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Abstract

:

Simple Summary


Necroptosis is a regulated form of necrotic cell death that plays pivotal roles in cancer biology, including tumorigenesis, metastasis, and cancer immunity. However, the significance of necroptosis in esophageal squamous cell carcinoma has remained largely unknown. In addition, its correlation with the tissue microenvironment has not yet been explored. In this study, we first investigated the diagnostic and prognostic significance of mixed lineage kinase domain-like protein (MLKL) and phosphorylated MLKL (pMLKL), both of which are currently considered the most reliable markers for detecting necroptosis. We also investigated the correlations between the status of MLKL/pMLKL and tumor-infiltrating lymphocytes) in esophageal squamous cell carcinoma patients.




Abstract


Necroptosis is a pivotal process in cancer biology; however, the clinical significance of necroptosis in esophageal squamous cell carcinoma (ESCC) has remained unknown. Therefore, in this study, we aimed to verify the potential involvement of necroptosis in the clinical outcome, chemotherapeutic resistance, and tumor microenvironment of ESCC. Mixed lineage kinase domain-like protein (MLKL) and phosphorylated MLKL (pMLKL) were immunohistochemically examined in 88 surgically resected specimens following neoadjuvant chemotherapy (NAC) and 53 pre-therapeutic biopsy specimens, respectively. Tumor-infiltrating lymphocytes (TILs) were also evaluated by immunolocalizing CD3, CD8, and forkhead box protein 3 (FOXP3) in the residual tumors after NAC. High pMLKL status in the post-NAC resected specimens was significantly correlated with worse prognosis in ESCC patients. Multivariate analysis demonstrated that a high pMLKL status was an independent prognostic factor. In pre-NAC biopsy specimens, a high pMLKL status was significantly associated with a lower therapeutic efficacy. CD8+ TILs were significantly lower in the high-pMLKL group. FOXP3+ TILs were significantly higher in both high-MLKL and high-pMLKL groups. We first demonstrated pMLKL status as an independent prognostic factor in ESCC patients. Our study revealed the possible involvement of necroptosis in the immunosuppressive microenvironment, resulting in the attenuated therapeutic efficacy of NAC and eventual adverse clinical outcomes in ESCC.
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1. Introduction


Esophageal cancer is the eighth most common cancer and the sixth leading cause of cancer-related death worldwide [1]. Esophageal squamous cell carcinoma (ESCC) is the most common esophageal cancer in Japan, and the standard treatment for patients with locally advanced ESCC is radical surgical resection following neoadjuvant chemotherapy (NAC) [2]. However, it is also true that the therapeutic efficacy of NAC exhibits large individual differences, and non–responders experience adverse effects before surgery without any clinical benefit [3,4]. Therefore, it is important to accurately predict the therapeutic response before the start of chemotherapy in order to establish the optimal treatment strategy for individual ESCC patients.



Necroptosis, a molecularly regulated cell death, demonstrates all the morphological features of necrosis, including cell swelling, collapse of plasma membrane, and release of intracellular contents, all of which could subsequently induce secondary inflammatory responses [5,6,7]. Several studies on cell lines, animal models, and human tissue have indicated that necroptosis is a pivotal process in cancer biology, including tumorigenesis, metastasis, and cancer immunity [8,9].



The necroptosis pathway is initiated by the activation of receptor interacting protein kinase 1 (RIP1), which then interacts with RIP3, resulting in the formation of a necrosome complex [10,11,12]. The necrosome subsequently induces phosphorylation of mixed lineage kinase domain-like protein (MLKL) to produce phosphorylated MLKL (pMLKL), which oligomerizes and translocates into the plasma membrane, where it mediates the disruption of plasma membrane permeability by activating ion channels or forming pore structures, finally resulting in the induction of necrotic cell death [13,14,15]. In addition, pMLKL is currently the most reliable marker for detecting necroptosis [15]. The induction of necroptosis can also induce secondary inflammatory responses by releasing intracellular damage-associated molecular patterns (DAMPs) [16]. This inflammation eventually activates some signaling pathways, including NF-κB or MAPK pathways; these are all involved in tumor progression [17]. Liu et al. demonstrated that necroptotic pathways played a pivotal role in the activity of NF-κB, resulting in tumor progression; they also reported that high levels of pMLKL were associated with poor prognosis in patients with esophageal or colon cancers [18]. Seifert et al. also demonstrated that necroptosis could promote tumorigenesis by releasing chemokine (C-X-C motif) ligand 1 (CXCL1) and 130 kDa Sin3-associated polypeptide (SAP130) to induce an immunosuppressive tumor microenvironment (TME) in pancreatic ductal adenocarcinoma [19].



The induction of necroptosis in carcinoma cells modulates the TME and regulates anti-tumor immunity [20]. Tumor-infiltrating lymphocytes (TILs) play the main role in anti-tumor immunity, and its status has been identified as a prognostic marker in several human malignancies [21,22,23]. In addition, TILs were reported to be correlated with the therapeutic efficacy of chemotherapy in ESCC, triple-negative breast cancer (TNBC), and urothelial carcinoma of the urinary bladder [24,25,26]. Therefore, necroptosis in cancer tissue is reasonably postulated to lead to therapeutic resistance; however, the correlation between the extent of necroptosis and the efficacy of chemotherapy remains virtually undetermined. It has, thus, become important to verify the potential biomarkers that could predict the therapeutic efficacy of chemotherapy and the clinical outcomes of ESCC patients. Therefore, in this study, we aimed to investigate the following in ESCC patients: (1) the status of MLKL and pMLKL in pre- and post-NAC specimens, and their correlation with the clinical outcome/therapeutic efficacy of NAC; and (2) the correlation between these necroptotic markers and TILs, examined by CD3, CD8, and FOXP3 immunolocalization in ESCC patients.




2. Materials and Methods


2.1. Patients and Tissue Specimens


In this study, 88 ESCC patients were examined. All patients underwent surgical resection with regional lymph node dissection following NAC based on the Japanese Clinical Oncology Group 9907 (JCOG9907) protocol at Tohoku University Hospital (Sendai, Japan) from 2009 to 2016 [3]. Of the 88 cases, pre-NAC biopsy specimens were obtained for evaluation in 53 cases. Tumors were pathologically classified according to the Union for International Cancer Control TNM staging system (8th edition) for esophageal carcinoma [27]. The histological classification for the effects of NAC was determined as follows: Grade 0, ineffective (no cytological or histological therapeutic effects detected in the primary lesion); Grade 1, slightly effective (Grade 1a, necrosis, fibrosis or granulomatous changes detected in less than one-third of the residual tumor lesion; Grade 1b, in one-third to two-thirds of the lesion); Grade 2, moderately effective (necrosis, fibrosis or granulomatous changes detected in more than two-thirds of the lesion, although viable residual tumor cells were histologically detected); and Grade 3, markedly effective (no viable residual tumor cells) [28]. However, none of the 88 patients with ESCC demonstrated histological Grade 3 or no residual tumors in the post-NAC resected specimens examined. We also evaluated the therapeutic efficacy of NAC according to the Response Evaluation Criteria in Solid Tumors (RECIST) version 1.1 [29]. The patients were classified under the following four categories: complete response (CR), partial response (PR), stable disease (SD), and progressive disease (PD). In total, 12 patients were excluded from further evaluation based on RECIST due to difficulties in measuring the diameter of the primary lesions.



