1 on the evolution of HNSCC in a living organism. Subcutaneous injection of BANF1-stabilized and BANF1 knockdown cells SCC9 cells were used to evaluate tumor formation in nude mice. Tumors were collected four weeks after injection. Figures 10A–D shows that the tumor volume and weight of the BANF1 down-regulated group were markedly less compared with the control group. This confirms the role of BANF1 in promoting tumor growth in HNSCC.




Figure 9 | Suppression of BANF1 hindered the growth, movement, and departure of HNSCC cells. (A) The qRT-PCR assay successfully identified the presence of BANF1 mRNA expression in HOK, HN4, HN6, SCC9, and CAL27 cells. (B) qRT-PCR measured the amounts of BANF1 mRNA in SCC9 and CAL27 cells following transfection. (C) Suppression of BANF1 expression hindered the growth and division of HNSCC cells. (D) Suppressing the expression of BANF1 hindered the ability of HNSCC cells to generate clones. (E) The impact of reduced BANF1 expression on the migratory capacity of HNSCC cells was assessed using a scratch assay. (F) The impact of reduced BANF1 expression on the migratory and invasive capabilities of HNSCC cells was assessed using a transwell assay. **P<0.01, ***P<0.001, ****P<0.0001.






Figure 10 | Downregulation of BANF1 expression markedly suppressed the proliferation and expansion of SCC9 cells in a xenograft mice model. (A) Tumor formation under the skin in nude mice with varying levels of BANF1 expression. (B) Comparative analysis of tumor dimensions. (C, D) Comparative analysis of the alterations in weight and volume of subcutaneous tumors in nude mice belonging to distinct BANF1 expression cohorts. ***P<0.001, ****P<0.0001.








Discussion

HNSCC originates in the mucosal epithelium that lines the oral cavity, throat, and larynx (32). HNSCC leads to approximately 550,000 new cases and more than 380,000 deaths worldwide each year (33). The conventional approach to the management of HNSCC involves prioritizing surgery as the primary therapeutic modality. Radiotherapy is frequently employed as a non-operative treatment, as is the combination of radiation, chemotherapy, and surgery (34). Despite recent breakthroughs in diagnostic and imaging procedures, survival rates for individuals with HNSCC have remained unchanged (35). This is due to the frequent recurrence of the disease and the high probability of metastases spreading to the lymph nodes of the neck or to distant regions of the body (36). Recently, the use of ICIs that target the PD-1/PD-L1 pathway has improved the prognosis of patients with metastatic HNSCC (37). However, the results are still not as satisfactory as those seen in other types of cancer, such as melanoma and lung cancer. This difference in outcome may be attributed to the different TME of HNSCC (38). Therefore, it is crucial to identify biomarkers that can accurately predict the effectiveness of immunotherapy for HNSCC.

BANF1, a tiny, nonenzymatic protein, is involved in mitosis and the repair of DNA damage (39). BANF1 is a crucial factor for cell growth and may play a role in tumor development and the transition of normal cells into cancerous cells (40). Wang et al. (27) demonstrated that suppressing BANF1 resulted in restructuring the TME triggered by the immune system, leading to an increased presence of CD8+ T cells and a reduced abundance of myeloid-derived suppressor cells. Xu et al. (27) discovered that both in laboratory settings (in vitro) and in living organisms (in vivo), BANF1 actively facilitated the proliferation of gastric cancer cells. Furthermore, studies have shown that BANF1 can serve as a predictive biomarker for breast cancer and hepatocellular carcinoma (22, 23). Our findings are consistent with earlier studies, indicating that BANF1 is highly expressed in several types of malignancies, including HNSCC. This observation was further validated by analyzing TCGA and GEO databases. Furthermore, qRT-PCR analysis confirmed that BANF1 exhibited up-regulation in HNSCC cells. Additional research is needed to determine whether inhibition of BANF1 can effectively suppress the malignancy of HNSCC cells, in terms of proliferation, migration, and invasion, which are the primary characteristics of cancer cells. The oncogenic effect of BANF1 knockdown was established using wound healing tests, Transwell invasion assays, and tumor formation assays in nude mice. Our findings suggest that BANF1 could be a promising therapeutic target for HNSCC.

Our investigation revealed a strong correlation between BANF1 expression and various clinicopathological characteristics of HNSCC, including tumor grade, stage, TP53 mutational status, and sex. TP53 (p53) is a highly prevalent oncogene in human malignancies (41). P53 proteins play a crucial role in suppressing tumor growth by repairing DNA damage, controlling metabolism, maintaining normal levels of reactive oxygen species (ROS), regulating the expression of non-coding RNAs, and promoting autophagy or iron regulation (42). Li et al. (43) showed that p53-induced activation of damage-regulated autophagy modulator (DRAM) is related to autophagic breakdown of the vaccinia-related kinase 1 (VRK1) protein. Furthermore, VRK1 depletion hindered BANF1 production. Based on this important study, it can be inferred that the regulatory pathway involving VRK1 and BANF1 may be associated with the p53 signaling pathway. Furthermore, findings from TCGA, GEO, and the validation cohort demonstrated that individuals with greater levels of BANF1 in HNSCC had a diminished overall life expectancy compared to those with lower levels of BANF1. Univariate and multivariate Cox analyses provide additional evidence that elevated BANF1 levels may serve as a significant predictor of HNSCC.

Tumor-infiltrating immune cells are a crucial component of the TME and have been shown to have a significant impact on tumor growth and spread (44). A study using immunohistochemistry revealed that tumors invaded by tumor-infiltrating lymphocytes were correlated with improved outcomes in patients with HNSCC (45). We identified the presence of BANF1 in different immunological infiltrates using single-cell sequencing analysis. Our investigation revealed a negative correlation between BANF1 and immune cells such as Treg cells, mast cells, macrophages, and neutrophils. This suggests that BANF1 may be one of the genes that influences the TME of HNSCC. Furthermore, our analysis revealed that high BANF1 expression was associated with lower ImmuneScore, StromalScore, and EstimateScore indices. This suggests that the high BANF1 expression group may be experiencing an immunosuppressed state. Treg cells play a significant role in the management of HNSCC, as they have the ability to effectively protect against malignancy. Treg cells not only modulate lymphocyte function, but also inhibit tumor cell proliferation, acting as a preventive measure against disease (46). Mast cells carry several Toll-like receptors that, upon receiving external signals, secrete inflammatory cytokines such as IL-6 and IL-13. This secretion facilitates the activation of adaptive and innate immune systems (47). The role of tumor-associated macrophages (TAMs) in HNSCC is widely recognized. An increase in the number of TAMs in the TME is associated with the presence of metastatic lymph node disease and more advanced stages of HNSCC (48, 49). Furthermore, a correlation between TAM and the occurrence of epithelial-mesenchymal transition in OSCC has also be described (50). Neutrophils constitute approximately 60% of the total leukocyte population and therefore serve as the initial defense against inflammation and infection. Invasion of several types of cancer cells can result in the development of advanced malignancies and the existence of these cells can impact on the prognosis of advanced cancers (51). These findings indicate that a TME, characterized by elevated levels of BANF1, has strong immunosuppressive characteristics. This creates a microenvironment that facilitates the growth, invasion, and spread of tumors.

Immunotherapy has emerged as a prominent area of research due to its innovative approach to treatment. PD-L1 functions as an immunological checkpoint, inhibiting autoimmunity, and thus preventing the immune system from eliminating cancer cells (52). Consequently, tumor immunotherapy with ICI has emerged as the primary approach to tumor treatment in contemporary times (53). Although there have been significant advances in immunotherapies, there are still obstacles and challenges that hinder their widespread use in the clinical setting. These include limited response rates, the inability to accurately predict clinical effectiveness, and potential side effects such as autoimmune reactions or cytokine release syndromes. In the last 10 years, there have been attempts to improve immunotherapies and discover biomarkers that indicate how well a patient would respond to immune checkpoint blockade (ICB) (54). Although significant advancements have been made in understanding and reversing the signaling pathways associated with T cell fatigue and senescence, there is currently no optimal treatment regimen or single marker that can accurately differentiate between patients who will respond positively to treatment and those who will not. To assess response to treatment, we made predictions on the efficacy of immunotherapy in both the high- and low-expression groups. Our evaluation, using the TIDE approach, showed substantial efficacy of immunotherapy in patients with HNSCC with high expression of BANF1. We evaluated the precision of BANF1 as a predictor of treatment outcome in five cohorts of patients with HNSCC treated with ICB and contrasted it with other established biomarkers related to tumor immune evasion. Our findings indicated that BANF1 reliably predicted a high probability of a positive response to immunotherapy. Agents targeting PD-1/PD-L1 are highly successful in “hot tumors” that are characterized by a high abundance of CD8+ T cells (55). Therefore, by integrating knowledge of the immune microenvironment and TIDE, we postulated that tumors in the BANF1 high expression category predominantly exhibited the characteristics of “hot tumors,” rendering them more receptive to subsequent immunotherapy.

The present investigation had some limitations. The original dataset for the initial analysis was relatively insufficient, as it was only downloaded from TCGA, prior to drawing any conclusions, it is imperative to verify the predictive significance of BANF1 in an actual clinical population. The database utilized in this study did not include any post-translational changes, thus limiting its ability to comprehensively evaluate the impact of these modifications on BANF1 function. Furthermore, BANF1 overexpression offers only indirect evidence, rather than direct evidence, of alterations in the TME. The association between BANF1 and TME is ambiguous. Further research on the BANF1 response to immunotherapy requires extensive protein sequencing or immunohistochemistry to evaluate and validate the correlation using preclinical and functional studies. Greater efforts are needed to improve clinical efficiency before it can be considered viable treatment options. Although we conducted ex vivo and in vivo experiments to demonstrate the tumor-promoting effects of BANF1 in HNSCC, additional trials are required to fully elucidate the role and mechanism of BANF1 in HNSCC.





Conclusion

Using bioinformatics analysis and conducting studies both in vitro and in vivo, we investigated the expression level of BANF1 in patients with HNSCC. This study is the first to identify the possible role and prognostic importance of BANF1 in these patients. The findings suggest that elevated expression of BANF1 is an independent predictor of poor prognosis in patients with HNSCC. BANF1 is a compact and versatile protein that is ubiquitous in many cell types and performs a variety of functions. It can also impact the growth, spread, and movement of HNSCC, and it can also play a crucial role in the microenvironment of HNSCC through the infiltration of immune cells. Our data emphasize the potential of BANF1 in predicting ICI efficacy. Finally, we screened drugs associated with BANF1 sensitivity, providing new insights into targeted therapy for HNSCC. BANF1 has been identified as a potentially prognostic biomarker that can serve as both a reliable clinical diagnostic and therapeutic tool, as well as a valuable resource for researchers in developing effective immunotherapy techniques.
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Some special therapeutic responses may appear during immunotherapy, such as hyperprogression, pseudoprogression and so on. Dissociated response of immunotherapy has been clinically reported in recent years mainly in lung cancer and kidney cancer. Since there were poor prognosis and simple treatment of advanced head and neck cancer, the application of immunotherapy in head and neck cancer has risen in recent years. But the dissociated response of immunotherapy in head and neck cancer is rarely reported. We reported two series of cases of advanced head and neck cancer that showed dissociated response after immunotherapy, tumor progression was assessed by imaging methods such as PET-CT, enhanced CT and enhanced MR, and reviewed the literature related to dissociated response in immunotherapy. We propose that the dissociated response of immunotherapy may affect the treatment strategy of advanced head and neck cancer, but more clinical analyses and researches are needed to confirm it.
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Introduction

Squamous cell carcinoma of the head and neck (HNSCC) is the seventh most common malignancy worldwide, with approximately 64% of patients already locally advanced at the time of initial diagnosis (1, 2). With the increased use of immunotherapy in Patients with advanced head and neck cancer (3, 4), some special therapeutic responses of immunotherapy, such as hyperprogression (5), pseudoprogression (6), dissociated response(DR) and so on, deserve our attention. The dissociated response of immunotherapy in head and neck cancer has been rarely reported. We present two cases of recurrent and metastatic head and neck tumors with immunotherapeutic dissociated response in order to provide new insights for clinical decision-making.





Cases reports

Female patient in their 60s presented with a thyroid mass and lung metastases on imaging at the initial diagnosis (Figures 1A, D). The pathological report of the mass in left lobe of thyroid gland showed that it has been squamous cell carcinoma, and the immunohistochemical results demonstrated that malignant cells were positive for CK7 (regional positive), P40, CKpan, CK5/6, EMA, P16, PD-L1 (22C3) (CPS: > 50), EGFR, and negative for Calcitonin, CD117, CD5, CD56, CgA, CK20, Pax-8, SYN, Tg, NapsinA and TTF-1 immunohistochemical markers (Figure 1G). The patient was diagnosed with thyroid carcinoma (squamous cell carcinoma of the left lobe, cT2N1M1, stage IV lung metastases).




Figure 1 | Contrast MR imaging of thyroid lesions (A, April 2022) (B, Aug 2022) (C, Nov 2022), contrast CT imaging of pulmonary metastases (D, April 2022) (E, Aug 2022) (F, Nov 2022), pathological HE staining (G), treatment procedure and curative effect evaluation (H).



After completing 6 cycles of chemotherapy and 4 cycles of immunotherapy, the pulmonary metastases were evaluated as complete response (CR) (Figures 1B, E). In the immune maintenance stage, the primary lesions progressed but the metastatic lung lesions were still in CR after 3 cycles of immunotherapy (Figures 1C, F). After consultation of multi-disciplinary team (MDT), it was recommended to have local treatment of surgery or radiotherapy for thyroid lesions progress. However, the patient and her family refused further treatment of surgery or radiotherapy after consideration, and still asked for conservative treatment. Considering the persistent CR of pulmonary metastases and the willingness of the patient, we retained immunotherapeutic drugs, changed the chemotherapy regimen, and added targeted therapy. The treatment of the patient was shown as follows in Figure 1H.

Male patient in their 40s presented with postoperative recurrence of gingival carcinoma. Both PET-CT and contrast CT/MR of the patient suggested pulmonary metastases (Figures 2A–C, F). The pathology of the mass showed that it has been highly-moderately differentiated squamous cell carcinoma, and the immunohistochemistry demonstrated that malignant cells were positive for CK-pan, CK5/6, EGFR, Ki67 (35%), P16 (small focus positive), P40, p53, PD-L1 (22C3) (CPS:5) immunohistochemical markers (Figure 2J). The patient was diagnosed with postoperative recurrence of gingival carcinoma (moderately-well differentiated squamous cell carcinoma, rT2N2M1, stage IVc lung metastasis).




Figure 2 | PET-CT imaging of recurrent lesions of head and neck (A, April 2022), PET-CT imaging of metastatic lesions of lung (B, April 2022), contrast MR imaging of recurrent lesions of head and neck (C, April 2022) (D, Nov2022), contrast MR imaging of new supraclavicular lesions that progressed after radiotherapy (E, Feb 2023), contrast CT imaging of metastatic lesions of lung (F, April 2022) (G, Nov2022) (H, Feb 2023), treatment procedure and curative effect evaluation (I), pathological HE staining (J).



After 6 cycles of chemotherapy and immunotherapy, the primary lesions of head and neck was partial response (PR) and the metastatic lesions of lung was CR (Figures 2D, G). After consultation of MDT, the patient was advised to receive local radiotherapy. The patient developed new lesions at the time more than 1 month after radiotherapy, and progressive disease (PD) was considered, but the pulmonary metastases were still in the state of CR (Figures 2E, H). Then the patient was suggested to enter a clinical trial and he agreed. The treatment of the patient was shown as follows in Figure 2I. The above two patients had no special past history and no family history of malignancy.





Discussion

At present, the dissociated response of immunotherapy is not well defined in radiological criteria guidelines. Generally speaking, it means that multiple target lesions have different degrees of therapeutic responses in the process of immunotherapy. According to the combination of different target lesions in clinic, Vaflard et al. have defined three types of DR (7): (1) one target lesion with CR/PR and one target lesion with PD (DR1); (2) one target lesion with stable disease (SD) and one target lesion with PD (DR2); (3) one target lesion with CR/PR and one target lesion with SD (DR3). According to the immune Response Evaluation Criteria in Solid Tumours (iRECIST), the overall response assessment of DR patients can be iPR, iSD, iUPD or iCPD. Then DR may be mistakenly classified as true progression by RECIST and iRECIST. Therefore, the occurrence of dissociated response may affect the decision of immunotherapy application. In addition, most current studies tend to believe that dissociated response in immunotherapy is an indicator with good prognosis (8–10), and prefer to retain immunotherapy after dissociated response occurs, which is different from the fact that dissociated response in chemotherapy and targeted therapy is an indicator of poor prognosis (11). The follow-up diagnosis and treatment program of the female patient we reported above referred to these studies and then retained immunotherapy. However, most of the cases in these published studies were lung cancer and other cancer types of solid tumors. When dissociated response appeared in head and neck cancer, the choice of immunotherapy was worthy of further discussion.

In the cases we provide, the distant metastases have achieved continuous CR during the treatment process, so whether the treatment of the primary lesion is still treated with systemic therapy or local treatment intervention (radiotherapy, surgery, etc.) can be considered is the focus of our next treatment strategy selection. It is noteworthy that Chinese researchers proposed localized nasopharyngeal radiotherapy for nasopharyngeal carcinoma patients with distant metastasis (non-liver metastasis) still had survival benefit (12). Therefore, based on the cases we provided, whether further refinement and stratification is needed to explore the differences of metastatic lesions with dissociated response may affect the decision of immunotherapy application, and then affect the prognosis and survival of patients.

The conversion therapy for colorectal cancer with liver metastasis has become a standard clinical practice. With the addition of immunotherapy, patients who had locally advanced head and neck cancer could achieve the goal of downstaging and benefit to reach the condition for focal treatment. At present, this clinical practice has been further confirmed by large-scale clinical trials (13).However, the studies on the conversion therapy for advanced head and neck cancer with distant metastasis were not sufficient. The cases reports we provided suggested that the dissociated response of immunotherapy in clinic had a significant impact on therapeutic strategies. Furthermore, because of the trailing effect of immunotherapy, some metastatic lesions continue subsided in the subsequent stage of treatment. Therefore, in the case of CR of distant metastatic lesions, whether there is survival benefit in continuing local treatment (surgery or radiotherapy) in head and neck lesions, further clinical studies are needed to confirm these results.

In the report of Bernard-Tessier A (9), a total of 360 patients with solid tumors were included, of which 24 cases of head and neck cancer had no dissociated response. But the researcher did not report the metastasis of the 24 cases of head and neck cancer in detail. The two cases we reported were both patients with lung metastases in head and neck cancer. According to the study of Vaflard P (7), if only focus on the organ where the target lesion is located and paying no attention to the type of primary tumor, the target lesion response rates and the probability of CR and PR were all higher in the lung and lymph node lesions. This is similar to CR of pulmonary lesions in the two patients of head and neck cancer with lung metastases we reported above. We speculate that the mechanism may be as follows: tumor heterogeneity, differences in the PD-L1 expression (14), and differences in the immune microenvironment in different organs (15).

In addition, PET/CT was used in the diagnosis of distant metastases in one of the HNSCC cases we offered. PET/CT is involved in the diagnosis and treatment and management of HNSCC, and plays an important role in the comprehensive evaluation before treatment, the determination of the target area of surgery and radiotherapy, the identification of in situ recurrence and inflammation, the identification of distant metastatic lesions, the evaluation of treatment efficacy, and prognostic follow-up (16, 17). PET/CT has been shown to improve the accuracy of lymph node staging on MRI of the neck in untreated laryngeal cancer and to increase the prognosis of survival outcomes through the use of multiple PET measures (18). With the comprehensive application of immunotherapy in tumor treatment, the development of immunotherapy imaging for cancer provides an important reference for clinical decision-making, especially for the identification of hyperprogression, pseudoprogression, and dissociative response (19).

In conclusion, we provide two cases reports of head and neck cancer with dissociated response of immunotherapy, which puts forward new ideas and challenges for the conversion therapy of immunotherapy in advanced head and neck cancer.
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Background

Substantial studies reveal that tertiary lymphoid structure (TLS) correlate with prognosis and immunotherapy response in various types of cancers. However, the predictive value of TLS, the specific immune cell subtype within TLS and their anti-tumor mechanisms remain unclear.





Methods

Based on 23 TLS-related genes (TLSRGs), we utilized bioinformatics methods to construct a scoring system, named TLSscore. By integrating RNA and single-cell sequencing data, we assessed the utility of TLSscore in head and neck squamous cell carcinoma (HNSCC). Flow cytometric sorting was used to isolate specific T cells subtypes, in vivo and in vitro experiments were conducted to demonstrate its anti-tumor effects.





Results

The TLSscore model was constructed and specific TLSscore-genes were found to consistently align with the spatial location of TLS. TLSscore has proven to be a robust predictive model for predicting survival prognosis, immune cell infiltration, somatic mutation and immunotherapy response. Notably, a specific PD1+CXCL13+CD8+T cell subtype was identified within TLS. Both in vivo and in vitro experiments demonstrated that PD1+CXCL13+CD8+T cell might represent a functional cell subtype exerting anti-tumor effects during the process of immune surveillance.





Conclusions

Our study presents a predictive model for TLS, which can evaluate its presence and predicts survival prognosis and immunotherapy response in HNSSC patients. Additionally, we identify a specific subtype of T cells that might elucidate the mechanism of TLS function in anti-tumor activities. This T cell subtype holds the potential to be a prognostic marker and a target for adoptive cell therapy (ACT) in the future.
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1 Introduction

Head and neck carcinoma (HNC) has become the 7th most prevalent malignant tumor globally (1, 2). Among these, head and neck squamous cell carcinoma (HNSCC) is the most common pathological type associated with a poor prognosis (3). Local recurrence and cervical node metastasis are two main causes of functional sequelae and mortality (4, 5). For patients suffering recurrent or metastatic squamous cell carcinoma who could not bear the surgery, the EXTREME regime (cisplatin, 5-fluorouracil and cetuximab) has emerged as one of the most commonly utilized chemotherapy strategies and is now considered the standard first-line treatment (6–8). Nonetheless, chemoresistance and toxicity not only lead to treatment failure but also give rise to various adverse effects (9, 10). Recent research indicates that immune evasion occurs when tumor cells leverage immune checkpoints to suppress T cell activity. Immunotherapies, particularly immune checkpoint inhibitors (ICIs) targeting the programmed cell-death protein 1 (PD-1) and programmed cell-death 1 ligand 1 (PD-L1), have achieved remarkable progress in the treatment of numerous cancers (11–13). Despite the obvious improvement in cancer prognosis, only 10% to 20% of HNSCC patients experience benefits from this treatment (14, 15). In addition, no biomarkers have been reported to exhibit strong predictive capacity for determining the response to immunotherapy (16, 17). Therefore, novel prognostic indicators accurately predicating and evaluating the response to ICIs in HNSCC are urgently needed.

Given the absence of a reliable indicator for assessing the efficacy of ICIs, the tertiary lymphoid structure (TLS) has been reported to hold potential prognostic value. TLS is an ectopic lymphoid organ containing T and B lymphocyte colonies as well as high endothelial venules, which develops in non-lymphoid tissues in response to chronic inflammation or tumors and plays a critical role in facilitating antigen presentation and promoting T and B cell activation (18). Numerous studies have investigated the correlation between TLS and clinical benefits of tumor patients. Consistent with recent studies across various tumor types, our previous investigation also demonstrated that the presence of TLS in HNSCC is associated with an improved prognosis (19–23). Furthermore, the latest research had confirmed that TLS is connected to a high response rate to immunotherapy with ICIs, which suggest that TLS is a crucial predictive factor of immunotherapy (24–26). However, the mechanisms underlying the antitumor responses of immune cells within TLS remain unclear.

In this study, we downloaded the mRNA sequencing data of HNSCC patients from TCGA database and utilized the bioinformatics methods to construct a scoring system named TLSscore based on TLSs-related genes. The prognosis analysis, immune cell infiltration pattern, somatic mutation and tumor immunogenicity analysis were further analyzed using the TLSscore model. It was found that genes of the TLSscore model have the capability to predict the clinical outcome of ICIs and the overall survival rate of patients with HNSCC. Finally, single-cell sequencing was performed to analyze the correlation between TLSscore and immunotherapy. A specific CD8+T cell subgroup within the TLS was found to exhibit potent anti-tumor capabilities. These findings elucidate the mechanism of TLS in immunotherapy and its anti-tumor effects.




2 Methods



2.1 Data acquisition

The transcription data of HNSCC was extracted from public databases, including Gene Expression Omnibus (GEO) and the Cancer Genome Atlas (TCGA). Three cohorts with HNSCC (GSE41613, GSE42743 and TCGA-HNSCC) comprising 671 patients with follow-up information were collected for analysis (Supplementary Table S1). GSE41613 and GSE42743 were microarray data from the Affymetrix Human Genome U133 Plus 2.0 Array platform. RNA sequencing (FPKM value) data, somatic mutation data, SCNAs and clinical data from TCGA were obtained from UCSC Xena. FPKM values were transformed into transcripts per kilobase million (TPM) values. To reduce non-biological technical biases among cohorts, the “ComBat” algorithm in the sva package was applied to correct batch effects. Additionally, three single-cell RNA sequencing data sets were obtained. GSE172577, published by our lab, included 6 samples from HNSCC patients, with 3 samples confirmed as TLS-positive via multiple immunohistochemistry (mIHC) and the rest are TLS-negative. The GSE195832 cohort comprised four patients with advanced-stage HNSCC who underwent anti-PD-1 therapy using nivolumab. The GSE123813 data contained 53,029 cells from 11 patients with advanced basal cell carcinoma (BCC) before and after anti-PD-1 treatment. No chemotherapy or radiotherapy was administered prior to these treatments.




2.2 Unsupervised clustering for TLSRGs

The 23 TLSRGs were obtained from a previous published study (27). Expression data for these 23 TLSRGs were extracted from three integrated HNSCC datasets to identify different TLSRG modification patterns. These 23 TLSRGs comprised 6 chemokines (CCL18, CCL19, CCL20, CCL21, CXCL9, CXCL13), 2 chemokine receptors (CCR5, CXCR3), 2 cytokines (IL10, CSF2), 4 transcription factors (CD200, GFI1, IRF4, STAT5A), 4 co-stimulatory molecules (ICOS, CD38, CD40, SH2D1A), 2 inhibitory receptors (TIGIT, PDCD1), 2 cytokine receptors (IL2RA, IL1R2) and 1 ECM-associated molecule (FBLN7). The ConsensusClusterPlus package was used to determine the number of clusters, with the optimal number selected based on the proportion of ambiguous clustering (PAC) score. To ensure classification stability, these steps were repeated 1000 times.




2.3 Immune cell infiltration and functional analysis

In this study, we used the immunedeconv package to quantify the proportions of immune cells in HNSCC samples, as described in a previous study (28). We also employed the ssGSEA algorithm to quantify the relative abundance of each cell infiltration in the HNSCC tumor microenvironment (TME). To estimate and quantify tumor purity, we used the ESTIMATE method, which calculates three scores (Immune score, Stromal score and Estimate score) representing the proportion of immune or stromal components in each patient. For pathway activity analysis between the TLSRG modification patterns, we used the GSVA package. Gene sets were obtained from the MSigDB database for GSVA analysis (gene set “c2.cp.kegg.v2022.1”). Additionally, we employed the clusterProfiler package (version 4.0.2) to conduct GO and KEGG analysis for the 23 TLSRGs. Data with a P value adjusted by the Benjamini and Hochberg method less than 0.05 were considered statistically significant.




2.4 Construction of the TLSRGs signature

To quantify the TLS modification for individual patients, we established a TLS scoring system, termed TLSscore, via principal component analysis. Firstly, we used the limma R package to identify differentially expressed genes (DEGs) between the TLSRGs modification patterns. Genes meeting the criteria of adjusted p value < 0.01 were considered as DEGs. Secondly, we divided the patients with HNSCC into clusters using an unsupervised clustering method on the identified DEGs. The proportion of ambiguous clustering (PAC) score was used to define the number of gene clusters and assess their stability. We then analyzed the TME cell infiltration characteristics and overall survival of DEGs based on the consensus clusters. Thirdly, we selected the DEGs between different consensus clusters and assessed the prognostic value of each gene using univariate Cox regression (p < 0.05). Subsequently, we conducted PCA analysis on the resultant prognostic genes to establish a TLS-related gene signature, selecting principal components 1 and 2 as the signature score. This approach focuses the TLSscore on the largest blocks of well-correlated (or anti-correlated) genes. Finally, we defined the TLSscore using the formula: TLSscore = ∑LPC1i - PC2i), where i represents the expression of prognostic TLS phenotype-related genes. To stratify patients into two distinct prognostic groups (TLSscore high and low groups), we used the “maxstat” R package to identify the best cut-off value.




2.5 Somatic mutation and tumor immunogenicity analysis

To investigate the relationship between TLSscore and tumor immunogenicity markers, we compared the expression levels of these markers between the TLSscore high and low groups. The tumor immunogenicity markers used in this study included tumor mutation burden (TMB), intratumor heterogeneity (ITH), homologous recombination deficiency (HRD) and aneuploidy. Furthermore, we downloaded somatic mutation and copy number variation (CNV) data of TCGA-HNSCC from the UCSC Xena database. We used the “maftools” R package to visualize the mutation landscape of the HNSCC samples. Significant gene deletions and amplifications were identified using GISTIC_2.0.




2.6 Immunotherapy response prediction

Based on published research, checkpoint-related genes, MHC I molecules genes and MHC II molecules genes are associated with the outcome of immunotherapy. Therefore, we predicted the immunotherapy response for each HNSCC sample based on the expression levels of these three gene sets. Additionally, we utilized The Cancer Immunome Atlas (TCIA) database (https://tcia.at/) to investigate immunotherapy sensitivity. We also employed the Tracking Tumor Immunophenotype (TIP) database to visualize the activity of anti-cancer immunity and the extent of tumor-infiltrating immune cells across the seven-step cancer-immunity cycles.




2.7 Single cell RNA sequencing analysis for TLSscore

In this study, we reanalyzed three single-cell transcriptomics datasets (GSE172577, GSE195832, and GSE123813) to investigate the potential role of TLSscore in HNSCC. The Seurat and Harmony R toolkits were employed to process the single-cell transcriptomics data. We applied the same quality control criteria to preprocess the GSE172577 and GSE195832 datasets, removing cells with UMI counts above 50,000 or fewer than 1,000, detected genes above 5,000 or fewer than 300, fraction of hemoglobin genes > 5%, and fraction of mitochondrial genes > 15%. Additionally, we used the DoubletFinder package to identify doublets. Subsequently, Harmony was used to integrate these samples. The NormalizeData function in the Seurat package was utilized to normalize the UMI counts, and 2,000 highly variable genes were identified via the FindVariableFeatures function. The RunPCA, FindNeighbors, FindClusters, and RunUMAP functions were run under default parameters unless specified otherwise. We selected the top 20 principal components for further UMAP visualization. The AddModuleScore function was employed to calculate the TLSscore. Since the 53,029 cells in GSE123813 were confirmed being certain cell types, we did not redefine these cells in this study. The data processing steps, including NormalizeData, FindVariableFeatures, RunPCA, FindNeighbors, FindClusters, and RunUMAP, were also applied to analyze the GSE123813 dataset.




2.8 Investigation for the role of TLSRGs in pan-cancer analysis

The multi-omics data of pan-cancer cohorts were obtained from the Genomic Data Commons (GDC) Pan-Cancer dataset in UCSC Xena. This dataset includes 33 different cancers, such as adrenocortical carcinoma (ACC), bladder urothelial carcinoma (BLCA), breast cancer (BRCA), cholangiocarcinoma (CHOL), colon adenocarcinoma (COAD), cervical squamous cell carcinoma and endocervical adenocarcinoma (CESC), lymphoid neoplasm diffuse large B-cell lymphoma (DLBC), esophageal carcinoma (ESCA), glioblastoma multiforme (GBM), head and neck squamous carcinoma (HNSC), brain lower grade glioma (LGG), lung adenocarcinoma (LUAD), lung squamous cell carcinoma (LUSC), liver hepatocellular carcinoma (LIHC), acute myeloid leukemia (LAML), kidney renal clear cell carcinoma (KIRC), kidney renal papillary cell carcinoma (KIRP), kidney chromophobe (KICH), mesothelioma (MESO), ovarian serous cystadenocarcinoma (OV), prostate adenocarcinoma (PRAD), pheochromocytoma and paraganglioma (PCPG), pancreatic adenocarcinoma (PAAD), rectum adenocarcinoma (READ), uterine carcinosarcoma (UCS), uterine corpus endometrial carcinoma (UCEC), uveal melanoma (UVM), stomach adenocarcinoma (STAD), skin cutaneous melanoma (SKCM), sarcoma (SARC), thyroid carcinoma (THCA), testicular germ cell tumors (TGCT) and thymoma (THYM). We used the edgeR package to identify differentially expressed genes (DEGs) between tumor and normal samples in this study. Genes meeting the criteria of an adjusted p-value < 0.05 were considered as DEGs. Subsequently, we investigated the prognostic characteristics of TLSRGs among the 33 cancer types using the survival package. Next, based on the somatic mutation data (SNV data), we calculated the single nucleotide variant (SNV) mutation frequency of the 23 TLSRGs across the 33 cancer types. Finally, we explored the relationship between copy number variation (CNV) and the expression level of each TLSRG using Pearson’s correlation.




2.9 Spatial transcription analysis

To investigate the spatial relationship between TLSscore and TLSs, we obtained spatial transcriptomics sequencing data (GSE175540) from the GEO database. We selected a TLS-positive FFPE renal cell cancer sample and a TLS-negative FFPE sample for analysis. We used the AddModuleScore function to calculate the TLSscore and applied Wilcox’s test to detect differences in TLSscore between TLS-positive and TLS-negative samples.




2.10 Multiplex immunohistochemistry (mIHC) staining

The multiplex immunohistochemistry (mIHC) analysis was conducted meticulously using the PANOVUE Manual IHC Kit (#PPK007100100, China). The primary antibodies used in this study included CD8 (1:200, #85336, CST), CD20 (1:200, #48750, CST), CXCL13 (1:200, #ab246518, abcam) and PD1 (1:500, #ab237728, abcam). The protocol involved several carefully orchestrated steps. Initially, tumor tissue sections were dewaxed by air-drying at 60°C for 1 hour, followed by a 30-minute xylene treatment. Subsequently, the sections underwent rehydration through a graded alcohol series. Antigen retrieval was achieved using EDTA buffer (pH 9.0) in a microwave-assisted process. Primary antibodies were then applied for incubation. To amplify the tyrosine signals, the TSA PANOVUE kit was used. The antigen retrieval, antibody incubation, and TSA amplification steps were repeated iteratively for each subsequent antibody in the panel. Slides were scanned using the Vectra scanner (Akoya, USA) for visualization and analysis of the stained sections. The resultant images were analyzed using the inForm Advanced Image Analysis software (inForm v2.3.0; PerkinElmer), providing a comprehensive and detailed assessment of the immunohistochemical markers.




