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Abstract

:

Simple Summary


Nerve fibers in the microenvironment of malignant tumors have been shown to be an important prognostic factor for long-term survival in various cancer types; however, their role in intrahepatic cholangiocarcinoma remains to be determined. Therefore, the impact of nerve fibers on long-term survival was investigated in a large European cohort of patients with intrahepatic cholangiocarcinoma who were treated by curative-intent surgical resection. By univariate and multivariate statistics, the absence of nerve fibers was determined to be an independent predictor of impaired long-term survival. A group comparison between patients with and without nerve fibers showed a statically significant difference with a cancer-specific 5-year-survival of 47% in patients with nerve fibers compared to 21% in patients without nerve fibers. Thus, the presence of nerve fibers in the microenvironment of intrahepatic cholangiocarcinoma is revealed as a novel and important prognostic biomarker in these patients.




Abstract


The oncological role of the density of nerve fibers (NFs) in the tumor microenvironment (TME) in intrahepatic cholangiocarcinoma (iCCA) remains to be determined. Therefore, data of 95 iCCA patients who underwent hepatectomy between 2010 and 2019 was analyzed regarding NFs and long-term outcome. Extensive group comparisons were carried out and the association of cancer-specific survival (CSS) and recurrence-free survival (RFS) with NFs were assessed using Cox regression models. Patients with iCCA and NFs showed a median CSS of 51 months (5-year-CSS = 47%) compared to 27 months (5-year-CSS = 21%) in patients without NFs (p = 0.043 log rank). Further, NFs (hazard ratio (HR) = 0.39, p = 0.002) and N-category (HR = 2.36, p = 0.010) were identified as independent predictors of CSS. Patients with NFs and without nodal metastases displayed a mean CSS of 89 months (5-year-CSS = 62%), while patients without NFs or with nodal metastases but not both showed a median CCS of 27 months (5-year-CSS = 25%) and patients with both positive lymph nodes and without NFs showed a median CCS of 10 months (5-year-CSS = 0%, p = 0.001 log rank). NFs in the TME are, therefore, a novel and important prognostic biomarker in iCCA patients. NFs alone and in combination with nodal status is suitable to identify iCCA patients at risk of poor oncological outcomes following curative-intent surgery.
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1. Introduction


Based on the anatomical localization of the primary tumor, cholangiocellular carcinomas (CCA) can be devided into intrahepatic CCA (iCCA), perihilar CCA (pCCA) and distal CCA (dCCA) [1]. Even though iCCA is the least common subtype of CCA, it still comprises about 15% of all primary liver tumors [2]. The ever-increasing global incidence of iCCA underlines the oncological significance of this disease [3,4]. Although, in some cases, the etiology of CCA remains unclear, cholestatic conditions and diseases associated with chronic inflammation are considered to be the major traditional risk factors in the oncogenesis of CCA [5]. In iCCA patients in particular, etiological factors such as parenchymal disease related to hepatic cirrhosis, viral hepatis or chronic alcohol consumption may play a pronounced role, illustrating distinct differences compared to the extrahepatic subtypes of CCA [5]. Irrespective of the CCA subentity, radical surgery with lymphadenectomy followed by adjuvant chemotherapy is considered as the current gold-standard approach as it provides improved long-term outcomes in comparison to merely medical or interventional treatment [6,7,8].



Radical resection of iCCA often requires extended liver resections as iCCA is often diagnosed in advanced disease stages. This may often result in increased perioperative morbidity and mortality [9]. Over the past decades, new surgical techniques have entered the clinical arena (e.g., Associating Liver Partition and Portal Vein Ligation for Staged Hepatectomy (ALPPS), preoperative portal vein embolization (PVE)), allowing surgery in patients even with a large tumor burden. Furthermore, as modern perioperative management facilitated surgery in elderly or patients with multiple comorbidities, more patients become candidates for radical surgical therapy [7,10,11]. Despite these advancements, the overall oncological prognosis in iCCA remains poor even after “curative-intent” surgery, with early tumor recurrence in many patients [12,13,14,15]. Identifying patients with particularly favorable oncological prognosis may allow individualized post-resection surveillance and therapy and is, therefore, of upmost clinical and scientific importance.



Our group has recently reported the significant prognostic value of nerve fibers (NFs) in the tumor microenvironment (TME) in a cohort pCCA patients [16] (Figure 1). CCAs often show perineural invasion (PNI), which can be recognized on routine hematoxylin and eosin (H&E) staining. Nevertheless, there is an important difference between traditional PNI and NFs concerning the size of the nerve fibers. The nerve fibers included in the NF count have a smaller diameter and are usually not visible on H&E routine staining and require additional immunohistochemical staining (Figure 2). Although NFs, as prognostic biomarkers, have also been investigated not just in pCCA but also in other malignancies, e.g., colorectal or gastric cancer and pancreatic ductal adenocarcinoma (PDAC) [17,18,19,20], their role in iCCA remains to be determined. Therefore, in the present study, we aimed to investigate NFs as a prognostic marker in a European cohort of iCCA patients undergoing curative-intent surgery.




2. Materials and Methods


2.1. Patient Cohort


All consecutive patients scheduled for surgical resection for iCCA at the University Hospital RWTH Aachen (UH-RWTH) between 2010 and 2019 were considered for inclusion in this study. Out of the complete cohort of patients (n = 120), a subset of individuals (n = 24) were excluded (n = 10 cases of perioperative mortality; n = 14 with missing NF data). Subsequently, a final cohort of 96 patients was analyzed. The study was evaluated and approved by the Institutional Review Board of the Medical Faculty of the RWTH-Aachen University (EK 106/18) and conducted in accordance with the principles of the Declaration of Helsinki, and good clinical practice guidelines (ICH-GCP).




2.2. Oncological Staging and Surgical Technique


All patients included in this study underwent a detailed clinical work-up as previously described [7,15,16]. Briefly, resection planning was carried out, and the presence of distant metastases was ruled out using magnetic resonance imaging (MRI) and/or multiphase computed tomography imaging (CT). Further, the preoperative work-up comprised liver volumetry and portal vein embolization (PVE) in patients with insufficient future liver remnant (FLR) scheduled for right-sided hepatectomy. The indication for surgical resection as the primary treatment was based on the final clinical evaluation by one of the senior hepatobiliary staff surgeons and approved by the local multidisciplinary tumor board in all cases. Surgery was carried out as previously described [7,15]. Depending on the local tumor extent, surgical procedures ranged from limited atypical resections to extended liver resections as well as vascular resections and reconstructions in cases with tumors extending to the liver hilum and ALPPS or PVE in individuals with insufficient FLR (Table 1). A systematic lymphadenectomy including the celiac, the posterior pancreaticoduodenal, the common hepatic, the periportal and pericholedochal lymph nodes was routinely carried out in all cases. All specimens were routinely evaluated by a trained pathologist.




2.3. Adjuvant Therapy and Patient Follow-Up


Adjuvant therapy was advised by the multidisciplinary tumor board for patients diagnosed with high-risk characteristics (e.g., R1 resection or positive nodal status) from 2010 to 2017. From 2017 on, adjuvant therapy was recommended in every case in accordance with findings of the BILCAP (Capecitabine compared with observation in resected biliary tract cancer) trial [8]. Each patient underwent a regular follow-up by the referring oncologist or the local outpatient clinic including standard laboratory blood tests with tumor markers (carbohydrate antigen (CA) 19–9), clinical examinations and cross-sectional imaging. Additional diagnostics, e.g., imaging and/or biopsy, were performed if tumor recurrence was suspected, as described previously [16].




2.4. Assessment of Nerve Fibers


Formalin fixed paraffin embedded (FFPE) blocks were retrieved from the archive of the local institute of pathology and slides were cut to perform immunohistochemistry staining with the neuronal marker PGP9.5. For this, we used sections (2.5 μm) deparaffinized in xylene and rehydrated in graded alcohols. The tissue was heated in citrate buffer (Agilent, Santa Clara, CA, USA) (pH 6.0) at 95–100 °C for 5 min and colled down for 20 min. The immunostaining anti-rabbit PGP9.5 (Dako antibody 1:100, (Agilent, Santa Clara, CA, USA)) was incubated overnight at 4 °C. All slides contained tumor tissue and the peritumoral region and were scanned with a Ventana digital slide scanner (Roche, Rotkreuz, Switzerland). A single digital image was uploaded in Qupath 0.1.6 (Centre for Cancer Research & Cell Biology at Queen’s University Belfast, United Kingdom). As previously described, nerve fiber count was analyzed by a trained pathologist who was blinded to the clinical outcomes of the individual patients. The presence of nerve fascicles at the invasive tumor margin with diameters of <100 μm was determined in 20 continuous visual fields at ×200 magnification by manual counting without the utilization of computer methods [16,19].