In addition, we also retrieved the data of pathological CR (pCR) cases, defined as histological grade 3 in post-NAC resected specimens, and obtained pre-therapeutic biopsy specimens from 8 patients, from 2009 to 2021. All eight patients underwent equivalent radical resection following NAC.



The starting point of survival in ESCC patients examined in this study was the date of surgery. The endpoints for overall survival (OS) and disease-free survival (DFS) rates were patient death, recurrence, or the last censor date. The median length of clinical follow-up for censored patients was 5.0 (range, 2.2–5.0) years.




2.2. Neoadjuvant Chemotherapy and Surgery


Preoperative chemotherapy, performed according to the JCOG 9907 protocol [3], was administered in conjunction with intravenous infusion of cisplatin (80 mg/m2) on days 1 and 22, and continuous intravenous infusion of 5-fluorouracil (800 mg/m2/day) over 24 h on days 1–5 and 22–26. Subsequently, thoracoscopic esophagectomy, gastric tube reconstruction, and cervical esophagogastric anastomosis were performed with regional lymph node dissection.




2.3. Immunohistochemical Staining


Tissue specimens were fixed in 10% neutral formalin and embedded in paraffin. Representative paraffin blocks from each specimen were selected for immunohistochemistry and all contained invasive edges and viable tumor cells after careful histopathological evaluation in hematoxylin and eosin-stained tissue slides. Information regarding immunohistochemical procedures and primary antibodies is summarized in Table S1.



Tissue sections (4 μm thick) were serially cut and placed on clean glass slides. The sections were deparaffinized with xylene and rehydrated using graded ethanol solutions. Heat-induced antigen retrieval was performed as described in Table S1. After blocking endogenous peroxidases, the sections were treated with primary antibodies overnight at 4 °C. Subsequently, the sections were incubated with HRP-polymer secondary antibodies (EnVision FLEX Kit FLEX/HRP, Agilent Technologies, Santa Clara, CA, USA) at 24 °C for 30 min. Only FOXP3 staining was performed with biotinylated anti-mouse immunoglobulin (Histofine Kit; Nichirei Bioscience, Tokyo, Japan) as a secondary antibody and peroxidase-labeled streptavidin (Histofine Kit; Nichirei Bioscience) at 24 °C for 30 min. The antigen–antibody reactions were visualized using 3.3-diaminobenzidine and counterstaining was performed using hematoxylin and eosin.



Each stained tissue section was independently evaluated by two observers (TY and FF) who had no clinicopathological information of the patients. MLKL immunoreactivity was semi-quantitatively assessed using a histological score (H-score), which was calculated by multiplying the percentage of cytoplasm-stained tumor cells and the staining intensity score (0, negative; 1, weak; 2, moderate; and 3, marked), ranging from 0 to 300 [30]. pMLKL immunoreactivity was assessed using a labeling index by counting the proportion of cytoplasm- or plasma membrane-stained tumor cells [30]. We selected five non-overlapping fields under a light microscope at 400× magnification, with each field containing more than 100 viable tumor cells. The cutoff values of MLKL immunoreactivity were tentatively determined as their median H-score, and independently established thresholds for pre-NAC biopsy and post-NAC resected specimens as follows: “40” for post-NAC MLKL and “70” for pre-NAC MLKL. We also determined the optimal cutoff values of pMLKL for the survival outcome of the patients by drawing the receiver operating characteristic curve, and independently established thresholds for pre-NAC biopsy and post-NAC surgically resected specimens as follows: “3.9%” for post-NAC pMLKL and “2.1%” for pre-NAC. Specimens were tentatively classified into low or high expression groups based on the thresholds of each marker examined.



In this study, we evaluated TILs according to the recommendations of the International TIL Working Group [31]. TILs were assessed within the borders of the invasive tumor. First, the tumor borderlines were carefully confirmed by examination of hematoxylin and eosin-stained tissue slides under light microscopy at 100× magnification. Each section was then examined at 400× magnification, and five non-overlapping fields with abundant TILs were selected from the stromal components of tumor tissues that were near the viable tumor cells (Figure S1). Insufficient stromal components were detected in six cases that were subsequently excluded from the TIL assessment. The numbers of CD3+, CD8+, and FOXP3+ T lymphocytes were counted per field, and the mean number of TILs was the final result of the evaluation.




2.4. Statistical Analysis


All statistical analyses were performed using the EZR version 1.38 (Saitama Medical Center, Jichi Medical University; Saitama, Japan) [32]. Continuous data were analyzed using the Mann–Whitney U test. The relationship and correlation between two variables were analyzed using Fisher’s exact test. OS and DFS curves were calculated using the Kaplan–Meier method, and the log-rank test was performed for comparisons. Univariate and multivariate analyses were performed using the Cox proportional hazards model. Statistical significance was set at p < 0.05.





3. Results


3.1. Post-NAC MLKL and pMLKL Status and Their Correlation with Clinicopathological Factors in ESCC Patients


Representative microscopic images of MLKL and pMLKL immunohistochemistry are demonstrated in Figure 1. We examined the correlation of these immunoreactivities with clinicopathological factors of the patients, including age and sex, pT, pN, and pStage; tumor differentiation; resected margin; RECIST grade; and histopathological tumor regression grade (Table 1). In the surgically resected specimens following NAC, a high status of pMLKL (detected in 21.6% (19/88)) was significantly correlated with age (p = 0.029) and pT status (p = 0.009). However, no significant correlations were detected between pMLKL status and sensitivity to NAC (RECIST grade, p = 0.777; and histopathological tumor regression grade, p = 0.189). No significant correlations were detected between MLKL status and any clinicopathological factor.