2.11 T-cell activation and cell sorting

Peripheral blood mononuclear cells (PBMCs) were isolated using a standard procedure. Firstly, 5 ml of fresh peripheral blood was collected in EDTA-containing anticoagulant tubes before treatment initiation. The blood sample was then layered over Lymphoprep™ solution (#07801, STEMCELL) to separate PBMCs from other blood components. After centrifugation, the lymphocyte layer was transferred to a new 50 ml tube and washed with phosphate-buffered saline (PBS) to remove contaminants. The lymphocytes were incubated with a red blood cell lysis solution on ice for 10 minutes to remove erythrocytes. Subsequently, the cells were resuspended in sorting buffer (PBS with 2% fetal bovine serum) for downstream applications. 2 x 106 naive T cells were activated in complete RPMI-1640 medium supplemented with 10% FBS, CD3/CD28 MicroBeads (#130-050-101 and 130-093-247, Miltenyi Biotec) and 2 ng/ml TGFβ-1 (#100-21, Propretech), following the manufacturer’s guidelines. Before sorting, the cells were blocked with Fc Receptor Blocking Solution (#422301, Biolegend) to minimize non-specific binding. Finally, activated T cells were sorted into PD1+CD39+CD103+CD8+T cell and PD1+CD39-CD103-CD8+T cell populations using flow cytometry and subsequent analysis of CXCL13 expression (PE anti-PD1, #12-9969-42, eBioscience; FITC anti-CD39, 328206, Biolegend; BV421 anti-CD103, 350214, Biolegend; APC anti-CXCL13, #MA523629, Invitrogen).




2.12 Cell culture

HNSCC cell lines Cal-27 and SAS were purchased from the American Type Culture Collection (ATCC) and the Chinese Academy of Sciences, respectively. Both cell lines were cultured in DMEM supplemented with 10% fetal bovine serum and maintained at 37°C with 5% CO2.




2.13 Cytotoxic experiments

SAS and CAL27 cells at 2 x 103 per well were seeded into 96-well plates to establish a controlled environment for coculture assays. PD1+CD39+CD103+CD8+T cells and PD1+CD39-CD103-CD8+T cells were then added to these cocultures at effector-to-target (E:T) ratios of 1:1, 5:1, 10:1, 25:1 and 50:1. Importantly, no exogenous cytokines were added to ensure that the observed effects were solely due to direct interactions between T cells and cancer cells. Cytolytic activity was assessed using the LDH-Glo™ Cytotoxicity Assay (Promega), following the manufacturer’s instructions. Specific lysis of target cells was quantified by calculating the mean percentage of cell lysis for each set of triplicate wells using the formula: [(test release - spontaneous release)/(maximal release - spontaneous release)] x 100. This approach provided a quantitative measure of T cell-mediated cytotoxicity, allowing for a comprehensive analysis of T cell efficacy in lysing cancer cells across the range of E:T ratios tested.




2.14 Animal experiments

Female NOD/ShiLtJGpt-Prkdcem26Cd52 Il2rgem26Cd22/Gpt (NCG) mice, aged three to four weeks, were procured from GemPharmatech (Nanjing, China) for this study. All animal procedures were approved by the Institutional Animal Care and Use Committee of Sun Yat-sen University (Approval Number: AP20220244), and adhered to established ethical guidelines. Mice were housed under specific pathogen-free (SPF) conditions at 28°C and 50% relative humidity to ensure optimal welfare and experimental consistency. For the tumor suppression experiments, mice were randomly assigned to two groups, each consisting of three animals (n=5). Each mouse was subcutaneously injected with 2 x 106 SAS cells on the dorsal surface. Tumor growth was monitored every five days for five weeks, with tumor volume calculated using the formula: TV = length x width2 x 0.5. Once tumors reached a volume of 50 mm3, mice were treated with one of the following regimens: 1) 2 x 107 PD1+CXCL13+CD8+T cells; 2) 2 x 107 PD1+CXCL13-CD8+T cells. Treatments were administered via tail vein injection once weekly for four weeks. Throughout the 35-day study period, tumor dimensions and weights were recorded at specified intervals. The maximal size of mice tumors did not exceed the limit set by the Institutional Animal Care and Use Committee of Sun Yat-sen University. At the end of the study, mice were euthanized, and tissue samples were collected to assess the therapeutic efficacy of the treatments.




2.15 Approval of ethics

Tumor tissue specimens were collected from patients with HNSCC who had not received preoperative chemotherapy, radiotherapy or immunotherapy. These specimens were obtained from the Department of Oral and Maxillofacial Surgery at Sun Yat-Sen Memorial Hospital, Sun Yat-Sen University (Approval Number: SYSKY-2023-684-01). Informed consent was secured from all subjects before their participation in the research.




2.16 Statistical analysis

Statistical analyses were performed using R software vision 4.1.1. Two-tailed Student’s t-test with the Bonferroni method was used for pairwise comparisons, while one-way ANOVA with Tukey’s method was employed for comparisons involving more than two groups. Kaplan-Meier survival curves were plotted, and the log-rank test was used for survival analysis. Cell culture experiments were conducted in triplicate for statistical reliability, with significance set at P < 0.05.





3 Results



3.1 The genetic and transcriptional characteristics of TLSRGs in HNSCC

A total of 23 TLSRGs were included in this study. Firstly, we explored the expression level of TLSRGs between tumor and normal tissues. There was a significant heterogeneity in the expression of TLSRGs (Supplementary Figure S1A). Among these 23 TLSRGs, CCL19, CCL21 and IL1R2 were highly expressed in normal tissues, while the rest genes were highly expressed in tumor tissues. In this study, the incidence of copy number variations (CNV) and somatic mutations of 23 TLSRGs for HNSCC were calculated and summarized (Supplementary Figures S1B–D). As a result, the 23 TLSRGs have prevalent CNV alterations in HNSCC. 12 TLSRGs have a frequency of CNV deletion, while the rest 11 genes were focused on the CNV amplification (Supplementary Figure S1B). Then, we showed the site of CNV alteration for TLSRGs on chromosomes (Supplementary Figure S1C). Moreover, we demonstrated that a total of 36 out of 506 patients with HNSCC carried the somatic mutation of the 23 TLSRGs (Supplementary Figure S1D). According to the results, the SH2D1A, CD40, TIGIT, IRF4, CXCL9, CD38 and STAT5A showed significant mutation, while the rest genes were not. Overall, the expression imbalance of TLSRGs was found in the HNSCC.

Then, we applied the Kaplan–Meier (KM) survival analysis to investigate the role of the expression or these 23 TLSRGs in prognosis of HNSCC. As shown in Supplementary Figure S2, all 23 TLSRGs were found to be associated with OS. Increased expression levels of CD200, CCR5, CCL21, CCL19, CCL18, CD38, ICOS, STAT5A, TIGIT, PDCD1, IRF4, IL10, IL2RA, IL1R2, SH2D1A, GFI1, FBLN7, CXCR3, CXCL13 and CXCL9 were indicative of favorable prognoses. Conversely, elevated expression of CD40, CSF2 and CCL20 referred to adverse survival. This result suggested that these23 TLSRGs could influence the prognosis of HNSCC.




3.2 Analysis of the TLSRGs in pan-cancer

To elucidate the potential impact of these TLSRGs, we assessed the expression differences and mutation frequencies of these 23 TLSRGs across 32 types of solid tumors. Our findings indicated that TLSRGs exhibited differential expressions in most types of cancers and are notably overexpressed in tumor tissues (Supplementary Figure S3A). We then conducted a comprehensive analysis of CNV variations and somatic mutations across all the 32 cancer types. As illustrated in Supplementary Figure S3B, TLSRGs such as TIGIT, STAT5A, SH2D1A, PDCD1, IRF4, IL2RA, IL1R2, IL10, ICOS, GFI1, FBLN7, CXCR3, CXCL9, CXCL13, CSF2, CD40, CD38, CD200, CCR5, CCL21, CCL20, CCL19 and CCL18 exhibited a higher frequency of CNV variations. While IRF4, STAT5A, FBLN7, IL1R2, CXCR3, TIGIT, CD38, PDCD1, CCR5, GFI1, CD40, IL2RA, CD200, SH2D1A, CXCL9 and ICOS showed noticeable single nucleotide mutations (Supplementary Figure S3C). Furthermore, we explored the relationship between somatic mutations and gene expression. This investigation revealed that somatic mutations in specific genes such as STAT5A, IRF4, IL1R2, IL10, CD40, CCR5, and CSF2 were significantly associated with changes in their respective gene expression levels especially in kidney chromophobe (KICH) (Supplementary Figures S3D). These findings enhance our understanding of TLSRGs’ role in solid tumors, particularly in how their mutations may influence gene expression and potentially impact tumor behaviors.




3.3 TLS patterns and characteristics in HNSCC

To comprehensively investigate the crosstalk and prognostic value among the 23 TLSRGs, we depicted their interactions in a network via univariate COX and correlation analyses (Figure 1A). Most TLSRG genes exhibited positive correlations with each other, with the exception of CSF2, which demonstrated a negative correlation with CD200 and CCL19. These results suggested that crosstalk among the TLSRGs may essentially impact tumor prognosis.




Figure 1 | TLS patterns and their corresponding characteristics. (A) The correlation network of 23 TLSRGs. (B) Heatmap of DEGs in two TLSclusters identified by unsupervised clustering in consensus matrices for k = 2. (C) Scree plot of cluster numbers ranging from k=2 to 9. (D) PCA analysis of two TLSclusters. Blue dots, TLSclusterA; red dots, TLSclusterB. (E) KM survival curve for patients in two TLSclusters. (F) Heatmap of the expression of 23 TLSRGs between the TLScluster A and TLScluster B groups and their corresponded clinical information. (G) Immune cell infiltration analysis of two TLSclusters using ssGSEA method. (H) Heatmap of immune cells infiltration between two TLSclusters using TIMER, CIBERSORT, CIBERSORT-ABS, QUANTISEQ, MCPCOUNTER, XCELL and EPIC algorithms. (I) Comparison of ImmuneScore, StromalScore and tumor purity between the two TLSclusters using ESTIMATE algorithms. (J) Comparison of HRD, ITH and aneuploidy scores between the two TLSclusters (K) The GSVA analysis of the two TLSclusters. *P < 0.05, ***P < 0.001.



In this study, we incorporated three transcriptome datasets from HNSCC to analyze the different expression patterns of TLS. To ensure the accuracy of the results, we first combined the three transcriptome datasets and used the Combat package for batch correction. We then extracted the expression profiles of 23 TLSRGs based on the corrected transcriptome data and classified them using the ConsensusClusterPlus package. We selected K = 2 based on the proportion of ambiguous clustering plots. Consequently, 671 HNSCC patients were divided into two TLS patterns based on two clusters, TLSclusterA and B (Figures 1B, C). Before analysis, these two clusters were distinguished into separate categories using the PCA analysis method (Figure 1D). It was found that patients in TLSclusterB experienced longer survival, while those in TLSclusterA had a poorer prognosis (Figure 1E). Besides, significant differences in the expression of the 23 TLSRGs were observed between the two clusters (Figure 1F). We then identified the tumor microenvironments in each cluster. Compared to TLSclusterA, TME of TLSclusterB exhibited greater enrichment of immune cells, especially anti-tumor immune cells, as determined by various algorithms including TIMER, CIBERSORT, CIBERSORT-ABS, QUANTISEQ, MCPCOUNTER, XCELL, EPIC and ssGSEA (Figures 1G, H). These results implied that TLSclusterB represents an immune-activated microenvironment, in contrast to the potentially immuno-suppressive environment of TLSclusterA. In agreement with these findings, the immune and stromal scores were higher in TLSclusterB, whereas tumor purity was more prominent in TLSclusterA (Figure 1I). Meanwhile, we evaluated other immunogenic biomarkers such as homologous recombination deficiency (HRD), intratumor heterogeneity (ITH), and aneuploidy between these two clusters. Compared to TLSclusterB, TLSclusterA showed higher tumor immunogenicity (Figure 1J). We next implied GSVA analysis method to evaluate the hallmark gene set for the two clusters. According to Figure 1K, these two clusters revealed entirely different functions. Among them, TLSclusterB primarily enriched immune-related pathways, such as antigen processing and presentation, T cell receptor signaling pathway, B cell receptor signaling pathway and natural killer cell-mediated cytotoxicity, demonstrating its immune-activated properties.




3.4 Construction of the TLSscore

The above results demonstrate that patients of different TLSclusters exhibit distinct characteristics and prognosis. However, we are still unable to evaluate the features of each patient due to heterogeneity. Therefore, we constructed a novel TLSscore model to assess individual patterns. We first conducted differential analysis between TLSclusterA and TLSclusterB to identify differentially expressed genes (DEGs). Utilizing these DEGs, we conducted 1000 unsupervised cluster analyses and ultimately divided the patients with HNSCC into two molecular subtypes based on TLSRGs phenotypeyedlysdveus, A and B (Supplementary Figures S4A, B). Kaplan-Meier survival analysis revealed that patients in geneCluster B exhibited longer survival times, whereas those in geneCluster A faced poorer prognoses (Supplementary Figure S4C). In terms of gene expression, numerous DEGs were observed between the two geneClusters (Supplementary Figure S4D). Additionally, geneCluster B was characterized by a higher infiltration of immune cells, elevated immune and stromal scores, lower tumor purity, reduced homologous recombination deficiency (HRD), and lower aneuploidy (Supplementary Figures S4E–G). Subsequently, we performed gene expression differential analysis between geneCluster A and B, and conducted unsupervised clustering method and univariate COX analysis to identify prognostic genes. Based on these different prognostic genes, we constructed the TLS signature modeltureedd,ys using the PCA method (Figure 2A). According to this TLSscore method, we found that patients of TLScluster B and geneClusterB also exhibited higher TLSscore compared to their respective corresponding clusters (Figure 2B). Based on optimal threshold, we observed that patients in the TLSscorehigh group had a better prognosis, indicating the potential of TLSscore as a prognostic indicator for HNSCC, which also suggests that TLS may affect the prognosis of HNSCC (Figures 2C, D). In order to explore whether the TLSscore can be used as an independent prognostic factor of HNSCC, we conducted univariate and multivariate Cox regression analysis to evaluate the TLSscore with multiple clinical parameters (Supplementary Figures S5A, B). Both univariate and multivariate analysis results showed that TLSscore (HR = 0.528, 95% CI = 0.412-0.677, P < 0.001; HR = 0.529, 95% CI =0.412-0.678, P < 0.001) were significantly correlated with better prognosis of HNSCC patients. Moreover, subgroup analysis further corroborated these findings, demonstrating consistency in the prognostic value of the TLSscore across different patient clinical features such as different ages, gender and clinical stages (Supplementary Figures S5C–E). We next investigated the relationship between TLSscore and immune patterns. As shown in Figure 2E, patients with TLSscoreshigh had elevated immune and stromal scores, but lower tumor purity. Consistently, we demonstrated that patients with TLSscorehigh also possessed more prominent immune-related functions by using the ssGSEA method (Figure 2F). Interestingly, we found a positive correlation between TLSscore and immune infiltrating cells. Specifically, TLSscorehigh exhibited a strong positive correlation with activated B cells, activated CD4 cells, activated CD8 cells, and immature B cells (Figures 2G, H). These findings suggest that an increased TLSscore might contribute to a more robust anti-tumor immunity.




Figure 2 | Construction of TLSscore and its corresponding characteristics. (A) Sankey chart illustrating the construction process of TLSscore. (B) The difference of TLSscore between TLSclusters and geneClusters. (C) KM survival curve of patients in TLSscorehigh and TLSscorelow groups. (D) The difference of survival status between TLSscorehigh and TLSscorelow groups. (E) Comparison of ImmuneScore, StromalScore and tumor purity between TLSscorehigh and TLSscorelow groups using ESTIMATE algorithms. (F) Immune function analysis between TLSscorehigh and TLSscorelow groups using ssGSEA method. (G) Correlation analysis between TLSscore and immune cell infiltration. (H) Heatmap of immune cell infiltration between TLSscorehigh and TLSscorelow groups using TIMER, CIBERSORT, CIBERSORT-ABS, QUANTISEQ, MCPCOUNTER, XCELL and EPIC algorithms. *P < 0.05, **P < 0.01, ***P < 0.001.






3.5 Multiomics analysis of the role of TLSscore

To delve deeper into the differences between the HNSCC patient with high and low TLSscore, we further employed the Monocle package to distinctly separate HNSCC samples based on varying TLSscores (Supplementary Figure S6A). When comparing single nucleotide polymorphisms (SNP) between the high and low TLSscore groups, we observed that patients in the TLSscorehigh group had a higher tumor mutation rate (91.24%) compared to those in the TLSscorelow group (84.52%) (Supplementary Figure S6B). Next, we examined the relationship between TLSscore and Tumor Mutational Burden (TMB). As shown in Supplementary Figure S6C, it was evident that the TMB scores were significantly higher in the TLSscorelow group than in the TLSscorehigh group. Furthermore, we identified a negative correlation between TLSscore and TMB (R=-0.19, P<0.05) (Supplementary Figure S6D). Consistent with our previous study, patients with high TMB were found to have poorer prognoses (Supplementary Figure S6E). Interestingly, we found that by combining TLSscore with TMB, we can differentiate two patient groups into distinct outcomes: TLSscorehigh patients with a low level of TMB had the longest survival rate, while TLSscorelow patients with a high level of TMB exhibited the worst prognosis (Supplementary Figure S6F). These findings provide a promising method to predict patient survival by integrating the TLSscore with TMB. Subsequently, we explored CNV between the two TLSscore groups. Both TLSscorehigh and TLSscorelow group exhibited focal amplifications and deletions in various chromosomal regions (Supplementary Figure S6G). However, the TLSscorelow group exhibited higher focal-level gain and loss burdens, as well as a higher arm-level gain burden, compared to the TLSscorehigh group (Supplementary Figure S6H). The distribution of G-scores (based on the frequency and amplitude of gains and losses) across all chromosomes in both TLSscorehigh and TLSscorelow groups were presented in Supplementary Figure S6I. These findings indicate that the TLSscorelow group has relatively high immunogenicity, whereas the TLSscorehigh group exhibits low immunogenicity.

We further explored the role of the TLSRGs and TLSscore in HNSCC by conducting a reanalysis of our previously published single-cell transcriptomic sequencing data (GSE172577). This dataset comprises single-cell RNA sequencing (scRNA-seq) data from six patients. Among them, three patients were confirmed to have TLS through immunohistochemical analysis and were classified as TLS-positive. The remaining three patients did not exhibit TLS and were categorized as TLS-negative. After quality control, a total of 42,979 cells were available for analysis (Figure 3A). Utilizing canonical marker gene expression, we identified 9 main cell types (Figure 3B). As illustrated in Figure 3C, the TLS-positive group exhibited a higher percentage of T and NK cells, myeloid cells, B cells, plasma cells, endothelial cells, pericytes and mast cells compared to the TLS-negative group. In particular, we found that the 23 TLSRGs were mainly expressed in TLS-positive group, especially in T and NK cells, myeloid cells, B cells, endothelial cells and plasma cells, which are main cell types composing of TLS, as prior research reported (29) (Figure 3D). These findings underscore the pivotal role of TLSRGs in shaping the tumor immune microenvironment, particularly in modulating immune responses associated with TLS. As the TLSscore model was constructed based on the expression of these 23 TLSRGs, it was evident that the TLS-positive group demonstrated higher scores than the TLS-negative group (Figure 3E). Besides, we found that T and NK cells showed the highest TLSscores among the nine cell types, and these cells in the TLS-positive group also exhibited elevated TLSscores compared to their TLS-negative counterparts (Figures 3F, G). Moreover, two spatial transcriptomics sequencing data were applied to explore the spatial relationship between TLSscore and TLSs (Supplementary Figures S7A, B). TLS positive samples exhibited a higher TLScore compared to TLS negative ones, with a significant enrichment of TLSscore observed specifically within the TLS regions. These findings highlight the strong association between TLSscore and the presence of tertiary lymphoid structures (Supplementary Figure S7C).




Figure 3 | Analysis of TLSscore in HNSCC with TLS at single-cell atlas. (A) The distribution of 20 cell clusters, 6 tumor samples, 9 cell types, and patients of TLS-negative/positive were visualized and labeled using the UMAP method. (B) Annotation of different cell types. (C) The proportion and average number of 9 main cell types between 6 tumor samples and patients of TLS-negative/positive. (D) Heatmap displaying the expression of the 23 TLSRGs in 9 main cell types (left) and in TLS-negative/positive groups (right). (E) Comparison of TLSscore between TLS-negative/positive groups. (F) Comparison of TLSscore across 9 main cell types. (G) Comparison of TLSscore across 9 main cell types between TLS-positive and TLS-negative groups. *P < 0.05, **P < 0.01, ****P< 0.0001






3.6 Predictive potential of TLSscore for immunotherapy efficacy

Our analysis on immune cell infiltration above unveiled a positive correlation between TLSscore and various immune infiltrating cells, suggesting that TLS may play a pivotal role in mediating anti-tumor immunity in HNSCC, which is consistent with conclusions drawn from other previous studies (16). Thus, we determined whether the TLSscore is associated with immune checkpoints and can serve as an effective predictor for evaluating the response to immunotherapy. According to Figures 4A–C, TLSscorehigh group had higher expression of immune checkpoint-related genes, MHC I and II related genes than the TLSscorelow group. Thus, we utilized immune phenotype score (IPS) data to evaluate the four patient subgroups treated with different immune checkpoint inhibitors (ICIs), including anti-PD-1 and anti-CTLA-4. As shown in Figure 4D, patients in the TLSscorehigh group exhibited higher IPS scores in both CTLA4_Positive PD1_Positive, CTLA4_Negative PD1_Negative and CTLA4_Negative PD1_Positive subgroups (P<0.05). These results suggest that the TLSscore could serve as a valuable indicator of immunotherapy efficacy in specific patient subsets, potentially facilitating its clinical application in HNSCC treatment. To visualize the activity of anti-cancer immunity, we used the TIP method to analyze the tumor-infiltrating immune cells across the seven-step cancer-immunity cycle. Compared to TLSscorelow group, TLSscorehigh group were active in trafficking of immune cells to tumors (Step 4) (Figure 4E). Moreover, two single cell RNA sequencing data (GSE195832 and GSE123813) were applied to explore the role of TLSscore during the immune response in this study. In HNSCC cohort GSE195832, we obtained 38122 cells for further analysis (Figure 5A). Based on canonical marker genes, 10 main cell types were identified (Figure 5B). After treatment with PD-1 inhibitordgnityingls the percentage of epithelial cells was decreased, while the T cells, B cells and plasma cells were increased. (Figures 5C, D). Similarly, The TLSscore was elevated in the post-treatment group after the treatment with immune checkpoint blockade (ICB) (Figure 5E). These findings are consistent with previous reports indicating that immunotherapy can induce alterations in the immune microenvironment, thereby leading to the promotion of TLS formation. Notably, our TLSscore model has the capability to evaluate the dynamic changes in TLS for individuals. In particular, T and NK cells were observed exhibiting the highest TLSscore among all cell types (Figure 5F). To assess whether TLSscore can predict the response to immunotherapy, we integrated another cohort GSE123813 to determine whether TLSscore would differentiate between responder and non-responder groups before or after ICB treatment (Supplementary Figure S8A). we compared TLSscores between responder and non-responder groups. As shown in Supplementary Figures S8B–D, responding patients exhibited higher TLSscores than non-responders. Furthermore, our analysis revealed that TLSscore was higher in the responder group both before and after ICB treatment. These results collectively indicate that TLSscore exhibits outstanding predictive efficacy for immunotherapy.




Figure 4 | The association between TLSscore and immune-related functions. (A) Comparison of immune checkpoint genes between TLSscorehigh and TLSscorelow groups. (B) Comparison of MHC I genes between TLSscorehigh and TLSscorelow groups. (C) Comparison of MHC II genes between TLSscorehigh and TLSscorelow groups. (D) Comparison of IPS scores between TLSscorehigh and TLSscorelow groups among CTLA4_Positive PD1_Positive, CTLA4_Negative PD1_Negative, CTLA4_Negative PD1_Positive and CTLA4_Positive and PD1_Negative subgroups. (E) TIP analysis of immune cell infiltration across each step of the cancer-immunity cycle between TLSscorehigh and TLSscorelow groups. *P < 0.05, **P < 0.01, ***P < 0.001.






Figure 5 | Single cell RNA sequencing analysis for the role of TLSscore in immunotherapy. (A) The UMAP visualization shows the distribution of 17 cell clusters, 8 tumor samples, 10 cell types and patients before/after immunotherapy in the GSE195832 dataset. (B) The cell type annotation in GSE195832. (C) The proportion and average number of 10 main cell types between patients before/after immunotherapy. (D) Comparison of TLSscore across 9 main cell types between pre- and post-treatment groups in GSE195832. (E) Comparison of TLSscore between pre- and post-treatment groups in GSE195832. (F) Comparison of TLSscore across 9 main cell types in GSE195832. **P < 0.01, ****P < 0.0001.






3.7 PD-1+CXCL13+CD8+T cells are pivotal in both TLS and immunotherapy

Considering the crucial role of TLSscore in predicting immunotherapy response, we subsequently conducted a detailed analysis to identify key cell types involved in this process. By integrating two cohorts of single cell RNA sequencing data, we observed that exhausted CD8+T cells exhibited the highest TLSscore. Both before and after ICB treatment, the responder group showed higher TLSscore in exhausted CD8+T cells. Furthermore, an elevation in TLSscore of exhausted CD8+T cells was observed after ICB treatment (Figure 6A; Supplementary Figures S8B–D). To further explore the anti-tumor ability of exhausted CD8+T cells within TLS, we analyzed the top master genes of this cell subtype. As shown in Figure 6B, exhaustion marker PD1 and chemokines CXCL13 were the highest expression gene of this exhausted CD8+T cell subtype. In order to isolate PD1+CXCL13+CD8+T cells, we investigated whether the surface markers CD39 and CD103, which are highly expressed, could serve as substitutes for CXCL13. According to our prior investigations, CD103+CD8+T cells exhibited a greater abundance of CXCL13 compared to CD103-CD8+T cells (30). In this study, flow cytometry analysis revealed that PD1+CD39+CD103+CD8+T cells had a higher proportion of CXCL13 compared to PD1+CD39-CD103-CD8+T cells (Figure 6C). Based on these findings, we opted to use CD39 and CD103 for flow cytometry sorting method to isolate PD1+CXCL13+CD8+T cells. Subsequently, we employed mIHC method to determine the spatial co-localization of the PD1+CXCL13+CD8+T cells within TLS. As illustrated in Figure 6D, our findings indicated that PD1+CXCL13+CD8+T cells were dispersed throughout the TLS. These results highlight PD1+CXCL13+CD8+T cells as the subtype with the highest TLSscore within TLS. Additionally, we identified CD39 and CD103 as effective surface markers for isolating these subtype cells.




Figure 6 | Functional properties of PD1+CXCL13+CD8+T cells in vitro and vivo. (A) Comparison of TLSscore across 19 main cell types in GSE195832. (B) Heatmap depicting the top cell-type-specific markers of T cells in GSE195832 dataset. (C) FACS analysis of PD1+CD39+CD103+CD8+T cells and PD1+CD39-CD103-CD8+T cells. Right panel, statistical analysis of FACS results of PD1+CD39+CD103+CD8+T cells and PD1+CD39+CD103+CD8+T cells (n=3). (D) MIHC staining of PD1+CXCL13+CD8+T cell marker PD1 (green), CXCL13 (white) and CD8 (red), B cells marker CD20 (yellow) and DAPI staining (blue) in TLS region of HNSCC sample. Scale bars, 100mm. (E) LDH assay of PD1+CXCL13+CD8+T cells and PD1+CXCL13-CD8+T cells cocultured with HNSCC cells at the indicated E:T ratios. Horizontal lines indicate the mean ± SEM. Significance was determined with a 2-tailed Mann-Whitney U test. (F) Schematic illustration of tumor inoculation and different treatments in SAS tumor-bearing NCG mice. At day 10 after tumor inoculation, mice were treated with PD1+CD39+CD103+CD8+T cells and PD1+CD39-CD103-CD8+T cells. (G–I) Tumor images (G), tumor weights (H), and tumor growth curves (I) of SAS xenograft-bearing mice after intravenous injection of PD1+CXCL13+CD8+T cells and PD1+CXCL13-CD8+T cells (5 mice in each group). ***P < 0.001.



To further investigate the anti-tumor potential of the PD1+CXCL13+CD8+T cell subtype, we conducted in vitro cytotoxicity assays using PD1+CXCL13+CD8+T cells and PD1+CXCL13-CD8+T cells co-cultured with HNSCC cells. Our results revealed that PD1+CXCL13+CD8+T cells exhibited enhanced E:T ratios, indicating a stronger anti-tumor capacity against HNSCC cells (Figure 6E). To further explore the function of human PD1+CXCL13+CD8+T cells in antitumor immunity in vivo, we established HNSCC subcutaneous tumor model by subcutaneously injected HNSCC cell line SAS into NCG mice (Figure 6F). Then, we intravenously injected PD1+CXCL13+CD8+T cells and PD1+CXCL13-CD8+T cells separately. Our data demonstrate that treatment with PD1+CXCL13+CD8+T cells effectively reduces the growth of HNSCC tumors compared to PD1+CXCL13-CD8+T cells (Figures 6G–I). These results suggest that PD1+CXCL13+CD8+T cells may represent one of the tumor-reactive CD8+T cell subtypes within TLS, which can be quantified individually using our TLSscore model.





4 Discussion

Diverging from the traditional theory that adaptive immune responses to tumors predominantly occur in secondary lymphoid organs (SLO), TLS is a lymphoid-like structure that plays a pivotal role in chronic inflammation, the development of autoimmune diseases and the anti-tumor immune process within non-lymphoid tissues (18, 31, 32). Recent research has extensively explored the predictive value of TLS for the survival prognosis and immunotherapy response across various cancers (24–26). However, limited biomarkers and variations in TLS detection methods led to contradicted conclusions. Additionally, the mechanism by which TLS exerts anti-tumor effects remains controversial. In our previous study, we identified that a specific subgroup of TCF7+T cells possess the ability to recruit and home T cells, which was associated with favorable outcome of HNSCC patients (23). In this study, we constructed a TLSscore model based on transcriptome sequencing and demonstrated its predictive function for survival prognosis and immunotherapy response in HNSCC. Furthermore, a distinct subgroup of tumor-infiltrating lymphocytes (TILs), PD1+CXCL13+CD8+T cells was found to localize with TLS and exhibited enhanced anti-tumor effects. Overall, these findings provide a new perspective on the application of TLS in predicting prognosis and response of immunotherapy in HNSCC.

In this study, we selected 23 previously validated TLSRGs and analyzed their gene mutations and prognosis in HNSCC. Subsequently, we integrated three HNSCC cohorts from three transcriptome datasets into a new meta-cohort and categorized the patients into two TLS clusters, A and B. Patients in TLSclusterB exhibited longer survival and showed immune-activated properties compared to those in TLSclusterA. Through differential gene analysis, we identified numerous DEGs. By using the DEGs from TLSclusterA and B, we employed an unsupervised clustering method to further divide the patients into two new gene clusters. Similarly, we found that patients in gene clusterB had better survival advantages and showed greater immune cell infiltration. In order to calculate individuals’ TLS-related scores, we constructed the TLS signature score model (TLSscore) based on the DEGs from gene clusters A and B. Patients with a high TLSscore had a longer survival rate and a richer population of activated immune cells in each step of the cancer-immunity cycle. Additionally, we observed that a high TLSscore was correlated with a lower TMB. Consistent with our previous findings, HNSCC patients with low TMB had better prognoses than those with high TMB (33). Importantly, in our study, patients with a higher TLSscore and lower TMB exhibited the longest survival, suggesting that the combination of TLSscore and TMB could serve as a better prognostic indicator for HNSCC. Furthermore, we found that TLSscore was spatially associated with TLS, enabling the quantification of the TLS pattern in individuals.

Although immunotherapy, such as immune checkpoint blockade (ICB), has significantly improved the survival rate, only a small proportion of HNSCC patients can benefit from it. To date, the combined positive score (CPS), a method to evaluate the expression of PD-L1, is the most commonly used method to predict the response to ICIs treatment in clinical practice (34–38). However, HNSCC exhibits a high degree of tumor heterogeneity, which can lead to inaccurate determination of PD-L1 during biopsy, thereby reducing the predictive efficacy of ICIs treatment (39). Recently, numerous studies have confirmed that TLS is associated with improved prognosis and elevated response rates to ICIs in various types of cancers (18–22, 24–26). According to previous studies, TLS provides a special niche to foster cell-cell contact by antigen-laden APCs and naïve lymphocytes in the tumor area (18). Meanwhile, the B cells within TLS can produce tumor-specific antibodies mediating complement lysis and antibody-dependent cytotoxicity (40, 41). Additionally, naïve T cells can be recruited, re-educated, and proliferated in TLS (42). Interestingly, de novo TLS formation in various cancers can be stimulated by several therapeutic approaches, including neoadjuvant chemotherapy, cancer vaccines, and immune checkpoint blockade (ICB) therapy (43–45). Inspired by these findings, we constructed a TLSscore model to predict immunotherapy response of individuals and guide clinical treatment strategy of HNSCC. Using two single-cell RNA sequencing cohorts of HNSCC and BCC, we confirmed that patients responding to ICIs treatment possess a higher TLSscore. Interestingly, we also discovered that TLSscore increased after immunotherapy, which was consistent with the study that TLS can be therapeutically induced by ICIs treatments (46, 47). Collectively, our results provide a more precise and effective model to predict immunotherapy response in HNSCC.

Accumulating evidence indicates that TILs play a pivotal role in recognizing and eliminating tumors. Among them, CD8+T cells emerge as the most crucial subpopulation of immune cells (48). However, the predictive value of the quantity of CD8+T cells remains controversial. Recent evidence indicates that the majority of CD8+T cell are “bystander” T cells that lack the ability to recognize the specific antigen of tumors due to their heterogeneity (49, 50). Despite the fact that TLS provides a spatial contact for T cell recognition of tumor antigens, the subset of tumor-specific T cells within TLS remains unclear. In our study, we identified a specific exhausted subgroup of CD8+T cells expressing PD-1 and secreting the chemokine CXCL13, exhibiting the highest TLSscore. Previous studies have shown that CXCL13 is a CXC chemokine capable of inducing the migration of CXCR5+ immune cells (51). Additionally, reports have demonstrated that elevated level of CXCL13 in TLS plays a significant role in recruiting B cells, T cells and dendritic cells, thereby promoting the formation of TLS (52, 53). In a lung cancer research, Zhou et al. demonstrated that CXCL13 serves as the unique marker for antigen-specific T (Tas) cells and its high expression indicates a high response rate to ICB (54). In the study of metastatic colorectal cancer and endometrial cancer, CXCL13+CD8+T cells in tumor microenvironment (TME) have been shown to exhibit high proliferation ability, tumor-activating characterization and expression anti-tumor molecular capability, which can be a predictor of better prognosis (55, 56). Despite CXCL13+CD8+T cells are terminally differentiated cells, they can still exhibit remarkable clonal expansion ability (55). Consistent with our results, we demonstrated that PD1+CXCL13+CD8+T cells possess superior anti-tumor abilities both in vivo and in vitro. Overall, we have identified a specific CD8+T cell subgroup demonstrating a high level of anti-tumor ability within TLS, which unveiled the underlying mechanisms of TLS-mediated tumor-killing immunity and possessed promising clinical implications such as adoptive cell therapy (ACT).

Despite the construction of a TLSscore model and the identification of a tumor-specific T cell subgroup associated with TLS, this study has several limitations. First, our TLSscore model was developed by integrating 3 HNSCC cohorts from the TCGA and GEO databases. However, we did not use an independent validation cohort to confirm its prognostic value. Additionally, although the TLSscore model demonstrated strong predictive potential, we did not compare its predictive capability with other models reported in the literature. To further evaluate its clinical utility, prospective clinical trials involving HNSCC cohorts are necessary to validate both its prognostic significance and its ability to predict immunotherapy response in HNSCC patients. Therefore, validating the TLSscore model in independent prospective HNSCC cohorts and comparing its predictive efficacy to other models are essential to fully realizing its clinical potential in future studies.