2.5. Statistical Analysis


The statistical endpoint of this study was cancer-specific survival (CSS), which was defined from the date of resection to the date of tumor-specific death. Deaths not associated with the tumor, e.g., cardiovascular events etc., were censored at the time of death. The secondary endpoint was recurrence-free survival (RFS), which was defined as the period from surgery to the date of first recurrence. Patients without tumor recurrence were censored at the time of death or at the last follow-up. Perioperative mortality was defined as in-hospital mortality. For NF categorization, a cut-off level was calculated by the receiver operating characteristic (ROC)-analysis of CCS with respect to NFs, as previously described [16,19]. Differences between the groups were evaluated by the Mann–Whitney-U-Test in case of continuous variables, while the chi-squared test, fisher’s exact test or linear-by-linear association in accordance with scale and number count were used in case of categorical variables. The associations of CSS and RFS with clinico-pathological variables were determined using univariate and multivariable Cox regression analyses in a backward selection model. Survival curves were generated by the Kaplan–Meier method and compared with the log-rank test. Median follow up was calculated with the reverse Kaplan–Meier method. p-values were given for two-sided testing and the level of significance was set to p < 0.05. All analyses were performed using SPSS Statistics 24 (IBM Corp., Armonk, NY, USA)).





3. Results


3.1. Patient Cohort


The patient cohort consisted of 55 women (57%) and 41 men (43%) with a median age of 65 years and the majority being assessed as ASA (American Society of Anesthesiologists classification) III or higher (53%, 51/96). Neoadjuvant therapy was applied in a small number of patients (8%, 8/96). Most of the patients underwent major liver surgery (66%, 64/96) to achieve R0 resections. Accordingly, an R0 status was observed in 93% (88/96) of the cohort. Further, nodal metastases were present in 30% of the patients (27/90). Major complications, as defined by Clavien–Dindo ≥ IIIa, were observed in 35% (34/96) of the cases. Patients displaying perioperative mortality were excluded from the analysis, as stated above. Further general demographic and clinico-pathological characteristics of the study cohort are presented in Table 1.




3.2. Group Categorization and Comparative Analysis with Respect to Nerve Fiber Density


A ROC analysis evaluating the total number of NFs (median number NFs in the cohort: 0 (range: 0–35)) for patients who survived at least 3 years versus patients who died during follow up was conducted. The corresponding area under the curve (AUC) was 0.618 (95% confidence interval (CI): 0.502–0.775). A cut-off value for NFs was determined with respect to optimized accuracy and equal weight for sensitivity and specificity errors (0 NF and ≥1 NF). Using the established cut-off value, the median CSS was 51 months in patients with NFs and 27 months in patients without NFs (p = 0.043 log rank).



A comparative group analysis regarding NFs was further carried out between patients with NFs (n = 45) and without NFs (n = 51). Here, no clinical differences were observed. Of note, no statistical differences in pathological characteristics, e.g., pT category (p = 0.400), pN category (p = 0.854), tumor grading (p = 0.114), lymphovascular invasion (LVI, p = 0.618), microvascular invasion (MVI, p = 0.252) and PNI (p = 0.175), were detected between the groups. However, the median CSS (51 months (95% CI: 12–90) vs. 27 months (95% CI: 19–35), p = 0.043 log rank) and the median RFS (20 months (95% CI: 0–41) vs. 8 months (95% CI: 5–11), p = 0.043 log rank) were significantly longer in patients with NFs compared to patients without NFs. A detailed overview of the cohort and both subgroups is outlined in Table 1.




3.3. Cox Regression Analysis


To investigate predictors of CSS and RFS in the overall cohort, univariate and multivariable Cox regressions were carried out. Here, in univariate analysis, postoperative complications (p = 0.007), N-category (p = 0.001), tumor grading (p = 0.014), LVI (p = 0.001), PNI (p = 0.011) and NFs (p = 0.048) were significantly associated with CSS. All variables showing p-value < 0.10 were included in a multivariable Cox regression model. Here, preoperative hemoglobin (hazard ratio (HR) = 0.51, p = 0.024), N-category (HR = 4.78, p = 0.001), NFs (HR = 0.47, p = 0.024) and neoadjuvant therapy (HR = 8.84, p = 0.002) were identified as independent predictors of CSS (Table 2).



In univariate analysis, postoperative complications (p = 0.028), intraoperative blood transfusions (p = 0.034), duration of hospitalization (p = 0.031), N-category (p = 0.001), microvascular invasion (MVI, p = 0.012), LVI (p = 0.013) and NFs (p = 0.009) showed significant associations with RFS. In the following multivariable Cox regression model, duration of hospitalization (HR = 1.78, p = 0.049), N-category (HR = 2.36, p = 0.010) and NFs (HR = 0.39, p = 0.002) were identified as independent predictors of RFS (Table 3).




3.4. Suvival Analysis


After a median follow-up of 67 months, the median CSS of the whole cohort was 30 months (95% CI: 23–37), the median OS 28 months (95% CI: 20–36) and the median RFS 12 months (95% CI: 8–16, Figure 3A,B). A Kaplan–Meier analysis with respect to NFs showed a median CSS of 51 months (95% CI: 48–132, 3-year-CSS = 54%, 5-year-CSS = 47%) in patients with NFs compared to 27 months (95% CI: 19–47, 3-year-CSS = 35%, 5-year-CSS = 21%) in patients without NFs (p = 0.043 log rank, Figure 3C). Further, RFS was significantly lower in patients without NFs (8 months (95% CI: 5–11)) compared to patients with NFs (20 months (95% CI: 0–41), p = 0.006 log rank, Figure 3D). As both NF and N-category were independent predictors of CCS in the multivariable Cox regressions, a combined Kaplan–Meier analysis was conducted and showed a mean CSS of 89 months (95% CI: 65–111, 3-year-CSS = 73%, 5-year-CSS = 62%) in patients with NFs and negative lymph nodes, a median CCS of 27 months (95% CI: 17–37, 3-year-CSS = 36%, 5-year-CSS = 25%) in patients with either positive lymph nodes or no NFs but not both, and 10 months (95% CI: 6–14, 3-year-CSS = 0%, 5-year-CSS = 0%) in patients with both positive lymph nodes and no NFs (p = 0.001 log rank, Figure 3E). Accordingly, the median RFS was 36 months (95% CI: 24–48) in patients with NFs and negative lymph nodes, 10 months (95% CI: 6–15) in patients with either positive lymph nodes or no NFs but not both, and 5 months (95% CI: 3–6) in patients with both positive lymph nodes and no NFs (p = 0.001 log rank, Figure 3F).




3.5. Histological Characteristics


Scanned images of the H&E and PGP9.5 were descriptively analyzed. The region marked as tumor on the H&E staining was identified on the PGP immunostaining as well. Nerve fibers in the TME were observed and counted according to the previously described method. We observed that the small nerve fibers were mainly located at the periphery of the tumor and not in the center (Figure 4).





4. Discussion


ICCA is commonly diagnosed in advanced disease stages and associated with dismal oncological survival [1]. Despite recent advances in diagnosis, operative and systemic therapy, the 5-year-surival has not substantially improved and rarely reaches over 20%, with high rates of tumor recurrence being the main reason for these discouraging results [1,21,22]. Based on this, the identification of novel prognostic (bio)markers may provide insight into the underlying tumor biology of the disease and has the potential to further improve individualized medical management of these complex patients [15]. In this translational retrospective study, we identified NFs as a powerful novel prognostic biomarker for long-term oncological outcome in iCCA patients. Further, we could also demonstrate that the combination of NFs and traditional nodal status shows an excellent ability to stratify these patients regarding the overall prognosis after curative-intent liver resection.