3.2. Post-NAC MLKL and pMLKL Status and Their Correlation with the Clinical Outcome of ESCC Patients


The 5 year OS (p = 0.0060) and DFS (p = 0.0453) of ESCC were both significantly lower in the high pMLKL group (Figure 2). In contrast, no significant correlations were detected between the eventual clinical outcomes and MLKL status (OS, p = 0.0965; DFS, p = 0.4030). Univariate analysis revealed that the OS rate was significantly associated with pT (p = 0.037), pN (p = 0.010), pStage (p = 0.004), resection margin (p < 0.001), histopathological tumor regression grade (p = 0.017), and high pMLKL status (p = 0.009) (Table 2). Multivariate analysis revealed that pN (p = 0.018), resection margin (p = 0.013), and high pMLKL expression (p = 0.027) were independent prognostic factors (Table 3).




3.3. Pre-NAC MLKL and pMLKL and Their Correlation with Clinicopathological Factors of ESCC Patients


In the biopsy specimens, a high pMLKL status was detected in 26.4% (14/53) of patients. There was a high concordance of pMLKL between pre- and post-NAC tumor tissue specimens (81.1%). However, there was a 35.8% discordance in MLKL status. The high status of pMLKL in pre-NAC tumor specimens was significantly correlated with the histopathological tumor regression grade (p = 0.013) (Table 4). Pre-NAC MLKL status was also significantly correlated with pN (p = 0.042) and tumor differentiation (p = 0.010).



We also explored the status of MLKL and pMLKL in pre-NAC endoscopic biopsy ESCC specimens in eight patients who developed pCR. A high pMLKL status was not detected in any of the eight patients. When compared to the non-pCR group (N = 53), pMLKL status tended to be lower in the pCR group (N = 8), although the difference was not statistically significant (Figure S2). In addition, there were no significant differences in MLKL status between the two groups.




3.4. Pre-NAC MLKL and pMLKL Status and Their Correlation with Clinical Outcome of ESCC Patients


The 5-year OS rate of ESCC patients with high pre-NAC pMLKL levels tended to be shorter than that of patients with low levels, although the difference was not statistically significant (p = 0.102) (Figure 3). In addition, there were no significant correlations between the eventual clinical outcomes of ESCC patients and MLKL status (OS: p = 0.637, DFS: p = 0.554). Univariate analysis revealed that the correlation between the 5 year OS and pre-NAC pMLKL status was detected, although it was not statistically significant (p = 0.111) (Table 5).




3.5. Correlations between the Necroptotic Biomarkers and TILs in ESCC


We then examined the correlations between the status of the necroptotic markers and the density of TILs in post-NAC residual tumors. Representative images of CD3, CD8, and FOXP3 staining are illustrated in Figure 4. Patients with high pMLKL status harbored significantly lower CD8+ TILs than those with low (p = 0.0091) (Figure 5). In addition, those with high pMLKL levels harbored significantly higher levels of FOXP3+ TILs (p < 0.001). High MLKL status was also significantly correlated with higher levels of FOXP3+ TILs (p = 0.0062). However, there were no significant correlations between MLKL/pMLKL status and CD3+ TILs.





4. Discussion


This is the first study to show the clinical significance of necroptosis in ESCC. The findings demonstrated that the status of pMLKL in resected tissue specimens was significantly associated with pT status and poor prognosis in ESCC patients undergoing NAC. In addition, the extent of necroptosis in carcinoma cells was closely related to the invasive phenotypes and poor prognosis in ESCC patients. The prognostic significance of necroptosis in tumor tissue remains controversial; however, necroptosis of tumor cells promotes tumor development and acts as a poor prognostic factor in several human malignancies. According to Jiao et al., necroptosis was detected around necrotic foci in tissues of both mouse MMVT-PyMT and human breast cancer and demonstrated a critical role in tumor progression and metastasis [33]. Li et al. also reported that necroptosis could promote migration and invasion of head and neck squamous cell carcinoma (HNSCC) cells, and that the extent of necroptosis was a specific prognostic factor in HNSCC [34]. Our present study provided additional evidence for the clinical significance of necroptosis in ESCC patients undergoing NAC.



In addition, we examined the status of MLKL and pMLKL in pre- and post-NAC specimens to explore their correlation with the therapeutic efficacy of NAC. The high status of pMLKL in pre-NAC biopsy specimens was significantly associated with a lower histopathological tumor regression grade. Furthermore, lower histopathological tumor regression grade, but not RECIST grade, was significantly associated with poor prognosis of ESCC patients examined. Our findings also suggested that the extent of necroptosis could attenuate the therapeutic efficacy of chemotherapy, resulting in tumor progression and subsequent adverse clinical outcomes in patients. In addition, the therapeutic efficacy of NAC could be predicted by studying the status of pMLKL in pre-NAC biopsy specimens and all the eight patients diagnosed with pCR demonstrated low pMLKL in pre-NAC biopsy specimens. No significant associations were detected between high pMLKL status in pre-NAC biopsy specimens and lower RECIST grade could be due to the relatively small number of biopsy specimens examined in our study, and that the indeterminate cases were biased toward the low pMLKL group. Therefore, further investigations are required to clarify the correlation between pMLKL status and the therapeutic efficacy of NAC.



Despite the possible significance of necroptosis in the therapeutic efficacy of NAC in pre-NAC biopsy specimens, there were no significant associations in post-NAC resected specimens. This may be due to biological alterations in tumor tissue caused by chemotherapy. Several chemotherapeutic drugs induced necroptosis under certain conditions. For example, cisplatin induced necroptosis in apoptosis-resistant ESCC cells [35]. 5-fluorouracil induced necroptosis in human colon carcinoma cells when caspase activity was inhibited [36]. Li et al. reported that the expression levels of pMLKL were influenced by NAC in pancreatic ductal adenocarcinoma [37]. Acute massive necroptosis induced by chemotherapy could, therefore, promote inflammatory responses and provide immunogenic effects on anti-tumor immunity [38]. In contrast, mild degrees of chronic necroptosis, which could occur when tumor cells were exposed to metabolic stress, was reported to suppress anti-tumor immunity by releasing immunosuppressive molecules, resulting in the modulation of the tissue microenvironment and tumor development [39]. Necroptosis of tumor cells therefore played dual conflicting roles, namely immunogenic or immunosuppressive effects on anti-tumor immunity [39,40]. In our present study, whether the expression of pMLKL detected in resected specimens was induced after or before chemotherapy has remained unknown; therefore, the definitive roles of necroptosis in ESCC could be influenced by chemotherapy itself.