5 Conclusion

In summary, our study demonstrated the characteristics of TLSRGs in HNSCC. Additionally, we developed a TLSscore model to evaluate TLS patterns for individuals, allowing to assess the survival prognosis, degree of immune cell infiltration and response to immunotherapy. Furthermore, we identified a tumor-specific PD-1+CXCL13+CD8+T cell subgroup within TLS and elucidated its anti-tumor functions. Our study will provide a deeper understanding of TLS and offer clinical strategies to guide personalized precision medicine such as ICB and ACT.
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Head and neck squamous cell carcinoma (HNSCC) is a prevalent malignant tumor globally. Despite advancements in treatment methods, the overall survival rate remains low due to limitations such as poor targeting and low bioavailability, which result in the limited efficacy of traditional drug therapies. Nanomedicine is considered to be a promising strategy in tumor therapy, offering the potential for maximal anti-tumor effects. Nanocarriers can overcome biological barriers, enhance drug delivery efficiency to targeted sites, and minimize damage to normal tissues. Currently, various nano-carriers for drug delivery have been developed to construct new nanomedicine. This review aims to provide an overview of the current status of HNSCC treatment and the necessity of nanomedicine in improving treatment outcomes. Moreover, it delves into the research progress of nanomedicine in HNSCC treatment, with a focus on enhancing radiation sensitivity, improving the efficacy of tumor immunotherapy, effectively delivering chemotherapy drugs, and utilizing small molecule inhibitors. Finally, this article discussed the challenges and prospects of applying nanomedicine in cancer treatment.
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1 Introduction

Head and neck squamous cell carcinoma (HNSCC) is the predominant malignant neoplasm in the head and neck region, originating from the mucosal epithelium of the oral cavity, pharynx, and larynx. Based on data from the GLOBOCAN, in 2020, there were approximately 930,000 new cases of HNSCC documented globally, leading to 467,000 mortalities. Regretfully, the incidence and mortality of HNSCC have persistently escalated (1, 2) (Figure 1A). Given the complex and obscured anatomy of the head and neck region coupled with the paucity of initial symptoms, the majority of HNSCC patients are diagnosed with advanced-stage malignancies when deemed necessary for medical attention. Furthermore, the precise location of head and neck cancer (HNC) can profoundly affect essential sensory functions, leading to impaired emotional health and restricted social functioning. Unfortunately, A comprehensive analysis of HNSCC cases from the Surveillance, Epidemiology, and End Results database, demonstrated that the 5-year and 10-year overall survival (OS) rates for HNSCC were 46% and 31%, respectively (3). Despite extensive improvements in HNSCC treatment, upwards of 65% of patients encounter recurrence or metastasis (4). For locally recurrent malignancies that fail to respond to rescue surgery, radiation therapy, or a combination of both, the prognosis becomes exceedingly dire, akin to distant metastases. Without intervention, survival is confined to only 6-9 months, underscoring the ongoing difficulty of attaining long-term remission and disease control (5).




Figure 1 | (A) The incidence and mortality rates of HNSCC. (B) Timeline of the Development of Treatment Regimens and Targeted Therapy for HNC and Future Exploration (1).



HPV vaccines have the potential to serve as an effective preventive measure against HPV+ HNSCC (6, 7). Whereas HPV- HNSCC are more heterogeneous in outcome (8). Surgery or radiation therapy can serve as feasible options for early-stage oral and laryngeal malignancies (9). Nevertheless, approximately 70%-80% of HNSCC patients presenting with advanced stage III/IV tumors often experience disease progression associated with extensive local invasion and regional lymph node dissemination. Contemporary treatment strategies for advanced HNSCC encompass surgery, radiotherapy, and systemic therapy (Figure 1B).

In 2006, the FDA approved cetuximab, an EGFR inhibitor, as a first-line treatment for recurrent or metastatic (R/M) HNSCC. Cetuximab has shown significant effectiveness as a radiosensitizer, either alone or in combination with chemotherapy for R/M HNSCC (10). It has unequivocally demonstrated that cetuximab exhibits the ability to downregulate IFN-γ and induce the expression of programmed death ligand 1 (PD-L1) in HNSCC (11). Nevertheless, cetuximab therapy may potentially augment the influx of immunoregulatory regulatory T cells (Tregs) within the tumor microenvironment (TME) (12). Additionally, it may hinder the cytotoxic abilities of activated CD8+ T cells, as indicated by the increased co-expression of programmed death receptor 1 (PD-1) and T-cell immunoglobulin and mucin domain 3 (13). These findings highlight the dual influence of cetuximab therapy.

The emergence of immune checkpoint inhibitors (ICIs) has brought about a revolutionary shift in cancer treatment. Notably, between 2015 and 2019, there was an impressive 8.2% reduction in mortality rates (14). At present, the ICIs have consistently exhibited significant therapeutic effects in melanoma, non-small cell lung cancer (NSCLC), glioblastoma, and advanced skin squamous cell carcinoma (15–20). Pembrolizumab and nivolumab were FDA-approved for the treatment of R/M HNSCC in 2016 and 2019 (21–23). Up to September 30th, 2024, the FDA has approved 196 clinical trials investigating immunotherapy for HNSCC (2, 24, 25). Of these, 74 are currently in active participant recruitment, 32 have been initiated but not yet recruited, and 37 have concluded. However, completed trials have shown a relatively low durable response rate of 15%-20% among patients (26). Furthermore, some patients may experience significant immune-related side effects, such as dermatitis, colitis, hepatitis, and pneumonitis, which may require temporary suspension of ICI treatment or alternative interventions (27, 28).

In recent years, nanomedicine has undergone substantial advancement in oncological treatment (29). It proffers several advantages to cancer therapy, encompassing augmented drug availability, diminished side effects, and precise drug delivery (30–33). A variety of nanoparticle (NP) categories have been leveraged for tumor diagnostics and treatments (34–36). This review provides a synopsis of nanomedicine research progression in HNSCC treatment, emphasizing the extraordinary advancements in nanomedicine-based immunotherapeutic strategies.




2 The advantage of nanomedicines application in HNSCC

Although HNSCC is a solid tumor, due to its special anatomical location, nanomedicines exhibit greater specialized benefits in addressing HNSCC compared with other solid tumors. Primarily, radiotherapy serves as a prevalent treatment option for HNSCC. Consequently, nanomedicine holds potential application possibilities in treating HNSCC via leveraging its radiosensitizing effect. Additionally, the cervical region is abundant in lymphatic tissue, thereby rendering HNSCC susceptible to lymph node (LN) metastasis, resulting in recurrence and metastasis. Through modifications of nanomedicine, the LN targeting of nanomedicine can mitigate tumor LN metastasis and enhance patient survival rates. For instance, Liang et al. engineered a hybrid nano-vaccine (Hy-M-Exo) by amalgamating tumor-derived exosomes (TEX) and dendritic cell membrane vesicles (DCMV), which inherited CCR7, a pivotal lymphatic homing protein of DCMV, and enhanced targeting efficacy against LN. Concurrently, Hy-M-Exo stimulated retained tumor antigens and endogenous danger signals in antigen-presenting cells (APCs), inciting a robust T-cell response (37).

NPs are artificially manufactured particles ranging from 1 to 100 nm (38). They come in various types, including metal NPs, metal oxide NPs, mesoporous NPs, polymer NPs, micelles, liposomes, and others (39). These NPs have special characteristics like large surface area, strong electrical conductivity, optical absorption spectral shift, and unique fluorescence properties. Nanomaterial delivery systems offer several advantages in HNSCC treatment, making them a promising therapeutic approach. These advantages encompass refined targeting, precise drug delivery, multifunctional carriers, enhanced drug stability, photothermal therapy augmentation, and solubility/biocompatibility. These features enable nanomaterials to selectively target HNSCC cells, regulate drug release, deliver multiple therapies, safeguard drugs, facilitate photothermal therapy, and demonstrate favorable solubility and biocompatibility.

Otherwise, the nano-delivery system enters the bloodstream, it undergoes a series of five cascading steps, collectively known as “CAPIR” to achieve successful and efficient delivery of therapeutic drugs to tumor cells. These steps include Circulation within the blood vessels (C), Accumulation at the tumor site (A), Penetration into the deeper regions of the tumor tissue (P), Internalization by tumor cells (I), and Release of therapeutic agents within the intracellular compartment (R) (40). Each step is crucially designed and meticulously constructed to ensure the targeted delivery of nanomedicine to the tumor site (Figure 2).




Figure 2 | Schematic diagram of the CAPIR cascade of nanomedicine delivering drugs to tumor cell. (C) Circulation within the blood vessels, (A) Accumulation at the tumor site, (P) Penetration into the deeper regions of the tumor tissue, (I) Internalization by tumor cells, (R) Release of therapeutic agents within the intracellular compartment.



A high-throughput nanoparticle assay was employed to assess the delivery of nucleic acids to HNSCC solid tumors in vivo using 94 chemically distinct nanoparticles. DNA barcoding was utilized to identify LNPHNSCC, which demonstrated the ability to inhibit HNSCC tropism while minimizing off-target delivery to the liver (41). Meanwhile, NPs possess the capability to modulate various key elements, thereby disrupting the tumor’s immunosuppressive network (42). The dedicated pursuit of NP-based drug delivery holds immense promise in revolutionizing cancer therapy and fostering improved patient outcomes in the foreseeable future. A variety of nanomedicine has been used for HNSCC treatment and summarized in Table 1.


Table 1 | Summary of nano-materials in the therapy of HNSCC.






3 Advancements in nanomedicines for HNSCC treatment



3.1 Nanomedicines enhance radiosensitivity

Over the past few decades, personalized radiotherapy has made remarkable advancements. However, the occurrence of toxic effects frequently impedes the ability to escalate radiation dosage, thus hindering further improvements in treatment outcomes (67). Radioresistance leads to local control failure in about 40% of HNSCC (68). Enhancing the sensitivity of tumor cells to radiation and achieving tumor eradication with a reduced radiation dose hold paramount importance in HNSCC treatment (69). Brown et al. have identified pivotal factors that influence the efficacy of tumor radiotherapy, encompassing: (1) repair of sublethal cell damage; (2) cell regeneration following irradiation; (3) cell redistribution during the cell cycle; (4) reoxygenation of surviving cells; and (5) intrinsic radiosensitivity (70).

In the realm of cancer treatment, nanomaterials containing metals such as gold (Au) and silver (Ag) NPs have demonstrated remarkable capabilities in absorbing, scattering, and emitting radiation energy. These NPs can be readily metabolized and eliminated, rendering them a promising avenue for radiosensitization in cancer therapy (71, 72) (Figure 3). As an example, Zhang’s team has pioneered the development of gold nanoparticles (GNPs)-based system named Au@MC38, which demonstrates the capability to significantly enhance radiation-induced DNA damage and reactive oxygen species (ROS) production when used in conjunction with radiotherapy. This synergistic approach leads to heightened tumor cell apoptosis and necrosis (73). Additionally, an acid-responsive nano-aggregation system incorporating amycin (Dox) has shown notable radiosensitization effects in esophageal cancer (74).




Figure 3 | The schematic depiction of AuNPs as radiation sensitizers for HNSCC treatment. (A) Nanoparticles were delivered into the tumor microenvironment by intravenous or intratumoral injection of AuNPs combined with RT to tumor-bearing mice. (B) The internalization of AuNPs into tumor cells enhances radiation-induced DNA damage and reactive oxygen species (ROS) generation, exacerbating tumor cell apoptosis and necrosis during radiotherapy. Additionally, the localized radiation-induced immunogenic cell death elicits a robust immune response. RT: Radiation therapy. AuNPs: gold nanoparticles.



Remarkable advancements have been achieved in harnessing nanomedicines to augment radiosensitivity in HNSCC (43). Regular administration of GNPs through bi-weekly injections has been observed to have a significant therapeutic effect. This approach demonstrates the immense potential of GNPs in enhancing radiation sensitivity and improving the efficacy of radiotherapy in HNSCC (44–46, 75). Nayak et al. developed polyethylene glycol (PEG)-coated gold-silver alloy nanoparticles (BNPs) that show efficient uptake by oral cancer cells. These BNPs exhibit a radiosensitization ratio of 1.5-1.7, demonstrating a robust radiosensitization effect (47). As previously mentioned, cetuximab is known as a radiosensitizing agent. One effective strategy to overcome tumor radioresistance is to use cetuximab-targeted GNPs to increase the absorption of radiation by tumors at clinically relevant energy and radiation doses (68).

In addition to GNPs, mesoporous silica, liposomes, bovine serum albumin, and polymers, have been extensively investigated as carriers to enhance the effectiveness of radiotherapy (76–81). HMG-CoA reductase inhibitors, commonly referred to as statins, have demonstrated potential anti-tumor and radiosensitizing effects (82–84). Nevertheless, the limited bioavailability of orally administered statins poses a significant challenge. Thierry et al. developed high-density lipoprotein NPs for parenteral delivery of statins. This innovative formulation not only enhances the radiobiological response but also exhibits immunoreactive properties in 2D/3D models of HNSCC (48). Biodegradable gelling-and-lipid dual nanocarrier ion-triggered porous adhesive hydrogels have been used to optimize the targeted delivery of clinical radiosensitizers. This advanced nanosystem facilitates the efficient intracellular uptake and cellular retention of radiosensitizers, resulting in a synergistic enhancement of radiation-induced DNA damage and apoptosis. Furthermore, in-gel NPs have demonstrated improved in vivo efficacy of both chemotherapeutic agents by prolonging tumor bioaccumulation and reducing systemic absorption, thereby outperforming systemic commercial agents approved for HNSCC chemoradiotherapy (49). Gadolinium-based NPs (GBNs) have emerged as a highly promising avenue for radiosensitization. Notably, Ardail’s team has achieved remarkable advancements by introducing a novel formulation of GBNs known as AGuIX®. These NPs exhibit the ability to accumulate within lysosomes upon cellular uptake, enabling effective radiosensitization specifically for HNSCC (50).




3.2 Application of nanomedicines in HNSCC immunotherapy



3.2.1 TME and immunotherapy for HNSCC

The TME is an intricate biological system comprising multifaceted components, including tumor cells, tumor-associated fibroblasts, immune cells (including T lymphocytes, tumor-associated macrophages, myeloid-derived suppressor cells, natural killer cells, and tumor-associated neutrophils), and extracellular matrix. The TME serves a pivotal role in the development, progression, and prognosis of tumors (Figure 4) (85, 86). In accordance with Daniel’s classification scheme, the TME may be stratified into three phenotypes: the inflamed phenotype, the immune-excluded phenotype, and the immune-desert phenotype (87). In a research conducted by Jakob et al., detailed histological sections of 965 solid tumors were critically assessed to categorize tumor types based on the distribution of immune cells within the TME. The results indicate that in HNSCC, over 50% of tumors displayed infiltration by immunosuppressive Foxp3+ Tregs. Moreover, HNSCC frequently demonstrated diminished immune cell populations, including tumors with exclusive lymphocytic or myeloid infiltration (88). Huang et al. executed a proteogenomic analysis of 108 cases of HPV-positive HNSCC and discovered significant deletions in immunomodulatory genes, leading to a low immune infiltration state within the tumors (89, 90). Consequently, the TME of HNSCC can be classified as harboring an immuno-excluded phenotype or an immuno-desert phenotype.




Figure 4 | The TME of HNSCC and multifunction of nanomedicine immunotherapy. The cold tumor microenvironment of HNSCC can be reshaped into a hot tumor through various forms of immune microenvironment modulation using different nanoparticles. This process encompasses four main aspects: (A) Nanovaccines regulate the TME by triggering innate immunity. (B) Nanomedicines polarize TAMs into immunocompetent M1 TAMs. (C) Nanomedicines activate tumor-specific immune responses by increasing T-cell infiltration in the TME. (D) Nanomedicines stimulate anti-tumor immune responses by inducing ICD in tumor cells.



A variety of inflammatory factors and immune cells are present within the TME. Furthermore, the tumor can stimulate an immune response, thereby complicating the complex interplay between the tumor and the immune system (91). Nevertheless, solid tumors can reshape the TME by altering the phenotype of immune cells. Such reshaping encompasses modifications in the expression of immune checkpoint proteins, suppression of effector T cell functionality, and promotion of the transition of pro-inflammatory (M1) tumor-associated macrophages (TAMs) towards anti-inflammatory (M2) TAMs (92). The effectiveness of immunotherapy is intertwined with the immune status of the TME (93). The immune system undergoes dynamic alterations throughout the inception and progression of tumors, as well as subsequent treatments such as chemotherapy, radiotherapy, or immunotherapy (94). In the context of HNSCC, the TME displays considerable heterogeneity and employs diverse mechanisms to evade immune surveillance.

The application of noninvasive nanoparticle-based imaging to visualize TAMs can yield valuable insights into the immune cell composition within the TME (95, 96). This data possesses considerable potential as a guiding principle for immunotherapy. Furthermore, by harnessing nanomaterials for precise and targeted delivery of therapeutic agents, nanomedicine offers an opportunity to enhance the efficacy of immunotherapy whilst simultaneously mitigating treatment-associated side effects (97, 98) (Figure 4). This review will explore four facets of nanomedicine in HNSCC immunotherapy (1): Nanovaccines regulate the TME by triggering innate immunity; (2) Nanomedicines polarize TAMs into immunocompetent M1 TAMs; (3) Nanomedicines activate tumor-specific immune responses by augmenting T-cell infiltration in the TME; (4) Nanomedicines stimulate anti-tumor immune responses by inducing ICD.




3.2.2 Nanovaccines for HNSCC

Tumor vaccines are an active form of immune treatment that is garnering significant attention due to their favorable safety profile and minimal side effects (99). Tumor antigens have the capacity to activate immune cells and provoke robust immune responses (100, 101). For instance, vaccination targeting HR-HPV E6 and E7 oncoproteins has demonstrated the ability to induce T-cell responses specific to HPV-16 and even achieve complete histologic responses in certain patients (102, 103). Nevertheless, the presence of immunosuppressive elements within the TME, coupled with its dynamic and diverse attributes, can substantially hinder the clinical efficacy of tumor vaccines in advanced HNSCC (104).

Nanomedicine has achieved considerable advancements, providing a viable methodology to augment the efficacy of vaccines and counteract immunosuppression (105). Initially, nanomaterial-based tumor vaccines can efficiently convey tumor antigens and immune adjuvants to stimulate antigen presentation and amplify the immune response. Secondly, highly immunogenic nano-vaccines can be directly instilled at the tumor site to evoke acquired immunity and eradicate tumor cells. Hydrophilic polyester polymeric nanoparticles constructed of polylactic acid-hydroxymethylglycolic acid (pLHMGA), have been employed in the formulation of therapeutic HR-HPV vaccines. These nanoparticles are laden with a lengthy peptide derived from the HPV16 E7 oncogene and enveloped with toll-like receptor 3 (TLR3) ligand (poly I: C) to augment the immune response. This strategy has demonstrated a significant augmentation in the proportion of HPV-specific CD8+ T cells (106). Furthermore, the implementation of E6/E7-oriented nanosatellite vaccines has shown a remarkable augmentation of more than 12-fold in tumor-specific CD8+ T cells, culminating in diminished tumor burden (51). Similarly, the application of mesoporous silica rods (MSR)-based HPV-16 E7 vaccines has led to extensive infiltration of antigen-specific CD8+ T cells in MOC2-E6E7 tumor cells. This infiltration has been associated with inhibited tumor growth and prolonged survival in MOC2-E6E7 tumor mice, particularly in the HNC models with specific antigen expression (52). Recently, a novel ribonucleic acid lipoplex (RNA-LPX)-based HPV16 vaccine (E7 RNA-LPX) combined with local radiotherapy has been reported to induce a substantial infiltration of E7-specific CD8+ T cells in the tumor. This combination therapy has the potential to convert a “cold” tumor into a “hot” tumor (53). Currently, phase I and II clinical trials (NCT04534205, NCT03418480) are underway to investigate the efficacy of the HPV16 E6/E7 RNA-LPX vaccine against various HPV-driven cancers, including HNSCC. Additionally, there are other clinical trials (NCT04287868, NCT04260126, and NCT05232851) that are exploring the therapeutic potential of nano-vaccines in HNSCC.

Moreover, virus-like NPs (VLPs) derived from plants and bacteria have shown high immunogenicity, such as cowpea mosaic virus (CPMV) or tobacco mosaic virus (TMV) (107–109). CPMV nanoparticles are stable, non-toxic, scalable in production, and can be modified with drugs and antigens. Additionally, novel virus-like hollow mesoporous silica nanoparticles (VH-MSNs) have been developed by mimicking the structural characteristics of viruses using an autophagy perovskite template. The distinctive surface topology of VH-MSNs amplifies cellular internalization and magnifies immune responses. These NPs can accommodate doxorubicin, facilitating the integration of chemotherapy and immunotherapy (110). Similarly, in a preclinical model of HNSCC, orthotopic inoculation of virus-like microparticle-coated toll-like receptor 9 agonist (CMP-001) instigated both local and distal antitumor immune responses (111).




3.2.3 Nanomedicines for HNSCC by polarizing TAMs

M2 TAMs are known to contribute to tumor progression by fostering tumor growth, angiogenesis, and metastasis (Figure 5). They create an immunosuppressive barrier that impedes effective anti-tumor immune responses, thus hampering immune surveillance against the tumor (112). In HNSCC, the predominance of M2 TAMs is notable, and their presence is closely linked to an unsatisfactory overall prognosis (113, 114). Encouragingly, studies have provided compelling evidence showcasing the effectiveness of TAMs-targeting strategies in diverse tumor types (115–118). However, the clinical applicability of current small-molecule drugs targeting TAMs faces several challenges (119).




Figure 5 | Schematic illustration of the involvement of TAMs in HNSCC and their potential as therapeutic targets for nanomedicine-based treatment of HNSCC. (A) TAMs primarily consist of M1 and M2 phenotypes. They play crucial roles in angiogenesis, resistance to treatment, cellular migration, and metastasis, as well as immunosuppression within the TME. (B) A nanocomposite hydrogel with antitumor properties for the treatment of primary and metastatic HNSCC (54).



Nanomaterial-based drug delivery systems have dramatically revolutionized the field of TAM-related immunotherapy (119–123). Rodell et al. synthesized a nanoparticle called CDP-R848, a potent agonist of TLR7 and TLR8. CDP-R848 has been shown to convert TAMs to the M1 phenotype, leading to suppressed tumor growth and prevention of tumor re-invasion in various tumors. Notably, when combined with anti-PD-1 therapy, CDP-R848 has shown an improved response to immunotherapy, even in tumors that were resistant to anti-PD-1 treatment (124). A prodrug formulation called R848-Toco, coupled with α-tocopherol, has been formulated as a polymeric nanosuspension using tocopherol-modified hyaluronic acid (HA-Toco). This delivery system offers prolonged release kinetics and maintains the activity of R848. In the HNC model, subcutaneous injection of the nanosuspension has been shown to recruit immune cells in the TME and achieve significant anti-tumor effects (125). Furthermore, NPs constructed from mRNA encoding interferon regulatory factor 5 and IKKb kinase have demonstrated the ability to reprogram TAMs from the M2 to M1 phenotype. This reprogramming leads to the induction of tumor immunity and anti-tumor effects in ovarian cancer, melanoma, and glioblastoma (126). Recently, there have been reports on the utilization of a nano-platform called M1mDDTF, which involves disguising the iron supply regeneration system with the membrane of M1-type macrophages. This innovative approach has shown promising results in promoting the gradual polarization of TAMs towards the M1 TAMs (127).

The CD47, a signal found on tumor cells that essentially tells immune cells “don’t eat me”, can interact with signal regulatory protein α (SIRPα) on macrophages. This interaction effectively prevents macrophages from engulfing and eliminating the tumor cells. Additionally, tumor cells release certain factors that push macrophages toward the M2 phenotype, further aiding the growth of the tumor. Therefore, Rao et al. developed hybrid membrane nano-vasomes (hNVs) that address both mechanisms simultaneously. These hNVs operate by inhibiting the CD47-SIRPα signaling pathway, thereby facilitating macrophages in recognizing and eliminating tumor cells. Additionally, the hNVs facilitate the repolarization of the M2 to M1 phenotype. This repolarization process helps to inhibit local tumor recurrence and distant metastasis of melanoma (128). The stimulator of interferon genes (STING) is a crucial molecule involved in transmitting signals within the innate immune response (129). Researchers loaded STING agonists into hollow nanovesicles, which resulted in significant suppression of tumor growth in a model of triple-negative breast cancer with low immunogenicity (128).

The lysosomes of TAMs have elevated cysteine protease activity, which hinders antigen cross-presentation and CD8+ T cell activation. Cui et al. developed a DNA nanoparticle targeting TAMs lysosomes to specifically inhibit cysteine proteases, improve the ability of TAMs to cross-present antigens, and inhibit tumor growth (130). The latest research reports an injectable nanocomposite hydrogel with a polymer framework (PLGA-PEG-PLGA) loaded with imiquimod-coated CaCO3 nanoparticles (RC) and cancer cell membrane (CCM)-coated mesoporous silica nanoparticles PepM@PacC, in which RC not only facilitates the maturation of DCs but also enhances the polarization of TAMs towards the M1 phenotype. Moreover, this nanocomposite hydrogel has demonstrated the ability to improve the TME, suppress tumor growth, and notably impede tumor metastasis to the lungs in a mouse model of HNSCC (54). Despite the use of nanomedicine to target TAMs in HNSCC is still being investigated, it holds significant potential to enhance the therapeutic outcomes of HNSCC. For instance, it has been reported that the combination of intratumoral injection of TLR7 and TLR9 agonists with anti-PD-1 can promote the transformation of TAMs from M2 to M1 and inhibit tumor growth in HNSCC (131). Converting M2 into M1 TAMs using small interfering RNA (siRNA) is a highly promising approach, where the involvement of nanosystems cannot be overlooked (132). Conspicuously, it has been demonstrated that maintaining an appropriate balance between M1 and M2 in the TME (instead of completely polarizing towards M1) can enhance the therapeutic effect mediated by NPs (133).




3.2.4 Nanomedicines treat HNSCC by increasing tumor-infiltrating lymphocytes

The insufficient presence of TILs within the TME significantly hampers the immunotherapy effectiveness. Otherwise, the depletion of T cells is also one of the important factors affecting the effect of immunotherapy (134). Strategies aim to increase tumor-specific TILs in two ways: promoting TIL infiltration in the TME and enhancing APC function to improve T cell activity.

Studies have demonstrated the crucial role of the host STING pathway in the production of type I interferon, activation of DCs, and stimulation of CD8+ T cells in response to tumor-associated antigens (135, 136). As a result, STING agonists are being developed as a novel therapeutic agent for the treatment of cancer (137). Nonetheless, their effectiveness is limited by barriers to drug delivery. Consequently, Cheng et al. encapsulated the STING agonist cGAMP in liposomes (cGAMP NPs), which markedly improved the cellular uptake of cGAMP, stimulated the secretion of IFN-γ, and increased the infiltration of CD4+ and CD8+ T cells into the TME. As a result, cGAMP NPs effectively inhibited the growth of triple-negative breast cancer and B16F10 melanoma (138). Furthermore, nanosatellite vectors loaded with STING agonists demonstrated a remarkable 12-fold increase in the infiltration of tumor-specific CD8+ T cells in the TME (51). As previously described with nanomedicine PepM@PacC, CaCO3 nanoparticles promote DCs maturation and activate T cells, leading to synergistic tumor cell killing and effective inhibition of HNSCC metastasis (54). In certain studies, nanoparticles have been modified by incorporating PD-L1 antibodies to create nanomedicines known as all-trans retinoic acid-polylactic acid-glycolic acid copolymer (PLGA)-PEG-PD-L1. These nanomedicines are designed to specifically target tumor cells. By activating CD8+ T cells surrounding PD-L1+ tumor cells, the anti-tumor activity is enhanced, effectively converting “cold” tumors into “hot” tumors (55). Importantly, our previous study demonstrated that the functionalized two dimensions nanomaterials MoS2 loaded with TLR9 agonist CpG effectively suppressed tumor growth and significantly prolonged mouse survival in the HNSCC model by augmenting TILs within the TME (56) (Figure 6).




Figure 6 | Schematic representation of the antitumor effects of the functionalized nano-platform. The CpG-loaded nanosheets elicit an anti-tumor immune response, enhance the maturation and antigen presentation capacity of BMDCs, and further augment the tumor cytotoxicity of CTLs, thereby ultimately advancing the immunotherapeutic efficacy against HNSCC (56).



As mentioned earlier, NPs carrying tumor vaccines can indirectly promote the infiltration of TILs in the TME by activating APCs (53). In addition to improving DCs targeting, the surface of nanoparticles can be modified with antibodies or ligands that selectively bind to the surface receptors of DCs, including C-type lectin receptors, mannose receptors, DCIR2, and CLEC9A (139). Surface modification of NPs can also augment the antigen transport and cross-presentation capabilities of DCs. For instance, NPs modified with polyethylene imine and aluminum hydroxide are more readily endocytosed by DCs, leading to improved release of antigens into the cytoplasm, enhancing antigen cross-presentation ability, and facilitating infiltration of TILs (140).

Recent research has advanced our understanding of the connection between microorganisms and tumor development. It has revealed the complex relationship between commensal bacteria and the host immune system (141, 142). Studies have revealed that lactobacillus, for example, can inhibit the onset of oral squamous cell carcinoma (OSCC) by enhancing the anti-tumor immune response (143), indicating that modulation of the oral microbiota can potentially boost the immune response. Furthermore, Zheng et al. made an intriguing discovery that tumor tissues in OSCC harbored elevated levels of peptostreptococcus bacteria, which were found to be positively associated with survival rates (57). In response, a hydrogel based on silver NPs was developed to suppress the growth of competing bacteria, including peptostreptococcus. The hydrogel was designed to co-deliver anaerobes (which increase the levels of peptostreptococcus) along with exogenous anaerobes and anti-PD-1 therapy. This combination significantly increased the infiltration of CD8+ T cells, resulting in inhibited tumor growth in subcutaneous xenograft tumors and 4-NQO-induced spontaneous tongue cancer tumor models (57).




3.2.5 Nanomedicines treat HNSCC by inducing ICD

In recent years, several emerging tumor treatment methods have been discovered, including photodynamic therapy (PDT), photothermal therapy (PTT), and sonodynamic therapy (SDT) (144–146). These therapies utilize photodynamic or sonodynamic approaches to induce death in tumor cells, which release a significant amount of damage-associated molecular patterns (DAMPs), including calretinin, adenosine 3-phosphate (ATP), and high mobility group box 1. DAMPs play a crucial role in activating the adaptive immune response of T cells and promoting the formation of long-term immune memory (147). Consequently, the ICD has the potential to reverse the “cold” TME and enhance the effectiveness of immunotherapy.

Nanomedicine offers great potential in enhancing the efficacy of tumor immunotherapy by inducing ICD of tumor cells, through its high component selectivity and functional modification capabilities (147–150). As an illustration, the photosensitizer mTHPP (5,10,15,20-tetra hydroxyphenyl porphyrin) can be effectively incorporated into polymeric micelles, thereby enhancing the efficiency of PDT (58). As mentioned earlier, M1mDDTF not only possesses the ability to directly eliminate tumor cells but also exhibits the potential to stimulate ICD and facilitate DCs development (127). Additionally, Hackenberg et al. synthesized zinc oxide nanoparticles capable of inducing ICD via photocatalysis, highlighting the potential of PDT as a treatment option for HNSCC (59). Notably, certain proteins such as matrix metalloproteinase (MMP)2 and MMP9, which are overexpressed in the tumor, have shown promise in the enrichment of gelatin nanoparticles, further enhancing their therapeutic potential (151, 152). As a result, researchers have developed gelatin nanoparticles (GENPs) that can be degraded by MMP2 and MMP9. These GENPs were loaded with the photosensitizer indocyanine green (ICG) and the STAT3 inhibitor NSC74859 (NSC, N). Upon near-infrared irradiation, the released ICG can effectively utilize the photothermal effect to kill tumor cells, while NSC can stimulate effective anti-tumor immunity, consequently enhancing the efficacy of tumor therapy (60). Furthermore, Zhou et al. developed a novel nanocomposite called TiO2@Ru@siRNA, which involved the modification of TiO2 nanoparticles with a ruthenium-based photosensitizer (Ru) and the loading of hypoxia-inducible factor-1α (HIF-1α) siRNA. When exposed to visible light, TiO2@Ru@siRNA exhibited both type I and II photodynamic effects. In addition to causing lysosomal damage and silencing the HIF-1α, it was also effective in killing OSCC cells. By alleviating hypoxia and inducing pyroptosis, a form of programmed cell death, TiO2@Ru@siRNA can significantly inhibit tumor progression by downregulating key immunosuppressive factors, upregulating immune stimulating factors, and thereby reestablishing the immune microenvironment and enhancing anti-tumor immunity (61). Moreover, TiO2@Ru@siRNA-mediated PDT has demonstrated significant efficacy in both xenograft tumor models and rat oral cancer models (61). As mentioned earlier, Au@MC38 can enhance radiosensitivity, moreover, it also elicits local radiation-ICD, which activates a robust immune response and leads to a notable augmentation of CD8a+ DCs within the TME (73).

However, the irreversible hypoxic conditions in the TME of HNSCC hinder the effectiveness of PDT. To address this challenge, researchers have focused on chemokinetic approaches by exploring iron-dependent cell death mechanisms with ROS cytotoxicity. Ferroptosis, a non-apoptotic programmed cell death process, not only improves the efficiency of PDT by providing oxygen to the hypoxic TME but also stimulates an immune response through ROS production (153). For instance, a 2-in-1 nanoplatform, known as SRF@Hb-Ce6, loaded with the ferroptosis promoter sorafenib was constructed by linking hemoglobin (Hb) to the photosensitizer chlorinated e6 (Ce6) (154). Furthermore, amphiphilic MMP2-responsive peptides are incorporated into the backbone of the nano-platform to ensure drug release specificity and enhance safety. SRF@Hb-Ce6 has the potential to improve the efficacy of both PDT and ferroptosis. Notably, PDT not only recruits immune cells to secrete IFN-γ, thus promoting the process of ferroptosis but also enhances the sensitivity of tumors to ferroptosis. These findings underscore the promising prospects of combining nanoplatforms with PDT and ferroptosis in cancer treatment (154). Zhu et al. developed a novel supramolecular nanomedicine by self-assembling the photosensitizer Ce6 and ferroptosis-inducing agent erastin through hydrogen bonding and π-π stacking. This nanomedicine, known as Ce6-erastin, exhibits low toxicity to normal tissues but can cause excessive accumulation of ROS, increase the oxygen concentration in tumor cells, and inhibit SLC7A11 expression. Consequently, it enhances toxicity to tongue cancer CAL-27 cells and demonstrates significant anti-tumor activity against OTSCC transplanted tumors after radiation treatment (62).





3.3 Other applications of nanomedicines in the treatment of HNSCC

Moreover, nanomaterials are widely utilized as nanocarriers for targeted delivery of chemotherapy drugs, small molecule inhibitors, and nucleic acid agents (155–157). Notably, albumin-bound paclitaxel (NAB-paclitaxel) is an FDA-approved nanomedicine widely used in anti-tumor therapy. Jessica et al. conducted a single-center retrospective analysis, revealing the efficacy of NAB-paclitaxel in the treatment of R/M HNSCC that had shown progression after prior use of other taxanes, such as cremophor-based paclitaxel or docetaxel (158). Furthermore, Wang et al. employed nanomaterial modification techniques to develop NR7 ligand-modified PLGA-PEG/NR7 nanoparticles that could target tumor sites and were simultaneously loaded with cisplatin. In OSCC cells with an overexpression of the receptor, the NR7 peptide could be specifically delivered and rapidly taken up by tumor cells, thereby exerting a potent anti-tumor effect (63).