NFs are believed to play an essential role in the crosstalk between tumor cells and other components of the TME such as immune cells or cancer-associated fibroblasts (CAF) [23,24,25,26]. This inter-cellular cross talk is partly based on neurotransmitters from NFs interacting with tumor cells, or ones that are released from cancer cells binding to receptors located on NFs [27,28,29,30]. Further, CAF-associated remodeling of the extracellular matrix does also result in neuron growth [23,24]. After the above-mentioned functions of NFs were described, their oncological role has been investigated in various malignancies, e.g., gastric and colorectal carcinomas [17,18]. Interestingly, in these disease entities, high density of NFs is associated with impaired oncological outcome in contrast to the observation in our present study. However, NFs seem to play a different role in cancer, depending on the tumor entity and, most probably, depending on the specific tumor microenvironment. Nonetheless, results from the present study are in line with our previous report regarding pCCA. Importantly, a recent report by Iwasaki et al. also identified a low density of NFs to be independently associated with reduced survival after surgical resection in PDAC [16,19,20]. The detailed underlying mechanistic explanation of this clinical observation is not yet clear and is beyond the scope of this clinical study. In former observations of our group, we have identified some of the small nerve fibers in the TME to be of parasympathetic origin [16]. Of note, these small NFs must be differentiated from larger preexisting nerve trunks, which can show tumor infiltration of the epineurial, perineural and endoneurial space of the nerve and are, therefore, traditionally used to define PNI [16,31,32]. Unfortunately, the role of the nervous system in cancer initiation and progression is not yet fully understood. However, some basic research does suggest some antitumor effects of the parasympathetic system, e.g., increased tumor growth and impaired survival in a vagotomized PDAC mouse model [33]. Another report of Kamiya et al. showed a decreased local tumor progression and attenuation of the development of distant metastases after increasing parasympathetic neurotransmission in a xenograft model of breast cancer [34]. While being speculative in nature, these findings might also provide a partial explanation for our clinical observations.



The identification of low-risk and high-risk cohorts and the selection of NF cutoffs appears to differ largely between various tumor entities. In breast cancer, NF density was categorized into no NFs, weak expression with 1–10 NFs and moderate/strong expression with >10 NFs by Zhao et al. [35]. In PDAC, intrapancreatic neural density was defined as low with ≤7 NFs and as high with >7 NFs [19]. In our previous work focusing on pCCA, we defined NF density as low in cases with <10 NFs and a high in individuals with ≥10 NFs [16]. While the differences of optimal cut-off values for risk stratification of different tumors and/or patient cohorts certainly appear logical from a statistical point-of-view and are frequently observed in case of other prognostic (bio)markers as well, the distinct observations made in this iCCA cohort (NFs vs. no NFs) and in our previous analysis regarding pCCA must be discussed critically [16]. PCCA are relatively homogeneous in their histological characteristics and are basically conventional mucin-producing adenocarcinomas or papillary tumors [36]. In contrast, iCCA can be divided into several histological subtypes with a conventional type, cholangiolocarcinomas and rare variants [37]. Conventional iCCA can be subdivided into large duct type and small duct type cancers. Large duct iCCA arises from large intrahepatic bile ducts and is histologically a mucin-producing tumor arranged in a large duct or papillary architecture, similarly to pCCA [38]. Small duct iCCA, in contrast, is a tubular or acinar adenocarcinoma with nodular growth and no or minimal mucin production, which originates from smaller intrahepatic bile ducts [39]. Notably, these histological differences also reflect the molecular heterogeneity of iCCA [37]. Small duct iCCA can often show isocitrate dehydrogenase (IDH1, IDH2) mutations or fibroblast growth factor receptor 2 (FGFR2) fusions [40,41]. In contrast, large duct iCCA shows a high frequency of mutations in Kirsten Rat Sarcoma (KRAS) and/or Tumor Protein 53 (TP53) genes similar to pCCA [42]. Given the similarities of one iCCA subtype with pCCA and the considerable differences of some iCCA subtypes in molecular and histological characteristics to pCCA, it might lead us to the assumption that the whole entity of iCCA might be strongly heterogeneous, which may require a distinct NF cut-off identification to stratify high- and low-risk patients in the future. Unfortunately, molecular data was not available for analysis in our cohort to correlate the NFs characteristics with separate genetic subtypes of iCCA.



From a clinical-oncological point of view, our results are in line with previous findings. The analyzed cohort of iCCA patients showed a 5-year-CCS of 34% and 5-year-OS of 29%. In a systematic review of 57 studies including more than 4500 patients undergoing liver resection for iCCA, 5-year-OS ranged from 5% to 56% depending on the frequency of typical risk factors, e.g., age, pathological characteristics or lymph node metastases [43]. In our cohort, absence of NFs, nodal metastases, low preoperative hemoglobin and neoadjuvant therapy were independent predictors of inferior CCS. In fact, neoadjuvant therapy (HR = 8.84) had the most pronounced impact on survival followed by lymph node metastases (HR = 4.78) and NFs (HR = 0.47). The role of neoadjuvant therapy in iCCA is a matter of an ongoing debate and its role remains to be defined. In a large multicentric analysis, no difference in oncological survival between patients undergoing upfront surgery versus patients who underwent preoperative chemotherapy was observed; however, patients scheduled for neoadjuvant therapy displayed significantly more advanced tumors in this study [44]. This reflects common international standards and also the clinical routine in our centre proceeding with upfront surgery in patients with resectable disease [1,45]. Neoadjuvant therapy in our study cohort was, therefore, applied to a small subset of patients (n = 8) presenting with a large tumor mass and/or major vascular involvement. The biased selection of this high-risk subgroup of patients does certainly explain the high hazard ratio in our analysis.



The presence of NFs, in particular, resulted in a prominent division of our cohort according to long-term outcome, with a median CCS of 51 months (5-year-CSS = 47%) in patients with NFs in the TME and a median CCS of 27 months (5-year-CSS = 21%) in patients without NFs in the TME, indicating an important predictive value of this histological marker. This large difference in survival can be attributed to the good predictive value of NFs in terms of tumor recurrence. Here, the absence of NFs among lymph node metastases and long duration of hospitalization were associated with inferior RFS. The median RFS was 20 months (3-year-RFS 38%) in patients with NFs and 8 months (3-year-RFS 15%) in patients without NFs. This well-illustrates that tumor recurrence remains the major problem in iCCA patients. Repeated liver resections which provide appropriate long-term outcome are unfortunately only applicable for the minority of patients experiencing tumor recurrence [46,47]. Most patients still undergo systemic therapy, which is characterized by limited response and resistance to chemotherapy, thus resulting in early disease progression [6].



The prognostic role of nodal status in iCCA is abundantly discussed elsewhere [15,48,49]. As nodal status was not associated with the presence of NFs in the TME in our group comparison (Table 1) and both variables showed significant risks in our multivariable Cox regression models for RFS and CCS, we created subgroups based on NFs and the pN category to stratify patients regarding long-term outcome. Here, patients with low oncological risk (presence of NFs and negative lymph nodes) displayed a compelling outcome with a 5-year-CCS of 62%, while patients with medium risk (absence of NFs or positive lymph nodes but not both) showed an “average” outcome with a 5-year-CCS of 25%, followed by patients with high risk (absence of NFs and positive lymph nodes) yielding a dismal long-term outcome with a 3-year-CCS of 0%. This observation is novel and interesting with a potential impact on the clinical management of these patients. Surgical resection in patients with positive lymph nodes alone is usually associated with inferior outcome and the survival benefit appears marginally to systemic therapy alone in some previous reports [50,51]. Therefore, some authors suggest a very critical approach to surgery in iCCA with nodal metastases [1]. Our department strategy comprises a radical approach to iCCA that does not deny patients the possibility of radical surgery even in cases where lymph node positivity is confirmed in intraoperative frozen sections [7,15]. However, it has to be acknowledged that our high-risk subgroup (absence of NFs and positive lymph nodes) showed a median CCS of 10 months, which is indeed inferior to the results of systemic therapy, as shown in the ABC-02 trial evaluating Gemcitabine and Cisplatin in the palliative setting displaying a median OS of 12 months [6]. As iCCA does usually present with a notable tumor mass at the time of diagnosis, tissue for preoperative histological analysis is more easily obtainable by biopsy compared to pCCA [16]. If the absence NFs is, therefore, known preoperatively and other oncological risk factors are present in the individual patient, e.g., positive lymph nodes determined by preoperative endoscopic ultrasound-guided fine-needle biopsy, staging laparoscopy or by intraoperative frozen sections, liver resection should be carefully evaluated in these patients as the oncological benefit might not justify the perioperative risks of surgery. This statement represents one of the most important clinical messages of this study.