We examined the correlations between the biomarkers of necroptosis and the status of TILs in the resected tissue specimens and confirmed their significant associations with the immunological profile of ESCC. Our findings also suggested that necroptosis could play a pivotal role in anti-cancer immunity in ESCC patients. For instance, regulatory T cells (T-regs or FOXP3+ T cells) are immunosuppressive subsets of CD4+ T cells, and hinder the protective immune responses in cancer-bearing hosts [41]. In contrast, cytotoxic T cells (CTL or CD8+ T cells) are generally recognized as a protective immune subset that targets cancer cells [23]. CD8+ TILs are also key prognostic markers in many human malignancies [22,23,24]. In addition, tumor-infiltrating CTLs have also been reported as a predictor of pCR after neoadjuvant chemoradiotherapy (NACRT) in ESCC patients [42]. In contrast, tumor-infiltrating T-regs in residual tumors are a negative predictor of NAC or NACRT efficacy in ESCC patients [25,43]. In pancreatic ductal carcinoma (PDA), the necroptotic pathway was reported to induce immunosuppressive effects in the TME. Seifert et al. reported that PDA cells could release CXCL1 through the necroptotic pathway, which subsequently induced the infiltration of immunosuppressive myeloid-derived suppressor cells (MDSCs) and M2-like macrophages [19]. Furthermore, the nuclear factor SAP130, released from PDA cells, could bind to macrophage-inducible Ca2+-dependent lectin receptor (Mincle). Subsequently, this Mincle ligation could reduce the cytotoxic T lymphocyte infiltration and activation [19]. In addition, a high level of potassium released from necrotic tumor cells inhibits both CD4+ and/or CD8+ T lymphocyte activation [44]. Consistent with the above, our findings indicated that necroptotic cancer cells could indeed induce immunosuppressive TME, hinder anti-tumor immunity, and promote tumor progression; however, further investigations are required for clarity.



Our study has certain limitations in the evaluation of the immunohistochemical analysis of the pre-NAC biopsy samples. Considering intratumoral heterogeneity, the biopsy samples represented carcinoma tissues located predominantly on the tumor surface and therefore did not necessarily reflect the features of the whole tumor, including the invasive areas. In addition, intratumoral heterogeneity of the markers examined in this study could have confounded the results.




5. Conclusions


In conclusion, results of our present study demonstrated that the status of pMLKL in ESCC patients undergoing NAC was significantly associated with the clinical outcome. In addition, we also demonstrated that necroptosis could be involved in immunosuppressive TME and the therapeutic effects of chemotherapy in patients with ESCC. Therefore, the potential utility of pMLKL as a predictable marker could help avoid unnecessary NAC in non–responders.
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The following are available online at https://www.mdpi.com/article/10.3390/cancers13174473/s1, Figure S1: Tumor-infiltrating lymphocytes (TILs) were assessed within the borders of the invasive tumor. Fields with abundant TILs were selected from the stromal components of tumor tissues (dashed line) and quantified at 400× magnification. Figure S2: Expression status of necroptotic biomarkers in the pCR (N = 8) and non-pCR groups (N = 53). (a) No significant differences were detected in the frequency of MLKL status between the two groups (p = 0.707). (b) The frequency of pMLKL tended to be lower in the pCR group in which a high pMLKL status was not detected, but this difference was not statistically significant (p = 0.180). Table S1: Characteristics of primary antibodies used in this study





Author Contributions


Conceptualization, T.Y., F.F., and H.S.; methodology, T.Y., M.H., and F.F.; formal analysis, T.Y., F.F., T.N., and N.N.; investigation, T.Y. and F.F.; resources, F.F., M.H., and H.S.; data curation, T.Y. and F.F.; writing—original draft preparation, T.Y. and F.F.; writing—review and editing, T.Y., F.F., M.H., J.T., R.A., Y.G., S.U., Y.O., T.F., H.O., C.S., Y.T., T.N., N.N., T.K., and H.S.; visualization, T.Y. and F.F.; supervision, F.F. and H.S.; project administration, F.F. and H.S.; funding acquisition, H.O., Y.T., and T.K. All authors have read and agreed to the published version of the manuscript.




Funding


This research was funded by KAKENHI grants from the Ministry of Education, Culture, Sports, Science, and Technology of Japan, 18K16296.




Institutional Review Board Statement


This study was conducted in accordance with the guidelines of the Declaration of Helsinki and approved by the Ethics Committee of the Tohoku University School of Medicine (Accession No. 2020-1-87).




Informed Consent Statement


Informed consent was obtained from all patients prior to surgery. All participants provided written informed consent.




Data Availability Statement


The data used and/or analyzed in this study are available from the corresponding author. The data are not publicly available because of ethical restrictions.




Acknowledgments


We thank Yayoi Aoyama (Department of Pathology, Tohoku University Hospital, Sendai, Japan) for technical assistance.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Ferlay, J.; Soerjomataram, I.; Dikshit, R.; Eser, S.; Mathers, C.; Rebelo, M.; Parkin, D.M.; Forman, D.; Bray, F. Cancer incidence and mortality worldwide: Sources, methods and major patterns in GLOBOCAN 2012. Int. J. Cancer 2015, 136, E359–E386. [Google Scholar] [CrossRef]

	



Kitagawa, Y.; Uno, T.; Oyama, T.; Kato, K.; Kato, H.; Kawakubo, H.; Kawamura, O.; Kusano, M.; Kuwano, H.; Takeuchi, H.; et al. Esophageal cancer practice guidelines 2017 edited by the Japan Esophageal Society: Part 1. Esophagus 2019, 16, 1–24. [Google Scholar] [CrossRef]

	



Ando, N.; Kato, H.; Igaki, H.; Shinoda, M.; Ozawa, S.; Shimizu, H.; Nakamura, T.; Yabusaki, H.; Aoyama, N.; Kurita, A.; et al. A randomized trial comparing postoperative adjuvant chemotherapy with cisplatin and 5-fluorouracil versus preoperative chemotherapy for localized advanced squamous cell carcinoma of the thoracic esophagus (JCOG9907). Ann. Surg. Oncol. 2012, 19, 68–74. [Google Scholar] [CrossRef] [PubMed]

	



Medical Research Council Oesophageal Cancer Working Group. Surgical resection with or without preoperative chemotherapy in oesophageal cancer: A randomised controlled trial. Lancet 2002, 359, 1727–1733. [Google Scholar] [CrossRef]

	



Linkermann, A.; Green, D.R. Necroptosis. N. Engl. J. Med. 2014, 370, 455–465. [Google Scholar] [CrossRef] [PubMed]

	



Kaczmarek, A.; Vandenabeele, P.; Krysko, D.V. Necroptosis: The release of damage-associated molecular patterns and its physiological relevance. Immunity 2013, 38, 209–223. [Google Scholar] [CrossRef]

	