Targeted delivery of small molecule inhibitors via NPs shown exceptional efficacy in HNSCC treatment. Src, a non-receptor tyrosine kinase, plays a pivotal role in the progression and metastasis of HNSCC. Encapsulating the Src inhibitor saracatinib within NPs has demonstrated significant inhibition of HNSCC metastasis, surpassing the effectiveness of the free drug. Additionally, the co-delivery of the saracatinib (AZD0530) and the AKT inhibitor capivasertib (AZD5363) via cathepsin B-sensitive NPs significantly enhanced the antitumor effect while minimizing side effects. This is primarily attributed to the highly specific and efficient tumor targeting achieved by nanomedicine (64, 65). NAD(P)H: quinone oxidoreductase 1 (NQO1) is an enzyme that is frequently upregulated in squamous cell carcinoma, exerting a significant influence on tumor proliferation and chemotherapy resistance. β-lapachone is a small molecule inhibitor of NQO1. MSN loaded with 5-FU/β-lapachone (FNQ-MSN) can effectively target NQO1, inhibit its expression, and overcome 5-FU resistance, resulting in enhanced cytotoxicity against HNSCC (157). Furthermore, nanoparticles loaded with the novel AKT/PDK1 inhibitor PHT-427 have also demonstrated enhanced anti-tumor effects in HNSCC (66).

siRNA holds great potential as an effective tool for cancer therapy. However, its clinical application faces numerous obstacles, including susceptibility to degradation by ribonucleases, poor stability in physiological conditions, potential to induce inflammatory responses, and lack of site-specificity. Researchers are actively investigating the use of nanoparticles as carriers for efficient siRNA delivery. As an illustration, the use of nanoparticles has demonstrated the ability to suppress the proliferation of HNSCC through the delivery of siRNA targeting ribonucleotide reductase subunit M2. In HNSCC xenografts models, nanoparticles can accumulate in tumors with intravenous injection and the targeted gene knockout effect can persist for 10 days, leading to significant inhibition of tumor progression (159). Additionally, CXCR4 is an attractive target for drug delivery in HNSCC therapy (160, 161). In recent years, DNA tetrahedron-based nanostructures have emerged as promising platforms for siRNA delivery, garnering significant attention (162, 163).

Nanobody (NB) is an innovative immunoglobulin discovered in the serum of Camelidae. It presents the advantages of petite size, potent specificity, elevated stability, facile expression, and the capacity to identify concealed epitopes. It demonstrates a vast scope of application value across various fields and has progressively evolved as a nascent force in the next-generation of therapeutic biomedicals and clinical diagnostic reagents (164). A multiattribute platform consisting of a nanoantibody recognizing the outer membrane domain (EGa1) of EGFR coupled to PEG-liposomes remarkably downregulated EGFR to suppress tumor proliferation both in vitro and in vivo (165). Nanoantibody-directed photodynamic therapy (NB-PDT) is an efficacious tumor-selective treatment methodology utilizing NBs to specifically transport photosensitizers (PSs) to tumor cells, typically targeting EGFR in conjunction with PDT. Since 2014, NB -directed photodynamic therapy (NB-PDT) has matured into a highly precise tumor treatment method (166, 167). For instance, one investigation characterized two EGFR-directed nanobody-photosensitizer conjugates (NB-PSs), the monovalent 7D12-PS and the bivalent 7D12-9G8-PS, which exhibited significant tumor colocalization (168). In feline oral carcinoma, NB-PDT hasachieved a significant anti-tumor effect (169). Furthermore, amalgamating the photosensitizer IRDye700DX with a nanoantibody targeting EGFR, this nanoantibody-PS conjugate resulted in extensive tumor necrosis (approximately 2/3) with minimal toxicity to healthy tissues in a model of HSNCC (167).




3.4 Combination therapy of nanomedicine with other therapeutic approaches

Combining surgery, radiotherapy, chemotherapy, immunotherapy, and targeted therapy is often necessary for effective tumor treatment. However, single-drug therapy has limitations, leading to suboptimal efficacy and side effects. To address this, integrating nanotechnology with various therapeutic approaches shows promise for future research.

Currently, there is increasing research on combining nanomedicine for the treatment of HNSCC. One notable example is that the combination of photocatalytically active zinc oxide subnanoparticles with chemotherapy drugs, cisplatin, and paclitaxel, exerts a significantly stronger effect on the proliferation of HNSCC cells compared to single-drug therapy (170). Furthermore, coordination polymer-based core-shell NPs loaded with cisplatin and photosensitizer pyrolipid (NCP@pyrolipid) have demonstrated the ability to induce apoptosis and necrosis of cancer cells synergistically. In a cisplatin-resistant HNC SQ20B xenograft model, NCP@pyrolipid exhibited remarkable tumor regression (83% reduction in tumor volume) at low doses (171). As mentioned, the ICD in combination with other treatments to stimulate the anti-tumor immune response may be one of the strategies for combination therapy (60, 61). Additionally, numerous studies have explored combination therapy approaches concerning nanotechnology, including nano-vaccine therapy combined with local radiotherapy (53), the delivery of siRNA or gene editing through nanomaterials combined with chemotherapy (172–174), and PTT combined with chemotherapy (175, 176).





4 Summary and prospects

Nanotechnology has significantly advanced therapeutic drug delivery in cancer treatment. Several nanomedicines, encompassing Doxil (1995), Feraheme (2009), and albumin-bound paclitaxel nanoparticles (Abraxane, 2005), have surfaced and are presently employed in clinical applications (177). These modalities have widened the therapeutic efficacy for HNSCC. Numerous clinical studies have explored the conceivable utility of nanomedicine for diagnosing and treating HNSCC (Table 2). For example, the Abraxane combination therapy has exhibited promising outcomes in the context of N2b lymph node invasion or unresectable HNSCC (178). A single-arm, multi-center, phase II trial indicated superior objective response rate and OS with albumin-bound paclitaxel, cetuximab, and carboplatin (CACTUX) as compared to the EXTREME regimen in patients afflicted with R/M HNSCC (179). In 2021, NBTXR3 nanoparticles were employed as a radiosensitizer for the management of locally advanced OSCC patients eligible for radiotherapy. Phase I clinical trials confirmed its safety, paving the way for ongoing phase II trials (180). Notably, phase II/III clinical trials (NCT04892173 and NCT04862455) are presently enlisting participants to evaluate the therapeutic efficacy of NBTXR3 nanoparticles in locally advanced and R/M HNSCC. Furthermore, multi-center, phase II-III randomized controlled trials have validated the efficacy of NBTXR3 in soft tissue sarcomas (181). Additionally, mRNA-2752, a lipid nanoparticle encapsulating mRNAs encoding human OX40L, IL-23, and IL-36γ, is currently undergoing clinical trials for various malignancies, including HNSCC (NCT03739931).


Table 2 | Summary of clinical trials of nanomedicine for HNSCC treatment.



Nevertheless, several obstacles need to be surmounted before translating preliminary nanomedicine research into triumphant clinical applications. A pivotal challenge is achieving equilibrium between the intricacy of nanomedicine constituents, manufacturing expenses, and therapeutic potency (182). The uniformity and stability of nanomedicine batches are equally crucial for enduring clinical advantages. Additionally, apprehensions concerning pharmacokinetics, efficacy, and long-term safety require meticulous scrutiny. Discrepancies between animal models and human physiology may affect the dependability of preliminary study outcomes. Tumor heterogeneity and the necessity for patient stratification further impact the effectiveness of nanomedicines. Identifying credible biomarkers or characteristics for patient selection in HNSCC nanomedicine treatments necessitates further research.

Preserving a positive perspective on the potential potency of nanomedicine in treating HNSCC is paramount. Preclinical studies have exhibited extraordinary effects and hold substantial promise for the discipline. Addressing the obstacles outlined above necessitates collaborative endeavors across disciplines like materials science, nanoscience, chemistry, biology, medicine, and pharmacy. By nurturing interdisciplinary collaborations, we can strive towards the successful clinical implementation of nanomedicines, ultimately improving the prognosis and results for cancer patients.
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Early-onset head and neck squamous cell carcinoma (HNSCC) has been increasingly observed in recent years, exhibiting distinct tumor behavior and a unique tumor microenvironment (TME) compared to older age groups. Studies suggest that early-onset HNSCC is associated with specific risk factors and prognostic outcomes, while the underlying mechanisms driving these age-related differences remain unclear. In this review, we systematically examined original studies involving young HNSCC patient samples, focusing on the characteristics of the TME and potential for personalized immunotherapy. While further evidence is needed, our findings indicate that the TME in early-onset HNSCC often exhibits higher aggressiveness and immune suppression. Consequently, tailored immunotherapy may offer a promising therapeutic strategy for this distinct patient population.
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1 Introduction

Cancer remains a leading cause of morbidity and mortality worldwide, imposing a substantial burden on global health (1, 2). Although cancer predominantly affects individuals aged>50 years, recent years there has been a notable increase in early-onset cancers (diagnosed in individuals aged<50 years) across various regions (3). This increase in early-onset cancers has far-reaching consequences on individuals and society, adding the overall disease burden (4, 5). Moreover, the adverse effects of cancer treatments at a younger age may result in long-term health complications, further worsening the burden associated with early-onset cancers (6).

Similarly, the incidence of early-onset head and neck squamous cell carcinoma (HNSCC) is increasing. HNSCC accounts for approximately 6% of all cancers globally and is ranked the sixth most common cancer (7, 8). Each year, approximately 900,000 new cases of head and neck cancers are diagnosed worldwide, with over 400,000 deaths annually (9).

While most HNSCC cases are diagnosed in older individuals (median age of 65 years) (10), the incidence among younger patients has increased, particularly in Asia, with marked increases in oral and oropharyngeal squamous cell carcinomas, particularly tongue and tonsil cancers (7, 11, 12). Traditional risk factors for HNSCC include tobacco and alcohol use; however, additional etiologies include Epstein-Barr virus (EBV) infection in the nasopharynx and human papillomavirus (HPV) infection in the oropharynx (13, 14). In Southeast Asia, the increasing use of betel nuts and the rising prevalence of HPV infections among younger populations have contributed to the growing incidence of HNSCC in this demographic (11, 15). Studies indicate that young patients with HNSCC (typically defined as individuals aged ≤30 to ≤45, accounting for 1%–8% of all HNSCC cases) exhibit distinct disease characteristics and progression patterns compared to older patients (16, 17); however, the mechanisms underlying these differences and the associated potential for targeted treatment remain unclear.

Emerging evidence suggests that younger cancer patients with cancer, including those with HNSCC, may present with unique biological and tumor microenvironmental (TME) characteristics. The TME comprises diverse cellular components and molecular signals, including immune cells, fibroblasts, endothelial cells, and various cytokines (18, 19), exhibiting distinct features in terms of inflammatory responses, immune evasion, and microenvironmental regulation. Studies have shown that the TME in younger patients may contain elevated levels and activity of immunosuppressive cells, such as regulatory T cells and myeloid-derived suppressor cells (20, 21), or a higher proportion of programmed death ligand 1 (PD-L1) expressing antigen presenting cells (APCs) (22), which could influence their response to immunotherapy. Therefore, exploring the unique TME in young patients with HNSCC is essential for understanding its underlying pathogenesis and to laying the groundwork for future, targeted therapeutic approaches.

In this study, we reviewed the current findings of the TME in early-onset HNSCC patients. The characteristics of the included studies were carefully presented and assessed, and the relevant findings (including TME profile and correlation factors) were summarized. Consequently, the potential immunotherapy for this age group was also discussed.




2 Materials and methods

Literature containing early-onset or young HNSCC in its the title or abstract from the last 20 years up to the end of October 2024) was retrieved through searching PubMed, Web of Science Core Collection, MEDLINE and Embase.

Inclusion criteria: Original articles investigating the characteristics of early-onset HNSCC.

Exclusion criteria: Review, meeting abstract, original research or bioinformatic analysis without real pathological specimen data, and literature not in English.

The exact search strategy, results and selection flow chart are presented in the Supplementary Materials.




3 Results



3.1 Characterization of included studies

After the screening, 31 studies were included in the final analysis. Different definitions of ‘younger’ and ‘older’ patients groups were observed (Figure 1A). Twenty-four studies defined younger patients as those aged<40 years (n=12) or <45 years (n=12), five studies defined younger patients as those aged<50 years, and one study defined younger patients as those aged<70 years. Studies defined the older group as follows: patients >45 years old; patients aged 40 (n=5), 50 (n=4), and 60 years (n=4); and patients aged >70 years (n=2).




Figure 1 | Characterization of included studies. (A) The frequency of age group definition of included studies. (B) The sample size of younger and older patient groups. (C) TCGA data including of included studies. (D) TNM stage match of the included studies. (E) Healthy (blank) control involving of the included studies. (F) Study design of included studies. There were 20 comparative studies and 11 correlation studies in total, and 2, 9, 9 studies reported positive, negative and not significant of younger patients compared to older ones. And 7 studies presented disease correlation and 4 presented prognostic correlation.



The sample sizes also varied (Figure 1B). Nine studies did not include an older group, and the number of younger and older patients ranged from 4 to 386 and 4 to 294, respectively, with a relatively similar median. Among the 31 studies, 6 included The Cancer Genome Atlas (TCGA) data (Figure 1C), 24 matched TNM stages between patient groups (Figure 1D), and 10 used healthy or blank controls for comparison with the study groups (Figure 1E). Finally, among 20 comparative studies, 2 studies showed that younger groups were positive for tumor aggressiveness compared to older groups, 9 showed negative results, and 9 showed non-significant results. In addition, among 11 correlation studies, 7 presented disease risk and 4 prognosis correlations (Figure 1F).




3.2 Possible TME of early-onset HNSCC

Among the 31 studies included in the final analysis, 20 reported comparisons between patients with early- and late- onset HNSCC, and 11 reported potential correlations between specific factors and early onset. The possible TME based on these studies are shown in Figure 2. The two positive results showed that young patients presented a less harmful TME than older patients. These include lower expression of enhancer of zeste homolog 2 (EZH2) (23) and lower neutrophil-to-lymphocyte ratio (NLR) (24) in younger patients, reflecting lower invasion and metastasis of the tumor behavior in this age group. However, the remaining nine studies showed opposing results, indicating that younger tumors have a more aggressive TME. Increased extracellular matrix (ECM) remodeling, epithelial-to-mesenchymal transition (EMT), and a decreased quantity of CD8+T cells lead to a more immunosuppressive TME (20). The enrichment of inflammatory microbes, increased levels of reactive oxygen species (25) and MMP-9 expression (26) result into inflammatory TME. In addition, the increased WGD (27), EGFR level (26, 28, 29), nuclear polymorphism and mitotic index (30), and P16 methylation leads to abnormal cell proliferation and invasion (31).




Figure 2 | Possible TME of early-onset HNSCC. Compared to old-onset, the early-onset group presented a more aggressive TME (left), with independent correlation studies showing potential disease risk and prognosis (right).



Correlation studies have identified early-onset factors for both disease and prognosis. The following factors have been associated with HNSCC risk in young patients: major histocompatibility complex class I-related chain A (MICA) A5.1 homozygous genotype (32), germline variants in FANCG, CDKN2A and TPP (33), drive genes ATXN1 and CDC42EP1 (34), rs6942067 GG genotype (35) in non-HPV and non-smokers, TP53 variation (36), HPV16 positive (37) and GSTM1 null genotype (38) were reported to be associated with HNSCC risk in young patients. In addition, copy number variation (39), ERCC1 (40), galectins-7 (41) and estrogen hormone receptor expression (42) are associated with the prognosis to young HNSCC patients.





4 Discussion



4.1 Altered TME in young group

The evolving landscape of early-onset HNSCC demands a better understanding of host-tumor interactions in the TME to improve the effectiveness of immunotherapy. However, the impact of complex tumor-infiltrating immune cell profiles on responses to immune checkpoint inhibitors is not fully understood; limited evidence has yielded contradictory findings. Although only direct analysis of the TME was reported, the studies showed that early-onset HNSCC is distinct from average-onset terms of tumor behavior and prognosis, indicating different therapeutic demands.

According to Révész et al. (23) and Zhang et al. ‘s (24) studies, TME of younger patients presented more gently compared to older ones. EZH2 expression and NLR were lower in the young groups than in the older group. Having a well-defined oncogenic role in cancer initiation, progression, metastasis, metabolism, and drug resistance, and in the modulation of antitumor immunity in various cancers, EZH2 has been defined as an effective marker of the tumor aggressiveness and tumorigenic potential and plays essential roles in driving cancer cell immunoediting and as an immune escape regulator (43). Inhibition of EZH2 could suppress oral squamous cell carcinoma (OSCC) progression via modulate EZH2/Wnt/beta-catenin pathway, both in vitro and in vivo (44). Clinically, the use of EZH2 inhibitors in combination with IO represents a compelling strategy to remodel the TME, potentially overcoming immune evasion and enhancing therapeutic outcomes in breast cancer (16), mesothelioma (45), non-Hodgkin lymphoma (46) and other cancers.

Similarly, a low NLR is associated with reduced cancer invasion and metastasis of the cancer. When this is observed in young patients, a better prognosis is usually expected. In patients with muscle-invasive bladder cancer (MIBC), this is associated with increased CD3+ T cells and B cell infiltration, lead to improved response and long-term outcomes (47).

Genetic factors were reported to be associated with the occurrence of HNSCC or prognosis. The membrane protein MICA generate response to various cellular stresses such as infection and oncogenic transformation, its mechanism of A5.1 allele association with disease risk of young OSCC remained unclear. Current evidence shows it’s essential in etiology and immune response of cancer, both positive or negative. Li et al. reported MICA expression positively related to the CD8+ T cell infiltration in hepatocellular carcinoma (48), however Wu et al. found the releasing of MICA progressed tumor immune escape (49).

Cury et al. reported germline variants CDKN2A and RECQL4 are associated with young HNSCC (33). CDKN2A variant closely associated with weak expression of immune-inflammatory pathways in the TME, potentially leading to reduced immune cell activity and weakened immune responses. RECQL4 variant may play a critical role in tumorigenesis and progression by regulating immune responses. Also, these two variants played roles in immune infiltration and the interactions of chemokines and their receptors under immune cells in melanoma (50), and existed in pancreatic ductal adenocarcinoma but are not currently actionable targeted (51). Similarly, ATXN1 and CDC42EP1 have also been reported as driver genes in HNSCC; however, their relevance to young patients cannot be conclusively determined (34). On SNP level, rs6942067 GG genotype is significantly higher in young and in HPV negative non-smoking HNSCC than in other HNSCC, which associated with DCBLD1 expression (35, 52). In addition, TP53 variation, HPV16 positive and GSTM1 null genotype were also mentioned. Different studies also showed CNV, ERCC1 expression, galectin-7 and Estrogen related to prognosis in young HNSCC. Overall, distinct genotypes may either promote or inhibit tumor progression by influencing various components within the TME. In young HNSCC patients, the high expression of specific genotypes has been associated with immune microenvironment activation. In addition, CD8+ T cells are crucial effector cells in anti-tumor immune responses the decreased amount in TME suggested a heightened state of immune suppression. The diminished immune surveillance allows tumor cells to evade detection and destruction by the immune system, thereby promoting tumor growth and metastasis.

Furthermore, the marked acceleration in cell proliferation of younger patient indicated that tumor cells may exhibit dysregulation in the signaling pathways controlling proliferation. Such abnormal proliferation is often associated with imbalances in cell cycle regulation and disruptions in apoptotic mechanisms, further driving rapid tumor growth and dissemination (53, 54).

The crosstalk among cells in the TME plays essential roles in the development and progression of HNSCC. Although there is no direct evidence showing exact cellular crosstalk, it can be inferred that the early-onset group exhibits altered communication between immune cells (lymphocytes and CD8+ T cells) and tumor cells compared to the older group. Additionally, the different crosstalk induced by changes in cellular molecules (e.g., EZH2 protein) also plays an indirect role.




4.2 Heterogeneity of the studies

The included studies were highly heterogenous. The definition of younger groups had varying age ranges depending on different guidelines. The samples sizes of the young and older groups were relatively similar; however, large cohort data is lacking. Some studies involved supplementary data from TCGA, which increased the number of patients available for comparison; however, considering the characteristics of different ethnicities and nationalities, bias may exist. Most studies matched TNM stages between groups, while less involved healthy patients as blank controls. These variations contribute to the unreliability of the studies, complicating efforts to combine and compare results. To reduce heterogeneity and achieve more definitive conclusions, subgroup analyses and meta-analyses are recommended when sufficient data points are available.




4.3 Personalized immunotherapy tailoring based on current TME findings

Personalized immunotherapy emphasizes treatment to each patient’s unique tumor profile and immune response, significantly enhancing effectiveness and reducing side effects compared to standard approaches (55–57). To develop personalized immunotherapy for specific cohorts, understanding the TME is essential (58, 59). Although current evidence is limited in scale and fragmented, it can be concluded that immunotherapy for early-onset HNSCC patients should focus on targeting EGFR, inhibiting ECM remodeling and EMT, and paying attention to high P16 methylation and specific coexisting microbial infections.

Additionally, defined genetic risk factors, including variations in MICA A5.1, FANCG, CDKN2A, and TPP, as well as alterations in ATXN1, CDC42EP1, and TP53, offer potential therapeutic and preventive pharmacological targets. Furthermore, CNV, ERCC1, galectins-7, and ER expression are promising candidate predictive biomarkers. It can be learned that multi-dimensional approaches including blood test, immunohistochemistry, PCR, RNA-sequencing, whole exosome sequencing, microbiota and whole genome have been used from comparative and correlation studies.

For young patients, the focus should be on strategies that restore CD8+ T cell function, regulate associated genetic factors, and target immune escape mechanisms (such as MICA shedding). EZH2 inhibitors have shown potential in remodeling the TME and enhancing immune responses. Therefore, in young patients, if the immune suppression in the TME is low, the combination of EZH2 inhibitors with immunotherapy therapies may be particularly effective. For older patients, this combination therapy may also be effective, but the treatment regimen should be adjusted based on the specific TME characteristics.




4.4 Future works

Overall, based on the current findings, larger-scale clinical studies are necessary in the future to verify these results. Further investigations into TME cellular characteristics, such as EZH2, MICA expression, and NLR, would also provide valuable evidence. Additionally, developing new therapeutic targets and predictive biomarkers based on these findings and translating them into real clinical practice is anticipated.





5 Conclusion

In conclusion, early-onset HNSCC demonstrates unique TME characteristics, often marked by heightened aggressiveness and immune suppression compared to HNSCC in older patients. These findings highlight the need for further investigation into the specific mechanisms driving these age-related differences. Personalized immunotherapy provide potential as an effective therapeutic strategy for early-onset HNSCC, underscoring the importance of tailored approaches in addressing the distinct clinical and biological features of this patient cohort.
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Background

There is no consensus regarding the optimal regimen for de novo metastatic nasopharyngeal carcinoma (dmNPC). Locoregional intensity modulated radiotherapy (LRRT) following palliative chemotherapy (PCT) has been shown to prolong the overall survival (OS) and improve the progression-free survival (PFS) of patients with dmNPC, compared with PCT alone. However, patients with a high tumor burden do not benefit from additional LRRT, which inevitably results in toxicity. Recently, immunotherapy has made great progress in the treatment of recurrent or metastatic NPC (RM-NPC). Compared with PCT alone, programmed death-1(PD-1) inhibitors combined with PCT have shown a promising survival outcome and an acceptable safety profile. Therefore, this treatment strategy is recommended as a first-line therapy for RM-NPC. However, whether dmNPC can be treated with immunochemotherapy alone (without LRRT) remains controversial.





Case presentation

We report two cases of dmNPC, both in middle-aged men who mainly presented with epistaxis and systemic pain. Radiological examination with positron emission tomography–computed tomography (PET-CT) and contrast-enhanced magnetic resonance imaging (MRI) showed NPC with multiple systemic lymph node metastases, multiple bone metastases, and liver metastases. Both patients were diagnosed with dmNPC and received pabolizumab in combination with six courses of platinum-based chemotherapy treatment. After complete remission (CR) was achieved, the patients were maintained on pabolizumab alone. No LRRT was used throughout the course of the disease. Pre- and post-treatment levels of plasma Epstein-Barr virus (EBV) DNA were measured, and radiological imaging was performed before and after treatment.





Results

We achieved good efficacy in these two cases of dmNPC. Both patients exhibited survival benefits (PFS has reached 31 months since diagnosis), and no serious chemotherapy- or immune-related adverse reactions occurred. Treatment-related toxicity from radiotherapy was avoided. Levels of plasma EBV DNA decreased and remained below the minimum detection level consistently after four or five cycles of treatment, with no obvious symptoms of neck muscle fibrosis, throat mucosa dryness, ear congestion, or nasal congestion.





Conclusion

Our findings suggested that chemotherapy combined with a PD-1 inhibitor without LRRT, followed by sequential immunotherapy as maintenance, can achieve good results in some dmNPC patients. Further validation of our results may be required in large, high-quality prospective clinical studies.
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Introduction

Nasopharyngeal carcinoma (NPC), a malignant tumor occurring in the nasopharynx, originates from the nasopharyngeal epithelium (1). It is closely associated with Epstein-Barr virus (EBV) infection and has significant geographic and ethnic differences, as well as a tendency to exhibit family aggregation (2, 3). NPC is endemic in southeast Asia and southern China, especially in Guangdong, Guangxi, Hunan, Fujian, and Jiangxi (4). According to the latest Global Cancer Statistics, more than 130,000 new NPC cases are diagnosed globally annually, with roughly 4%–10% presenting with de novo metastatic nasopharyngeal carcinoma (dmNPC) (5, 6). Bone is the most frequently observed organ affected by metastasis in mNPC patients (54%–67%); two other common sites include the lungs (15%–22%) and liver (29%–36%) (7). Distant metastasis has been the major cause of treatment failure and death in NPC patients, and currently, no effective treatment exists (5, 8). Unlike patients with early and locally advanced NPC, whose five-year overall survival (OS) reaches up to 85%, those with dmNPC have limited treatment options and inferior survival outcomes, with a median OS of about 12 months (2, 8, 9).

Currently, owing to the complex and highly heterogeneous nature of dmNPC, there is no consensus regarding the therapeutic strategy (9–11). Platinum-based palliative chemotherapy (PCT) is the cornerstone of treatment, and gemcitabine combined with cisplatin (GP) is considered the standard first-line treatment for recurrent or metastatic NPC (RM-NPC) (11). However, the clinical efficacy of PCT alone is not ideal, and the duration of its response and survival time remain limited, with the objective response rates of 55%-80 (3), and the 3-year OS rate of only 20-30% (10), while the OS is approximately 10-15 months (12–14). Studies have shown that the addition of radiotherapy in the primary tumor and lymph node region can significantly improve OS, with the 3-year OS rate increasing from 12.4% to 48.3% (3), while the 5-year median OS time increasing to 21–36 months (15). Nevertheless, not all dmNPC patients benefit from locoregional intensity modulated radiotherapy (LRRT). Sensitivity to chemotherapy is key in selecting patients for LRRT (11). Additionally, radiotherapy in the head and neck region may cause severe oral mucositis, which affects eating and may induce the progression of disease due to poor nutritional status. Therefore, new treatment models are urgently needed. Cancer-specific cytotoxicity immunity is thought to play an important role in preventing the development and progression of cancer. Over the past decade, novel therapies that modify immunity, such as immune checkpoint inhibitors (ICIs), have dramatically changed the standard treatments of various cancers (11). The combination of PCT and ICIs has been widely used in clinical practice and has become the standard first-line treatment for mNPC (13). Studies have also shown that the median PFS was 28 months of patients with dmNPC who received PCT combined with anti-PD-1followed by LRRT and concurrent anti-programmed death-1 (PD-1) (2). Nevertheless, there is a lack of evidence-based medical proof to support the use of LRRT for all dmNPC patients in the era of immunotherapy.

Studies have clarified that plasma EBV DNA levels are correlated to NPC, which can be used as a powerful and easily accessible therapeutic monitoring, and a prognostic prediction marker of NPC (2, 14, 15). Dynamic surveillance of EBV DNA can reflect the tumor load in real time (2). Elevated levels of plasma EBV-DNA, have been found to predict poor prognosis. Oppositely, plasma EBV-DNA with faster clearance rates suggests better treatment response and patient outcomes (1). In this study, pre- and post-treatment plasma EBV DNA levels of the two patients with dmNPC were detected.

In this study, two patients with dmNPC were treated with PCT plus the PD-1 inhibitor pabolizumab, without LRRT. Both achieved sustained complete remission, and EBV DNA levels were continuously below the lower detection limit. Their survival time exceeded 2 years, with high quality of life, and radiotherapy-related toxicity and side effects were avoided. Furthermore, the treatment was well tolerated, and no serious chemotherapy- or immune-related adverse reactions occurred.





Case presentation

Case 1: In September 2021, a 48-year-old Chinese man with no family history of cancer presented with a one-month history of repeated epistaxis without obvious inducement, associated with pain all over the body, mainly in the left rib area. Electronic nasopharyngoscopy revealed that the surface of the top of the posterior nasopharynx was rough. Histopathology of a nasopharynx specimen showed nasopharyngeal poorly differentiated non-keratinizing squamous cell carcinoma. Positron emission tomography–computed tomography (PET-CT) showed incrassation in the posterior nasopharynx with high β-2-[18 F]-Fluoro-2-deoxy-D-glucose (FDG) uptake, systemic lymph node metastasis, multiple bone metastases, and multiple liver metastases (bile duct carcinoma of the left outer lobe of liver had to be ruled out). Contrast-enhanced magnetic resonance imaging (MRI) showed multiple liver metastases and metastatic tumors of the thoracic cone and adnexa. The patient was thus diagnosed with NPC stage T1N2M1 IVb. The pre-treatment level of plasma EBV DNA was 2.83×106 copies/ml. Since diagnosis, he has received six rounds of PCT (paclitaxel protein-bound 230mg/m2 + cisplatin 75mg/m2) combined with immunotherapy (pabolizumab 200 mg) once every 3 weeks, followed by pabolizumab 200 mg every 3 weeks for maintenance. No LRRT was performed during the course of the disease. After 33 months of follow-up, the patient was in continuous complete remission with a stable condition. Recent nasopharyngeal contrast-enhanced MRI showed slight thickening of the right posterior nasopharynx with less uniform bone density on the slope. Liver contrast-enhanced MRI showed multiple liver metastases, which were significantly smaller than they were before treatment. The level of EBV DNA was consistently below the minimum detection limit (Figure 1).




Figure 1 | Comparison of changes in nasopharyngeal, neck and liver contrast-enhanced MRI, EBV-DNA before and after treatment in patient 1. (A) Comparison of nasopharyngeal contrast-enhanced MRI changes in patient 1 before and after treatment. (B, C) Comparison of neck contrast-enhanced MRI changes in patient 1 before and after treatment. (D) Comparison of liver contrast-enhanced MRI changes in patient 1 before and after treatment. (E) Longitudinal EBV-DNA titer before and after treatment of disease. The unit of EBV DNA levels was copies/mL. EBV, Epstein-Barr virus.



Case 2: In November 2021, a 49-year-old Chinese man presented with a three-month history of a lump in the neck region. Histopathology findings showed metastatic carcinoma of the neck. PET-CT showed multiple enlarged lymph nodes in the left parapharyngeal space, left II-V area, and left retroperitoneal abdominal aorta; multiple low-density lesions in the liver with high glucose metabolism; multiple lesions with high glucose metabolism in the bilateral scapula, the sternum, multiple ribs, multiple cones, the appendages, and the pelvic bones; and slightly thickened soft tissue in the left posterior nasopharynx, considered as primary NPC. Liver contrast-enhanced MRI showed multiple metastatic tumors in the liver, thoracolumbar spine, and pelvic bones, as well as slightly enlarged lymph nodes scattered retroperitoneally. Histopathology of a nasopharynx specimen showed nasopharyngeal poorly differentiated non-keratinizing squamous cell carcinoma. The patient was thus diagnosed with NPC stage T1N3M1 IVb. The pre-treatment level of plasma EBV DNA was 6.75×106 copies/ml. Since diagnosis, the patient has received platinum-based PCT (gemcitabine 1000mg/m2 + cisplatin 75mg/m2) six times plus immunotherapy (pabolizumab 200 mg) once every 3 weeks, followed by pabolizumab 200 mg every 3 weeks for maintenance, without LRRT. After 31 months of follow-up, the patient was in continuous complete remission. Recent nasopharyngeal, neck, and liver contrast-enhanced MRI showed no significant abnormalities in the nasopharynx or liver, with slightly larger lymph nodes scattered in the left neck region. The level of EBV DNA was consistently below the minimum detection limit (Figure 2).




Figure 2 | Comparison of changes in nasopharyngeal, neck and liver contrast-enhanced MRI, EBV-DNA before and after treatment in patient 2. (A) Comparison of nasopharyngeal contrast-enhanced MRI changes in patient 2 before and after treatment. (B) Comparison of neck contrast-enhanced MRI changes in patient 2 before and after treatment. (C) Comparison of liver contrast-enhanced MRI changes in patient 2 before and after treatment. (D) Longitudinal EBV-DNA titer before and after treatment of disease. The unit of EBV DNA levels was copies/mL. EBV, Epstein-Barr virus.







Discussion

With limited treatment means and a poor prognosis, dmNPC remains a crucial clinical challenge, owing to the lack of a standard treatment regimen. Advances in modern modalities have enabled the development of individualized treatment plans (8). Several reports have demonstrated the value of LRRT in patients with dmNPC (2, 4–6, 10, 16–18). Some new intensive systemic therapies, such as the administration of targeted agents or immunotherapy, might help control distant metastatic lesions (8, 19). However, although epidermal growth factor receptor (EGFR) is overexpressed in NPC and is considered an important therapeutic target, retrospective studies showed that the therapeutic effect of the anti-EGFR drugs cetuximab (CTX) or nituzumab (NTZ) in combination with PCT is similar to that of PCT alone. This treatment strategy has not been shown to improve the survival rate of dmNPC patients, and CTX/NTZ + PCT may aggravate acute mucous inflammation and skin reactions. Therefore, anti-EGFR drugs for dmNPC patients should be administered with caution (17, 20, 21).

Over the past few years, immunotherapy with PD-1 inhibitors has improved the treatment of RM-NPC. Clinical trials have shown that the combination of ICIs and chemotherapy might have a synergistic effect that shows better integral control and provides a greater survival benefit than chemotherapy alone, with controlled toxicity and acceptable safety (13, 22). Therefore, PD-1 inhibitors combined with PCT have gradually become a new standard first-line treatment for dmNPC and have been widely applied in clinical practice. However, for dmNPC patients, there remains a lack of large-scale medical evidence supporting the use of PD-1 inhibitors combined with PCT, either alone or with concurrent sequential LRRT.

Some current retrospective studies and small sample prospective studies have found that sequential LRRT following chemoimmunotherapy may be more effective than chemoimmunotherapy alone in improving the overall prognosis of dmNPC (2, 8, 10, 15, 23, 24). However, it is important to note that not all patients with dmNPC will benefit from additional LRRT; only in the low-risk group (undetectable EBV DNA and satisfactory tumor response post PCT) did patients who received LRRT after PCT have significantly better OS than those who did not receive LRRT after PCT. This might be because patients in the low-risk group were sensitive to PCT, and distant metastases were better controlled, making local control important for long-term survival. However, for patients in the high-risk group (detectable EBV DNA and/or unsatisfactory tumor response post PCT), additional LRRT might not be sufficient to control distal lesions post PCT (5, 8, 17). Therefore, in these patients, not only was there an absence of significant survival benefits post-PCT LRRT, but also there was the presence of increased irreversible toxicity and side effects, such as severe oral mucositis, neck muscle fibrosis, hearing loss, and brain damage (5, 7). Therefore, whether all patients with dmNPC need LRRT is currently controversial, and it is unclear who should be treated with LRRT in the era of immunotherapy. Whether LRRT is required even in patients who achieve complete remission after chemoimmunotherapy remains to be determined.