As with other retrospective translational studies, our analysis has some potential limitations. First, all patients of this study underwent surgery in a single center in accordance with the authors’ individual approach to iCCA, and all clinical data were obtained in a retrospective fashion. Second, the retrospective nature of our study resulted in some missing data, which would have been interesting to report in the context of the oncological analysis, e.g., CA19-9. Third, the limited sample size did not allow the division of the cohort into a training and validation set, which would have strengthened our statistical analysis. Further, our data and the resulting observations would certainly require confirmation within a large independent and, optimally, multi-center dataset to reduce the risk of bias, and no amount of reanalysis of the current cohort can eliminate this need. Fourth, it is not possible to deeply investigate the associations of NFs with tumor characteristics using our data. Such investigations focusing on the underlying pathophysiological mechanisms may include extensive radiologic and biological data (e.g., tumor genetics) which were not available for this study but should be the topic of further investigations.




5. Conclusions


Notwithstanding the above-mentioned limitations, we have identified NFs as a novel and important prognostic biomarker in iCCA patients. The presence of NFs alone and in combination with nodal status allow for stratification of iCCA patients in terms of oncological outcome after curative-intent surgery. These findings have the potential to be clinically implemented since the NF count requires only one simple immunohistochemical staining and the nodal status is a routine characteristic in the pathology report. Larger, multi-center studies are needed to confirm and validate our findings.







Author Contributions


Conceptualization, J.B. and L.R.H.; methodology, J.B., U.P.N. and L.R.H.; formal analysis, J.B., X.T., Z.C., D.L., S.A.L., S.S., J.N.K., M.d.D., M.C., T.F.U. and L.R.H.; investigation, J.B., X.T., S.A., M.R., S.B., E.D., N.T.G. and L.R.H.; resources, E.D. and U.P.N.; data curation, J.B., Z.C., M.d.D., M.C. and T.F.U.; writing—original draft preparation, J.B., X.T. and L.R.H.; writing—review and editing, J.B., X.T., Z.C., D.L., S.A.L., S.S., J.N.K., S.A., M.R., S.B., E.D., N.T.G., M.d.D., M.C., T.F.U. and U.P.N.; supervision, U.P.N. and L.R.H.; project administration, U.P.N. and L.R.H. All authors have read and agreed to the published version of the manuscript.




Funding


This particular research received no external funding. X.T. received a scholarship from the China Scholarship Council (CSC Grant No. 201806210074).




Institutional Review Board Statement


The study was conducted according to the guidelines of the Declaration of Helsinki, and approved by the Institutional Review Board of RWTH Aachen University (protocol code: EK 106/18; date of approval: 22 November 2019).




Informed Consent Statement


Informed consent was obtained from all subjects involved in the study.




Data Availability Statement


The data presented in this study are available on request from the corresponding author.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Banales, J.M.; Marin, J.J.G.; Lamarca, A.; Rodrigues, P.M.; Khan, S.A.; Roberts, L.R.; Cardinale, V.; Carpino, G.; Andersen, J.B.; Braconi, C.; et al. Cholangiocarcinoma 2020: The next horizon in mechanisms and management. Nat. Rev. Gastroenterol. Hepatol. 2020, 17, 557–588. [Google Scholar] [CrossRef]

	



Banales, J.M.; Cardinale, V.; Carpino, G.; Marzioni, M.; Andersen, J.B.; Invernizzi, P.; Lind, G.E.; Folseraas, T.; Forbes, S.J.; Fouassier, L.; et al. Expert consensus document: Cholangiocarcinoma: Current knowledge and future perspectives consensus statement from the European Network for the Study of Cholangiocarcinoma (ENS-CCA). Nat. Rev. Gastroenterol. Hepatol. 2016, 13, 261–280. [Google Scholar] [CrossRef]

	



Khan, S.A.; Tavolari, S.; Brandi, G. Cholangiocarcinoma: Epidemiology and risk factors. Liver Int. Off. J. Int. Assoc. Study Liver 2019, 39 (Suppl. S1), 19–31. [Google Scholar] [CrossRef]

	



Rizvi, S.; Khan, S.A.; Hallemeier, C.L.; Kelley, R.K.; Gores, G.J. Cholangiocarcinoma—Evolving concepts and therapeutic strategies. Nat. Rev. Clin. Oncol. 2018, 15, 95–111. [Google Scholar] [CrossRef] [PubMed]

	



Clements, O.; Eliahoo, J.; Kim, J.U.; Taylor-Robinson, S.D.; Khan, S.A. Risk factors for intrahepatic and extrahepatic cholangiocarcinoma: A systematic review and meta-analysis. J. Hepatol. 2020, 72, 95–103. [Google Scholar] [CrossRef] [PubMed]

	



Valle, J.; Wasan, H.; Palmer, D.H.; Cunningham, D.; Anthoney, A.; Maraveyas, A.; Madhusudan, S.; Iveson, T.; Hughes, S.; Pereira, S.P.; et al. Cisplatin plus gemcitabine versus gemcitabine for biliary tract cancer. N. Engl. J. Med. 2010, 362, 1273–1281. [Google Scholar] [CrossRef] [PubMed]

	



Bednarsch, J.; Czigany, Z.; Lurje, I.; Strnad, P.; Bruners, P.; Ulmer, T.F.; den Dulk, M.; Lurje, G.; Neumann, U.P. The role of ALPPS in intrahepatic cholangiocarcinoma. Langenbeck’s Arch. Surg. Dtsch. Ges. Fur Chir. 2019, 404, 885–894. [Google Scholar] [CrossRef] [PubMed]

	



Primrose, J.N.; Fox, R.P.; Palmer, D.H.; Malik, H.Z.; Prasad, R.; Mirza, D.; Anthony, A.; Corrie, P.; Falk, S.; Finch-Jones, M.; et al. Capecitabine compared with observation in resected biliary tract cancer (BILCAP): A randomised, controlled, multicentre, phase 3 study. Lancet Oncol. 2019, 20, 663–673. [Google Scholar] [CrossRef]

	



Palen, A.; Garnier, J.; Hobeika, C.; Ewald, J.; Gregoire, E.; Delpero, J.R.; Le Treut, Y.P.; Turrini, O.; Hardwigsen, J. Oncological relevance of major hepatectomy with inferior vena cava resection for intrahepatic cholangiocarcinoma. HPB Off. J. Int. Hepato Pancreato Biliary Assoc. 2021. [Google Scholar] [CrossRef]

	



Li, J.; Moustafa, M.; Linecker, M.; Lurje, G.; Capobianco, I.; Baumgart, J.; Ratti, F.; Rauchfuss, F.; Balci, D.; Fernandes, E.; et al. ALPPS for Locally Advanced Intrahepatic Cholangiocarcinoma: Did Aggressive Surgery Lead to the Oncological Benefit? An International Multi-center Study. Ann. Surg. Oncol. 2020, 27, 1372–1384. [Google Scholar] [CrossRef]

	



Clavien, P.A.; Petrowsky, H.; DeOliveira, M.L.; Graf, R. Strategies for safer liver surgery and partial liver transplantation. N. Engl. J. Med. 2007, 356, 1545–1559. [Google Scholar] [CrossRef]

	



Reames, B.N.; Ejaz, A.; Koerkamp, B.G.; Alexandrescu, S.; Marques, H.P.; Aldrighetti, L.; Maithel, S.K.; Pulitano, C.; Bauer, T.W.; Shen, F.; et al. Impact of major vascular resection on outcomes and survival in patients with intrahepatic cholangiocarcinoma: A multi-institutional analysis. J. Surg. Oncol. 2017, 116, 133–139. [Google Scholar] [CrossRef]

	



Bagante, F.; Spolverato, G.; Weiss, M.; Alexandrescu, S.; Marques, H.P.; Aldrighetti, L.; Maithel, S.K.; Pulitano, C.; Bauer, T.W.; Shen, F.; et al. Defining Long-Term Survivors Following Resection of Intrahepatic Cholangiocarcinoma. J. Gastrointest. Surg. Off. J. Soc. Surg. Aliment. Tract 2017, 21, 1888–1897. [Google Scholar] [CrossRef]

	



Si, A.; Li, J.; Xiang, H.; Zhang, S.; Bai, S.; Yang, P.; Zhang, X.; Xia, Y.; Wang, K.; Yan, Z.; et al. Actual over 10-year survival after liver resection for patients with intrahepatic cholangiocarcinoma. Oncotarget 2017, 8, 44521–44532. [Google Scholar] [CrossRef] [PubMed]

	



Lurje, G.; Bednarsch, J.; Czigany, Z.; Lurje, I.; Schlebusch, I.K.; Boecker, J.; Meister, F.A.; Tacke, F.; Roderburg, C.; Den Dulk, M.; et al. The prognostic role of lymphovascular invasion and lymph node metastasis in perihilar and intrahepatic cholangiocarcinoma. Eur. J. Surg. Oncol. J. Eur. Soc. Surg. Oncol. Br. Assoc. Surg. Oncol. 2019, 45, 1468–1478. [Google Scholar] [CrossRef]