Tonnus, W.; Meyer, C.; Paliege, A.; Belavgeni, A.; Von Mässenhausen, A.; Bornstein, S.R.; Hugo, C.; Becker, J.U.; Linkermann, A. The pathological features of regulated necrosis. J. Pathol. 2019, 247, 697–707. [Google Scholar] [CrossRef] [PubMed]

	



Seehawer, M.; Heinzmann, F.; D’Artista, L.; Harbig, J.; Roux, P.-F.; Hoenicke, L.; Dang, H.; Klotz, S.; Robinson, L.; Doré, G.; et al. Necroptosis microenvironment directs lineage commitment in liver cancer. Nature 2018, 562, 69–75. [Google Scholar] [CrossRef]

	



Gong, Y.; Fan, Z.; Luo, G.; Yang, C.; Huang, Q.; Fan, K.; Cheng, H.; Jin, K.; Ni, Q.; Yu, X.; et al. The role of necroptosis in cancer biology and therapy. Mol. Cancer 2019, 18, 1–17. [Google Scholar] [CrossRef]

	



Cho, Y.; Challa, S.; Moquin, D.; Genga, R.; Ray, T.D.; Guildford, M.; Chan, F.K.-M. Phosphorylation-driven assembly of the RIP1-RIP3 complex regulates programmed necrosis and virus-induced inflammation. Cell 2009, 137, 1112–1123. [Google Scholar] [CrossRef]

	



He, S.; Wang, L.; Miao, L.; Wang, T.; Du, F.; Zhao, L.; Wang, X. Receptor interacting protein kinase-3 determines cellular necrotic response to TNF-α. Cell 2009, 137, 1100–1111. [Google Scholar] [CrossRef] [PubMed]

	



Zhang, D.-W.; Shao, J.; Lin, J.; Zhang, N.; Lu, B.-J.; Lin, S.-C.; Dong, M.-Q.; Han, J. RIP3, an energy metabolism regulator that switches TNF-induced cell death from apoptosis to necrosis. Science 2009, 325, 332–336. [Google Scholar] [CrossRef]

	



Cai, Z.; Jitkaew, S.; Zhao, J.; Chiang, H.-C.; Choksi, S.; Liu, J.; Ward, Y.; Wu, L.-G.; Liu, Z.-G. Plasma membrane translocation of trimerized MLKL protein is required for TNF-induced necroptosis. Nat. Cell Biol. 2014, 16, 55–65. [Google Scholar] [CrossRef] [PubMed]

	



Chen, X.; Li, W.; Ren, J.; Huang, D.; He, W.-T.; Song, Y.; Yang, C.; Li, W.; Zheng, X.; Chen, P.; et al. Translocation of mixed lineage kinase domain-like protein to plasma membrane leads to necrotic cell death. Cell Res. 2014, 24, 105–121. [Google Scholar] [CrossRef]

	



Wang, H.; Sun, L.; Su, L.; Rizo, J.; Liu, L.; Wang, L.-F.; Wang, F.-S.; Wang, X. Mixed lineage kinase domain-like protein MLKL causes necrotic membrane disruption upon phosphorylation by RIP3. Mol. Cell 2014, 54, 133–146. [Google Scholar] [CrossRef] [PubMed]

	



Pasparakis, M.; Vandenabeele, P. Necroptosis and its role in inflammation. Nature 2015, 517, 311–320. [Google Scholar] [CrossRef]

	



Grivennikov, S.I.; Greten, F.R.; Karin, M. Immunity, inflammation, and cancer. Cell 2010, 140, 883–899. [Google Scholar] [CrossRef] [PubMed]

	



Liu, X.; Zhou, M.; Mei, L.; Ruan, J.; Hu, Q.; Peng, J.; Su, H.; Liao, H.; Liu, S.; Liu, W.; et al. Key roles of necroptotic factors in promoting tumor growth. Oncotarget 2016, 7, 22219–22233. [Google Scholar] [CrossRef]

	



Seifert, L.; Werba, G.; Tiwari, S.; Giao Ly, N.N.; Alothman, S.; Alqunaibit, D.; Avanzi, A.; Barilla, R.; Daley, D.; Greco, S.H.; et al. The necrosome promotes pancreatic oncogenesis via CXCL1 and Mincle-induced immune suppression. Nature 2016, 532, 245–249. [Google Scholar] [CrossRef]

	



Rosenbaum, S.R.; Wilski, N.A.; Aplin, A.E. Fueling the fire: Inflammatory forms of cell death and implications for cancer immunotherapy. Cancer Discov. 2021, 11, 266–281. [Google Scholar] [CrossRef]

	



Mahmoud, S.M.A.; Paish, E.C.; Powe, D.G.; Macmillan, R.D.; Grainge, M.J.; Lee, A.H.S.; Ellis, I.O.; Green, A.R. Tumor-Infiltrating CD8+ Lymphocytes predict clinical outcome in breast cancer. J. Clin. Oncol. 2011, 29, 1949–1955. [Google Scholar] [CrossRef]

	



Sato, E.; Olson, S.H.; Ahn, J.; Bundy, B.; Nishikawa, H.; Qian, F.; Jungbluth, A.A.; Frosina, D.; Gnjatic, S.; Ambrosone, C.; 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. USA 2005, 102, 18538–18543. [Google Scholar] [CrossRef]

	



Farhood, B.; Najafi, M.; Mortezaee, K. CD8+cytotoxic T lymphocytes in cancer immunotherapy: A review. J. Cell Physiol. 2019, 234, 8509–8521. [Google Scholar] [CrossRef]

	



Konno-Kumagai, T.; Fujishima, F.; Nakamura, Y.; Nakano, T.; Nagai, T.; Kamei, T.; Sasano, H. Programmed death-1 ligands and tumor infiltrating T lymphocytes in primary and lymph node metastasis of esophageal cancer patients. Dis. Esophagus 2019, 32, doy063. [Google Scholar] [CrossRef] [PubMed]

	



Miyashita, M.; Sasano, H.; Tamaki, K.; Chan, M.; Hirakawa, H.; Suzuki, A.; Tada, H.; Watanabe, G.; Nemoto, N.; Nakagawa, S.; et al. Tumor-infiltrating CD8+ and FOXP3+ lymphocytes in triple-negative breast cancer: Its correlation with pathological complete response to neoadjuvant chemotherapy. Breast Cancer Res. Treat. 2014, 148, 525–534. [Google Scholar] [CrossRef] [PubMed]

	



Baras, A.S.; Drake, C.; Liu, J.-J.; Gandhi, N.; Kates, M.; Hoque, M.O.; Meeker, A.; Hahn, N.; Taube, J.M.; Schoenberg, M.P.; et al. The ratio of CD8 to Treg tumor-infiltrating lymphocytes is associated with response to cisplatin-based neoadjuvant chemotherapy in patients with muscle invasive urothelial carcinoma of the bladder. Oncoimmunology 2016, 5, e1134412. [Google Scholar] [CrossRef] [PubMed]