We reported two patients with dmNPC who were treated with chemoimmunotherapy and sequential immunotherapy with single drug maintenance without LRRT. Both patients gained survival benefits with an unaffected quality of life, and toxicity and side effects from radiotherapy were avoided, suggesting that chemotherapy combined with anti–PD-1 monoclonal antibody without radiotherapy can have a very good effect in some patients with dmNPC. Also, it is crucial to accurately screen patients with dmNPC to determine whether follow-up LRRT is warranted. Our results provide reference values for the formulation of a standard diagnosis and treatment protocol for dmNPC. Further validation of our results may be required in large high-quality prospective clinical studies.

Chen et al. reported that dmNPC with liver involvement, regardless of the presence of metastatic lesions, had the worst survival outcomes and that affected patients could not benefit from additional LRRT in terms of substantial OS improvement (1, 5, 19, 21). In our study, both patients with dmNPC exhibited hepatic metastasis before treatment and were treated with PCT + PD-1 without additional LRRT. They achieved a similar prognosis and ideal curative effect compared with patients who received PCT + ICI + LRRT. Another reason for not adding LRRT was the T1 staging of the primary lesion in each case; as the primary tumor load was not large, complete remission could be quickly achieved after PCT + ICI, and the response of the cervical lymph nodes was also favorable. In addition, in both cases, the lymph node stage was N2 or N3, and the affected lymph nodes were located below the plane of the lower margin of the cricoid cartilage. In one case, supraclavicular and superior mediastinal lymph nodes also exhibited metastasis. Owing to the location and wide scope of the lymph node metastasis, it may have been relatively difficult to control with radiotherapy.

Therefore, when deciding whether to administer LRRT, the T stage of the primary lesion should be considered, in addition to considering factors including the reaction to PCT + ICI (usually tumor regression after six cycles), EBV DNA level, tumor burden, site and number of metastases, and liver involvement. Patients with an early-stage primary lesion and a good response to PCT + ICI can be treated without LRRT. These findings provide an important basis for the formulation of personalized treatment strategies for dmNPC.





Conclusion

Altogether, the benefits of chemoimmunotherapy and sequential immunotherapy with single drug maintenance without LRRT appeared to outweigh those of treatment combined with radiotherapy in some patients with dmNPC, especially in those with an early-stage primary lesion and a good response to PCT + ICI. Further large-scale research is warranted to confirm these findings.





Data availability statement

The raw data supporting the conclusions of this article will be made available by the authors, without undue reservation.





Ethics statement

The studies involving humans were approved by Changhai Hospital ethics committee. The studies were conducted in accordance with the local legislation and institutional requirements. The participants provided their written informed consent to participate in this study. Written informed consent was obtained from the individual(s) for the publication of any potentially identifiable images or data included in this article.





Author contributions

CZ: Conceptualization, Methodology, Project administration, Writing – review & editing. YG: Data curation, Formal Analysis, Investigation, Writing – original draft. XS: Supervision, Validation, Writing – review & editing. LZ: Formal Analysis, Methodology, Writing – original draft. HY: Resources, Visualization, Writing – original draft. GY: Investigation, Resources, Writing – original draft. JH: Data curation, Resources, Writing – original draft. YM: Methodology, Writing – original draft. HZ: Resources, Writing – review & editing. MZ: Supervision, Validation, Visualization, Writing – review & editing.





Funding

The author(s) declare that financial support was received for the research, authorship, and/or publication of this article. This work was supported by the National Natural Science Foundation of China under Grant No. 81972537.





Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.





References

1. Liu, Q, Li, J, Ng, WT, and Lee, AWM. Treatment strategy for de novo metastatic nasopharyngeal carcinoma: a literature review. Chin Clin Oncol. (2023) 12(4):43. doi: 10.21037/cco-23-32

2. Hu, YJ, Lu, TZ, Zhang, H, Fang, M, Chen, BJ, Guo, QJ, et al. Locoregional radiotherapy improves survival outcomes in de novo metastatic nasopharyngeal carcinoma treated with chemoimmunotherapy. ESMO Open. (2023) 8(5):101629. doi: 10.1016/j.esmoop.2023.101629

3. Sun, XS, Liang, YJ, Chen, QY, Guo, SS, Liu, LT, Sun, R, et al. Optimizing the treatment pattern for de novo metastatic nasopharyngeal carcinoma patients: A large-scale retrospective cohort study. Front Oncol. (2020) 10:543646. doi: 10.3389/fonc.2020.543646

4. Zeng, F, Lu, T, Xie, F, Chen, L, Zhang, L, Su, Y, et al. Effects of locoregional radiotherapy in de novo metastatic nasopharyngeal carcinoma: A real-world study. Transl Oncol. (2021) 14(11):101187. doi: 10.1016/j.tranon.2021.101187

5. Yao, Y, Sun, X, Huang, H, Wang, Z, Fang, X, Chen, M, et al. Proposed prognostic subgroups and facilitated clinical decision-making for additional locoregional radiotherapy in de novo metastatic nasopharyngeal carcinoma: a retrospective study based on recursive partitioning analysis. Radiat Oncol. (2023) 18(1):15. doi: 10.1186/s13014-022-02168-2

6. Li, WZ, Hua, X, Xie, DH, Liang, H, Liu, GY, Xia, WX, et al. Prognostic model for risk stratification of de novo metastatic nasopharyngeal carcinoma patients treated with chemotherapy followed by locoregional radiotherapy. ESMO Open. (2021) 6(1):100004. doi: 10.1016/j.esmoop.2020.100004

7. Liu, H, Yang, P, and Jia, Y. Optimal management of oligometastatic nasopharyngeal carcinoma. Eur Arch Otorhinolaryngol. (2022) 279(2):567–76. doi: 10.1007/s00405-021-06918-y

8. Xu, H, Lu, L, Lu, T, Xu, Y, Zong, J, Huang, C, et al. Identifying the optimal candidates for locoregional radiation therapy in patients with de novo metastatic nasopharyngeal carcinoma. Head Neck. (2021) 43(9):2602–10. doi: 10.1002/hed.26726

9. Wang, H, He, F, Wang, X, Tao, H, Huang, Z, Yuan, Y, et al. Investigation of the definition of de novo oligometastatic nasopharyngeal carcinoma: A retrospective study. J Oncol. (2021) 2021:9977455. doi: 10.1155/2021/9977455

10. Chen, Y, Chen, C, Peng, H, Lin, S, Pan, J, Zheng, H, et al. Risk-adapted locoregional radiotherapy strategies based on a prognostic nomogram for de novo metastatic nasopharyngeal carcinoma patients treated with chemoimmunotherapy. Sci Rep. (2024) 14(1):3950. doi: 10.1038/s41598-024-54230-6

11. Du, C, Ni, M, Jiang, J, Kong, F, Zhai, R, Lv, Y, et al. Taxane/gemcitabine-containing chemotherapy plus locoregional IMRT for patients with de novo metastatic nasopharyngeal carcinoma: the treatment outcomes and prognostic factors analysis. Eur Arch Otorhinolaryngol. (2022) 279(8):3947–56. doi: 10.1007/s00405-021-07192-8

12. Sun, XS, Liang, YJ, Li, XY, Liu, SL, Chen, QY, Tang, LQ, et al. Palliative chemotherapy with or without anti-EGFR therapy for de novo metastatic nasopharyngeal carcinoma: a propensity score-matching study. Drug Des Devel Ther. (2019) 13:3207–16. doi: 10.2147/DDDT.S215190

13. Yang, ZC, Liu, T, Chen, YZ, Guo, CY, Liu, LT, Liu, SL, et al. First-Line Immunochemotherapy Versus Palliative Chemotherapy Plus Definitive Radiation Therapy for de novo Metastatic Nasopharyngeal Carcinoma: A Matched Cohort Study. Cancer Control. (2022) 29:10732748221124868. doi: 10.1177/10732748221124868

14. Sun, XS, Liu, LT, Liu, SL, Guo, SS, Wen, YF, Xie, HJ, et al. Identifying optimal candidates for local treatment of the primary tumor among patients with de novo metastatic nasopharyngeal carcinoma: a retrospective cohort study based on Epstein-Barr virus DNA level and tumor response to palliative chemotherapy. BMC Cancer. (2019) 19(1):92. doi: 10.1186/s12885-019-5281-5

15. Zheng, SH, Wang, YT, Liu, SR, Huang, ZL, Wang, GN, Lin, JT, et al. Addition of chemoradiotherapy to palliative chemotherapy in de novo metastatic nasopharyngeal carcinoma: a real-world study. Cancer Cell Int. (2022) 22(1):36. doi: 10.1186/s12935-022-02464-7

16. Liu, GY, Li, Z, Chen, XX, Xia, WX, Yao, HR, and Xiang, YQ. Effective of metastasis-directed therapy for de novo metastatic nasopharyngeal carcinoma: A propensity score matched analysis. Head Neck. (2023) 45(10):2571–9. doi: 10.1002/hed.v45.10

17. Yang, JH, Sun, XS, Xiao, BB, Liu, LT, Guo, SS, Liang, JD, et al. Subdivision of de-novo metastatic nasopharyngeal carcinoma based on tumor burden and pretreatment EBV DNA for therapeutic guidance of locoregional radiotherapy. BMC Cancer. (2021) 21(1):534. doi: 10.1186/s12885-021-08246-0

18. Lin, C, Lin, S, Zhu, L, Lin, S, Pan, J, and Xu, Y. Optimizing the treatment mode for de novo metastatic nasopharyngeal carcinoma with bone-only metastasis. BMC Cancer. (2022) 22(1):35. doi: 10.1186/s12885-021-09152-1

19. Sun, XS, Liu, SL, Liang, YJ, Chen, QY, Li, XY, Tang, LQ, et al. The role of capecitabine as maintenance therapy in de novo metastatic nasopharyngeal carcinoma: A propensity score matching study. Cancer Commun (Lond). (2020) 40(1):32–42. doi: 10.1002/cac2.12004

20. Liu, ZQ, Zhao, YN, Wu, YS, Zhang, BY, Chen, EN, Peng, QH, et al. Immunochemotherapy alone or immunochemotherapy plus subsequent locoregional radiotherapy in de novo metastatic nasopharyngeal carcinoma. Oral Oncol. (2023) 147:106583. doi: 10.1016/j.oraloncology.2023.106583

21. Lin, M, Yang, Q, You, R, Zou, X, Duan, CY, Liu, YP, et al. Metastatic characteristics associated with survival of synchronous metastatic nasopharyngeal carcinoma in non-epidemic areas. Oral Oncol. (2021) 115:105200. doi: 10.1016/j.oraloncology.2021.105200

22. Chen, SY, Duan, XT, Li, HF, Peng, L, Wang, ZQ, Xu, GQ, et al. Efficacy of sequential chemoradiotherapy combined with toripalimab in de novo metastatic nasopharyngeal carcinoma: A phase II trial. Cell Rep Med. (2023) 4(11):101279. doi: 10.1016/j.xcrm.2023.101279

23. Yan, W, Sun, C, Ou, X, and Hu, C. Prognostic value of pre-treatment FDG PET/CT SUVmax for metastatic lesions in de novo metastatic nasopharyngeal carcinoma following chemotherapy and locoregional radiotherapy. Cancer Imaging. (2023) 23(1):21. doi: 10.1186/s40644-023-00536-z

24. Yang, ZC, Luo, MJ, Sun, XS, Liu, LT, Chen, QY, Mai, HQ, et al. Definitive radiation therapy and liver local therapy in de novo liver metastatic nasopharyngeal carcinoma: Large cohort study. Head Neck. (2022) 44(5):1057–68. doi: 10.1002/hed.26999




Publisher’s note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2025 Gao, Shi, He, Yao, Yu, Zhao, Ma, Zheng, Zhu and Zhang. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.




ORIGINAL RESEARCH

published: 17 January 2025

doi: 10.3389/fimmu.2024.1456649

[image: image2]


Disulfidptosis-related gene signatures as prognostic biomarkers and predictors of immunotherapy response in HNSCC


Haotian Qin 1,2†, Juan Xu 3†, Yaohang Yue 1,2†, Meiling Chen 4, Zheng Zhang 5, Panpan Xu 6, Yan Zheng 7, Hui Zeng 8, Jian Weng 1,2*, Jun Yang 9* and Fei Yu 10*


1 Department of Bone and Joint Surgery, Peking University Shenzhen Hospital, Shenzhen, Guangdong, China, 2 Shenzhen Key Laboratory of Orthopaedic Diseases and Biomaterials Research, Peking University Shenzhen Hospital, Shenzhen, Guangdong, China, 3 Department of Oncology, Chaohu Hospital of Anhui Medical University, Hefei, China, 4 Operating Room, Peking University Shenzhen Hospital, Shenzhen, China, 5 Stomatological Center, Peking University Shenzhen Hospital, Shenzhen, China, 6 Department of Otolaryngology Head and Neck Surgery, Chaohu Hospital of Anhui Medical University, Hefei, China, 7 Department of Pathology, Chaohu Hospital of Anhui Medical University, Hefei, China, 8 Department of Orthopedics, Medical Innovation Technology Transformation Center of Shenzhen Second People’s Hospital, Shenzhen Second People’s Hospital, Shenzhen, Guangdong, China, 9 Department of Radiology, Peking University Shenzhen Hospital, Shenzhen, China, 10 Department of Spine Surgery, Shenzhen Second People’s Hospital, The First Affiliated Hospital of Shenzhen University, Shenzhen, China




Edited by: 

Lei Tao, Fudan University, China

Reviewed by: 

Xiaoying Zhou, Guangxi Medical University, China

Yuting Dai, Shanghai Institute of Hematology, China

*Correspondence:
 Jian Weng
 jweng@pku.edu.cn 

Jun Yang
 ayjayj_44@163.com 

Fei Yu
 yufei89@pku.edu.cn

†These authors have contributed equally to this work


Received: 28 June 2024

Accepted: 12 December 2024

Published: 17 January 2025

Citation:
Qin H, Xu J, Yue Y, Chen M, Zhang Z, Xu P, Zheng Y, Zeng H, Weng J, Yang J and Yu F (2025) Disulfidptosis-related gene signatures as prognostic biomarkers and predictors of immunotherapy response in HNSCC. Front. Immunol. 15:1456649. doi: 10.3389/fimmu.2024.1456649






Background

Disulfidptosis is a newly discovered form of cell death associated with tumorigenesis, particularly under oxidative stress and metabolic disorder conditions. Currently, the biological mechanisms of disulfidptosis-related genes (DRGs) in head and neck squamous cell carcinoma (HNSCC) remain unclear.





Methods

The study includes sections on methodologies, data sources, clinical data collection, subtype establishment, identification and analysis of differentially expressed genes, genetic variation, and the construction and validation of a DRG prognostic model. Various analyses are conducted, including the relationship between the risk scores model and clinicopathological features, immune status, immune checkpoints, tumor mutational burden (TMB), microsatellite instability (MSI), ESTIMATE, mRNAsi, and drug sensitivity. The study also covers single-cell analysis and DNA methylation analysis of DRGs, and the prediction of potential microRNA and long non-coding RNA target genes. Prognostic DRGs expression in HNSCC is validated through RT-qPCR and immunohistochemistry. The model’s predictive capability is confirmed using external validation cohorts from GEO datasets and clinical tissue samples. The role of DSTN in HNSCC is further validated through gene knockout experiments.





Results

We identified four valuable genes (SLC3A2, NUBPL, ACTB, DSTN) and constructed a prognostic model, along with identifying two DRG-related subtypes. Analysis of the DRG risk score revealed that the low-risk group had a better prognosis compared to the high-risk group. Significant correlations were found between the DRG risk score and clinical features, immunotherapy response, drug sensitivity, and genes related to RNA epigenetic modifications. Low-risk HNSCC patients were identified as potential beneficiaries of immune checkpoint inhibitor (ICI) therapy. A regulatory axis involving DSTN, hsa-miR-181c-5p, LUCAT1, and IGFL2-AS1 was constructed for HNSCC. RT-qPCR and IHC data further validated the upregulation of prognostic DRGs in HNSCC. The prognostic model demonstrated excellent predictive performance for the prognosis of HNSCC patients. Additionally, DSTN was significantly overexpressed in tumor cells; its knockdown inhibited tumor cell proliferation, migration, and invasion.





Conclusion

The prognostic model effectively predicts HNSCC outcomes, with better prognosis in the low-risk group. DSTN upregulation promotes tumor growth, and its knockout inhibits proliferation, migration, and invasion.





Keywords: disulfidptosis, head and neck squamous cell carcinoma, prognostic signatures, bioinformatics analysis, immunotherapy response




1 Introduction

Head and neck squamous cell carcinoma (HNSCC) is the sixth most common cancer globally, encompassing malignant tumors in the oral cavity, nasal cavity, pharynx, larynx, neck, and upper esophagus. Over 90% of cases are squamous cell carcinomas, making HNSCC one of the predominant pathological types of cancer originating in the head and neck region (1). The clinical prognosis of HNSCC patients is influenced by various factors, including tumor size, location, the patient’s overall health, and the tumor’s biological characteristics (2). Most HNSCC patients are diagnosed at an advanced stage, with high rates of local recurrence and lymph node metastasis, resulting in a low overall survival rate (3, 4). Despite advancements in treatment methods in recent years, the long-term survival rate of HNSCC patients has seen limited improvement. Consequently, identifying new biomarkers to better understand tumor behavior and predict treatment responses has become a research focus.

Disulfidptosis, a recently discovered form of cell death characterized by abnormally elevated levels of intracellular sulfides, is particularly prevalent in cancer cells due to their aberrant metabolic pathways and stress response mechanisms (5, 6). In solid tumors such as HNSCC, disulfidptosis may be related to tumorigenesis, progression, and response to treatment (7). Recent studies have suggested that disulfidptosis is associated with immune modulation within the tumor microenvironment, potentially influencing tumor response to therapies, including immune checkpoint inhibitors (8). Notably, recent bioinformatics analyses have shed light on the roles of disulfidptosis-related genes (DRGs) in head and neck squamous cell carcinoma (HNSCC), suggesting their potential as predictive biomarkers for prognosis and treatment response. For instance, several studies have demonstrated that DRGs can influence immune cell infiltration and the tumor immune landscape, both of which are pivotal in determining the efficacy of immunotherapies in HNSCC patients (9). Similarly, other researchers have examined the relationship between DRGs and tumor progression in HNSCC using large-scale genomic data, providing valuable insights into how these genes contribute to immune evasion and therapeutic resistance (10). Furthermore, additional studies have elucidated the molecular mechanisms through which DRGs regulate tumor progression, highlighting their roles in modulating cell death pathways and immune cell functions within the tumor microenvironment (11).

The background of this study is based on a comprehensive genomic analysis of HNSCC patient cohorts, aiming to develop a set of predictive DRG prognostic signatures. These signatures can forecast not only clinical outcomes but also patient responses to immune checkpoint inhibitors. We performed an in-depth analysis of HNSCC patient samples using various public databases, including The Cancer Genome Atlas (TCGA) and the Gene Expression Omnibus (GEO). By comparing patient groups with varying survival times, we identified a series of DRGs associated with differential prognoses. Further mechanistic studies revealed how these genes regulate tumor cell death and affect the function of immune cells within the tumor microenvironment. Additionally, we evaluated the effectiveness of these genes in predicting patient responses to immune checkpoint inhibitors. Our preliminary results indicate that these DRGs are associated with overall survival rates, immune-related gene expression, the abundance of tumor-infiltrating lymphocytes, and responses to immune checkpoint inhibitors. These findings provide insights into developing new therapeutic strategies, particularly for patients who do not respond to existing immunotherapies.

In summary, this paper highlights the significance of disulfidptosis in HNSCC treatment, especially in assessing clinical prognosis and immunotherapy response. Although this field is still in its early stages, its potential in personalized medicine and precision treatment cannot be overlooked. As future research progresses, disulfidptosis is expected to become a key factor in improving treatment outcomes for HNSCC patients.




2 Materials and methods



2.1 Data sources and preprocessing

This study utilized RNAseq data and corresponding clinical information for HNSCC from The Cancer Genome Atlas (TCGA) (https://portal.gdc.cancer.gov/) (12). The dataset included 504 HNSCC patients and 44 normal tissue samples. All data were standardized per million transcripts (Transcripts Per Million, TPM) and normalized to approximate a normal distribution using the R software package “ggplot2” (v4.0.3). Gene expression data were extracted to construct a data matrix and analyzed using the Wilcoxon test.




2.2 Clinical data and tissue sample collection

Clinical data and tissue samples were collected from Chaohu Hospital of Anhui Medical University and Peking University Shenzhen Hospital. The study included 76 HNSCC patients admitted between September 2016 and September 2018. Paraffin-embedded pathological sections of HNSCC tissues and adjacent normal tissues (0.5 cm) were collected, along with complete clinical case data and follow-up information. Among the patients, 56 were male and 20 were female, aged between 35 and 87 years (mean age 62.737 ± 10.836 years), with a median age of 66.0 years. Overall survival (OS) was defined as the period from the date of surgery to the date of death or last follow-up. Follow-up was conducted monthly for the first 3 months, every 3 months for 2 years, every 6 months for the next 3 years, and annually thereafter, ending in September 2023. Survival times ranged from 1.22 to 60 months, with a median survival time of 51.51 months (interquartile range: 19.427 to 60.0 months). All patients were confirmed by pathological examination, and tumor TNM staging was evaluated using the 8th edition of the American Joint Committee on Cancer (AJCC) staging system. The use of HNSCC samples was approved by the Ethics Committee of Chaohu Hospital of Anhui Medical University (approval No. KYXM202310004) and the Ethics Committee of Peking University Shenzhen Hospital (approval No. 2022-117). The study was conducted in accordance with the Declaration of Helsinki (as revised in 2013). All patients provided written informed consent.




2.3 Establishment of subtypes

Based on previous literature, we identified 24 potential disulfidptosis-related genes (DRGs) (6) (Supplementary Table 1). Using the consistent clustering of these 24 genes, we performed consistency analysis with the R package “ConsensusClusterPlus” (v1.54.0) (13). The maximum number of clusters was set to 6 (k=6), and 80% of the total sample was drawn 100 times, with clusterAlg = “hc” and innerLinkage=‘ward.D2’. The number of clusters varied from 2 to 6 (k=2-6), and the consistency matrix and the consistency cumulative distribution function (CDF) were evaluated to determine the best classification. Clustering heat maps were generated using the R package “pheatmap” (v1.0.12). Gene expression heat maps retained motifs with a variance above 0.1. Based on the expression profiles of DRGs, TCGA cases were divided into Cluster1 (C1) and Cluster2 (C2).




2.4 Identification and enrichment analysis of differentially expressed genes

Differentially expressed genes (DEGs) between C1 and C2 subtypes were identified using the Limma package (v3.40.2) (14) in R software. The adjusted P value was analyzed in the TCGA database to correct for false positives. “Adjusted P < 0.05 and log2 (Fold change) > 1.5 or log2 (Fold change) < -1.5” was defined as the standard for screening differential expression of mRNA. Heat maps were generated using the R software heatmap package. The Gene Ontology (GO) function of DEGs and their enrichment in the Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway were analyzed using the R package “clusterProfiler” (v3.18.0) (15). Additionally, gene set enrichment analysis (GSEA) (http://software.broadinstitute.org/gsea/index.jsp) (16) was employed to identify potential biological pathways. DEGs from TCGA data were categorized into up-regulated and down-regulated groups. In each analysis, 10,000 gene combinations were tested to identify pathways with significant changes. Genes were considered enriched in meaningful pathways when p.adjust < 0.05 and FDR (false discovery rate) < 0.25.




2.5 Genetic variation

Gene Set Cancer Analysis (GSCA) (http://bioinfo.life.hust.edu.cn/GSCA/#/) (17) integrated expression, mutation, drug sensitivity, and clinical data from four public data sources for 33 cancer types. Somatic mutations of HNSCC patients were downloaded and visualized using the maftools package in R software, encompassing seven types of mutations: Missense_Mutation, Splice_Site, Nonsense_Mutation, Frame_Shift_Del, Frame_Shift_Ins, In_Frame_Del, Multi_Hit. This study also analyzed the Spearman correlation between the expression of DRGs mRNA and Copy Number Variation (CNV), and methylation. We investigated the correlation between methylation, CNV, and survival outcomes in HNSCC patients, including Disease-Free Interval (DFI), Disease-Specific Survival (DSS), Overall Survival (OS), and Progression-Free Survival (PFS).




2.6 Construction and validation of DRG prognostic model

Based on the levels of the aforementioned DRGs associated with HNSCC prognosis, LASSO-Cox regression analysis was performed to construct the prognostic model. According to the results of multivariate Cox regression analysis, the prognostic DRGs risk score was calculated as follows: Riskscore = ∑i Coefficient (mRNAi) × Expression (mRNAi). The entire TCGA-HNSCC dataset was used as the training cohort, and patients were divided into low-risk and high-risk subtypes based on the average risk score. The overall survival rates of the two subtypes were compared using Kaplan–Meier analysis, and time ROC analysis was conducted to predict the model’s accuracy. The optimal truncated expression value was determined using the “surve_cutpoint” function of the “survminer” R package. The validation cohort was then used to verify the accuracy of the DRGs signature with the GSE41613, GSE65858, GSE85446 datasets and clinical HNSCC tissue samples (n=76) serving as the external validation cohort, further corroborating the results.




2.7 Relationship between DRGs and clinicopathological features and prognosis in HNSCC

Using the log-rank test and univariate Cox regression analysis, Kaplan–Meier curves, P values, and hazard ratios (HRs) with 95% confidence intervals (CIs) were obtained. Subsequently, key prognostic DRGs (SLC3A2, UNBPL, ACTB, and DSTN) in HNSCC patients were identified and analyzed in detail. The relationship between prognosis-related DRGs and the overall survival rate of HNSCC patients was examined, and the area under the receiver operating characteristic (ROC) curve was calculated. The expression and diagnostic efficacy of DRGs in HNSCC were validated using datasets obtained from NCBI-GEO (https://www.ncbi.nlm.nih.gov/gds) (18), including 184 HNSCC tissues and 45 para-cancerous tissues from GSE30784 and 18 HNSCC tissues and 18 para-cancerous tissues from GSE53819. Additionally, we analyzed the prognostic outcomes between high and low-risk groups across different clinical subgroups. Clinicopathological data of HNSCC patients, including age, sex, race, T, N, M, stage, grade, smoking, radiation, and neoadjuvant therapy, were obtained from TCGA.




2.8 Building and validation of a predictive nomogram

The “rms” package was utilized to construct a nomogram model for predicting 1-, 3-, and 5-year OS, PFS, and DSS based on the results of multivariate Cox proportional hazards analysis. The calibration curve and decision curve analysis (DCA) were used to validate the model’s predictive performance. External validation was performed using the GSE65858 dataset and clinical HNSCC tissue samples to evaluate the prediction model’s accuracy.




2.9 Analysis of gene expression related to immune infiltration and immune checkpoints

For immune scoring, the R software immunedeconv package (19) and six advanced algorithms, including TIMER (20), xCell (21), MCP-counter (22), CIBERSORT (23), EPIC (24), and quantTIseq (25), were used to compare the degree of immune cell infiltration between C1and C2 subtypes via the Wilcoxon test. Additionally, single-sample gene set enrichment analysis (ssGSEA) in the R package “GSVA” (26) was used to quantify the infiltration levels of various immune cell types. The infiltration and accumulation of 23 common immune cells, including dendritic cells (DC), immature DC (iDC), activated DC (aDC), plasmacytoid DC (pDC), T helper (Th) cells, type 1 Th cells (Th1), type 2 Th cells (Th2), type 17 Th cells (Th17), regulatory T cells (Treg), T gamma delta (Tgd), T central memory (Tcm), T effector memory (Tem), T follicular helper (Tfh), CD8+ T cells, B cells, neutrophils, macrophages, cytotoxic cells, mast cells, eosinophils, natural killer (NK) cells, NK56- cells, and NK56+ cells, were analyzed. The Wilcoxon rank-sum test was performed to compare differences in immune cell infiltration levels of the four prognosis-related DRGs between high and low expression groups and between high-risk and low-risk groups. The correlation between immune cell infiltration and prognosis of HNSCC patients was also investigated. Spearman correlation was used to explore the relationship between the four prognosis-related DRGs and immune cell infiltration. TIMER (https://cistrome.shinyapps.io/timer/) was used to analyze the abundance of immune cells infiltrated by the four prognostic DRGs in tumors. The detected immune cells included tumor purity, B cells, CD4+ T cells, CD8+ T cells, neutrophils, macrophages and dendritic cells. Immune cell abundance (immune score), stromal cell infiltration level (stromal score), and tumor purity (ESTIMATE score) were estimated using the ESTIMATE algorithm. The expression levels of several immune checkpoint-related genes (CD274, CTLA4, HAVCR2, LAG3, PDCD1, PDCD1LG2, TIGIT, and SIGLEC15) were analyzed between C1 (N=461) and C2 (N=43) subtypes and between high-risk and low-risk groups. Spearman correlation was used to explore the association between risk scores and immune checkpoint-related genes. The Tumor Immune Dysfunction and Exclusion (TIDE) algorithm was used to predict potential immune checkpoint blocking responses. The results were visualized using the R packages “ggplot2” and “pheatmap” (v4.0.3) (27).




2.10 TMB, MSI, mRNAsi, and drug sensitivity analysis

The correlation of the risk score in HNSCC with tumor mutation burden (TMB), microsatellite instability (MSI), and mRNA stemness index (mRNAsi) was analyzed using Spearman correlation. The sensitivity of these drugs was also studied. Drug sensitivity and gene expression profile data from cancer cell lines were integrated from the Drug Sensitivity in Cancer (GDSC) (https://www.cancerrxgene.org/) (28) and the Cancer Therapeutics Response Portal (CTRP) (https://portals.broadinstitute.org/ctrp/) databases. The 50% inhibiting concentration (IC50) of chemotherapeutic drugs was predicted using the R package pRRophetic (29), with the IC50 value of the sample estimated by ridge regression. All parameters were set to default values, the batch effect was adjusted using combat, and the tissue type was considered. Duplicate gene expression was summarized as the mean value.




2.11 Single cell analysis

The expression of DRGs in the tumor microenvironment (TME) was studied using the Tumor Immune Single Cell Center (TISCH) (http://tisch.comp-genomics.org/) (30) to understand their relationship with HNSCC prognosis. In this dataset, three main cell types were included: immune cells, stromal cells, and malignant cells. The t-distributed stochastic neighborhood embedding (t-SNE) map of HNSCC_GSE103322 and the heat map of HNSCC_GSE103322 were displayed through the TISCH database to show the impact of DRGs on the TME in HNSCC. Additionally, scatter plots showing the correlation between DRG immune infiltration levels and cancer-associated fibroblasts (CAFs) and macrophages were generated using TIMER2.0 (http://timer.cistrome.org/) (31).




2.12 DNA methylation analysis of DRGs in HNSCC

The GSCA database was used to evaluate the relationship between the expression of four prognostic DRGs and DNA methylation levels. NUBPL methylation levels were measured in HNSCC patients grouped by different clinicopathologic features, including age, gender, race, smoking status, nodal metastasis status, tumor grade, individual cancer stage, and TP53 mutation, using the UALCAN database (http://ualcan.path.uab.edu/index.html) (32). The MethSurv database (https://biit.cs.ut.ee/methsurv/) (33) was then used to analyze the DNA methylation of four prognostic DRGs at CpG sites and the prognostic value of these CpG methylation sites in HNSCC.




2.13 Relationship between DRG expression level and RNA modification regulatory factors

Using the Wilcoxon test and the “ggplot2” package in R software (v4.0.3), differences in gene expression between high and low-risk groups for m6A, m5C, m1A, and m7G genes in HNSCC samples were analyzed. The correlation between the risk score in HNSCC samples and the expression of m6A, m5C, m1A, and m7G genes was also examined. The expression matrix for m6A genes includes RBM15B, VIRMA, IGF2BP2, HNRNPA2B1, IGF2BP1, YTHDF3, IGF2BP3, HNRNPC, RBM15, RBMX, METTL14, YTHDC2, METTL3, ZC3H13, WTAP, YTHDF1, YTHDC1, FTO, and YTHDF2. m5C genes include DNMT1, DNMT3A, DNMT3B, MBD1, MBD2, MBD3, MBD4, MECP2, NEIL1, SMUG1, TDG, UHRF1, UHRF2, UNG, ZBTB33, ZBTB38, ZBTB4, TET1, TET2, and TET3. m1A genes include TRMT10C, TRMT61B, TRMT6, TRMT61A, ALKBH3, ALKBH1, YTHDC1, YTHDF1, YTHDF2, and YTHDF3. m7G genes include AGO2, CYFIP1, DCP2, DCPS, EIF3D, EIF4A1, EIF4E, EIF4E2, EIF4E3, EIF4G3, GEMIN5, IFIT5, LARP1, LSM1, METTL1, NCBP1, NCBP2, NCBP2L, NCBP3, NSUN2, NUDT10, NUDT11, NUDT16, NUDT3, NUDT4, SNUPN, and WDR4.




2.14 Prediction of potential MicroRNA and long non-coding RNA target genes

ENCORI (http://starbase.sysu.edu.cn/) (34), miRTarBase (https://mirtarbase.cuhk.edu.cn/) (35), RNA22 (https://cm.jefferson.edu/rna22/interactive) (36), RNAInter (http://www.rnasociety.org/rnainter/) (37), and miRWalk (http://miRWalk.umm.uni-heidelberg.de/) (38) databases were used to screen candidate microRNAs (miRNAs) and predict miRNA targets. These selected miRNAs are referred to as potential miRNAs of target genes. The potential combinations of long non-coding RNAs (lncRNAs) and miRNAs were predicted using the miRNet database (http://www.mirnet.ca/) (39). Subsequently, the mRNA-miRNA and miRNA-lncRNA regulatory networks were established using Cytoscape (version 3.7.1; http://www.cytoscape.org/) (40). The correlation and prognostic value of these candidate miRNAs and lncRNAs in HNSCC were further verified using the ENCORI and Kaplan–Meier plotter databases.




2.15 Cell culture and transfection

Three HNSCC cell lines (HN6, HSC3, and SCC9) and a human normal squamous cell line (NOK) were used in this study. NOK, HN6, HSC3, and SCC9 cell lines were purchased from the American Type Culture Collection (ATCC; Manassas, VA, USA). HN6 and HSC3 cells were cultured in DMEM (Sigma, USA, D5546), supplemented with 10% FBS (Gibco, 10099-141C) and 1% penicillin-streptomycin solution (Gibco, Massachusetts, USA, 15070063). SCC9 cells were supplemented with 10% FBS (Gibco, 10099-141C), 1% penicillin-streptomycin solution (Gibco, 15070063), and hydrocortisone (1 ng/mL; MCE, HY-N0583). NOK cells were grown in defined keratinocyte-SFM (Gibco, 10744019) supplemented with Defined Keratinocyte-SFM Growth Supplement (Gibco, 10744019) and 1% penicillin-streptomycin solution. All cultures were maintained in a humidified incubator with 5% CO2 at 37°C. After passaging cells and culturing them in a six-well plate for 24 hours, transfection was performed when the cell density reached 60–70%. Transfection of shRNA-DSTN (GeneRulor, Zhuhai) was carried out using Lipofectamine 3000 transfection reagent (Invitrogen, USA). Cells were collected 48 hours post-transfection to extract RNA for assessing transfection efficiency, with all experiments performed in triplicate.




2.16 Proliferation and colony formation assay

For the proliferation assay, 2000 cells were seeded in a 96-well plate after the indicated treatment. On the next day, cell viability was detected using the Cell Counting Kit-8 (CCK-8) assay (Dojindo, Japan) according to the manufacturer’s instructions. Each experiment was conducted in triplicate, and cell viability was measured continuously for 5 days. For the colony formation assay, 1000 cells were seeded in a six-well plate with complete medium and grown for approximately 2 weeks. Visible colonies were then fixed with 4% paraformaldehyde, stained with 1% crystal violet, and counted.