	



Bednarsch, J.; Kather, J.; Tan, X.; Sivakumar, S.; Cacchi, C.; Wiltberger, G.; Czigany, Z.; Ulmer, F.; Neumann, U.P.; Heij, L.R. Nerve Fibers in the Tumor Microenvironment as a Novel Biomarker for Oncological Outcome in Patients Undergoing Surgery for Perihilar Cholangiocarcinoma. Liver Cancer 2021. [Google Scholar] [CrossRef] [PubMed]

	



Albo, D.; Akay, C.L.; Marshall, C.L.; Wilks, J.A.; Verstovsek, G.; Liu, H.; Agarwal, N.; Berger, D.H.; Ayala, G.E. Neurogenesis in colorectal cancer is a marker of aggressive tumor behavior and poor outcomes. Cancer 2011, 117, 4834–4845. [Google Scholar] [CrossRef] [PubMed]

	



Zhao, C.M.; Hayakawa, Y.; Kodama, Y.; Muthupalani, S.; Westphalen, C.B.; Andersen, G.T.; Flatberg, A.; Johannessen, H.; Friedman, R.A.; Renz, B.W.; et al. Denervation suppresses gastric tumorigenesis. Sci. Transl. Med. 2014, 6, 250ra115. [Google Scholar] [CrossRef] [PubMed]

	



Iwasaki, T.; Hiraoka, N.; Ino, Y.; Nakajima, K.; Kishi, Y.; Nara, S.; Esaki, M.; Shimada, K.; Katai, H. Reduction of intrapancreatic neural density in cancer tissue predicts poorer outcome in pancreatic ductal carcinoma. Cancer Sci. 2019, 110, 1491–1502. [Google Scholar] [CrossRef] [PubMed]

	



Heij, L.R.; Tan, X.; Kather, J.N.; Niehues, J.M.; Sivakumar, S.; Heussen, N.; van der Kroft, G.; Damink, S.W.M.O.; Lang, S.; Aberle, M.R.; et al. Nerve Fibers in the Tumor Microenvironment Are Co-Localized with Lymphoid Aggregates in Pancreatic Cancer. J. Clin. Med. 2021, 10, 490. [Google Scholar] [CrossRef] [PubMed]

	



Spolverato, G.; Kim, Y.; Alexandrescu, S.; Marques, H.P.; Lamelas, J.; Aldrighetti, L.; Clark Gamblin, T.; Maithel, S.K.; Pulitano, C.; Bauer, T.W.; et al. Management and Outcomes of Patients with Recurrent Intrahepatic Cholangiocarcinoma Following Previous Curative-Intent Surgical Resection. Ann. Surg. Oncol. 2016, 23, 235–243. [Google Scholar] [CrossRef] [PubMed]

	



Alabraba, E.; Joshi, H.; Bird, N.; Griffin, R.; Sturgess, R.; Stern, N.; Sieberhagen, C.; Cross, T.; Camenzuli, A.; Davis, R.; et al. Increased multimodality treatment options has improved survival for Hepatocellular carcinoma but poor survival for biliary tract cancers remains unchanged. Eur. J. Surg. Oncol. J. Eur. Soc. Surg. Oncol. Br. Assoc. Surg. Oncol. 2019, 45, 1660–1667. [Google Scholar] [CrossRef]

	



Preston, M.; Sherman, L.S. Neural stem cell niches: Roles for the hyaluronan-based extracellular matrix. Front. Biosci. 2011, 3, 1165–1179. [Google Scholar] [CrossRef]

	



Gritsenko, P.G.; Ilina, O.; Friedl, P. Interstitial guidance of cancer invasion. J. Pathol. 2012, 226, 185–199. [Google Scholar] [CrossRef] [PubMed]

	



Godinho-Silva, C.; Cardoso, F.; Veiga-Fernandes, H. Neuro-Immune Cell Units: A New Paradigm in Physiology. Annu. Rev. Immunol. 2019, 37, 19–46. [Google Scholar] [CrossRef] [PubMed]

	



Tan, X.; Sivakumar, S.; Bednarsch, J.; Wiltberger, G.; Kather, J.N.; Niehues, J.; de Vos-Geelen, J.; Valkenburg-van Iersel, L.; Kintsler, S.; Roeth, A.; et al. Nerve fibers in the tumor microenvironment in neurotropic cancer-pancreatic cancer and cholangiocarcinoma. Oncogene 2020. [Google Scholar] [CrossRef]

	



Liu, H.P.; Tay, S.S.; Leong, S.; Schemann, M. Colocalization of ChAT, DbetaH and NADPH-d in the pancreatic neurons of the newborn guinea pig. Cell Tissue Res. 1998, 294, 227–231. [Google Scholar] [CrossRef]

	



Dang, N.; Meng, X.; Song, H. Nicotinic acetylcholine receptors and cancer. Biomed. Rep. 2016, 4, 515–518. [Google Scholar] [CrossRef]

	



Sha, M.; Cao, J.; Sun, H.Y.; Tong, Y.; Xia, Q. Neuroendocrine regulation of cholangiocarcinoma: A status quo review. Biochim. Biophys. Acta Rev. Cancer 2019, 1872, 66–73. [Google Scholar] [CrossRef]

	



Franchitto, A.; Onori, P.; Renzi, A.; Carpino, G.; Mancinelli, R.; Alvaro, D.; Gaudio, E. Recent advances on the mechanisms regulating cholangiocyte proliferation and the significance of the neuroendocrine regulation of cholangiocyte pathophysiology. Ann. Transl. Med. 2013, 1, 27. [Google Scholar] [CrossRef]

	



Shirai, K.; Ebata, T.; Oda, K.; Nishio, H.; Nagasaka, T.; Nimura, Y.; Nagino, M. Perineural invasion is a prognostic factor in intrahepatic cholangiocarcinoma. World J. Surg. 2008, 32, 2395–2402. [Google Scholar] [CrossRef]

	



Fisher, S.B.; Patel, S.H.; Kooby, D.A.; Weber, S.; Bloomston, M.; Cho, C.; Hatzaras, I.; Schmidt, C.; Winslow, E.; Staley, C.A., 3rd; et al. Lymphovascular and perineural invasion as selection criteria for adjuvant therapy in intrahepatic cholangiocarcinoma: A multi-institution analysis. HPB Off. J. Int. Hepato Pancreato Biliary Assoc. 2012, 14, 514–522. [Google Scholar] [CrossRef]

	



Partecke, L.I.; Kading, A.; Trung, D.N.; Diedrich, S.; Sendler, M.; Weiss, F.; Kuhn, J.P.; Mayerle, J.; Beyer, K.; von Bernstorff, W.; et al. Subdiaphragmatic vagotomy promotes tumor growth and reduces survival via TNFalpha in a murine pancreatic cancer model. Oncotarget 2017, 8, 22501–22512. [Google Scholar] [CrossRef]

	



Kamiya, A.; Hayama, Y.; Kato, S.; Shimomura, A.; Shimomura, T.; Irie, K.; Kaneko, R.; Yanagawa, Y.; Kobayashi, K.; Ochiya, T. Genetic manipulation of autonomic nerve fiber innervation and activity and its effect on breast cancer progression. Nat. Neurosci. 2019, 22, 1289–1305. [Google Scholar] [CrossRef]

	



Zhao, Q.; Yang, Y.; Liang, X.; Du, G.; Liu, L.; Lu, L.; Dong, J.; Han, H.; Zhang, G. The clinicopathological significance of neurogenesis in breast cancer. BMC Cancer 2014, 14, 484. [Google Scholar] [CrossRef] [PubMed]

	



Nakanuma, Y.; Kakuda, Y. Pathologic classification of cholangiocarcinoma: New concepts. Best Pract. Res. Clin. Gastroenterol. 2015, 29, 277–293. [Google Scholar] [CrossRef]

	



Kendall, T.; Verheij, J.; Gaudio, E.; Evert, M.; Guido, M.; Goeppert, B.; Carpino, G. Anatomical, histomorphological and molecular classification of cholangiocarcinoma. Liver Int. Off. J. Int. Assoc. Study Liver 2019, 39 (Suppl. S1), 7–18. [Google Scholar] [CrossRef] [PubMed]

	