	



Brierley, J.D.; Gospodarowicz, M.K.; Wittekind, C. UICC TNM Classification of Malignant Tumours, 8th ed.; Wiley Blackwell: Oxford, UK, 2017. [Google Scholar]

	



Japan Esophageal Society. Japanese Classification of Esophageal Cancer, 11th Edition: Part II and III. Esophagus 2017, 14, 37–65. [Google Scholar] [CrossRef] [PubMed]

	



Eisenhauer, E.A.; Therasse, P.; Bogaerts, J.; Schwartz, L.H.; Sargent, D.; Ford, R.; Dancey, J.; Arbuck, S.; Gwyther, S.; Mooney, M.; et al. New response evaluation criteria in solid tumours: Revised RECIST guideline (version 1.1). Eur. J. Cancer 2009, 45, 228–247. [Google Scholar] [CrossRef] [PubMed]

	



Hashimoto, M.; Fujishima, F.; Lomphithak, T.; Jitkaew, S.; Nio, M.; Sasano, H. Necroptosis in biliary atresia of the liver. Med. Mol. Morphol. 2021, 1–11. [Google Scholar] [CrossRef]

	



Salgado, R.; Denkert, C.; Demaria, S.; Sirtaine, N.; Klauschen, F.; Pruneri, G.; Wienert, S.; Van Den Eynden, G.; Baehner, F.L.; Penault-Llorca, F.; et al. The evaluation of tumor-infiltrating lymphocytes (TILs) in breast cancer: Recommendations by an International TILs Working Group 2014. Ann. Oncol. 2015, 26, 259–271. [Google Scholar] [CrossRef]

	



Kanda, Y. Investigation of the freely available easy-to-use software ‘EZR’ for medical statistics. Bone Marrow Transplant. 2013, 48, 452–458. [Google Scholar] [CrossRef]

	



Jiao, D.; Cai, Z.; Choksi, S.; Ma, D.; Choe, M.; Kwon, H.-J.; Baik, J.Y.; Rowan, B.G.; Liu, C.; Liu, Z.-G. Necroptosis of tumor cells leads to tumor necrosis and promotes tumor metastasis. Cell Res. 2018, 28, 868–870. [Google Scholar] [CrossRef]

	



Li, J.; Huang, S.; Zeng, L.; Li, K.; Yang, L.; Gao, S.; Guan, C.; Zhang, S.; Lao, X.; Liao, G.; et al. Necroptosis in head and neck squamous cell carcinoma: Characterization of clinicopathological relevance and in vitro cell model. Cell Death Dis. 2020, 11, 1–17. [Google Scholar] [CrossRef] [PubMed]

	



Xu, Y.; Lin, Z.; Zhao, N.; Zhou, L.; Liu, F.; Cichacz, Z.; Zhang, L.; Zhan, Q.; Zhao, X. Receptor interactive protein kinase 3 promotes cisplatin-triggered necrosis in apoptosis-resistant esophageal squamous cell carcinoma cells. PLoS ONE 2014, 9, e100127. [Google Scholar] [CrossRef]

	



Brown, M.F.; Leibowitz, B.J.; Chen, D.; He, K.; Zou, F.; Sobol, R.W.; Beer-Stolz, D.; Zhang, L.; Yu, J. Loss of Caspase-3 sensitizes colon cancer cells to genotoxic stress via RIP1-dependent necrosis. Cell Death Dis. 2015, 6, e1729. [Google Scholar] [CrossRef] [PubMed]

	



Xie, L.; Xia, L.; Klaiber, U.; Sachsenmaier, M.; Hinz, U.; Bergmann, F.; Strobel, O.; Büchler, M.W.; Neoptolemos, J.P.; Fortunato, F.; et al. Effects of neoadjuvant FOLFIRINOX and gemcitabine-based chemotherapy on cancer cell survival and death in patients with pancreatic ductal adenocarcinoma. Oncotarget 2019, 10, 7276–7287. [Google Scholar] [CrossRef] [PubMed]

	



Kroemer, G.; Galluzzi, L.; Kepp, O.; Zitvogel, L. Immunogenic cell death in cancer therapy. Annu Rev. Immunol 2013, 31, 51–72. [Google Scholar] [CrossRef] [PubMed]

	



Liu, Z.-G.; Jiao, D. Necroptosis, tumor necrosis and tumorigenesis. Cell Stress 2020, 4, 1–8. [Google Scholar] [CrossRef]

	



Qin, X.; Ma, D.; Tan, Y.-X.; Wang, H.-Y.; Cai, Z. The role of necroptosis in cancer: A double-edged sword? Biochim. Et Biophys. Acta (BBA)-Rev. Cancer 2019, 1871, 259–266. [Google Scholar] [CrossRef]

	



Togashi, Y.; Shitara, K.; Nishikawa, H. Regulatory T cells in cancer immunosuppression—Implications for anticancer therapy. Nat. Rev. Clin. Oncol. 2019, 16, 356–371. [Google Scholar] [CrossRef]

	



Fassan, M.; Cavallin, F.; Guzzardo, V.; Kotsafti, A.; Scarpa, M.; Cagol, M.; Chiarion-Sileni, V.; Maria Saadeh, L.; Alfieri, R.; Castagliuolo, I.; et al. PD-L1 expression, CD8+ and CD4+ lymphocyte rate are predictive of pathological complete response after neoadjuvant chemoradiotherapy for squamous cell cancer of the thoracic esophagus. Cancer Med. 2019, 8, 6036–6048. [Google Scholar] [CrossRef] [PubMed]

	



Vacchelli, E.; Semeraro, M.; Enot, D.P.; Chaba, K.; Colame, V.P.; Dartigues, P.; Perier, A.; Villa, I.; Rusakiewicz, S.; Gronnier, C.; et al. Negative prognostic impact of regulatory T cell infiltration in surgically resected esophageal cancer post-radiochemotherapy. Oncotarget 2015, 6, 20840–20850. [Google Scholar] [CrossRef] [PubMed]

	



Eil, R.; Vodnala, S.K.; Clever, D.; Klebanoff, C.A.; Sukumar, M.; Pan, J.H.; Palmer, D.C.; Gros, A.; Yamamoto, T.N.; Patel, S.J.; et al. Ionic immune suppression within the tumour microenvironment limits T cell effector function. Nature 2016, 537, 539–543. [Google Scholar] [CrossRef] [PubMed]








[image: Cancers 13 04473 g001 550] 