2.17 Wound healing assays

Cells were seeded in 6-well plates and cultured to 90% confluence. A scratch was made across the plates using a pipette tip, and isolated cells were removed with PBS. Images of the wound were captured after 24 hours of incubation. The wound area was measured using Image J.




2.18 Transwell assays

24-well transwell chambers, coated with or without Matrigel (Corning, NY, USA, 354480, 3422), were used to analyze cell migration and invasion. Cells suspended in serum-free culture medium were planted into the upper chamber, while medium containing 10% FBS was added to the bottom chamber as an attractant. After 24 hours of incubation, cells remaining in the upper chamber were wiped off with cotton swabs. Cells that had penetrated the transwell chambers were fixed with methanol and stained with crystal violet. The number of cells in five random fields of view (×100 magnification) was counted under a microscope.




2.19 RNA isolation and RT-qPCR

Total RNA was isolated from cells using the Quick-RNA MiniPrep kit (Zymo Research, Irvine, CA, USA, R1054). Reverse transcription was performed using the Takara PrimeScript RT reagent kit (Takara, Kusatsu, Japan, RR037A). A miScript SYBR Green PCR kit (Qiagen, Germany) was used to detect the expression of target genes on a Lightcycler 480 Real-Time PCR System (Roche Diagnostics GmbH, Mannheim, Germany). The relative standard curve method (2−△△CT) was employed to determine the relative mRNA expression, with the glyceraldehyde 3-phosphate dehydrogenase (GAPDH) gene as the reference. Supplementary Table 2 lists the polymerase chain reaction primers used in this study.




2.20 Validation of protein expression levels of DRGs by immunohistochemistry

Immunohistochemistry (IHC) staining was used to detect the protein expression of DRGs in HNSCC tissues. Paraffin-embedded tissue specimens were cut into 4 μm-thick sections, deparaffinized, rehydrated with gradient ethanol, and incubated in EDTA. Endogenous peroxidase was blocked using 3% hydrogen peroxide. 10% normal goat serum was used to reduce non-specific binding. Rabbit monoclonal antibodies to DRGs (ab307587, ab235924, ab8226, ab186754; 1:1000, Abcam, UK) were used as the primary antibodies, and samples were incubated for 1 hour at room temperature. After washing with PBS, biotin-labeled secondary antibodies and streptavidin-horseradish peroxidase were added and incubated at room temperature for 10 minutes each. Samples were then stained with DAB, dehydrated, and fixed with resin.




2.21 Statistical analysis

The Wilcoxon rank-sum test was used to assess the expression differences of DRGs between HNSCC and adjacent tissues. Kaplan-Meier curves were analyzed using the R packages “survival” and “survminer.” Univariate and multivariate Cox regression analyses were performed using the “survival” R package. The time-dependent AUC value was calculated using the R “timeROC” package, and ROC curves were plotted using the R “survivalROC” package. Statistical significance was indicated by asterisks. A p-value < 0.05 was considered statistically significant (* p < 0.05, ** p < 0.01, *** p < 0.001). All statistical analyses were conducted using the R package.





3 Results



3.1 Identification and analysis of DRG clusters in HNSCC

The flowchart of the study is illustrated in Figure 1. The expression levels of 24 DRGs were compared between HNSCC tissues (n = 504) and normal tissues (n = 44) in the TCGA-HNSCC dataset. The results showed that the expression levels of SLC7A11, SLC3A2, RPN1, NUBPL, NDUFA11, NCKAP1, LRPPRC, GYS1, ACTB, CAPZB, CD2AP, DSTN, FLNA, FLNB, INF2, MYH10, MYH9, MYL6, PDLIM1, and TLN1 were upregulated in cancer tissues compared with normal tissues, whereas the expression levels of NDUFS1 were downregulated (Figure 2A). Additionally, most of the 24 DRGs in HNSCC samples were positively correlated (Figure 2B). Based on the expression levels of the 24 DRGs in HNSCC, consensus clustering was performed to classify the 504 HNSCC samples in the TCGA database. All tumor samples were divided into k (k = 2 - 6) different clusters. The cluster number was selected as two, indicating that HNSCC patients were accurately divided into two clusters (C1 and C2) (Figures 2C–F). The Kaplan-Meier survival curve showed that the overall survival (OS) of C2 patients was significantly worse than that of C1 patients (Figure 2G).




Figure 1 | Flowchart of the present study.






Figure 2 | Common clusters were identified based on the expression of DRGs. (A) The expression levels of 24 DRGs in HNSCC and paracancerous tissues, and the quartile ranges of the upper and lower representative values of the box; the line in the box represents the median value. (B) Pearson’s correlation analysis for the expression of 24 DRGs in HNSCC. (C) Cumulative distribution function (CDF) (k = 2 - 6). (D) Relative change of area under CDF curve (CDF Delta area) (k = 2 - 6). (E) Consensus clustering matrix (k = 2). (F) The heat map of DRG expression in different subtypes, wherein red color represents high expression and blue color represents low expression. (G) Kaplan-Meier survival analysis based on two clusters. *p<0.05, **p<0.01, ***p<0.001.






3.2 DEGs and functional enrichment analysis

The DEGs identified between C1 and C2 subtypes included 6530 upregulated genes and 717 downregulated genes. A volcano map (Figure 3A) and heat map (Figure 3B) were constructed for these DEGs. GO and KEGG enrichment analysis identified the upregulated and downregulated DEGs. GO analysis showed that the DEGs were mainly enriched in extracellular matrix organization, response to transforming growth factor-beta, cell-substrate adhesion, focal adhesion, collagen-containing extracellular matrix, extracellular matrix binding, collagen binding, and GTPase binding (Figure 3C). KEGG enrichment analysis indicated that DEGs were enriched in processes such as ECM-receptor interaction, focal adhesion, cell cycle, cGMP-PKG signaling pathway, TGF-beta signaling pathway, PI3K-Akt signaling pathway, MAPK signaling pathway, and ERBB signaling pathway (Figure 3D). GSEA pathway enrichment analysis showed that the expression of DRGs was closely associated with pathways including Head and Neck Squamous Cell Carcinoma, PI3K-Akt signaling pathway, focal adhesion, EGFEGFR signaling pathway, B cell receptor signaling pathway, TGF-beta signaling pathway, ERBB signaling pathway, VEGFR1 pathway, and Wnt signaling pathway (Figure 3E; Supplementary Table 3). Activation of these pathways increases the risk of tumor development and progression.




Figure 3 | Screening of DEGs between DRG subtypes and functional enrichment analysis of DEGs. (A) The volcano plot of DEGs between C1 and C2 subtypes. (B) DEG heat map between C1 and C2 subtypes. (C, D) Enrichment analysis results of GO and KEGG for DEGs. (E) Enrichment map from GSEA.






3.3 Correlation analysis of genetic changes

Using the GSCA database, we analyzed the percentage map of SNVs on the chart. FLNA mutation frequency was high. The oncoplot provided the SNVs of the top 10 genes among DRGs, with FLNA (18%) and MYH9 (18%) having the highest mutation frequencies, followed by MYH10 (15%), TLN1 (15%), IQGAP1 (9%), FLNB (8%), NCKAP1 (6%), LRPPRC (6%), ACTN4 (6%), and ACTB (3%) (Supplementary Figure 1A). Mutations were categorized, with missense mutations accounting for the largest proportion (Supplementary Figure 1B). Single nucleotide polymorphisms (SNPs) were more frequent than deletions (Supplementary Figure 1C), and C > T was the most common type of SNV (Supplementary Figure 1D). By calculating the number of base changes per patient, we found that the median and maximum number of mutations were 1 and 5, respectively (Supplementary Figure 1E). The box plot shows the number of occurrences for each variant classification (Supplementary Figure 1F). By considering the total number of mutations and calculating multiple hits separately, we recalculated the top 10 mutated genes (Supplementary Figure 1G). CNV and methylation levels are important factors that affect gene expression levels and prognosis. We analyzed the correlation between DRG CNV, methylation status, and mRNA. The results showed a significant positive correlation between DRG CNV and mRNA expression, while gene methylation levels had a negative correlation with mRNA expression (Supplementary Figure 1H). Supplementary Figure 1I shows that for some DRGs, CNV and methylation levels are significantly associated with poor prognosis in HNSCC patients. Subsequently, we analyzed the CNV landscapes of the 24 DRGs in HNSCC (Supplementary Figure 1J). Supplementary Figure 1K shows high heterozygosity deletion/amplification rates. CNV analysis revealed that DRGs had heterozygous amplification and extensive heterozygosity loss, while TLN1, RPN1, and FLNA showed high-level homozygosity amplification, and NDUFS1 and FLNB showed high-level homozygosity loss.




3.4 Establishing a prognostic risk model

We identified eight genes with prognostic value (SLC3A2, RPN1, NUBPL, ACTB, DSTN, FLNA, INF2, MYH9) using univariate Cox analysis and visualized them using a forest plot, including OS, PFS, and DSS (Figure 4A). As shown in Figure 4B, the OS rate of HNSCC patients with high expression levels of SLC3A2 (HR = 1.411, p = 0.012), RPN1 (HR = 1.322, p = 0.0414), NUBPL (HR = 1.365, p = 0.0229), ACTB (HR = 1.57, p = 0.00111), DSTN (HR = 1.365, p = 0.0234), FLNA (HR = 1.38, p = 0.0196), INF2 (HR = 1.366, p = 0.0232), and MYH9 (HR = 1.316, p = 0.0474) was lower. Therefore, high expression of these genes is a prognostic factor in HNSCC patients. Based on the expression profiles of these potential prognostic biomarkers, LASSO Cox regression analysis was performed to construct an OS prognosis model based on the eight prognostic DRGs (Figures 5A, B). The risk score for OS in patients with HNSCC was determined as follows: Risk score = (0.0807) * SLC3A2 + (0.2193) * NUBPL + (0.2167) * ACTB + (0.0082) * DSTN. According to the risk score, TCGA-HNSCC (training cohort) patients were divided into two groups. The risk score distribution, survival status, and expression levels of the four DRGs are shown in Figures 5C, D. With an increase in the risk score, the risk of death increased and survival time decreased (Figure 5C). The Kaplan–Meier curve showed that HNSCC patients with high risk scores had lower OS rates compared with patients with low risk scores [median time = 2.7 and 4.9 years, log-rank p = 7.47e-05, HR = 1.736 (1.321, 2.281)] (Figure 5D). The AUCs for the 1-, 3-, and 5-year ROC curves were 0.715, 0.678, and 0.669, respectively (Figure 5E). The same analysis was conducted for PFS and DSS. The higher the risk score, the shorter the PFS [median time = 3 and 15 years, log-rank p = 0.000205, HR = 1.733 (1.296, 2.317)]. The AUCs for PFS predicted by 1-, 3-, and 5-year ROC curves were 0.614, 0.607, and 0.519, respectively (Supplementary Figures 2A–C). The DSS of patients with high expression of HNSCC was lower than that of patients with low expression [median time = 6.7 and 15 years, log-rank p = 0.000433, HR = 1.91 (1.332, 2.738)]. The AUCs for the 1-, 3-, and 5-year ROC curves were 0.613, 0.639, and 0.526, respectively (Supplementary Figures 2D–F). Thus, the results of the DRG-related risk scoring model showed a significant correlation with the survival rate of HNSCC patients.




Figure 4 | Prognostic value analysis of 24 DRGs expressions. (A) Univariate Cox regression analysis plots. (B) Prognostic value of the eight prognostic DRGs in high and low expression groups among HNSCC patients.






Figure 5 | Construction of a prognostic model with the help of DRGs in HNSCC tissue. (A) LASSO coefficient curve of four DRGs. (B) Plots of the ten-fold cross-validation error rates. (C) Distribution of risk score, survival status, and expression of prognostic DRGs in HNSCC patients. (D) Overall survival curve of HNSCC patients in high/low-risk groups. (E) Time-dependent ROC curve for 1-, 3-, and 5-year OS for DRGs.






3.5 External validation of the DRGs prognostic signature

We further validated the expression levels and diagnostic efficacy of prognostic DRGs using the GEO database. Compared with the low expression group, the expression levels of prognostic DRGs in the high expression group were significantly upregulated in the GSE30784 and GSE53819 datasets. In dataset GSE30784, the AUC values of SLC3A2, NUBPL, ACTB, and DSTN were 0.882, 0.631, 0.678, and 0.645, respectively (Figure 6A). In dataset GSE53819, the AUC values of SLC3A2, NUBPL, ACTB, and DSTN were 0.880, 0.750, 0.830, and 0.713, respectively (Figure 6B). The four prognostic DRGs (SLC3A2, NUBPL, ACTB, and DSTN) consistently showed good sensitivity and specificity in diagnosing HNSCC. To verify the predictive value of the four-gene signature, the GSE41613, GSE65858, and GSE85446 datasets were used as external validation cohorts. We calculated the risk scores for each patient using the same formula, consistent with the results of the TCGA cohort. The distribution of risk scores, survival time, and DRG expression in each HNSCC patient is shown in Figure 6C. In the validation set, OS was significantly worse in patients with the high-risk group compared to those with the low-risk group (p = 0.003, p = 0.021, p < 0.001) (Figure 6D). The AUCs for 1-year, 3-year, and 5-year OS were 0.681, 0.662, and 0.676 in the GSE41613 dataset, respectively. The AUCs for 1-year, 3-year, and 5-year OS were 0.604, 0.626, and 0.632 in the GSE85446 dataset, respectively. The AUCs for 1-year, 3-year, and 5-year OS were 0.619, 0.673, and 0.603 in the GSE65858 dataset, respectively (Figure 6E). To sum up, these results confirm the effectiveness of our risk scoring model. The four-gene signature can predict survival rates in HNSCC. Taken together, these results confirm the validity of our risk score model, and that the DRGs prognostic signature can predict OS in HNSCC.




Figure 6 | Prognostic value of DRGs signature in HNSCC patients. (A, B) The mRNA expression of prognostic DRGs and ROC curves to evaluate the ability of the prognostic DRGs expression to diagnose HNSCC in GSE12452 (A), GSE53819 (B) dataset. (C) Distribution of risk score, survival status, and expression of prognostic DRGs for patients in low- and high-risk groups in GSE41613, GSE65858, GSE85446 dataset. (D) Risk score and survival probabilities in GSE41613, GSE65858, GSE85446 dataset. (E) Time-dependent ROC curve analyses of risk score in GSE41613, GSE65858, GSE85446 dataset. *p<0.05, **p<0.01, ***p<0.001.






3.6 Clinical correlation analysis

Based on the above-mentioned prognostic signature, we explored the survival analysis of clinical pathological features between high-risk and low-risk groups (Supplementary Table 4). Subgroup survival analysis showed that the high-risk group significantly affected the overall survival time of patients who were Age > 60 (p < 0.001, HR = 2.17 (1.50 − 3.14)), Female (p < 0.001, HR = 2.58 (1.52 − 4.37)), Male (p = 0.013, HR = 1.51 (1.09 − 2.10)), White (p < 0.001, HR = 1.74 (1.30 − 2.34)), Grade 1-2 (p = 0.008, HR = 1.55 (1.12 − 2.14)), Grade 3-4 (p = 0.010, HR = 2.10 (1.20 − 3.67)), Stage III-IV (p < 0.001, HR = 1.80 (1.33 − 2.43)), M0 Status (p < 0.001, HR = 1.78 (1.34 − 2.35)), N0 Status (p = 0.020, HR = 1.61 (1.08 − 2.40)), N1-3 Status (p < 0.001, HR = 2.07 (1.40 − 3.04)), T3-4 Status (p < 0.001, HR = 1.87 (1.32 − 2.63)), Neoadjuvant N0 (p < 0.001, HR = 1.69 (1.28 − 2.23)), Smoking Yes (p < 0.001, HR = 1.87 (1.32 − 2.63)) (Supplementary Figures 3A–M). However, factors such as Age <= 60 (p = 0.107, HR = 1.41 (0.93 − 2.14)), Asian + Black (p = 0.484, HR = 0.75 (0.33 − 1.69)), Stage I-II (p = 0.246, HR = 1.50 (0.76 − 2.95)), Neoadjuvant Yes (p = 0.152, HR = 4.81 (0.56 − 41.07)), Radiation N0 (p = 0.870, HR = 0.93 (0.39 − 2.20)), Radiation Yes (p = 0.061, HR = 1.77 (0.97 − 3.23)), Smoking N0 (p = 0.184, HR = 1.51 (0.82 − 2.75)), and T1-2 Status (p = 0.104, HR = 1.48 (0.92 − 2.39)) were not significantly associated with the overall survival time of HNSCC patients (Supplementary Figures 4A–H). This suggests that these factors play an important role in determining the survival outcomes of patients with HNSCC and should be considered when developing treatment strategies.




3.7 Establishment and validation of a predictive nomogram

We first performed univariate and multivariate Cox analyses to establish a predictive nomogram that integrates the DRGs risk score with other prognosis-related clinical factors. In univariate Cox regression analysis, M status (HR = 4.819, 95% CI = 1.775 - 13.083, p = 0.002), Stage (HR = 0.568, 95% CI = 0.394 - 0.821, p = 0.003), and risk score (HR = 0.576, 95% CI = 0.438 - 0.757, p < 0.001) were associated with OS in HNSCC patients. In multivariate Cox regression analysis, M status (HR = 3.919, 95% CI = 1.414 - 10.861, p = 0.009), Stage (HR = 0.560, 95% CI = 0.373 - 0.841, p = 0.005), and risk score (HR = 0.534, 95% CI = 0.403 - 0.709, p < 0.001) were shown to be independent predictors of OS in HNSCC patients (Supplementary Table 5). The risk score, M status, and Stage were then integrated to construct a nomogram for predicting 1-, 3-, and 5-year OS in HNSCC patients. The results of the predictive nomogram showed that 1-, 3-, and 5-year OS [C-index: 0.613 (0.594-0.633)] (Figure 7A), PFS [C-index: 0.603 (0.583-0.623)] (Supplementary Figures 5A–E), and DSS [C-index: 0.645 (0.622-0.669)] (Supplementary Figures 6A–E). The AUC values for 1-, 3-, and 5-year ROC curves were 0.630, 0.638, and 0.599, respectively (Figure 7B). Calibration curves showed good consistency between predicted and observed values, especially for 3-year OS (Figure 7D) and time-dependent AUC curves (Figure 7F). Finally, we performed DCA curves to assess the clinical utility of the nomogram, indicating its value in predicting survival rates (Figure 7H). In the GEO validation cohort, the AUC values for 1-, 3-, and 5-year OS were 0.625, 0.620, and 0.608, respectively (Figure 7C). Calibration curves and the time-dependent AUC for the nomogram model also maintained good performance in predicting patient OS (Figures 7E, G). DCA showed that the nomogram also provided clinical net benefits (Figure 7I). Thus, in both the TCGA cohort and GEO external validation cohort, the nomogram incorporating DRG risk score and clinical characteristics (M status and Stage) appears to accurately predict short-term and long-term OS in HNSCC patients. Overall, these results indicate that the constructed nomogram has predictive accuracy for the prognosis of HNSCC patients and may bring significant clinical benefits.




Figure 7 | Construction of a predictive nomogram. (A) Nomogram for predicting 1-, 3-, and 5-year OS of HNSCC patients. (B, C) ROC curves for predicting 1-, 3-, and 5-year OS in the TCGA and GEO datasets. (D, E) Calibration curve of OS nomogram model in the discovery group in the TCGA and GEO datasets. (F, G) Time-dependent AUC curve shows the nomogram to predict OS performance in the TCGA and GEO datasets. (The diagonal dotted line represents the ideal nomogram). (H, I) DCA curves for the nomogram in the TCGA and GEO datasets.






3.8 Association of tumor immune cell infiltration with the disulfidptosis-related prognostic signature in HNSCC

We used six algorithms to observe the differences in immune cells between C1 and C2 subtypes of HNSCC samples. The QUANTISEQ algorithm showed significant differences in Macrophage M2 (P = 0.004), Monocyte (P = 3.14E-07), Macrophage M1 (P = 0.004), B cell (P = 0.0457), T cell regulatory (Tregs) (P = 5.15E-07), Neutrophil (P = 2.77E-07), and uncharacterized cell (P = 0.0004) between the two subtypes (Figures 8A, B). Further analysis using the QUANTISEQ algorithm found significant associations between risk scores and various immune cell populations. Risk scores were negatively correlated with B cells (P = 4.44E-11, Cor = -0.2880), Monocytes (P = 7.49E-08, Cor = -0.2368), T cells CD8+ (P = 2.63E-09, Cor = -0.2612), uncharacterized cells (P = 0.0155, Cor = -0.1079), and Myeloid dendritic cells (P = 0.0011, Cor = -0.1455), and positively correlated with Macrophage M1 (P = 8.39E-10, Cor = 0.2700), NK cells (P = 0.0048, Cor = 0.1253), and T cells CD4+ (non-regulatory) (P = 0.0003, Cor = 0.1616) (Figure 8C). Similarly, significant differences in the distribution of immunologic infiltration scores between C1 and C2 subtypes were also observed using the TIMER, xCell, MCP-counter, CIBERSORT, and EPIC algorithms (Supplementary Figures 7A–E). There was also a correlation between risk scores and various immune cell populations (Supplementary Figures 8A–E). It has been reported that immune infiltration may affect patient prognosis. Therefore, we conducted a survival analysis of the different types of immune cells mentioned above and found that high infiltration levels of B cells, NK cells, Macrophage M2, T cells CD8+, and Tregs were associated with good prognosis, while high infiltration levels of Macrophage M1, Neutrophils, and T cells CD4+ (non-regulatory) were associated with lower OS rates (Figure 8D). Considering the differences in immune cell infiltration, we further analyzed the correlation between the risk score model and three ESTIMATE scores. The analysis showed a significant negative correlation between the risk score and ImmuneScore (P < 0.001, Cor = -0.236), and a positive correlation with StromalScore (P = 0.015, Cor = 0.109), but no significant correlation with ESTIMATE scores (P = 0.068, Cor = -0.081) (Figure 8E).




Figure 8 | Relationship between the expression level of DRGs and immune infiltration in the tumor microenvironment. (A, B) Comparison of immune scores between C1 and C2 subtypes in TCGA (QUANTISEQ); the abscissa represents the type of immune cell infiltration, and the ordinate represents the distribution of the immune infiltration score in different groups. (C) The correlation analysis between Riskscore and immunoscore (QUANTISEQ). (D) The relationship between the level of immune cell infiltration and survival rate, including B cells, NK cells, macrophages M2, T cell CD8+, T cell regulatory (Tregs), Macrophage M1, Neutrophil, T cell CD4+ (non-regulatory). (E) Correlation between Riskscore and three ESTIMATE, and Differences in ESTIMATE between the high and low expression groups of the four prognostic DRGs in HNSCC. *p<0.05, **p<0.01, ***p<0.001.



Using the ssGSEA method, immune cell infiltration between high and low expression groups of SLC3A2, NUBPL, ACTB, and DSTN was analyzed (Supplementary Figure 9A). In addition, in the low-risk score group, the expression levels of aDC, B cells, CD8 T cells, Cytotoxic cells, DC, Mast cells, NK CD56dim cells, pDC, T cells, TFH, and Th17 cells were higher than those in the high-risk score group. However, Eosinophils, Macrophages, Neutrophils, NK cells, Tcm, Tgd, Th1 cells, and Th2 cells were expressed at higher levels in the high-risk score group, with statistical differences (Supplementary Figure 9B). Correlation analysis showed that SLC3A2 expression was positively correlated with Tgd and negatively correlated with Cytotoxic cells, T cells, B cells, and CD8 T cells; NUBPL expression was positively correlated with T helper cells, NK cells, Tcm, and Th2 cells, and negatively correlated with Cytotoxic cells, PDC, NK CD56dim cells, and T cells; ACTB expression was positively correlated with Macrophages, Tgd, Th1 cells, Neutrophils, and Th2 cells, and negatively correlated with B cells, NK CD56bright cells, PDC, and CD8 T cells; DSTN expression was positively correlated with Tgd and negatively correlated with Cytotoxic cells, T cells, B cells, and NK CD56dim cells (Supplementary Figure 9C). In addtion, TIMER database analysis showed that SLC3A2 was positively correlated with B cells, CD4+ T cells, neutrophils, macrophages and dendritic cells. NUBPL was positively correlated with tumor purity, neutrophils. ACTB was positively correlated with tumor purity, B cells, CD4+ T cells, CD8+ T cells, neutrophils, macrophages and dendritic cells. DSTN was also positively correlated with B cells, CD4+ T cells, CD8+ T cells, neutrophils, macrophages and dendritic cells in HNSCC (Supplementary Figure 9D). These results showed a significant correlation between DRGs and tumor immune infiltration, indicating potential targets for immunotherapy.




3.9 Immunotherapy response analysis

We analyzed the differences in expression between the two subtypes based on eight immune checkpoint-related genes. The results showed significant differences in the expression levels of CD274 (P < 0.01), LAG3 (p < 0.01), PDCD1LG2 (p < 0.001), and SIGLEC15 (p < 0.01) between the two subtypes. In group C1, the expression levels of CD274, PDCD1LG2, and SIGLEC15 were higher than those in group C2, with statistical significance (Figure 9A). We then explored the expression distribution of immune checkpoint-related genes in high and low risk score groups. The results showed significant differences in LAG3, PDCD1, PDCD1LG2, TIGIT, and SIGLEC15 between the high and low risk score groups (Figure 9B). Further analysis of the relationship between the expression of prognostic DRGs and immune checkpoint members in the TCGA database showed that the risk score was positively correlated with PDCD1LG2 (P = 7.6256E-08, Cor = 0.2369), SIGLEC15 (P = 0.0140, Cor = 0.1095), and CTLA4 (P = 0.0152, Cor = -0.1081). It was negatively correlated with LAG3 (P = 0.0002, Cor = -0.1659), PDCD1 (P = 1.1598E-06, Cor = -0.2148), and TIGIT (P = 0.0001, Cor = -0.1699) (Figure 9C). Survival analysis of immune checkpoint members showed that high levels of CTLA4 (p < 0.001, HR = 0.58 (0.44 - 0.76)), PDCD1 (p = 0.009, HR = 0.70 (0.53 - 0.91)), TIGIT (p = 0.001, HR = 0.64 (0.49 - 0.84)), and LAG3 (p = 0.046, HR = 0.76 (0.58 - 0.99)) were associated with good prognosis, while CD274 (p = 0.049, HR = 1.31 (1.00 - 1.72)) was associated with lower OS rates (Figure 9D). Additionally, we used the TIDE database and GSE91061, GSE135222, GSE78220, IMvigor210 datasets to predict the response of DRGs to immunotherapy. The results showed that the prediction of response rates to immunotherapies in patients with low risk scores was higher than that in the high risk group (p < 0.05) (Figure 9E). The low risk score group responded better to immune checkpoint blocking than the high risk score group (Figure 9F). TIDE Dysfunction scores were elevated in the low group (Figure 9G), and TIDE Exclusion scores were lower in the low group (Figure 9H). In the GSE91061, GSE135222, GSE78220, and IMvigor210 datasets, the AUC results further confirmed the accuracy of DRG expression in predicting immune response, with AUC values of 0.737, 0.849, 0.774, and 0.612, respectively (Figures 9I–L). To confirm the predictive role of DRGs risk score in immune therapy response in clinical tissue samples of HNSCC, 36 advanced HNSCC patients receiving anti-PD-1/PD-L1 therapy were analyzed. The results indicated that the expression of the four prognostic DRGs was lower in patients who achieved complete or partial remission (CR/PR). The AUC values of SLC3A2, NUBPL, ACTB, and DSTN were 0.727, 0.610, 0.769, and 0.788, respectively (Figure 9M). The low-risk group based on the prognostic model had a higher proportion of patients in the CR/PR group, with an AUC value of 0.723 for the risk score (Figure 9N). Therefore, DRGs risk score has significant potential in predicting immune therapy response, suggesting that patients with a low DRGs risk score may be more sensitive to ICI treatment. Overall, these results imply that DRGs low-risk score groups are more likely to have an immune response and respond to immunotherapy.




Figure 9 | The correlation between the expression of the prognostic DRGs and immunogenicity. (A) The expression distributions of eight immune checkpoint-related genes in HNSCC subtypes. (B) Differences in immune checkpoint-related genes between high and low riskscore group. (C) Correlation between the prognostic DRGs in HNSCC and immune checkpoint-related genes. (D) The survival analysis of immune checkpoint-related genes. (E) The prediction of response rates of immunotherapies in patients with DRGs high and low riskscore. (F) Different reactions of DRGs high and low riskscore groups to immune checkpoint blocking in TIDE score. (G) Differences of DRGs high and low riskscore groups in TIDE Dysfunction score. (H) Differences of DRGs high and low riskscore groups in TIDE Exclusion score. (I–L) Prediction of immune response and ROC analysis of DRGs riskscore for prediction of ICI responsiveness in GSE91061, GSE135222, GSE78220, IMvigor210 dataset. (M) Four prognostic DRGs expression differences between patients with NR and R in clinical tissue cohort, respectively; ROC analysis of four prognostic DRGs for prediction of ICI responsiveness in clinical tissue cohort, respectively; (N) Riskscore differences between patients with NR and R in clinical tissue cohort; ROC analysis of riskscore for prediction of ICI responsiveness in clinical tissue cohort. (NR: not responding to immunotherapy. R: respond to immunotherapy). n.s. no significance (p > 0.05), *p<0.05, **p<0.01, ***p<0.001.






3.10 TMB, MSI, mRNAsi, and drug sensitivity analysis

To investigate the role of DRGs in immune mechanisms and responses within the TME, we assessed the correlation between the risk score model and TMB, MSI, and mRNAsi. The results showed that SLC3A2 (P = 0.018, Cor = 0.106) was positively correlated with TMB, while DSTN (P = 0.023, Cor = -0.102) was negatively correlated with TMB (Figure 10A). SLC3A2 (P < 0.001, Cor = 0.152) was positively correlated with MSI, while ACTB (P < 0.001, Cor = -0.613) was negatively correlated with MSI (Figure 10B). The expression levels of ACTB (P < 0.001, Cor = -0.274) and DSTN (P < 0.001, Cor = -0.149) were negatively correlated with mRNAsi (Figure 10C). Next, we analyzed the distribution of TMB, MSI, and mRNAsi in the high-risk and low-risk groups of HNSCC patients. The results revealed that the proportion of patients with high TMB was higher in the high-risk group compared to the low-risk group, while MSI and mRNAsi were more prevalent in the low-risk group (Figure 10D). We further performed survival analysis combining risk scores with TMB, MSI, and mRNAsi, dividing patients into four subgroups for survival assessment. The overall survival (OS) was better in the low TMB + low-risk score group compared to the high TMB + high-risk score group (P < 0.001). Similarly, patients in the high MSI + high-risk group had a worse prognosis compared to those in the low MSI + low-risk group (P < 0.001), and the OS of patients in the low mRNAsi + low-risk group was better than that of those in the high mRNAsi + high-risk group (P < 0.001) (Figure 10E).




Figure 10 | TMB, MSI, mRNAsi, and ESTIMATE analysis. (A) Correlation between the expression of four prognostic DRGs and TMB in HNSCC. (B) Correlation between the expression of four prognostic DRGs and MSI in HNSCC. (C) Correlation between the expression of four prognostic DRGs and mRNAsi in HNSCC. (D) Distribution of TMB, MSI, and mRNAsi in high-risk and low-risk groups. (E) Kaplan-Meier curves of four groups classified by risk score and TMB, MSI, mRNAsi in HNSCC.



Finally, to fully explore the potential value of new therapeutic targets for SLC3A2, NUBPL, ACTB, and DSTN, we selected some drugs from the GDSC and CTRP databases that showed a significant correlation between the risk score model and drug sensitivity (Figure 11A). In high-risk HNSCC, the sensitivity of belinostat, SB52334, and CAL-101 was significantly higher than in the low-risk group, while Dasatinib, Pazopanib, and Docetaxel showed higher sensitivity in low-risk HNSCC (Figure 11B). The results of Spearman correlation analysis showed that the expression levels of the risk score were positively correlated with belinostat, SB52334, and CAL-101, but negatively correlated with Dasatinib, Pazopanib, and Docetaxel (Figure 11C). Therefore, the drugs mentioned above may be potential therapeutic options for HNSCC.




Figure 11 | Drug sensitivity analysis. (A) Predictive antitumor drugs based on the three prognostic DRGs expression in HNSCC from the GDSC and CTRP datasets. (B) The distribution of IC50 scores in the high and low risk groups. (C) Spearson correlation analysis of IC50 score and riskscore. ***p<0.001.






3.11 Single cell RNA data analysis

In the TISCH database, HNSCC_GSE103322 was divided into 121 cell clusters and 11 cell types, allowing visualization of the distribution and number of various TME-related cells (Figures 12A, B). Figure 12C shows the percentage of each cell subtype in different patients. The pie chart indicates that macrophages (Mono/Macro) are the most abundant cell type in HNSCC_GSE103322 (Figure 12D). We used the HNSCC single cell GSE dataset (HNSCC_GSE103322) to evaluate the expression levels of SLC3A2, NUBPL, ACTB, and DSTN at a single cell level (Figure 12E), including Conventional CD4 T cells, CD8 T cells, Exhausted CD8 cells, plasma cells, monocytes or macrophages, mast cells, endothelial cells, fibroblasts, myofibroblasts, malignant cells, and myocytes. It was found that SLC3A2, NUBPL, ACTB, and DSTN were strongly expressed in fibroblasts, Mono/Macro, and malignant cells (Figure 12F). Immune infiltration analysis showed a correlation between SLC3A2, NUBPL, ACTB, and DSTN expression and CAF and macrophage infiltration (Figures 12G). Combining the above biological function enrichment and immune cell infiltration analysis results, we further explored the association between DRGs and cancer-associated fibroblasts (CAFs), tumor-associated macrophages (TAMs), and related biomarkers. The results showed extensive correlations between CAFs (PDGFRA, PDGFRB, S100A4, FAP, VIM, COL11A1, MFAP5, PDPN, ITGA11, POSTN, TAGLN, PDGFB, WNT2, COL3A1, FGF10, FN1, ABL1, AQP1, ACTA2) and TAMs (CD14, CSF1R, CD86, CCL2, CD68, IL10, NOS2, IRF5, PTGS2, IL6, FCGR1A, CD163, VSIG4, MS4A4A, MMP2, MMP9, MMP3, TJP1) biomarkers. We also analyzed the impact of prognostic DRG expression on EMT and their correlation with EMT-related biomarkers (SNAI1, SNAI2, ZEB1, ZEB2, TWIST1, CDH1, CDH2, VIM, MMP2, MMP9, MMP3), finding significant associations (Figure 12H). These results suggest that EMT mediated by prognostic DRGs may be related to fibroblast activation.




Figure 12 | The expression of three prognostic DRGs in different immune cell types in HNSCC. (A) Cluster diagram of cell types in scRNA seq data. (B) Annotation of different immune cell lineages (HNSCC_GSE103322) in HNSCC tissues. (C) The percentage of each cell subtype in different patients. (D) The pie chart shows the percentage of each cell. (E) Characteristic maps of four prognostic DRGs obtained from scRNA-seq data. (F) Heat maps of three prognostic DRGs obtained from scRNA-seq data. (G) Correlation between the expression of three prognostic DRGs and macrophages, CAF infiltration as analyzed by TIMER2.0. (H) Correlation between the expression of three prognostic DRGs and TAMs, CAF, EMT-related markers. *p<0.05.