Komuta, M.; Govaere, O.; Vandecaveye, V.; Akiba, J.; Van Steenbergen, W.; Verslype, C.; Laleman, W.; Pirenne, J.; Aerts, R.; Yano, H.; et al. Histological diversity in cholangiocellular carcinoma reflects the different cholangiocyte phenotypes. Hepatology 2012, 55, 1876–1888. [Google Scholar] [CrossRef] [PubMed]

	



Akita, M.; Fujikura, K.; Ajiki, T.; Fukumoto, T.; Otani, K.; Azuma, T.; Itoh, T.; Ku, Y.; Zen, Y. Dichotomy in intrahepatic cholangiocarcinomas based on histologic similarities to hilar cholangiocarcinomas. Mod. Pathol. 2017, 30, 986–997. [Google Scholar] [CrossRef]

	



Borger, D.R.; Tanabe, K.K.; Fan, K.C.; Lopez, H.U.; Fantin, V.R.; Straley, K.S.; Schenkein, D.P.; Hezel, A.F.; Ancukiewicz, M.; Liebman, H.M.; et al. Frequent mutation of isocitrate dehydrogenase (IDH)1 and IDH2 in cholangiocarcinoma identified through broad-based tumor genotyping. Oncologist 2012, 17, 72–79. [Google Scholar] [CrossRef]

	



Lowery, M.A.; Ptashkin, R.; Jordan, E.; Berger, M.F.; Zehir, A.; Capanu, M.; Kemeny, N.E.; O’Reilly, E.M.; El-Dika, I.; Jarnagin, W.R.; et al. Comprehensive Molecular Profiling of Intrahepatic and Extrahepatic Cholangiocarcinomas: Potential Targets for Intervention. Clin. Cancer Res. Off. J. Am. Assoc. Cancer Res. 2018, 24, 4154–4161. [Google Scholar] [CrossRef]

	



Nakamura, H.; Arai, Y.; Totoki, Y.; Shirota, T.; Elzawahry, A.; Kato, M.; Hama, N.; Hosoda, F.; Urushidate, T.; Ohashi, S.; et al. Genomic spectra of biliary tract cancer. Nat. Genet. 2015, 47, 1003–1010. [Google Scholar] [CrossRef] [PubMed]

	



Mavros, M.N.; Economopoulos, K.P.; Alexiou, V.G.; Pawlik, T.M. Treatment and Prognosis for Patients With Intrahepatic Cholangiocarcinoma: Systematic Review and Meta-analysis. JAMA Surg. 2014, 149, 565–574. [Google Scholar] [CrossRef] [PubMed]

	



Buettner, S.; Koerkamp, B.G.; Ejaz, A.; Buisman, F.E.; Kim, Y.; Margonis, G.A.; Alexandrescu, S.; Marques, H.P.; Lamelas, J.; Aldrighetti, L.; et al. The effect of preoperative chemotherapy treatment in surgically treated intrahepatic cholangiocarcinoma patients-A multi-institutional analysis. J. Surg. Oncol. 2017, 115, 312–318. [Google Scholar] [CrossRef] [PubMed]

	



Bednarsch, J.; Czigany, Z.; Heij, L.R.; Liu, D.; den Dulk, M.; Wiltberger, G.; Bruners, P.; Ulmer, T.F.; Neumann, U.P.; Lang, S.A. Compelling Long-Term Results for Liver Resection in Early Cholangiocarcinoma. J. Clin. Med. 2021, 10, 2959. [Google Scholar] [CrossRef] [PubMed]

	



Nickkholgh, A.; Ghamarnejad, O.; Khajeh, E.; Tinoush, P.; Bruckner, T.; Kulu, Y.; Mieth, M.; Goeppert, B.; Roessler, S.; Weiss, K.H.; et al. Outcome after liver resection for primary and recurrent intrahepatic cholangiocarcinoma. BJS Open 2019, 3, 793–801. [Google Scholar] [CrossRef]

	



Hyder, O.; Hatzaras, I.; Sotiropoulos, G.C.; Paul, A.; Alexandrescu, S.; Marques, H.; Pulitano, C.; Barroso, E.; Clary, B.M.; Aldrighetti, L.; et al. Recurrence after operative management of intrahepatic cholangiocarcinoma. Surgery 2013, 153, 811–818. [Google Scholar] [CrossRef]

	



Jonas, S.; Thelen, A.; Benckert, C.; Biskup, W.; Neumann, U.; Rudolph, B.; Lopez-Haanninen, E.; Neuhaus, P. Extended liver resection for intrahepatic cholangiocarcinoma: A comparison of the prognostic accuracy of the fifth and sixth editions of the TNM classification. Ann. Surg. 2009, 249, 303–309. [Google Scholar] [CrossRef]

	



Hu, J.H.; Tang, J.H.; Lin, C.H.; Chu, Y.Y.; Liu, N.J. Preoperative staging of cholangiocarcinoma and biliary carcinoma using 18F-fluorodeoxyglucose positron emission tomography: A meta-analysis. J. Investig. Med. Off. Publ. Am. Fed. Clin. Res. 2018, 66, 52–61. [Google Scholar] [CrossRef]

	



Koerkamp, B.G.; Wiggers, J.K.; Allen, P.J.; Busch, O.R.; D’Angelica, M.I.; DeMatteo, R.P.; Fong, Y.; Gonen, M.; Gouma, D.J.; Kingham, T.P.; et al. American Joint Committee on Cancer staging for resected perihilar cholangiocarcinoma: A comparison of the 6th and 7th editions. HPB Off. J. Int. Hepato Pancreato Biliary Assoc. 2014, 16, 1074–1082. [Google Scholar] [CrossRef]

	



Kizy, S.; Altman, A.M.; Marmor, S.; Wirth, K.; Ching Hui, J.Y.; Tuttle, T.M.; Denbo, J.W.; Jensen, E.H. Surgical resection of lymph node positive intrahepatic cholangiocarcinoma may not improve survival. HPB Off. J. Int. Hepato Pancreato Biliary Assoc. 2019, 21, 235–241. [Google Scholar] [CrossRef] [PubMed]








[image: Cancers 13 03661 g001 550] 





Figure 1. (A): Nerve fibers in the tumor microenvironment in intrahepatic cholangiocarcinoma (iCCA). The small nerve fibers are mainly distributed at the edge of the tumor. (B): Nerve fibers in the tumor microenvironment in perihilar cholangiocarcinoma (pCCA). The small nerve fibers are growing in between the tumor glands and not just at the edge of the tumor as in iCCA. (C): Localization of iCCA and pCCA tumors. ICCA is located centrally in the liver and usually presents with a big tumor mass. PCCA are located at the liver hilum and usually present as smaller tumors. (D): Architecture of the normal liver lobule. The normal innervation of the liver lobule can possibly explain the observation of the presence of the small nerve fibers at the edge of the tumor in iCCA and the pattern of mixed distribution of small nerve fibers in pCCA. 
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Figure 2. The difference between nerve fiber density and perineural invasion (PNI). (A): Graphical overview of perineural invasion. The cancer cells invade the endoneurial or epineurial sheeth of a larger nerve fiber. The immunohistochemical PGP9.5 staining illustrates the nerve fiber with cancer tissue around it. (B): Graphical overview of nerve fiber density. The small nerve fibers grow in the tumor microenvironment but are usually not invaded by cancer cells. The immunohistochemical PGP9.5 staining shows small positive (red) dots. 






Figure 2. The difference between nerve fiber density and perineural invasion (PNI). (A): Graphical overview of perineural invasion. The cancer cells invade the endoneurial or epineurial sheeth of a larger nerve fiber. The immunohistochemical PGP9.5 staining illustrates the nerve fiber with cancer tissue around it. (B): Graphical overview of nerve fiber density. The small nerve fibers grow in the tumor microenvironment but are usually not invaded by cancer cells. The immunohistochemical PGP9.5 staining shows small positive (red) dots.