Figure 1. Representative illustrations of MLKL and pMLKL immunohistochemistry. (a) Low MLKL and (b) high MLKL status showing representative cases of diffuse and marked immunoreactivity in the cytoplasm of carcinoma cells. (c) Low pMLKL and (d) high pMLKL status showing representative cases demonstrating pMLKL immunoreactivity in the cytoplasm and plasma membrane of carcinoma cells. 
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Figure 2. Kaplan–Meier curves based on post-NAC MLKL and post-NAC pMLKL status. (a,b) no significant difference was detected in post-NAC MLKL status for the 5 year OS and the 5 year DFS. (c) The 5 year OS was significantly worse in patients with high pMLKL than in those with low pMLKL status. (d) The 5 year DFS was significantly worse in those with high pMLKL status than in those with low pMLKL status. OS, overall survival; DFS, disease-free survival; NAC, neoadjuvant chemotherapy. * Statistical significance. 
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Figure 3. Kaplan–Meier curves based on pre-NAC MLKL and pre-NAC pMLKL status. (a,b) No significant difference was detected in pre-NAC MLKL status for the 5 year OS and DFS. (c) The 5 year OS tended to be worse in patients with high pMLKL status than in those with low pMLKL, but this difference did not reach statistical significance. (d) No significance was detected in pre-NAC pMLKL status for the 5 year DFS. Abbreviations: MLKL, mixed lineage kinase domain-like protein; pMLKL, phosphorylated MLKL; OS, overall survival; DFS, disease-free survival; NAC, neoadjuvant chemotherapy. 






Figure 3. Kaplan–Meier curves based on pre-NAC MLKL and pre-NAC pMLKL status. (a,b) No significant difference was detected in pre-NAC MLKL status for the 5 year OS and DFS. (c) The 5 year OS tended to be worse in patients with high pMLKL status than in those with low pMLKL, but this difference did not reach statistical significance. (d) No significance was detected in pre-NAC pMLKL status for the 5 year DFS. Abbreviations: MLKL, mixed lineage kinase domain-like protein; pMLKL, phosphorylated MLKL; OS, overall survival; DFS, disease-free survival; NAC, neoadjuvant chemotherapy.
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Figure 4. Representative illustrations of tumor-infiltrating lymphocytes (TILs). (a) Low CD3+ TILs, and (b) high CD3+ TILs. (c) Low CD8+ TILs, and (d) high CD8+ TILs. (e) Low FOXP3+ TILs, and (f) high FOXP3+ TILs. 
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Figure 5. Representative illustrations of tumor-infiltrating lymphocytes (TILs). (a) Low CD3+ TILs, and (b) high CD3+ TILs. (c) Low CD8+ TILs, and (d) high CD8+ TILs. (e) Low FOXP3+ TILs, and (f) high FOXP3+ TILs. * Statistical significance. 
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Table 1. Post-NAC expression status of the markers and its correlation with clinicopathological factors.
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Variable

	
N

	
Post-NAC MLKL

	
p

	
Post-NAC pMLKL

	
p




	

	

	
High

	
Low

	

	
High

	
Low

	






	

	
88

	
44

	
44

	

	
19

	
69

	




	
Age (years)

	

	

	

	

	

	

	




	
≥65

	
57

	
25

	
32

	
0.180

	
8

	
49

	
0.029 *




	
<65

	
31

	
19

	
12

	

	
11

	
20

	




	
Gender

	

	

	

	

	

	

	




	
Male

	
74

	
37

	
37

	
1.000

	
13

	
61

	
0.069




	
Female

	
14

	
7

	
7

	

	
6

	
8

	




	
pT

	

	

	

	

	

	

	




	
pT1-T2

	
37

	
17

	
20

	
0.666

	
3

	
34

	
0.009 *




	
pT3-T4

	
51

	
27

	
24

	

	
16

	
35

	




	
pN

	

	

	

	

	

	

	




	
pN0

	
24

	
10

	
14

	
0.473

	
3

	
21

	
0.255




	
pN1-N3

	
64

	
34

	
30

	

	
16

	
48

	




	
Pathological stage

	

	

	

	

	

	

	




	
Stage I/II

	
31

	
13

	
18

	
0.372

	
4

	
27

	
0.181




	
Stage III/IV

	
57

	
31

	
26

	

	
15

	
42

	




	
Differentiation

	

	

	

	

	

	

	




	
Well, moderate

	
76

	
37

	
39

	
0.200

	
18

	
58

	
0.661




	
Poor

	
10

	
7

	
3

	

	
1

	
9

	




	
Unclassifiable

	
2

	
0

	
2

	

	
0

	
2

	




	
Resection margin

	

	

	

	

	

	

	




	
R0

	
80

	
39

	
41

	
0.713

	
18

	
62

	
1.000




	
R1

	
8

	
5

	
3

	

	
1

	
7

	




	
RECIST grade

	

	

	

	

	

	

	




	
CR/PR

	
22

	
14

	
8

	
0.206

	
6

	
16

	
0.777




	
SD/PD

	
54

	
24

	
30

	

	
13

	
41

	




	
Indeterminate

	
12

	
6

	
6

	

	
0

	
12

	




	
Histological NAC efficacy

	

	

	

	

	

	

	




	
Ineffective (Grade 0-1a)

	
51

	
28

	
23

	
0.388

	
14

	
37

	
0.189




	
Effective (Grade 1b-2)

	
37

	
16

	
21

	

	
5

	
32

	








Abbreviation: NAC—neoadjuvant chemotherapy; MLKL—mixed lineage kinase domain-like protein; pMLKL—phosphorylated MLKL; RECIST, Response Evaluation Criteria in Solid Tumors; CR, complete response; PR, partial response; SD, stable disease; PD, progressive disease. * Statistical significance.
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Table 2. Univariable analysis of patients’ 5 year overall survival.
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	Variable
	Person-Year
	Event
	HR (95% CI)
	p





	Age (years)
	
	
	
	



	<65
	101
	11
	ref
	



	≥65
	194
	22
	1.08 (0.52–2.23)
	0.830



	Gender
	
	
	
	



	Female
	42
	7
	ref
	



	Male
	253
	26
	0.63 (0.27–1.45)
	0.280



	pT
	
	
	
	



	pT1-2
	138
	9
	ref
	



	pT3-T4
	157
	24
	2.26 (1.05–4.87)
	0.037 *



	pN
	
	
	
	



	pN0
	98
	3
	ref
	



	pN1-N3
	198
	30
	4.73 (1.44–15.53)
	0.010 *



	Pathological stage
	
	
	
	



	Stage I/II
	129
	5
	ref
	



	Stage III/IV
	167
	28
	4.08 (1.57–10.59)
	0.0039*



	Differentiation
	
	
	