3.11 Pan-RNA epigenetic modification-related gene expression

In this study, we investigated whether DRG expression is related to pan-RNA epigenetic modification by analyzing the differential expression of pan-RNA epigenetic modification-related genes between high and low risk groups. The results showed significant differences in m6A, m5C, m1A, and m7G modification genes between the two groups (P < 0.01), with high expression in the high-risk group (Supplementary Figure 10A). The correlation between these prognostic DRGs and pan-RNA epigenetic modification-related gene expression was analyzed using the TCGA dataset. The results showed significant correlations between the four prognostic DRGs and m6A, m5C, m1A, and m7G modification genes (Supplementary Figure 10B). We found that all four prognostic DRGs were positively correlated with highly expressed EIF4E, IGF2BP3, FTO, IFIT5, IGF2BP1, LARP1, NCBP2L, NUDT10, and NUDT11 (Supplementary Figure 10C), which were significantly correlated with HNSCC prognosis. These results suggest that DRG expression is closely related to RNA methylation modification in HNSCC.




3.12 DNA methylation analysis

Using the GSCA tool, we found that SLC3A2, NUBPL, ACTB, and DSTN expression were significantly negatively correlated with their methylation levels in HNSCC (Supplementary Figure 11A). Additionally, in patients classified by age, gender, race, smoking status, nodal metastasis status, tumor grade, individual cancer stage, and TP53 mutation, NUBPL DNA methylation levels were further reduced (Supplementary Figure 11B). Thus, decreased DNA methylation levels of DRGs may be potential indicators reflecting the clinical and pathological characteristics of HNSCC patients. We obtained methylation maps of SLC3A2, NUBPL, ACTB, and DSTN from the MethSurv database, presented in a heatmap (Supplementary Figure 11C), identifying 60 CpG sites with multiple CpG sites of DRGs showing low methylation in HNSCC patient samples. We further evaluated the prognostic value of each CpG site’s methylation and found 11 CpG sites significantly associated with prognosis (Supplementary Figures 11D, E), including cg10922289, cg13402055, cg13109558, cg23551132, cg02356111, cg07476653, cg09041756, cg13677897, cg27056436, cg10573932, and cg19765886. These results indicate that DNA methylation of DRGs is closely related to the development and prognosis of HNSCC.




3.13 Prediction and verification of upstream key miRNA

First, we obtained 13 pairs of SLC3A2-miRNA, 8 pairs of NUBPL-miRNA, 13 pairs of ACTB-miRNA, and 42 pairs of DSTN-miRNA by intersecting the ENCORI, miRTarBase, RNA22, RNAInter, and miRWalk databases (Supplementary Figure 12A). The potential miRNA gene network was constructed using Cytoscape software (Supplementary Figure 12B). We hypothesized that a negative correlation should be observed between the predicted mRNA-miRNA interactions based on the classical role of miRNA in the negative regulation of gene expression. Using the Pan-cancer subproject of the ENCORI database, we screened these candidate miRNA expression correlations in HNSCC. The results showed significant negative correlations between 4 pairs of ACTB-miRNA and 6 pairs of DSTN-miRNA (Supplementary Figure 13). Theoretically, miRNAs that strongly bind to ACTB and DSTN should be down-regulated in HNSCC and show poor prognosis. The prognostic effect and expression levels of these potential miRNAs in HNSCC were further verified by Kaplan–Meier plotter and the TCGA database. The results showed that low expression levels of hsa-let-7c-5p, hsa-miR-23b-5p, and hsa-miR-181c-5p were significantly associated with poor prognosis (Supplementary Figure 12C), and their expression levels in HNSCC tissues were also significantly lower than in normal tissues (Supplementary Figure 12D). Combining the results of negative correlation, survival rate, and expression level analysis, hsa-let-7c-5p, hsa-miR-181c-5p, and hsa-miR-23b-5p were finally confirmed as potential prognostic miRNAs in HNSCC. These results suggest that the ACTB-hsa-let-7c-5p, DSTN-hsa-miR-181c-5p, and DSTN-hsa-miR-23b-5p pathways are key mediators in the occurrence and development of HNSCC and are related to patient prognosis.




3.14 Prediction and validation of key miRNAs and potential LncRNAs

We predicted the upstream lncRNA targets of miRNAs to construct the miRNA-lncRNA axis. The MiRNet database was used to predict lncRNAs, including 53 lncRNAs targeting hsa-let-7c-5p, 62 lncRNAs targeting hsa-miR-181c-5p, and 56 lncRNAs targeting hsa-miR-23b-5p. For better visualization, the miRNA-lncRNA regulation network was established using Cytoscape software (Figure 13A). According to the ceRNA hypothesis, lncRNAs can increase mRNA expression by competitively binding to miRNAs. Therefore, lncRNAs were negatively correlated with miRNAs or positively correlated with mRNAs. The correlation between lncRNAs and hsa-let-7c-5p, hsa-miR-181c-5p, and hsa-miR-23b-5p expression was detected using the ENCORI database. It was found that two lncRNAs (IER3-AS1 and MIRLET7BHG) were significantly correlated with hsa-let-7c-5p and ACTB, while two lncRNAs (LUCAT1 and IGFL2-AS1) were significantly correlated with hsa-miR-181c-5p and DSTN (Figure 13B). Subsequently, the prognostic value and expression level of these lncRNAs in HNSCC were detected using the TCGA-HNSCC dataset. The results of survival analysis and expression analysis showed that LUCAT1 and IGFL2-AS1 were significantly upregulated in HNSCC, and their upregulation was related to a poor prognosis for HNSCC patients (Figure 13C). Finally, we established a key mRNA-miRNA-lncRNA triple regulatory network, which included two mRNAs (ACTB and DSTN), three miRNAs (hsa-let-7c-5p, hsa-miR-181c-5p, and hsa-miR-23b-5p), and four lncRNAs (IER3-AS1, MIRLET7BHG, LUCAT1, and IGFL2-AS1) (Figure 13D).




Figure 13 | Screening of the LncRNA-miRNA-DRGs regulating axis in HNSCC. (A) Prediction of the potential miRNA-lncRNA network through miRNet database. (B) Correlation of the potential LncRNAs with hsa-let-7c-5p, hsa-miR-181c-5p, and ACTB, DSTN in HNSCC. (C) The expression level and prognostic value of the potential LncRNA (LUCAT1, IGFL2-AS1) in HNSCC. (D) The triple regulatory network of mRNA-miRNA-lncRNA. ***p<0.001.






3.15 Validation of prognostic analysis with clinical tissue samples

To verify the mRNA-level analysis results from the TCGA, we used RT-qPCR to validate the expression patterns of the four prognostic DRGs in 76 HNSCC clinical specimens, comparing HNSCC tissues with adjacent non-tumor tissues. We found that SLC3A2, NUBPL, ACTB, and DSTN were significantly upregulated in HNSCC tissues compared to adjacent tissues (Figure 14A). Based on qPCR validation results, we performed immunohistochemical staining on HNSCC tissues and adjacent normal tissues to verify the protein expression of the four prognostic DRGs in clinical specimens. The results showed that SLC3A2, NUBPL, ACTB, and DSTN proteins were significantly elevated in HNSCC tissues compared to adjacent tissues (Figure 14B). To fully understand the clinical significance of the DRG risk score, we analyzed multiple subgroups, including Age, Gender, distant metastasis, Smoking, Alcohol, N stage, Clinical stage, tumor site, histological grade, and Treatment. The results showed that the risk score was significantly associated with Clinical stage and histological grade in HNSCC patients (P < 0.05, Supplementary Table 6). To assess the independent predictive value of the prognostic model for our HNSCC clinical samples, we conducted univariate and multivariate Cox regression analyses on risk scores and other clinical features. We found that N stage (P = 0.031, HR = 0.113 (0.015 - 0.820)), Clinical stage (P = 0.001, HR = 0.140 (0.043 - 0.454)), histological grade (P = 0.026, HR = 2.146 (1.097 - 4.198)), and Risk score (P = 0.004, HR = 2.523 (1.349 - 4.719)) showed good prognostic value in univariate Cox regression analysis (P < 0.05). In multivariate analysis, Age (P = 0.010, HR = 2.530 (1.243 - 5.148)), Clinical stage (P = 0.004, HR = 0.151 (0.041 - 0.551)), histological grade (P = 0.022, HR = 2.269 (1.124 - 4.581)), and Risk score (P = 0.023, HR = 2.232 (1.115 - 4.471)) were identified as independent prognostic indicators for HNSCC patients (Supplementary Table 7). Based on the above multivariate Cox analysis, we combined these independent prognostic factors to construct a nomogram for predicting short-term and long-term survival rates in HNSCC patients. The nomogram was externally validated using the clinical HNSCC tissue sample cohort. The C-index of the nomogram was 0.766 (0.730-0.802) (Figure 14C). Calibration curves showed satisfactory consistency between predicted and observed results (Figure 14D). The 1-, 3-, and 5-year AUCs of the ROC curves were 0.783, 0.837, and 0.845, respectively (Figure 14E). Time-dependent AUC curves demonstrated the nomogram’s performance in predicting OS in the clinical sample validation cohort (Figure 14F). DCA confirmed the clinical utility of the nomogram in predicting survival rates (Figure 14G). All these results were consistent, indicating that the DRG prognostic model performs well in predicting the prognosis of HNSCC patients. Based on the predictive efficiency of the prognostic model constructed from the TCGA-HNSCC dataset, we validated the model’s efficiency using HNSCC clinical tissue samples from our hospital. Using the same formula to calculate the risk scores, HNSCC patients in the clinical cohort were divided into high-risk and low-risk groups based on the median value. Survival analysis showed that patients with higher risk scores had shorter OS than those with lower risk scores (Figure 14H, p = 0.018, HR = 2.15 (1.14 - 4.06)), consistent with the results from the TCGA and GEO cohorts. The 1-, 3-, and 5-year AUCs of the ROC curves were 0.841, 0.836, and 0.840, respectively (Figure 14I). Additionally, we explored the mRNA expression of SLC3A2, NUBPL, ACTB, and DSTN in HNSCC cell lines. Consistent with tissue expression levels, the mRNA expression of these genes was significantly upregulated in HNSCC cell lines (NH6, HSC3, and SCC9) compared to normal human epithelial cells (NOK) (Figure 14J). Therefore, all these results consistently confirmed the predictive efficiency of the constructed prognostic model, indicating its reliability and validity in predicting the prognosis of HNSCC patients.




Figure 14 | Validation of the prognostic DRGs expression. (A) Relative expression of the four prognostic DRGs in adjacent normal tissues and HNSCC tissues. (B) Immunohistochemistry analysis of the protein expression levels of four genes in HNSCC and adjacent tissues. (C) Nomogram for predicting 1-, 3-, and 5-year OS of clinical HNSCC tissue samples. (D) Calibration curve of the nomogram in the external validation group. (E) ROC curves for predicting 1-, 3-, and 5-year OS in the external validation group. (F) Time-dependent AUC curve shows the nomogram to predict OS performance in the external validation group. (G) DCA curves for the nomogram in the external validation group. (H) Overall survival curve of HNSCC patients in high/low-risk groups. (I) Time-dependent ROC curve for 1-, 3-, and 5-year OS for DRGs. (J) Differential expression of four prognostic DRGs in NOK, HN6, SCC9, and HSC3 cell lines. ***p < 0.001.






3.16 In vitro cell experiment of DSTN in HNSCC

To further investigate the role and functional significance of DRGs in HNSCC, we conducted DSTN gene knockout experiments in HSC3 and SCC9 cells (Figure 15A). Following DSTN gene knockout, CCK-8 assays showed that the proliferation rate of HSC3 and SCC9 cells was significantly reduced (Figures 15B, C). Wound healing assays and migration invasion experiments indicated that the migration (Figures 15D, E) and invasion abilities (Figures 15F–H) of HSC3 and SCC9 cells were significantly decreased. Colony formation assays showed that DSTN gene knockout significantly inhibited the proliferation of HSC3 and SCC9 cells (Figures 15I, J). In summary, the inhibition of cell proliferation following DSTN gene knockout suggests that DSTN plays a critical role in the development of HNSCC.




Figure 15 | In vitro cell experiment of DSTN in HNSCC. (A) RT-qPCR analysis showing the knockout efficiency of DSTN in HSC3 and SCC9 cells. (B, C) CCK-8 assays were performed in stable HSC3 and SCC9 cells with DSTN knockdown. (D, E) Wound-healing assays in stable HSC3 and SCC9 cells with DSTN knockdown. (F-H) Transwell migration and invasion assays in stable HSC3 and SCC9 cells with DSTN knockdown. (I, J) Clone formation experiment following DSTN knockdown in HSC3 and SCC9 cells. ***p < 0.001.







4 Discussion

Head and neck squamous cell carcinoma (HNSCC) is a highly aggressive cancer characterized by significant heterogeneity and immunosuppression. The prognosis and treatment strategies are closely related to the diagnosis and therapeutic options. In recent years, disulfidptosis, a specific form of cell death, has attracted attention for its potential role in cancer development. Understanding the role of disulfidptosis in HNSCC is crucial for elucidating the biological mechanisms of the tumor, improving patient prognosis, and developing new therapeutic strategies. This type of research may uncover new biomarkers that support personalized treatment, especially in the field of immunotherapy. The study employed a variety of methods, including gene expression analysis, proteomics research, and statistical analysis of clinical data. Researchers collected numerous HNSCC patient samples from multiple databases, utilized advanced bioinformatics tools for in-depth analysis, and performed external validation using clinical tissue samples.

In our study, we investigated 24 existing DRGs and identified two disulfidptosis-related subtypes. Through DEGs between the two subtypes, we found that DRGs are involved in multiple signaling pathways. Literature has reported that these pathways are closely related to tumor invasion and metastasis. These pathways include ECM-receptor interaction (41), Focal adhesion (42), cGMP-PKG signaling pathway (43), TGF-beta signaling pathway (44), PI3K-Akt signaling pathway (45), MAPK signaling pathway (46), ERBB signaling pathway (47), EGFR Signaling Pathway (48), B Cell Receptor Signaling Pathway (49), VEGFR1 Pathway, and Wnt Signaling Pathway (50).

Based on the expression patterns and prognostic analysis of disulfidptosis-related genes, a predictive model was constructed using LASSO Cox regression, identifying four prognostic disulfidptosis-related genes (SLC3A2, NUBPL, ACTB, DSTN). The K-M curve indicated that patients with high-risk scores in this model had poorer prognosis compared to the low-risk group. ROC curves for 1-year, 3-year, and 5-year survival probabilities revealed good specificity and sensitivity of the prognostic model. The TCGA internal and GEO external validation cohorts confirmed the model’s effectiveness and stability in predicting the prognosis of HNSCC patients. Univariate and multivariate Cox analyses identified the model as an independent prognostic factor for HNSCC. We further constructed a prediction nomogram based on the signature to predict clinical outcomes for HNSCC patients. High expression of disulfidptosis-related markers was closely related to poor clinical prognosis.

The construction of prognostic signatures plays a critical role in providing more refined and accurate assessments of prognosis. Several recent studies have developed prognostic models based on the expression of disulfidptosis-related genes (DRGs) in HNSCC. For example, a risk model designed to predict prognosis and immune features in sarcoma patients identified DRGs as independent prognostic factors (9). In a similar vein, a prognostic gene signature based on cuproptosis-related genes demonstrated high predictive accuracy for prognosis in hepatocellular carcinoma, highlighting the applicability of such models across various cancer types (10). These studies emphasize the growing recognition of disulfidptosis and its related genes as valuable prognostic biomarkers in malignancies. In the present study, we validated the expression levels and prognostic significance of DRGs using tissue samples from HNSCC patients treated at our hospital. Compared to adjacent tissues, SLC3A2, NUBPL, ACTB, and DSTN were significantly upregulated in HNSCC tissues, demonstrating high sensitivity and specificity for HNSCC diagnosis. The constructed DRG prognostic signature showed strong performance in predicting patient outcomes. Analysis of clinical data and DRG expression in HNSCC patients suggests that disulfidptosis may serve as a reliable biomarker for assessing prognosis, offering more accurate predictions of disease progression and treatment response. This is consistent with previous findings where similar DRGs were shown to have prognostic value in hepatocellular carcinoma, further supporting their utility as prognostic markers across different cancer types (11). Additionally, the role of these genes in immune regulation has been confirmed, suggesting their potential to predict the efficacy of immunotherapy in cancers such as HNSCC (9).

Four prognostic disulfidptosis-related genes (SLC3A2, NUBPL, ACTB, DSTN) were identified as prognostic markers in this study. Research indicates that these marker genes are closely related to tumors. Specifically, Solute Carrier Family 3 Member A2 (SLC3A2) is an important member of the solute carrier family, involved in the regulation of amino acid transport proteins and mediating this exchange process. Studies have shown that high expression of SLC3A2 is closely related to the growth, invasion, and metastasis of various malignancies, such as lung adenocarcinoma and colorectal cancer (51). Nucleotide Binding Protein - Like (NUBPL) is an assembly factor of human mitochondrial complex I and the largest member of the mitochondrial respiratory chain. Data suggest that NUBPL promotes the migration and invasion of colorectal cancer cells by inducing EMT and activating ERK (52). β-Actin (ACTB) is a highly conserved cytoskeletal structural protein considered a common housekeeping gene and widely used as a control for measuring the expression of various diseases. However, ACTB is abnormally expressed in various cancers, altering the cytoskeleton and affecting tumor invasiveness and metastasis (53). DSTN, a key actin-binding protein, plays a significant role in actin dynamics and cell migration. DSTN’s expression is modulated by factors in the tumor microenvironment, impacting tumor progression and invasion (54, 55).

In head and neck squamous cell carcinoma (HNSCC), genetic variations can modulate the immune system’s response to cancer cells, while disulfidptosis-related processes may influence the activity and distribution of immune cells within the tumor microenvironment. Recent studies have emphasized the impact of immune-related processes on prognosis, supporting our findings of a significant correlation between disulfidptosis-related genes (DRGs) and immune cell infiltration (10). The growing body of research on the copy number variation (CNV) of DRGs and its effect on the immune microenvironment has provided valuable insights into how epigenetic modifications can shape tumor immunity, underscoring the potential of DRGs as therapeutic targets for immune modulation (11). Although current research has advanced our understanding of the role of disulfidptosis in HNSCC, many critical questions remain unresolved. Future studies, as suggested by recent reports (9), should focus on validating the predictive accuracy of disulfidptosis-related prognostic models in larger clinical cohorts. Additionally, it will be important to explore how genetic variations and DNA methylation contribute to tumor progression and treatment response. Addressing these challenges will be crucial for translating current findings into clinical practice, particularly for diverse patient populations and different cancer subtypes.

We utilized multiple bioinformatics tools and algorithms to analyze and interpret complex genomic data. Additionally, we explored the correlation between DRG expression and patient immune phenotypes, validating DRG expression using clinical samples through PCR, immunohistochemistry, and cell line experiments. These efforts provide new insights into tumor immune escape mechanisms and contribute to the development of novel immunoregulatory strategies. Our research revealed a significant correlation between prognostic DRGs and the abundance of certain immune cells, such as B cells, T regulatory cells (Tregs), M2 macrophages, and neutrophils. This immune cell infiltration was associated with improved clinical prognosis in HNSCC patients. Moreover, using the TIMER database, we found that the expression of NUBPL and ACTB was closely related to tumor purity, while the correlation of SLC3A2 and DSTN with tumor purity was less pronounced. ACTB (β-actin) is a cytoskeletal protein commonly used as a marker for cell expression, and its expression may more strongly reflect the quantity and activity of tumor cells. NUBPL, on the other hand, may be associated with the metabolic state, proliferation, or survival of tumor cells. In contrast, DSTN, an actin-related protein involved in cytoskeletal remodeling and cell migration, may be influenced by multiple factors in the tumor microenvironment, not just by the proportion of tumor cells. Therefore, DSTN expression might not entirely depend on changes in tumor purity, especially in tumor samples with multiple cell populations. The presence of immune cells, fibroblasts, and other non-tumor components may modulate DSTN expression. Consequently, DSTN could play a crucial role in tumor cell migration, invasion, and interactions with other cell types, with its expression pattern potentially having a weaker relationship with tumor purity due to dynamic regulation by the tumor microenvironment. Most current research focuses primarily on T cell immunity, with increasing evidence supporting the beneficial role of B cell infiltration in the survival of HNSCC patients (56, 57). In contrast, increased neutrophil infiltration and a higher neutrophil-to-lymphocyte ratio are associated with poor prognosis in HNSCC patients (58, 59). M2 macrophages are known to promote tumor growth, invasion, and metastasis within the tumor microenvironment (60). Recent studies have confirmed that high levels of macrophage infiltration in the TME are significantly correlated with poor prognosis in HNSCC patients (61). Therefore, research into treatment strategies targeting these immune cells holds significant clinical value.

In the tumor microenvironment (TME) of HNSCC, the relationship between disulfide cell death and other modes of cell death (such as apoptosis, necrosis, pyroptosis, ferroptosis, and autophagy) is complex (62). Since different modes of cell death share many key molecules, the epigenetic modifications of these molecules can influence various types of cell death (63). Reactive oxygen species (ROS) play a pivotal role in regulating different forms of cell death. Excessive ROS can induce disulfide cell death and may also promote ferroptosis (64), autophagy (65), pyroptosis (66), copper death (67), and apoptosis (68) through mitochondrial damage and DNA damage. Additionally, tumor-associated immune cells (such as tumor-associated macrophages [TAMs] and myeloid-derived suppressor cells [MDSCs]) influence the activation of different cell death pathways by secreting inflammatory factors and modulating the redox environment (69). Metabolic abnormalities in HNSCC cells, such as lactate accumulation, may alter the intracellular redox balance (70), determining the preferential activation of disulfide cell death or other forms of cell death. Therefore, regulating oxidative stress and metabolic state in the HNSCC microenvironment can affect tumor cell sensitivity to treatments (such as radiotherapy, chemotherapy, and immunotherapy). DRGs may serve as novel therapeutic targets, and their combination with other cell death pathways could enhance treatment efficacy.

Recent studies have shown that immunosuppressive cells in the tumor microenvironment may hinder anti-tumor immunotherapy, leading to failure in cancer immunotherapy (71). TAMs are important immune cells in the tumor microenvironment, playing a significant role in the progression of many tumors, with M2-like macrophages being the predominant phenotype (72). Chaudhari et al. (73) found that the CD163 TAM score in oral squamous cell carcinoma was significantly positively correlated with higher tumor stage, lymph node metastasis, and tumor progression. Additionally, TAMs can induce EMT in tumor cells, promoting HNSCC invasion and metastasis and being associated with poor prognosis (74). CAFs are the most abundant stromal cells in tumors, playing a crucial role in tumorigenesis, development, metastasis, and drug resistance. CAFs can secrete various signaling molecules, such as TGF-β, Wnt, and Notch, which can activate the EMT process and promote tumor cell invasion and metastasis (75). This study used scRNA-seq and bioinformatics techniques to reveal the close correlation between prognostic DRGs and TAMs, and CAFs, EMT-related markers. However, in this study, we found that high infiltration levels of Macrophages.M2 cells in HNSCC were associated with good prognosis. Therefore, the mechanisms by which DRGs and immune cell phenotypes affect the prognosis of HNSCC patients may require more evidence and discussion.

Currently, immunotherapy, particularly the use of immune checkpoint inhibitors, has brought new hope to HNSCC treatment, but not all patients benefit from it. In this study, we explored the correlation between DRG expression and immune checkpoint genes and found that CD274, PDCD1LG2, and SIGLEC15 were highly expressed in the C1 group, and PDCD1LG2, SIGLEC15 were higher in the high-risk group. We also found that the high-risk group had higher TIDE scores, suggesting that patients with lower risk scores might benefit from ICI therapy. We collected four external independent immune therapy cohorts (anti-PD-1/PD-L1/CTLA-4) and a clinical cohort of advanced HNSCC patients receiving immune therapy to evaluate the performance of DRGs in predicting immune therapy response. The results indicated that DRGs have good predictive ability for immune response in patients, with the low-risk group being more suitable for immune therapy. We also found that high TMB, MSI, and mRNAsi groups had poor prognosis for HNSCC patients and were more prone to progression. Additionally, prognostic DRGs were positively or negatively correlated with various chemotherapeutic and targeted drugs, but further experiments are needed to verify this. Therefore, these results provide new potential therapeutic targets for HNSCC treatment.

In our study, DSTN was found to be significantly associated with tumor progression and showed higher expression levels in head and neck squamous cell carcinoma (HNSCC). As a protein involved in cytoskeletal remodeling, DSTN has been confirmed in several studies to play a critical role in tumor cell migration, proliferation, and invasion, particularly during tumor metastasis. Its key role in our computational model makes DSTN a candidate gene for validation. Further survival analysis revealed that DSTN was significantly correlated with overall survival (OS), progression-free survival (PFS), and disease-specific survival (DSS), with P-values of 0.02, 0.015, and 0.02, respectively, further supporting its close association with tumor prognosis. Immune infiltration analysis and transcriptomic data also indicated that DSTN is closely related to immune cell infiltration in the tumor microenvironment and tumor progression, reinforcing its reliability as a potential oncogene. Cellular experiments showed that DSTN was highly expressed in multiple cell lines, and clinical tissue samples revealed significantly higher DSTN expression in tumor tissues compared to normal tissues and other candidate genes. We also found that DSTN exhibited stronger associations with pathways such as hsa-miR-181c-5p/LUCAT1, IGFL2-AS1, and hsa-miR-23b-5p, suggesting its significant role in tumor regulation. Based on this evidence, we selected DSTN as the key gene for validation.

In further experiments, we validated the effect of DSTN gene knockout on two HNSCC cell lines. The results showed that DSTN knockout significantly reduced cell proliferation, migration, and invasion, providing further evidence for its potential as a prognostic marker in HNSCC. High DSTN expression is closely associated with tumor cell proliferation. Studies have shown that DSTN regulates cell cycle-related proteins to promote cell cycle progression and drive tumor cell proliferation (76). Additionally, DSTN enhances tumor cell proliferation by modulating the β-catenin pathway. Zhang HJ et al. (77) found that DSTN promotes the nuclear translocation of β-catenin and induces epithelial-mesenchymal transition (EMT), increasing the malignancy of lung cancer. DSTN is closely linked to EMT, a key process through which tumor cells acquire the ability to migrate and invade. DSTN interacts with the cytoskeleton to promote the EMT process in tumor cells, enhancing their migratory capacity, and drives this process by regulating markers such as N-cadherin and Vimentin (78, 79). Furthermore, DSTN influences tumor microenvironment remodeling by interacting with cancer-associated fibroblasts (CAFs), further promoting tumor invasion and metastasis (80–82). DSTN not only plays a role in actin remodeling but may also regulate tumor cell migration and invasion by activating key signaling pathways such as the Rho family GTPases (83). Research by Wen R et al. (84) suggests that DSTN knockdown enhances colorectal cancer cell sensitivity to radiation therapy, while DSTN overexpression confers resistance to radiation and enhances the malignant characteristics of tumor cells through activation of the Wnt/β-catenin signaling pathway.

Additionally, we explored the regulatory axis of DSTN/hsa-miR-181c-5p/LUCAT1 and IGFL2-AS1 in HNSCC, which may be involved in tumor invasion and metastasis. Increasing evidence suggests that the dysregulation of long non-coding RNAs (lncRNAs) plays a crucial role in the pathogenesis of various cancers, particularly in cell proliferation and apoptosis. Lung cancer-associated transcript 1 (LUCAT1) was first identified as being related to smoking-associated lung cancer, and studies have shown that LUCAT1 promotes the development of laryngeal cancer by targeting and inhibiting miR-493 (85). Abnormal expression of LUCAT1 affects glioma cell biology by regulating ABCB1 and promoting the activation of the RAS pathway (86). Moreover, IGFL2-AS1 is highly expressed in several cancers, promoting tumor progression by influencing cell proliferation, migration, and EMT (87). Abnormal expression of IGFL2-AS1 enhances the proliferation, migration, and invasion of colorectal cancer cells and is associated with poor patient prognosis (88). Additionally, it is closely related to radioresistance in colorectal cancer (89). While current research provides significant insights into the role of disulfidptosis in HNSCC, several questions remain. First, the disulfidptosis-related prognostic model was constructed using the TCGA database and validated through internal TCGA cohorts, external GEO cohorts, and clinical sample data from our hospital, demonstrating consistent predictive performance for HNSCC prognosis. However, larger clinical cohorts are needed to validate the predictive accuracy of the disulfidptosis-related prognostic model. Second, the precise mechanisms by which disulfidptosis influences HNSCC development require further investigation. Lastly, translating these findings into clinical practice, especially in different populations and cancer subtypes, necessitates additional research and clinical trials.

Despite the potential role of disulfidptosis-related genes in HNSCC revealed through bioinformatics analysis and experimental validation, there are still limitations, including insufficient sample size, unclear functional mechanisms, and a lack of clinical application validation. Future studies should increase clinical sample sizes to further confirm the accuracy of DRGs as prognostic markers and explore the mechanisms underlying DRGs in HNSCC, particularly their impact on the tumor microenvironment. Moreover, translating these findings into clinical practice, especially regarding their effectiveness in different populations and cancer subtypes, requires more research and clinical trials.




5 Conclusion

This study is the first to elucidate the important role of disulfidptosis in the development, clinical prognosis, and immunotherapy response of HNSCC. Based on four disulfidptosis-related genes, a prognostic model for predicting the survival of HNSCC patients and a potential mRNA-miRNA-lncRNA regulatory network were constructed, providing a new perspective for HNSCC prognosis research. Additionally, the disulfidptosis gene DSTN has been experimentally proven to be a key gene in promoting HNSCC progression by enhancing tumor cell proliferation, migration, and invasion. Its potential DSTN/hsa-miR-181c-5p/LUCAT1, IGFL2-AS1 regulatory network may serve as a novel therapeutic target.
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A Commentary on 


Disulfidptosis-related gene signatures as prognostic biomarkers and predictors of immunotherapy response in HNSCC
 by Qin H, Xu J, Yue Y, Chen M, Zhang Z, Xu P, Zheng Y, Zeng H, Weng J, Yang J and Yu F (2025) Front. Immunol. 15:1456649. doi: 10.3389/fimmu.2024.1456649


We read with great interest the research “Disulfidptosis-related gene signatures as prognostic biomarkers and predictors of immunotherapy response in HNSCC” by Qin et al. (1), which was recently published on Jan 17, 2025, in the Journal of Frontiers in Immunology. This article elucidated the potential significance of disulfidptosis-related genes (DRGs) in head and neck squamous cell carcinoma (HNSCC), as demonstrated through rigorous bioinformatics analysis and experimental validation. Through in-depth mechanistic investigations, they revealed the mechanisms by which these genes regulate tumor cell death and influence the functionality of immune cells within the tumor microenvironment. Additionally, the efficacy of these genes in forecasting patients’ responsiveness to immune checkpoint inhibitors was assessed, offering valuable insights for the advancement of novel therapeutic strategies. Although acknowledging the significant contribution of that study, Qin et al. had misunderstood Figure 11B in the section titled “TMB, MSI, mRNAsi, and Drug Sensitivity Analysis”—they believed that in high-risk HNSCC, the sensitivity of belinostat, SB52334, and CAL101 was significantly higher than in the low-risk group, while Dasatinib, Pazopanib, and Docetaxel showed higher sensitivity in low-risk HNSCC (1).




Figure 11 | Drug sensitivity analysis. (A) Predictive antitumor drugs based on the three prognostic DRGs expression in HNSCC from the GDSC and CTRP datasets. (B) The distribution of IC50 scores in the high and low risk groups. (C) Spearson correlation analysis of IC50 score and riskscore. ***p<0.001. (Image source: Qin et al., Disulfidptosis-related gene signatures as prognostic biomarkers and predictors of immunotherapy response in HNSCC).



IC50, defined as the half maximal inhibitory concentration, signifies the concentration at which a drug or inhibitor diminishes the activity of a biological process (such as an enzyme, receptor, or cell) to half of its maximum level under specific experimental conditions. A lower IC50 value indicates that the drug can achieve a 50% inhibitory effect at a lower concentration, suggesting a higher potency and sensitivity of the drug (2, 3). Therefore, the correct interpretation of Figure 11B in the original text of Qin et al. (1) is that in HNSCC patients, the IC50 values for belinostat, SB52334, and CAL-101 are significantly higher in the high-risk group compared to the low-risk group, suggesting lower sensitivity of the high-risk group to these drugs. Conversely, the IC50 values for Dasatinib, Pazopanib, and Docetaxel are significantly lower in the high-risk group, indicative of higher sensitivity of this group to these drugs relative to the low-risk group.

In summary, readers should exercise caution when reading the appropriate chapters to ensure accurate comprehension.
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Background

Precise management of gene expression is vital for the correct growth and operational efficiency of cells. Early-stage nasopharyngeal carcinoma (NPC) often presents asymptomatically, leading to delayed diagnosis, limited treatment options, and increased risk of recurrence and metastasis. This study investigates the role of DLX6 in NPC pathogenesis to enhance early screening and treatment.





Methods and materials

Immunohistochemistry and RNA sequencing were utilized to investigate the relationship between DLX6 expression in NPC tumor samples and clinical pathological factors. Clinical data from Fujian Cancer Hospital, along with sequencing analysis from the GEO databases, were used for bioinformatics analysis. NPC cell lines with DLX6 knockdown were established, and the impact of DLX6 on the biological traits of NPC cells was assessed through wound healing, transwell, colony formation, and EdU assays. The expression of EMT-related proteins and the PI3K-AKT pathways was examined using western blot analysis.





Results

Immunohistochemistry validated the association between DLX6 and NPC prognosis, whereas RNA sequencing illustrated its expression levels in tissues and cells. Functional assays such as wound healing, transwell, and colony formation revealed that DLX6 knockdown adversely affected NPC cell proliferation, invasion, and migration. Bioinformatics analysis revealed that DLX6 is involved in pathways related to cell cycle, DNA replication, and cancer progression. Immune infiltration analysis showed that DLX6 expression affects the immune landscape in NPC, correlating positively with DC and TH17 cells, and negatively with cytotoxic T cells and B cells. Low DLX6 expression was associated with higher levels of chemokines and better immunotherapy outcomes.





Conclusion

Our study indicates that DLX6 is a novel prognostic biomarker and potential therapeutic target for NPC, playing a critical role in metastasis, angiogenesis, and tumor immunity.
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1 Introduction

Nasopharyngeal carcinoma, also known as NPC, is classified as an epithelial tumor affecting the head and neck region and exhibits a distinct geographical distribution (1). The 2020 Global Cancer Statistics report reveals that approximately 75% of NPC cases are diagnosed in Southeast Asia and Southern China (2). This high prevalence of NPC in the southern region of China, particularly in Guangdong Province, led to its colloquial name “Guangdong Cancer” during the early 20th century (3). The annual incidence of NPC can reach alarming levels, ranging from 25 to 30 cases per 100,000 individuals. This disease predominantly affects the age group of young adults, typically between 35 and 55 years old, thereby exerting a profound impact on both society and families alike (4). The development of nonkeratotic NPC is primarily attributed to the presence of Epstein-Barr virus (EBV) infection. However, other factors such as alcohol consumption, salted food intake, smoking, environmental exposure, and lifestyle choices also contribute to the incidence of NPC, particularly in the case of keratinized NPC (5, 6). Histopathological examination using a light microscope enables the World Health Organization (WHO) to classify NPC into three distinct subtypes: keratinizing squamous cell carcinoma (Type I), non-keratinizing squamous cell carcinoma (Type II), with Type II further divided into undifferentiated or differentiated subtypes (7). Due to its notable radiosensitivity, concurrent chemoradiotherapy has emerged as the primary treatment approach for NPC (8). Early-stage NPC demonstrates a promising prognosis, boasting a 5-year survival rate spanning from 80% to 95%.On the other hand, late-stage NPC is associated with a comparatively lower survival rate, approximately ranging from 40% to 50% (9). Following the initial treatment, approximately 30% of patients diagnosed with NPC will experience relapse or disease progression. In cases where patients have inoperable recurrent or metastatic NPC, the standard first-line treatment involves the administration of platinum-based drugs in combination with gemcitabine chemotherapy. This therapeutic approach aims to prolong patient survival and is considered the established protocol for managing such cases (10). Nevertheless, the median overall survival (OS) for such patients is merely around 29 months, indicating a relatively brief duration of survival (11). Because early-stage NPC is asymptomatic, a significant number of patients are diagnosed at an advanced stage of the disease. This delayed diagnosis restricts the available treatment options and increases the likelihood of disease recurrence and the development of distant metastasis (12). Hence, conducting comprehensive research on the mechanisms underlying the occurrence and progression of NPC holds immense importance. Such studies aim to diminish the rates of recurrence and metastasis, thereby enhancing both the survival rates and quality of life for individuals at advanced stages of the disease.