[image: Cancers 13 03661 g002]







[image: Cancers 13 03661 g003 550] 





Figure 3. Oncological survival in intrahepatic cholangiocarcinoma (A): Cancer-specific and overall survival. The median CSS was 30 months and the median OS 28 months, respectively. (B): Recurrence-free survival. The median RFS was 12 months. (C): Cancer-specific survival stratified by nerve fibers. The median CSS was 51 months in patients with NF compared to 27 months (p = 0.043 log rank). (D): Recurrence-free survival stratified by nerve fibers. The median RFS was 20 months in patients with NF compared to 8 months in patients without NF (p = 0.006 log rank). (E): Cancer-specific survival stratified by nerve fibers and pN category. The mean CSS was 89 months in patients with NF and negative lymph nodes, while the median CCS was 27 months (95% CI: 38–64) in patients with either positive lymph nodes or without NF but not both, and 10 months in patients with both positive lymph nodes and low NF (p = 0.001 log rank). (F): Recurrence-free survival stratified by nerve fibers and pN category. The median RFS was 36 months in patients with NF and negative lymph nodes, 10 months (95% CI: 8–82) in patients with either positive lymph nodes or no NF but not both, and 5 months in patients with both positive lymph nodes and no NF (p = 0.001 log rank). CI, confidence interval; CSS, cancer-specific survival; RFS, recurrence-free survival; OS, overall survival. 
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Figure 4. Histology overview of iCCA. (A): Whole slide H&E image of an iCCA. At the edge of the slide, normal liver parenchyma is displayed. More centrally, a lesion is shown with a rim of vital tumor cells, and centrally, a pale area corresponding with necrosis. (B): Zoomed in image of the black marked box in A. This H&E image shows small tumor glands in abundant stroma marked with red arrows. The black arrow points to a nerve fiber, which is not easily visible on this HE staining. (C): Black box area in the immunohistochemical PGP9.5 staining. This staining makes it easier to recognize the small nerve fibers (red in the PGP9.5 immunohistochemistry and marked with a black arrow). The red arrow is pointed at the tumor. (D): Zoomed in image of a portal tract. The portal tract illustrates the bile duct (marked in green), the hepatic artery (marked in red) and the portal vein (marked in blue). (E): Zoomed in image of a portal tract with PGP9.5 staining. In this zoomed in image, the small nerve fiber is nicely illustrated in red (positive immunohistochemical staining) and marked in yellow. 
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Table 1. Patients’ characteristics. Data presented as median and interquartile range if not noted otherwise. ALT, alanine aminotransferase; ASA, American society of anesthesiologists classification; AST, aspartate aminotransferase; BMI, body mass index; CSS, cancer-specific survival; GGT, gamma glutamyltransferase; INR, international normalized ratio; LVI, lympho-vascular invasion; MVI, microvascular invasion; NF, nerve fibers; PNI, perineural invasion, RFS, disease-free survival.
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	Demographics
	Overall Cohort

(n = 96)
	NF Positive

(n = 45)
	NF Negative

(n = 51)
	p Value





	Gender, m/f (%)
	41 (43)/55 (57)
	18 (40)/27 (60)
	23 (45)/28 (55)
	0.614



	Age (years)
	65 (58–73)
	66 (60–75)
	62 (56–72)
	0.330



	BMI (kg/m2)
	25 (22–29)
	25 (22–29)
	25 (23–29)
	0.733



	ASA, n (%)
	
	
	
	0.230



	I
	3 (3)
	1 (2)
	2 (4)
	



	II
	42 (44)
	21 (47)
	21 (41)
	



	III
	48 (50)
	20 (44)
	28 (55)
	



	IV
	3 (3)
	3 (7)
	0
	



	V
	0
	0
	0
	



	Clinical chemistry
	
	
	
	



	Albumin (g/dL)
	44 (41–46)
	43 (40–46)
	44 (41–46)
	0.314



	AST (U/L)
	34 (26–47)
	32 (24–44)
	37 (29–53)
	0.077



	ALT (U/L)
	29 (20–53)
	25 (17–50)
	31 (22–57)
	0.169



	GGT (U/L)
	114 (65–304)
	88 (65–501)
	118 (62–265)
	0.876



	Total bilirubin (mg/dL)
	0.5 (0.4–0.7)
	0.5 (0.4–0.7)
	0.6 (0.4–0.8)
	0.117



	Platelet count (/nL)
	245 (197–307)
	251 (194–303)
	238 (198–315)
	0.925



	Alkaline Phosphatase (U/L)
	117 (90–258)
	108 (78–301)
	125 (91–246)
	0.628



	Prothrombin time (%)
	100 (95–109)
	100 (96–111)
	102 (94–108)
	0.942



	INR
	0.98 (0.95–1.03)
	0.97 (0.93–1.03)
	0.99 (0.96–1.03)
	0.386



	Hemoglobin (g/dL)
	13 (12–14)
	13 (12–14)
	13 (12–14)
	0.248



	Operative Data
	
	
	
	



	Operative time (minutes)
	285 (221–345)
	285 (227–338)
	285 (212–345)
	0.895



	Operative procedure, n (%)
	
	
	
	0.410



	Monosegmentectomy/atypical
	9 (9)
	6 (13)
	3 (6)
	



	Bisegmentectomy
	7 (7)
	4 (9)
	3 (6)
	



	Right/left hepatectomy
	31 (32)
	17 (38)
	14 (28)
	



	Ext. right/left hepatectomy
	20 (21)
	7 (16)
	13 (26)
	



	Right/left trisectionectomy
	13 (14)
	4 (9)
	9 (18)
	



	Others
	16 (17)
	7 (16)
	9 (18)
	



	Intraoperative blood

transfusion
	0 (0–2)
	0 (0–2)
	0 (0–2)
	0.750



	Pathological examination
	
	
	
	



	R0 resection, n (%)
	88 (93)
	41 (93)
	47 (92)
	0.849



	pT category, n (%)
	
	
	
	0.400



	1
	38 (40)
	23 (51)
	15 (29)
	



	2
	41 (42)
	15 (34)
	26 (51)
	



	3
	12 (13)
	5 (11)
	7 (14)
	



	4
	5 (5)
	2 (4)
	3 (6)
	



	pN category
	
	
	
	0.854



	N0
	63 (70)
	29 (69)
	34 (71)
	



	N1
	27 (30)
	13 (31)
	14 (29)
	



	Tumor grading, n (%)
	
	
	
	0.114



	G1
	0
	0
	0
	



	G2
	66 (76)
	35 (83)
	31 (69)
	



	G3
	21 (24)
	7 (17)
	14 (31)
	



	G4
	0
	0
	0
	



	MVI, n (%)
	32 (35)
	12 (28.6)
	20 (40)
	0.252



	LVI, n (%)
	17 (19)
	7 (17)
	10 (21)
	0.618



	PNI, n (%)
	22 (46)
	11 (58)
	11 (38)
	0.175



	Postoperative Data
	
	
	
	



	Intensive care, days
	1 (1–2)
	1 (1–1)
	1 (1–2)
	0.114



	Hospitalization, days
	13 (8–24)
	14 (8–26)
	12 (8–22)
	0.769



	Postoperative complications, n (%)
	
	
	
	0.898



	No complications
	36 (38)
	15 (33)
	21 (41)
	



	Clavien–Dindo I
	2 (2)
	1 (2)
	1 (2)
	



	Clavien–Dindo II
	24 (25)
	13 (29)
	11 (22)
	



	Clavien–Dindo IIIa
	19 (20)
	10 (22)
	9 (18)
	



	Clavien–Dindo IIIb
	9 (9)
	4 (9)
	5 (10)
	



	Clavien–Dindo IVa
	6 (6)
	2 (4)
	4 (8)
	



	Clavien–Dindo IVb
	0
	0
	0
	



	Clavien–Dindo V
	0
	0
	0
	



	Oncologic Data
	
	
	
	



	Adjuvant therapy
	30 (31)
	10 (22)
	20 (39)
	0.073



	Neoadjuvant therapy, n (%)
	8 (8)
	3 (7)
	5 (10)
	0.579



	Median RFS, months (95% CI)
	12 (8–16)
	20 (0–41)
	8 (5–11)
	0.006



	Median CSS, months (95% CI)
	30 (23–37)
	51 (12–90)
	27 (19–35)
	0.043
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Table 2. Univariate and multivariable analysis of cancer-specific survival in intrahepatic cholangiocarcinoma. Various parameters are associated with cancer-specific survival. ALT, alanine aminotransferase; ASA, American society of anesthesiologists classification; AST, aspartate aminotransferase; BMI, body mass index; GGT, gamma glutamyltransferase; INR, international normalized ratio; LVI, lympho-vascular invasion; MVI, microvascular invasion; NF, nerve fibers; PNI, perineural invasion.






Table 2. Univariate and multivariable analysis of cancer-specific survival in intrahepatic cholangiocarcinoma. Various parameters are associated with cancer-specific survival. ALT, alanine aminotransferase; ASA, American society of anesthesiologists classification; AST, aspartate aminotransferase; BMI, body mass index; GGT, gamma glutamyltransferase; INR, international normalized ratio; LVI, lympho-vascular invasion; MVI, microvascular invasion; NF, nerve fibers; PNI, perineural invasion.