	



	Poor
	29
	3
	ref
	



	Well, moderate
	258
	30
	1.24 (0.38–4.08)
	0.720



	Resection margin
	
	
	
	



	R0
	282
	26
	ref
	



	R1
	14
	7
	5.03 (2.15–11.8)
	<0.001 *



	RECIST grade
	
	
	
	



	CR/PR
	77
	5
	ref
	



	SD/PD
	175
	24
	2.13 (0.81–5.59)
	0.120



	Histological NAC efficacy
	
	
	
	



	Ineffective (Grade 0–1a)
	158
	25
	ref
	



	Effective (Grade 1b–2)
	138
	8
	0.38 (0.17–0.84)
	0.017 *



	post-NAC MLKL
	
	
	
	



	Low
	162
	13
	ref
	



	High
	134
	20
	1.79 (0.89–3.60)
	0.100



	post-NAC pMLKL
	
	
	
	



	Low
	245
	21
	ref
	



	High
	50
	12
	2.60 (1.27–5.31)
	0.0087 *







Abbreviations: HR, hazard ratio; CI, confidence interval; NAC, neoadjuvant chemotherapy, MLKL, mixed lineage kinase domain-like protein; pMLKL, phosphorylated MLKL; RECIST, Response Evaluation Criteria in Solid Tumors; CR, complete response; PR, partial response; SD, stable disease; PD, progressive disease. * Statistical significance.
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Table 3. Multivariable analysis of patients’ 5 year overall survival.
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	Variable
	Person-Year
	Event
	HR (95% CI)
	p





	Age (years)
	
	
	
	



	<65
	101
	11
	ref
	



	≥65
	194
	22
	1.35 (0.63–2.92)
	0.440



	Gender
	
	
	
	



	Female
	42
	7
	ref
	



	Male
	253
	26
	0.64 (0.25–1.61)
	0.344



	pT
	
	
	
	



	pT1-T2
	138
	9
	ref
	



	pT3-T4
	157
	24
	1.30 (0.56–3.00)
	0.546



	pN
	
	
	
	



	pN0
	98
	3
	ref
	



	pN1-N3
	198
	30
	4.42 (1.29–15.20)
	0.018 *



	Resection margin
	
	
	
	



	R0
	282
	26
	ref
	



	R1
	14
	7
	3.43 (1.30–9.05)
	0.013 *



	Histological NAC efficacy
	
	
	
	



	Ineffective (Grade 0–1a)
	158
	25
	ref
	



	Effective (Grade 1b–2)
	138
	8
	0.52 (0.22–1.21)
	0.127



	post-NAC pMLKL
	
	
	
	



	Low
	245
	21
	ref
	



	High
	50
	12
	2.48 (1.11–5.57)
	0.027 *







Abbreviations: HR, hazard ratio; CI, confidence interval; NAC, neoadjuvant chemotherapy; pMLKL, phosphorylated mixed lineage kinase domain-like protein. * Statistical significance.
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Table 4. Pre-NAC expression status of the markers and its correlation with clinicopathological factors.
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Variable

	
N

	
Pre-NAC MLKL

	
p

	
Pre-NAC pMLKL

	
p




	

	

	
High

	
Low

	

	
High

	
Low

	






	

	
53

	
27

	
26

	

	
14

	
39

	




	
Age (years)

	

	

	

	

	

	

	




	
≥65

	
33

	
16

	
17

	
0.779

	
7

	
26

	
0.341




	
<65

	
20

	
11

	
9

	

	
7

	
13

	




	
Gender

	

	

	

	

	

	

	




	
Male

	
45

	
25

	
20

	
0.142

	
11

	
34

	
0.422




	
Female

	
8

	
2

	
6

	

	
3

	
5

	




	
pT

	

	

	

	

	

	

	




	
pT1-T2

	
28

	
13

	
15

	
0.586

	
6

	
22

	
0.534




	
pT3-T4

	
25

	
14

	
11

	

	
8

	
17

	




	
pN

	

	

	

	

	

	

	




	
pN0

	
17

	
5

	
12

	
0.042 *

	
2

	
15

	
0.180




	
pN1-N3

	
36

	
22

	
14

	

	
12

	
24

	




	
Pathological stage

	

	

	

	

	

	

	




	
Stage I/II

	
19

	
7

	
12

	
0.158

	
3

	
16

	
0.330




	
Stage III/IV

	
34

	
20

	
14

	

	
11

	
23

	




	
Differentiation

	

	

	

	

	

	

	




	
Well, moderate

	
45

	
20

	
25

	
0.010 *

	
12

	
33

	
1.000




	
Poor

	
7

	
7

	
0

	

	
2

	
5

	




	
Unclassifiable

	
1

	
0

	
1

	

	
0

	
1

	




	
Resection margin

	

	

	

	

	

	

	




	
R0

	
50

	
25

	
25

	
1.000

	
14

	
36

	
0.557




	
R1

	
3

	
2

	
1

	

	
0

	
3

	




	
RECIST grade

	

	

	

	

	

	

	




	
CR/PR

	
16

	
8

	
8

	
0.540

	
3

	
13

	
0.195




	
SD/PD

	
28

	
17

	
11

	

	
11

	
17

	




	
Indeterminate

	
9

	
2

	
7

	

	
0

	
9

	




	
Histological NAC efficacy

	

	

	

	

	

	

	




	
Ineffective (Grade 0–1a)

	
30

	
17

	
13

	
0.412

	
12

	
18

	
0.013 *




	
Effective (Grade 1b–2)

	
23

	
10

	
13

	

	
2

	
21

	








Abbreviation: NAC, neoadjuvant chemotherapy, MLKL, mixed lineage kinase domain-like protein; pMLKL, phosphorylated MLKL; RECIST, Response Evaluation Criteria in Solid Tumors; CR, complete response; PR, partial response; SD, stable disease; PD, progressive disease. * Statistical significance.
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Table 5. Univariate analysis of patients’ 5 year overall survival based on the pre-NAC status of the markers.
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	Variable
	Person-Year
	Event
	HR (95% CI)
	p





	pre-NAC MLKL
	
	
	
	



	Low
	86
	10
	ref
	



	High
	88
	8
	0.80 (0.31–2.03)
	0.638



	pre-NAC pMLKL
	
	
	
	



	Low
	137
	11
	ref
	



	High
	38
	7
	2.17 (0.84–5.64)
	0.111







Abbreviations: HR, hazard ratio; CI, confidence interval; NAC, neoadjuvant chemotherapy; MLKL, mixed lineage kinase domain-like protein; pMLKL, phosphorylated MLKL.
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