Distal-less homeobox 6 (DLX6) belongs to the NK homeobox gene family (13) and is primarily expressed in the first pharyngeal arch, brain, and skeletal tissue (14). It has been reported that DLX6 plays a significant role in the differentiation of chondrocytes and osteoblasts (15). Additionally, DLX6 is involved in the development of craniofacial structures, the inner ear, limbs, and the brain, particularly in the normal morphological development of the mandible (16, 17). However, the pathological and physiological functions of DLX6 remain poorly understood. Existing studies on DLX6 in tumors include the following: Liang, J. et al. analyzed DLX6 expression in a cohort of OSCC patients, with RNA sequencing data derived from 29 primary oral tumors and matched normal mucosal samples. The results demonstrated significantly higher DLX6 expression in oral cancer tissues compared to normal mucosal tissues (18). Diana Bell et al., through whole-genome sequencing of 42 cases of primary salivary gland adenoid cystic carcinoma and 5 normal salivary gland samples, identified DLX6 as a potential driver gene of salivary gland adenoid cystic carcinoma, showing high expression across various types of adenoid cystic carcinoma (19). Wei Yu et al. found that DLX6 was overexpressed in multiple glioma cell lines. Functional assays, CCK-8 experiments, and tumor formation experiments in BALB/c nude mice confirmed that DLX6 is a key gene in pathways enhancing intracellular autophagy, promoting tumor cell proliferation, and inhibiting tumor cell apoptosis (20). Stefan Nagel et al. confirmed the oncogenic role of DLX6 in lymphoid and myeloid malignancies through transcriptome analysis of gene expression profiles and RNA sequencing, alongside polymerase chain reaction (PCR) and Western blot analyses (21). Li Zhang et al., using RNA sequencing, analyzed postoperative pathological specimens from patients with hepatocellular carcinoma (HCC). The results showed that DLX6 and its antisense RNA, DLX6-AS1, were highly expressed in the more invasive/extensive S1 subtype of HCC. The strong correlation between DLX6-AS1 and DLX6 suggested that DLX6-AS1 may promote DLX6 transcription. This study highlighted that DLX6 and its antisense RNA, DLX6-AS1, could serve as prognostic markers for hepatocellular carcinoma (22).




2 Materials and methods



2.1 Patients and cell line

A total of 213 tissue samples were gathered, comprising 19 normal tissue samples and 194 NPC tissue samples, from Fujian Provincial Cancer Hospital (refer to Supplementary Tables 1, 2). All tissue specimens were immediately preserved in liquid nitrogen within 30 minutes. Additionally, we acquired ten NPC tissue samples, which included five frozen metastatic tumor biopsies and five non-metastatic tumor biopsies, from the Fujian Cancer Hospital between January and March 2015. Tissue microarray chips detailed in Supplementary Table 3 were utilized for further analysis, which included 17 normal tissue samples and 103 NPC tissue samples. The human NPC cell lines HK-1 and CNE-2 were cultured in Roswell Park Memorial Institute-1640 (RPMI-1640) medium supplemented with 10% fetal bovine serum (FBS). All protocols were executed in accordance with the pertinent guidelines and regulations, and written informed consent was acquired from all researchers.




2.2 Database

Data was sourced from the GSE102349 dataset available in the GEO database (https://www.ncbi.nlm.nih.gov/), which includes RNA sequencing data and clinical characteristics of 113 NPC patients. Based on the median RNA sequencing expression levels, patients were categorized into two groups: DLX6-high and DLX6-low.




2.3 Survival curves

To highlight differences in survival duration, Kaplan-Meier survival curves were constructed, and the “survival” R package was used to determine statistical significance via log-rank p-values. Visual representations were generated using the website (https://www.xiantao.love/).




2.4 Immunohistochemistry staining

To evaluate the intensity of immunohistochemical (IHC) staining, a semiquantitative method was applied to 103 NPC tissues and 17 normal nasopharyngeal tissues(including 5 metastasis and 5 non-metastasis), all of which were fixed in formalin and embedded in paraffin. The tissue sections were stained with the relevant antibodies, as detailed in Supplementary Table 3. The stained samples were then examined under a microscope (3DHISTECH, Hungary) at 20× magnification, and images were captured for analysis. The histochemistry score (H-score) was used to quantify protein expression levels, calculated as follows: H-score = (percentage of cells with low staining intensity × 1) + (percentage of cells with moderate staining intensity × 2) + (percentage of cells with strong staining intensity × 3).




2.5 Plasmid constructs

A small interfering RNA (shRNA) targeting DLX6 was designed, and a lentivirus expressing this shRNA was created following a protocol described in a previous study (23). The shRNA was constructed with the target sequence (TACTCTGAAAGCAAGCAAGAA), while a scramble sequence (TTCTCCGAACGTGTCACGT) served as a negative control (NC) for the lentiviral experiment. Hairpin DNA oligonucleotides designed for the shRNA sequences were synthesized, annealed, and then cloned into the GV115 lentiviral vector, which contains the green fluorescent protein (GFP) gene. Lentiviral expression systems from Obio (China) were utilized to generate lentiviruses encoding either DLX6 shRNA or scrambled shRNA, adhering to standard procedures. The lentiviruses were separately infected into HK-1 and CNE2 cells and we screened for stably infected cells with puromycin. Western blotting techniques were employed to assess the efficiency of DLX6 knockdown.




2.6 Proliferation, migration and invasion



2.6.1 5-Ethynyl-2′-Deoxyuridine analysis of cell proliferation

Cell proliferation in HK-1 and CNE2 cells was evaluated using an EdU kit from Beyotime (China). The two cell lines were treated with EdU at a concentration of 50 μmol/L, diluted 1:1000, for 2 hours. Following the incubation, the cells were fixed with 4% formaldehyde at 37°C for 15 minutes and then permeabilized with 0.5% Triton X-100 at the same temperature. The EdU-labeled cells were subsequently examined under a fluorescence microscope.




2.6.2 Transwell assay

In serum-free medium, 1×10^5 cells were suspended and loaded onto upper transwell migration chambers from Corning Costar in California, USA. For the transwell invasion assay, Matrigel (BD, California, USA) was used to coat the chambers. A medium containing 10% FBS was added to the lower chambers. After a 24-hour incubation period, the membranes were treated with methanol for fixation and subsequently stained with 1% crystal violet.




2.6.3 Wound healing assay

Following infections with either shDLX6 or shCtrl, HK-1 and CNE2 cells were analyzed against their respective controls. A straight scratch was made across the cell monolayer using a sterile pipette tip. After 24 or 48 hours, images of the migrating cells were captured, and the wound width was measured to assess the migration capacity of the cells.




2.6.4 Colony formation assay

HK-1 and CNE2 cells were transfected with shDLX6 or shCtrl, then plated at 2500 cells per well in 6-well plates. The plates were kept in incubation for 14 days or until distinct colonies became visible. A Subsequently, the cells were treated with paraformaldehyde (Sangon Biotech Co., Ltd, Shanghai, China) for half an hour and stained with Crystal Violet (Beyotime, Shanghai, China) for a duration exceeding 20 minutes. The colonies were counted using a microscope for further analysis.





2.7 Western blotting

C Cells were lysed using RIPA Lysis Buffer (Abcam, USA) supplemented with 1% PMSF. The proteins were then separated by SDS-PAGE and transferred onto a PVDF membrane provided by Millipore Corp (USA). The membrane was blocked with QuickBlock™ Blocking Buffer for Western Blot (Beyotime, China) and subsequently incubated overnight at 4°C with primary antibodies targeting DLX6 (Proteintech, China), Snail (Proteintech, China), p-AKT (Cell Signaling Technology, USA), β-Catenin (Cell Signaling Technology, USA), N-cadherin (Cell Signaling Technology, USA), and β-Tubulin (Cell Signaling Technology, USA).




2.8 ssGSEA immune infiltration analysis

The RNA sequencing data from NPC patients were analyzed with the single-sample Gene Set Enrichment Analysis (ssGSEA) method. This approach facilitated the evaluation of immune cell infiltration by employing a gene set made up of markers specific to various immune cells, thereby allowing the quantification of the relative abundance of 22 different immune cell types within the NPC samples. To investigate the relationship between DLX6 expression levels and the abundance of immune cells, a Spearman rank correlation test was conducted.




2.9 Functional enrichment analysis

Patients were sorted into high and low DLX6 expression groups. A study of signaling pathways involved obtaining gene sets from MsigDB. Using GSEA(Gene Set Enrichment Analysis), enriched pathway gene sets were identified. These sets were then ranked by consistency scores.




2.10 Statistical analysis

Survival curves were constructed utilizing the Kaplan-Meier method, and distinctions were assessed via log-rank analysis. The relationship between DLX6 expression and immunotherapeutic response in NPC was examined using a chi-square test with continuity correction. Spearman’s rank correlation was used to evaluate the link between DLX6 expression and immune cell infiltration levels. Significance was established at a p-value below 0.05, with all statistical analyses conducted utilizing SPSS software (version 26.0) and R software (version 4.1.1).





3 Results



3.1 DLX6 is upregulated in NPC metastasis and correlates with an unfavorable prognosis

Considering the important role of the DLX family in the development of the head and face, we hope to further explore the relationship between the DLX family and the development of NPC. We analyzed the sequencing and clinical data of patients in Fujian Cancer Hospital and observed a significant elevation in DLX6 expression in nasopharyngeal tissues compared to para-cancerous tissues, which was the most obvious difference in expression between NPC and paracancerous tissues in the DLX family (Figures 1A–C). Further, mRNA expression profiles of five metastatic and five non-metastatic NPC tissues were analyzed to determine whether DLX6 played a role in NPC metastasis. The expression levels of DLX6, as revealed by immunohistochemical staining of NPC samples and normal nasopharyngeal specimens, confirmed that DLX6 expression was significantly elevated not only in NPC compared to normal nasopharyngeal specimens but also in NPC metastasis. (Figures 1D–E). The Kaplan-Meier survival plot also illustrated that patients with higher DLX6 expression experienced a significantly worse prognosis (p = 0.005) (Figure 1F). And it had also been validated in the GEO database (Supplementary Figure 1A).




Figure 1 | DLX6 is overexpressed in NPC samples and is associated with a poor prognosis. (A) Gene expression differences between cancer and adjacent tissues: DLX6 exhibits the largest difference within the DLX family. (B) Gene expression differences between cancer and adjacent tissues: DLX6 ranks among the top in nasopharyngeal cancer sequencing data. (C) Volcano plot shows DLX6 is highly expressed in NPC. (D, E) Immunohistochemical staining showed that DLX6 expression was higher in patients with NPC and NPC metastasis groups. (F) DLX6 patients with high expression of DLX6 protein had a significantly worse progression-free survival (PFS).






3.2 Functional enrichment analysis

Through GSEA KEGG enrichment analysis using sequencing and clinical data from patients at Fujian Cancer Hospital, we found that DLX6 was significantly enriched in t cell cycle, DNA replication, ECM receptor reaction and pathways in cancer (Figure 2A). We further conducted an ssGSEA analysis of cancer hallmarks using sequencing and clinical data from patients at Fujian Cancer Hospital to elucidate the potential pathways and biological processes associated with DLX6. Our analysis revealed that several pathways were enriched in the high DLX6 expression group, including angiogenesis, cholesterol homeostasis, DNA repair, E2F targets, epithelial-mesenchymal transition, early and late estrogen response, G2M checkpoint, glycolysis, hedgehog signaling, hypoxia, mTORC1 signaling, Myc targets V1 and V2, Notch signaling, oxidative phosphorylation, the p53 pathway, PI3K/Akt/mTOR signaling, the reactive oxygen species pathway, TGF-beta signaling, TNF-alpha signaling via NF-kB, and Wnt/beta-catenin signaling. (Figure 2B). Most of the enriched pathways have also been validated in the GEO database (Supplementary Figure 1B).




Figure 2 | Functional enrichment analysis of DLX6. (A) KEGG analysis between high and low DLX6 expression groups. (B) The functional enrichment of DLX6 expression groups was assessed through ssGSEA using sequencing data from patients at Fujian Provincial Cancer Hospital. *p<0.05, **p<0.01, ***p<0.001.






3.3 DLX6-shRNA inhibited NPC proliferation, migration and invasion

To downregulate DLX6 expression, HK-1 and CNE2 cell lines were transfected with shDLX6, and the effectiveness of these infections was verified using Western blotting. The influence of DLX6 on the migratory and invasive characteristics of NPC cells through a Transwell assay. This analysis indicated a significant decline in cell migration and invasion following DLX6 downregulation (Figure 3A). Moreover, the wound healing assay showed that shDLX6 cells had a substantially lower migration rate compared to shCtrl cells (Figure 3B). The 5-ethynyl-2′-deoxyuridine (EdU) assay (Figure 3C) subsequently demonstrated that reduced DLX6 expression significantly decreased the proliferative capacity of NPC cells in comparison to the control group. During the colony formation assay, a significant decrease in the colony count was observed in the shDLX6 group compared to the shCtrl group (Figure 3D).




Figure 3 | DLX6-shRNA inhibited NPC proliferation, migration and invasion. (A) Transwell assays were performed to indicate the invasion of DLX6 knockdown HK-1 and CNE2 cells compared to the nc group.(B) Migration ability of DLX6 knockdown HK-1 and CNE2 cells compared to the nc group by wound healing test. (C, D) The 5-ethynyl-2′-deoxyuridine (EdU) analysis (C) and Colony formation (D) was used to detect the proliferation of DLX6 knockdown HK-1 and CNE2 cells compared to the nc group. *p<0.05, ***p<0.001,****p<0.0001.



The effect of DLX6 on the levels and activation states of proteins involved in metastasis-related signaling pathways was evaluated using Western blot analysis. In HK-1 cells, knocking down DLX6 resulted in reduced levels of p-AKT. Further examination of metastasis-related downstream proteins in the PI3K/AKT pathway showed that DLX6 knockdown led to decreased expression of Snail, β-Catenin and N-cadherin. At the same time, in HK-1 cells, overexpression of DLX6 resulted in increased levels of p-AKT. Further examination of metastasis-related downstream proteins in the PI3K/AKT pathway revealed that DLX6 overexpression resulted in increased expression of Snail, β-Catenin, and N-cadherin (Figure 4).




Figure 4 | DLX6 modulates NPC metastasis via the PI3K/AKT signaling. Western blotting showed a decreased expression of N-Cadherin, β-catenin, snail and p-AKT after DLX6 Knockdown, and an increased expression of N-Cadherin, β-catenin, snail and p-AKT after DLX6 overexpression.






3.4 Immune infiltrations analysis

To investigate the relationship between DLX6 and tumor immunity, we initially examined the correlation between DLX6 expression and the Immunescore. The findings indicated that high DLX6 expression was associated with a significant reduction in the immunity score, suggesting that DLX6 may play an inhibitory role in tumor immunity (Figure 5A). Furthermore, sequencing analysis of ctrl-DLX6 and sh-DLX6 HK-1 cells revealed that DLX6 was significantly enriched in the INF-γ and INF-α pathways (Figure 5B).




Figure 5 | Immune infiltration analysis. (A) The relationship between DLX6 expression and immune score. (B)The functional enrichment of DLX6 expression groups was assessed through ssGSEA using sequencing data from ctrl-DLX6 and sh-DLX6 HK-1 cells. (C) DLX6 protein expression exhibited a negative correlation with immune cell markers. (D) DLX6 expression was found correlated with immune cell types via functional enrichment analysis using ssGSEA. (E) Immune-related chemokines and chemokine receptors were studied in relation to DLX6 expression. The sequencing data of figure (A,C-E) is from patient samples at Fujian Provincial Cancer Hospital. *p<0.05, **p<0.01, ***p<0.001.



Following this, we investigated the association between the infiltration of immune cells and the expression of DLX6 protein within NPC samples sourced from our database. Our results revealed that different levels of DLX6 expression were associated with distinct immune landscapes, as depicted in a box plot (Figure 5D). High expression of DLX6 may promote tumor growth and metastasis by inhibiting the infiltration of various immune cells, thereby weakening tumor immune surveillance. Specifically, the high expression of DLX6 suppresses the infiltration of B cells, cytotoxic cells, T cells, neutrophils, central memory T cells, effector memory T cells, γδT cells, and dendritic cells, all of which play key roles in tumor immune responses, including antitumor cytotoxicity, immune memory formation, and the initiation of specific immune responses. By reducing the infiltration of these immune cells, tumors may escape immune surveillance, promoting their growth and metastasis. Beyond the transcriptional findings, IHC staining further confirmed the negative association between DLX6 and the expression of CD20, CD3, CD4, CD8, CD57, CD163, and FOXP3 at the protein level (Supplementary Tables 4, 5; Figure 5C).

In the final step, we examined the relationship between DLX6 expression and the expression of immune-related chemokines and their receptors. Chemokines are vital for immune system development and maintenance, and they play a major role in regulating immune and inflammatory responses. Targeting specific chemokines within solid tumors holds potential for enhancing cancer immunotherapy by altering the immune landscape within the tumor microenvironment and has emerged as a new checkpoint in cancer therapy (24–27). Our findings demonstrate a strong correlation between DLX6 expression and immune-related chemokines and their receptors, highlighting DLX6’s critical role in tumor immunity and its potential as a target for immunotherapy (Figure 5E).




3.5 Immunotherapy related analysis

Considering the role of DLX6 in tumor immunity, we analyzed the potential impact of DLX6 in immunotherapy. Through GEO and our database, we observed the negative correlation between DLX6 and PD-1 expression in the GSE102349 dataset (p < 0.001, r = -0.377; Figure 6A). Meanwhile, in addition to the findings based on the transcription levels, a decrease in PD-1 levels was observed in conjunction with the increase in DLX6 protein expression via IHC from our database (p < 0.001, r = −0426; Figure 6B). The same conclusion was also evident in the immunohistochemical analysis (Figure 6C). Moreover, our analysis delved into the influence of DLX6 on immunotherapy, revealing a substantial effect of DLX6 on both the prognosis and efficacy of immunotherapy. In Gao cohort 2018, high DLX6 expression may improve the response of Anti-PD1/CTA4 therapy (Figure 6D), and may also improve the sensitivity of Anti-PD1/CTA4 therapy (Figure 6E).




Figure 6 | Prediction of immunotherapy efficacy. (A) Scatterplots of the correlations visualizing the mRNA expression of DLX6 with PD-1. (B) Scatterplots of the correlations visualizing the protein expression of DLX6 with PD-1 via immunohistochemistry analysis. (C) Immunohistochemistry analysis of the PD-1 protein expression in NPC tissues with low and high DLX6 expression. (D, E) The relationship between DLX6 expression and immunotherapy response (D) and sensitivity ROC (E) of (Anti-PD-1/CTAL-4).







4 Discussion

NPC is a malignancy predominantly affecting populations in Southeast Asia and Southern China (28). The disease is often associated with Epstein-Barr virus (EBV) infection and exhibits a high propensity for metastasis, contributing to poor prognosis and treatment challenges (29). Current therapeutic strategies for NPC include radiotherapy, chemotherapy, and emerging immunotherapies (30). Despite these advancements, the prognosis for metastatic NPC remains poor, necessitating the identification of novel molecular targets for therapeutic intervention (31).

DLX6, a member of the distal-less homeobox (DLX) gene family, has garnered attention in cancer research due to its role in developmental processes and tumor progression. Elevated DLX6 expression has been implicated in several cancers, including hepatocellular carcinoma and colorectal cancer, where it promotes proliferation, invasion, and metastasis (18–22). Meanwhile, studies have shown that its antisense RNA, DLX6-AS1, can promote the malignant phenotype of NPC (32). However, the specific role of DLX6 in NPC metastasis and prognosis had not been comprehensively studied until now.

Our research scrutinized sequencing data and clinical records of patients at Fujian Cancer Hospital to explore the expression and function of DLX6 in NPC. The findings indicated a notable elevation in DLX6 expression levels within nasopharyngeal tissues in contrast to para-cancerous tissues. This elevated expression was further confirmed through mRNA expression profiles and immunohistochemical staining, showing a marked increase in DLX6 levels in metastatic NPC tissues compared to non-metastatic tissues. Kaplan-Meier survival analysis demonstrated that high DLX6 expression correlated with significantly worse prognosis.

Functional assays performed on NPC cell lines (HK-1 and CNE2) with DLX6 shRNA demonstrated that the knockdown of DLX6 effectively reduced its expression, resulting in a marked decrease in the proliferation, migration, and invasion abilities of the cells. These findings were further supported by EDU, colony formation, Transwell, and wound healing assays. Additionally, ssGSEA analysis revealed several pathways associated with elevated DLX6 expression, including angiogenesis, epithelial-mesenchymal transition (EMT), and key signaling pathways such as PI3K/AKT and Wnt/β-catenin, which was validated by Western blot (WB) analysis. The Western blot results for DLX6-knockdown cells showed a reduction in p-AKT levels, a key element of the PI3K/AKT signaling pathway. This was accompanied by decreased Snail, β-catenin and N-cadherin expression. And at the same time, an increased expression of N-Cadherin, β-catenin, snail after DLX6 overexpression, suggesting a reversal of EMT.

Immune infiltration analysis revealed a complex relationship between DLX6 expression and the immune landscape in NPC samples. High expression of DLX6 may promote tumor growth and metastasis by inhibiting the infiltration of various immune cells, thereby weakening tumor immune surveillance. Specifically, the high expression of DLX6 suppresses the infiltration of B cells, cytotoxic cells, T cells, neutrophils, central memory T cells, effector memory T cells, γδT cells, and dendritic cells, all of which play key roles in tumor immune responses, including antitumor cytotoxicity, immune memory formation, and the initiation of specific immune responses. By reducing the infiltration of these immune cells, tumors may escape immune surveillance, promoting their growth and metastasis. Further exploration of DLX6’s involvement in immunotherapy response suggested that reduced DLX6 expression correlated with elevated levels of chemokines responsible for attracting immune cells. The DLX6-low group demonstrated higher expression levels of Immune-related chemokines and chemokine receptors, which are indicative of a favorable response to anti-PD-1 therapies. And really had a better immunotherapy outcome in the Gao cohort 2018.

In this study, we identified the significant role of DLX6 in NPC, particularly its potential in cancer metastasis, angiogenesis, and tumor immune mechanisms. However, several limitations of the study need further exploration. First, the sample size was relatively small, and the data were obtained from a single institution, which may limit the generalizability of the results. Although both cell line models and clinical samples were used, the reliance on in vitro models may not fully capture the complexities of human tumors, especially regarding tissue heterogeneity and the immune microenvironment. Additionally, while shRNA technology is commonly used for gene function studies, it may have off-target effects, potentially affecting the accuracy of the results. The clinical data were cross-sectional, and although a correlation between DLX6 expression and NPC prognosis was observed, causality cannot be established. Finally, while we identified several key signaling pathways associated with DLX6, the specific molecular mechanisms by which DLX6 regulates these pathways remain unclear. Future studies should validate these findings through larger, multi-center studies, in vivo models, and gene editing techniques such as CRISPR-Cas9, and further explore the role of DLX6 in NPC.

However, in conclusion, the study revealed that DLX6 plays a significant role in NPC progression and metastasis. Elevated DLX6 expression is associated with a poor prognosis, increased proliferative, migratory, and invasive tendencies of NPC cells, and altered immune landscapes that may impact the effectiveness of immunotherapies. By addressing these limitations and pursuing these future research directions, we can gain a deeper understanding of DLX6’s role in NPC and its potential as a therapeutic target, ultimately contributing to more effective treatments and improved patient outcomes.
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Grade 1- Grade  Grade

Toxicities 2 (%) 3 4

Hematologic
Leukopenia 2 (10) [ 0 0
Neutropenia 2 (10) 0 0
Anemia 3 (15) 0 0
Thrombocytopenia 0 1(5) I 0 [ 0 ‘
Lymphocytopenia 2 (10) 0 0

Nonhematologic
Hepatotoxicity ‘ 2 (10) 0 0
Nephrotoxicity 0 0 0
Mucositis 0 0 0
Nausea 4 (20) 0 0
Vomiting 4 (20) 0 0
Rash 6 (30) 0 0
Fatigue 8 (40) 0 0
Neurotoxicity 9 (45) 0 0
Diarrhea 1(5) 0 0
Thyroid dysfunction 4 (20) 0 0
Pruritus 0 0 0
vl BT S B

“Eight patients received camrelizumab.
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Variables n (%) IPR (n=6) (%) =14) (%)

Age (years)
<65 14 (70) 5(83.3) 9 (64.3) 0.613
265 6 (30) 1(16.7) 5(35.7)

Smoking histology
No 4 (20) 2(33.3) 2(14.3) 0.549
Yes 16 (80) 4(66.7) 12 (85.7)

Alcohol histology
No 4 (20) 3 (50.0) 1(7.1) 0.061
Yes 16 (80) 3 (50.0) 13 (92.9)

BMI (kg/m?)
<185 3(15) 0(0) 3 (21.4) 0.521
2185 17 (85) 6(100) 11 (78.6)

Tumor grade
Well differentiated 0(0) 0(0) 0(0) 0.613
Moderately differentiated 14 (70) 5(83.3) 9 (64.3)
Poorly differentiated; 6 (30) 1(16.7) 5(35.7)

Tumor location
Pyriform sinus 17 (85) 4 (66.7) 13 (92.9) 0.681
Posterior wall 2 (10) 2(33.3) 0 (0.0)
Postcricoid area 1(5) 0(0) 1(7.1)

Tumor stage
T1-2 4 (20) 0(0) 4(28.6) 0.267
T3-4 16 (80) 6 (100) 10 (71.4)

Nodal stage
NO-1 4 (20) 0(0) 4(286) 0.267
N2-3 16 (80) 6 (100) 10 (71.4)

TNM stage
11 73 (15) 0(0) 1 3(214) 70,521
v 17 (85) 6 (100) 11 (78.6)

PD-1 inhibitor
Tislelizumab 7 (35) 3 (50.0) 4(28.6) 0.643
Camrelizumab 8 (40) 2(333) 6 (42.9)
Pembrolizumab+Nivolumab 5 (25) 1(16.7) 4 (28.6)

EBS
0-19 13 (65) 6 (100) 7 (50.0) 0.051
220 7 (35) 0(0) 7 (50.0)

NBI after neoadjuvant therapy
Type I-IV - 2(33.3) 13 (92.9) 0.014
Type V - 4(66.7) 1(7.1)

CPS, combined positive score; T, tumor; N, nodal; M, metastatic; PD-1, programmed death 1; BML body mass index; PCR, pathological complete response; MPR, major pathological response;
IPR, incomplete pathological response; NBI, narrow-band imaging.
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Nanocarriers Effect Application Reference

Metal and Metal Oxide Nanoparticles = Enhance radiosensitivity review (43)
Gold nanoparticles - Enhance radiosensitivity in vivo and (44)
in vitro
Gold nanoparticles - Enhance radiosensitivity in vivo and (45)
in vitro
Gold nanoparticles = Enhance radiosensitivity in vivo and (46)
in vitro
PEG-coated Au-Ag alloy nanoparticles - Enhance radiosensitivity in vitro (47)
High-density lipoprotein nanoparticle HMG-CoA reductase inhibitors (statins) Enhance radiosensitivity in vivo and (48)
in vitro
Biodegradable gellan- and lipid-based cisplatin and paclitaxel Enhance radiosensitivity in vivo and (49)
dual nanocarriers Enhance radiosensitivity in vitro
Gadolinium-based nanoparticles - Enhance radiosensitivity in vitro (50)
Tumor antigen-targeted nanosatellite vehicle SOX2, a novel inhibitor of STING Nanovaccines for HNSCC in vivo and (51)
in vitro
Mesoporous silica rod (MSR) HPV-16 antigens Nanovaccines for HNSCC in vivo and (52)
in vitro
Ribonucleic acid lipoplex HPV16 vaccine Nanovaccines for HNSCC in vivo and (53)
in vitro
Injectable nanocomposite hydrogel g Nanomedicines for HNSCC by | in vivo and (54)
Polarizing TAMs in vitro
Injectable nanocomposite hydrogel a peptide-based proteolysis-targeting Nanomedicines for HNSCC by  in vivo and (54)
chimera (PROTAC) for BMI1 Increasing TILs in vitro
and paclitaxel
All-trans retinoic acid (ATRA)-poly(lactide-co- programmed death-ligand 1 (PD-L1) Nanomedicines for HNSCC by in vivo and (55)
glycolide acid) (PLGA)-poly(ethylene glycol) (PEG) Increasing TILs in vitro
Molybdenum disulfide CpG Nanomedicines for HNSCC by in vivo and (56)
Increasing TILs in vitro
Adhesive hydrogel incorporating bacterium P. anaerobius Nanomedicines for HNSCC by in vivo and (57)
silver nanoparticles Increasing TILs in vitro
Polymeric micelles 5,10,15,20-tetrakis(meso-hydroxyphenyl) Nanomedicines for HNSCC by in vitro (58)
porphyrin (mTHPP) Inducing ICD
Zinc oxide nanoparticles - Nanomedicines for HNSCC by in vitro (59)

Inducing ICD

Gelatinase-sensitive nanoparticles photosensitizer and STAT3 inhibitor Nanomedicines for HNSCC by in vivo and (60)
Inducing ICD in vitro

Ruthenium-based photosensitizer (Ru) modified- siRNA of hypoxia-inducible factor-1o: Nanomedicines for HNSCC by in vivo and (61)
TiO2 nanoparticles (NPs) (HIF-101) Inducing ICD in vitro

Supramolecular Ce6-erastin nanodrug photosensitizer chlorin e6 (Ce6) and the Nanomedicines for HNSCC by in vivo and (62)
ferroptosis inducer erastin Inducing ICD in vitro

Ligand-decorated PLGA-PEG/NR7 nanoparticles CDDP Other applications in vitro (63)

of nanomedicines

CTS$B-sensitive amphiphilic polymer Saracatinib Other applications in vivo and (64)
of nanomedicines in vitro

Cathepsin B (CTSB)-sensitive polymeric Src inhibitor saracatinib (AZD0530) and Other applications in vivo and (65)

drug carrier AKT inhibitor capivasertib (AZD5363) of nanomedicines in vitro

Polymeric nanoparticles based on o:- PHT-427 Other applications in vitro (66)

tocopheryl succinate of nanomedicines
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Selpercatinib

Sorafenib

Dabrafenib
+ trametinib

ATC Lenvatinib

Sorafenib

Target

VEGFR2, AXL,
MET, RET, C-KIT

BRAF V600E

Dabrafenib: BRAF
V600E
Trametinib: MEK

NTRK fusions,
ALK, ROS1

NTRK fusions

VEGFRI-3, RET,
FGFRI1-4,
PDGFR, KIT

RET fusions
and mutations

RET fusions
and mutations

VEGFRI-3, RET,
RAF, PDGFR-B

Dabrafenib: BRAF
V600E
Trametinib: MEK

VEGEFRI-3, RET,
FGFRI1-4,
PDGFR, KIT

VEGFRI-3, RET,
RAF, PDGFR-B

Number
of
subjects

170

26

27

13

22

261

21

19

207

36

34

20

Study population

RR-DTC with prior progression on sorafenib and/
or lenvatinib

BRAF V600E-mutated RR-DTC with progressive disease

BRAF V600E-mutated RR-DTC with progressive disease

NTRK fusion-positive TC with locally advanced or
metastatic disease

NTRK fusion-positive TC with locally advanced or
metastatic disease

RR-DTC with progressive disease

Previously treated RET fusion-positive TC with locally
advanced or metastatic disease

Previously treated RET fusion-positive TC with
advanced or metastatic disease and indication for

systemic therapy

Locally advanced or metastatic RR-DTC with

progressive disease

Unresectable or metastatic BRAF V600E-mutated ATC

TKI-naive ATC (regardless of mutation)

ATC which previously progressed on < 2 lines of
cytotoxic chemotherapy not amenable to curative
surgery or radiation

ORR: 11%
Median
PES:

11.0
months

ORR: 35%
Median
PFS:

10.7
months

ORR: 30%
Median
PES:

15.1
months

ORR: 53.8%
Median
PFS:

199
months

ORR: 71%
24-month
PES: 84%

ORR: 64.8%
Median
PFS:

18.3
months

ORR: 84%
Median
PFS:

254
months

ORR: 79%
Median
PFS:

20.1
months

ORR: 12.2%
Median
PES:

10.8
months

ORR: 56%
Median
PES:

6.7 months

ORR 2.9%
Median
PFS:

2.6 months

ORR: 10%
Median
PFS:

1.9 months

Reference

Brose
etal. (20)

Busaidy
etal. (21)

Busaidy
etal (21)

Demetri
etal. (22)

‘Waguespack
etal. (23)

Schlumberger
et al. (24)

Subbiah at
al (25)

Wirth
et al. (26)

Brose
etal. (27)

Subbiah
et al. (28)

Wirth
etal. (29)

Savvides
et al. (30)

DTC, differentiated thyroid cancer; ATC, anaplastic thyroid cancer; VEGFR1-3, VEGF receptors 1-3; FGFRI-4, FGF receptors 1-4; RR-DTC, radioiodine refractory DTC; TC, thyroid cancer;
TKI, tyrosine kinase inhibitor; ORR, overall response rate; PES, progression-free survival.
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DTC
KEYNOTE-028
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Pembrolizumab 2 (NCT02054806),  Locally advanced or metastatic DTC i s
Median PFS: 7 months et al. (46)
Phase Ib
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cobimetinib
Duyslumab, ¢ Metastatic ATC incurable by surgery or ORR: 0%
tremelimumab 13 Phase 1 adiation thera Median OS: 104 d Lee et al. (49)
e — radiation therapy ian OS: ays
ORR: 42%
Median PFS fi
Pembrolizumab + Retrospective ATC patients in whom pembrolizumab was | "icoion PFS from
. . 12 . X R addition of Tyer et al. (50)
kinase inhibitor cohort study added at progression on a kinase inhibitor !
ATC pembrolizumab:
3.0 months
Pembrolizumab 13 — Locally advanced and/or metastatic ATC ORR: 16% Hatashima
or nivolumab treated with a PD-1 inhibitor Median PFS: 1.9 months etal. (51)
ATELP
Pembrolizumab 35 (EudraCT No. MEGSHHEATC ORR: 51.9% Dierks
+ lenvatinib 2017-004570-3), 5 Median PFS: 10 months et al. (52)
Phase 11
RR: 1 devil:
Spartalizumab 2 Phase 11 Locally advanced and/or metastatic ATC ORR:19% Capdevila

Median PFS: 1.7 months et al. (53)

RR-DTC, radioiodine refractory differentiated thyroid cancer; ATC, anaplastic thyroid cancer; ORR, overall response rate; PES, progression-free survival; OS, overall survival; SBRT, stereotactic
body radiation therapy.
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