	

	
Univariate Analysis

	
Multivariable Analysis




	

	
HR (95% CI)

	
p Value

	
HR (95% CI)

	
p Value






	
Demographics

	

	

	

	




	
Sex (male = 1)

	
0.76 (0.45–1.27)

	
0.297

	

	




	
Age (≤65 years = 1)

	
1.30 (0.77–2.15)

	
0.330

	

	




	
BMI (≤25 kg/m2 = 1)

	
1.17 (0.67–1.96)

	
0.549

	

	




	
ASA (I/II = 1)

	
1.31 (0.79–2.19)

	
0.299

	

	




	
Clinical chemistry

	

	

	

	




	
Albumin (≤45 g/L = 1)

	
0.86 (0.52–1.43)

	
0.560

	

	




	
AST (≤35 U/L = 1)

	
1.15 (0.69–1.93)

	
0.588

	

	




	
ALT (≤30 U/L = 1)

	
1.38 (0.82–2.35)

	
0.228

	

	




	
GGT (≤120 U/L = 1)

	
1.39 (0.83–2.34)

	
0.214

	

	




	
Bilirubin (≤0.5 mg/dL = 1)

	
1.53 (0.91–2.57)

	
0.105

	

	




	
Alkaline phosphatase

(≤115 U/L = 1)

	
1.69 (0.99–2.89)

	
0.054

	
excluded

	




	
Platelet count (≤250/nL = 1)

	
0.82 (0.49–1.37)

	
0.445

	

	




	
INR (≤1 = 1)

	
1.54 (0.91–2.61)

	
0.107

	

	




	
Hemoglobin (≤13 g/dL = 1)

	
0.61 (0.37–1.03)

	
0.063

	
0.51 (0.27–0.93)

	
0.024




	
Operative data

	

	

	

	




	
Operative time (≤300 min = 1)

	
1.11 (0.68–1.80)

	
0.682

	

	




	
Type of hepatectomy

	

	
0.935

	

	




	
Right/left hepatectomy

	
1

	

	

	




	
Others

	
0.92 (0.541–1.62)

	

	

	




	
Blood transfusion (no = 1)

	
1.52 (0.91–2.57)

	
0.113

	

	




	
Postoperative data

	

	

	

	




	
Clavien–Dindo Score

(CD I/II = 1)

	
2.05 (1.22–3.47)

	
0.007

	
exlcuded

	




	
Intensive care (≤1 day = 1)

	
1.49 (0.85–2.62)

	
0.168

	

	




	
Hospitalization (≤13 days = 1)

	
1.52 (0.91–2.54)

	
0.106

	

	




	
Pathological data

	

	

	

	




	
R1 resection (no = 1)

	
1.58 (0.63–3.96)

	
0.329

	

	




	
pT category (T1/T2 = 1)

	
1.49 (0.81–2.77)

	
0.203

	

	




	
pN category (N0 = 1)

	
4.32 (2.48–7.52)

	
0.001

	
4.78 (2.54–9.01)

	
0.001




	
Tumor grading (G1/G2 = 1)

	
2.13 (1.16–3.89)

	
0.014

	
excluded

	




	
MVI (no = 1)

	
1.59 (0.95–2.68)

	
0.078

	
excluded

	




	
LVI (no = 1)

	
3.60 (1.92–6.76)

	
0.001

	
excluded

	




	
PNI (no = 1)

	
2.49 (1.23–5.01)

	
0.011

	

	




	
NF (no = 1)

	
0.58 (0.34–0.99)

	
0.048

	
0.47 (0.24–0.90)

	
0.024




	
Oncological data

	

	

	

	




	
Neoadjuvant therapy (no = 1)

	
2.18 (0.87–5.50)

	
0.098

	
8.84 (2.20–35.49)

	
0.002




	
Adjuvant therapy (no = 1)

	
1.17 (0.67–2.04)

	
0.587
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Table 3. Univariate and multivariable analysis of recurrence-free survival in intrahepatic cholangiocarcinoma. Various parameters are associated with recurrence-free survival. ALT, alanine aminotransferase; ASA, American society of anesthesiologists classification; AST, aspartate aminotransferase; BMI, body mass index; GGT, gamma glutamyltransferase; INR, international normalized ratio; LVI, lympho-vascular invasion; MVI, microvascular invasion; NF, nerve fibers; PNI, perineural invasion.






Table 3. Univariate and multivariable analysis of recurrence-free survival in intrahepatic cholangiocarcinoma. Various parameters are associated with recurrence-free survival. ALT, alanine aminotransferase; ASA, American society of anesthesiologists classification; AST, aspartate aminotransferase; BMI, body mass index; GGT, gamma glutamyltransferase; INR, international normalized ratio; LVI, lympho-vascular invasion; MVI, microvascular invasion; NF, nerve fibers; PNI, perineural invasion.





	

	
Univariate Analysis

	
Multivariable Analysis




	
HR (95% CI)

	
p Value

	
HR (95% CI)

	
p Value






	
Demographics

	

	

	

	




	
Sex (male = 1)

	
1.00 (0.60–1.66)

	
0.993

	

	




	
Age (≤65 years = 1)

	
0.92 (0.56–1.52)

	
0.755

	

	




	
BMI (≤25 kg/m2 = 1)

	
0.84 (0.51–1.38)

	
0.486

	

	




	
ASA (I/II = 1)

	
1.25 (0.76–2.05)

	
0.383

	

	




	
Clinical chemistry

	

	

	

	




	
Albumin (≤45 g/L = 1)

	
0.96 (0.59–1.58)

	
0.872

	

	




	
AST (≤35 U/L = 1)

	
0.97 (0.59–1.60)

	
0.916

	

	




	
ALT (≤30 U/L = 1)

	
1.34 (0.81–2.24)

	
0.258

	

	




	
GGT (≤120 U/L = 1)

	
1.47 (0.89–2.45)

	
0.137

	

	




	
Bilirubin (≤0.5 mg/dL = 1)

	
1.31 (0.79–2.17)

	
0.302

	

	




	
Alkaline phosphatase

(≤115 U/L = 1)

	

	

	

	




	
Platelet count (≤250/nL = 1)

	
0.79 (0.48–1.32)

	
0.373

	

	




	
INR (≤1 = 1)

	
1.56 (0.92–2.65)

	
0.099

	
excluded

	




	
Hemoglobin (≤13 g/dL = 1)

	
0.67 (0.40–1.10)

	
0.112

	

	




	
Operative data

	

	

	

	




	
Operative time (≤300 min = 1)

	
1.05 (0.64–1.74)

	
0.837

	

	




	
Type of hepatectomy

	

	
0.538

	

	




	
Right/left hepatectomy

	
1

	

	

	




	
Others

	
1.18 (0.68–2.03)

	

	

	




	
Blood transfusion (no = 1)

	
1.74 (1.04–2.90)

	
0.034

	
excluded

	




	
Postoperative data

	

	

	

	




	
Clavien–Dindo Score

(CD I/II = 1)

	
1.78 (1.06–2.99)

	
0.028

	
excluded

	




	
Intensive care (≤1 day = 1)

	
1.27 (0.73–2.21)

	
0.410

	

	




	
Hospitalization (≤13 days = 1)

	
1.73 (1.05–2.85)

	
0.031

	
1.78 (1.00–3.15)

	
0.049




	
Pathological data

	

	

	

	




	
R1 resection (no = 1)

	
1.62 (0.64–4.07)

	
0.310

	

	




	
pT category (T1/T2 = 1)

	
0.98 (0.48–1.98)

	
0.943

	

	




	
pN category (N0 = 1)

	
2.84 (1.61–5.03)

	
0.001

	
2.36 (1.23–4.52)

	
0.010




	
Tumor grading (G1/G2 = 1)

	
1.32 (0.71–2.47)

	
0.386

	

	




	
MVI (no = 1)

	
1.93 (1.15–3.21)

	
0.012

	
excluded

	




	
LVI (no = 1)

	
2.22 (1.19–4.17)

	
0.013

	
excluded

	




	
PNI (no = 1)

	
1.38 (0.69–2.87)

	
0.382

	

	




	
NF (no = 1)

	
1.98 (1.19–3.31)

	
0.009

	
0.39 (0.21–0.71)

	
0.002




	
Oncological data

	

	

	

	




	
Neoadjuvant therapy (no = 1)

	
1.96 (0.84–4.60)

	
0.121

	

	




	
Adjuvant therapy (no = 1)

	
1.15 (0.68–1.95)

	
0.597
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