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Chemokine receptors have a negative impact on tumor progression in several human cancers and have therefore been of interest for molecular imaging and targeted therapy. However, their clinical and prognostic significance in adrenocortical carcinoma (ACC) is unknown. The aim of this study was to evaluate the chemokine receptor profile in ACC and to analyse its association with clinicopathological characteristics and clinical outcome. A chemokine receptor profile was initially evaluated by quantitative PCR in 4 normal adrenals, 18 ACC samples and human ACC cell line NCI-H295. High expression of CXCR4 and CXCR7 in both healthy and malignant adrenal tissue and ACC cells was confirmed. In the next step, we analyzed the expression and cellular localization of CXCR4 and CXCR7 in ACC by immunohistochemistry in 187 and 84 samples, respectively. These results were correlated with clinicopathological parameters and survival outcome. We detected strong membrane expression of CXCR4 and CXCR7 in 50% of ACC samples. Strong cytoplasmic CXCR4 staining was more frequent among samples derived from metastases compared to primaries (p=0.01) and local recurrences (p=0.04). CXCR4 membrane staining positively correlated with proliferation index Ki67 (r=0.17, p=0.028). CXCR7 membrane staining negatively correlated with Ki67 (r=−0.254, p=0.03) but positively with tumor size (r=0.3, p=0.02). No differences in progression-free or overall survival were observed between patients with strong and weak staining intensities for CXCR4 or CXCR7. Taken together, high expression of CXCR4 and CXCR7 in both local tumors and metastases suggests that some ACC patients might benefit from CXCR4/CXCR7-targeted therapy.
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Introduction

Chemokines and their receptors play a major role in immune cell trafficking in both physiological and pathological settings (1, 2). They are an active component of the tumor microenvironment, driving tumor-specific immune responses and promoting invasion, metastasis, stemness and resistance to chemo- and radiotherapy (1, 2). Recently, expression of CXCR4 was reported in primary tumors and metastatic lesions of patients with ACC both at protein level in vitro and in vivo using radiolabeled CXCR4 ligands (3, 4).

CXCR4, a classical transmembrane G protein-coupled receptor, has been associated with more aggressive tumor phenotypes and poor prognosis in several cancer types (5–8). Its ligand CXCL12 (SDF-1) is highly abundant in tissues that are common sites of metastasis such as lymph nodes, lung or bone, suggesting a specific chemokine-mediated trafficking-pattern of circulating tumor cells (6, 9, 10). CXCR7, an atypical chemokine receptor with a ten times higher affinity for CXCL12 compared to CXCR4, was detected at protein level in ACC metastases and correlated with CXCR4 expression (4). CXCR7 can generate CXCL12 gradients for CXCR4 but also acts as a CXCL12 “scavenger”, as it is constantly recycled to the cell membrane after ligand binding (11, 12). In cancer, CXCR7 mainly promotes local tumor growth and angiogenesis (11–13).

In recent years, CXCR4 has emerged as a potential target for cancer treatment with a particular focus on cancer stem cells that are regarded as chemotherapy-resistant (14–17) and several CXCR4 antagonists have shown promising therapeutic effects in first studies (18–20). Furthermore, radiotracers for non-invasive in vivo characterization of CXCR4 expression have entered clinical evaluation (21–25). However, only one CXCR4 antagonist (Plerixafor®) has been approved for therapeutic purposes for stem cell apheresis in multiple myeloma and lymphoma (26). The main limitations in developing a CXCR4 and/or CXCR7-targeted therapy are not only of biological nature due to the important roles of both chemokine receptors in the normal physiology, but also due to technical limitations. Only few antibodies are available and the prognostic impact of CXCR4 and CXCR7 is not consistent among different cellular localizations. Cell membrane localization mostly reflects the activated state of the chemokine receptor and has been associated with a worse prognosis in esophageal cancer for CXCR7 and in gastric and breast cancer for CXCR4 especially due to enhanced metastasis (27–29). On the contrary, high cytoplasmic CXCR4 localization was reported to be favorable for triple-negative breast cancer and adenocarcinoma of the lung (30, 31) but has been independently associated with lymph node metastasis of breast cancer in another analysis (32).

The aim of our study was to describe the chemokine receptor profile in ACC, focusing in particular on CXCR4 and CXCR7 and their prognostic relevance.



Material and Methods


Study Subjects

We included patients with histologically confirmed ACC and available formalin fixed paraffin-embedded (FFPE) specimens, who were treated at our center since 2004. The following clinical and histopathological characteristics were assessed: sex, age at diagnosis, tumor size, Ki67 proliferation index, Weiss score, staging according to ENSAT classification (33), hormone secretion, presence of distant metastases and specific anti-tumor treatments (Table 1). The study was approved by the ethics committee of the University of Wuerzburg (No. 88/11). Patients had given written informed consent for tissue collection and analysis of clinical data.


Table 1 | Clinical parameters of ACC patients (n=187).





Gene Expression Analysis

Chemokine receptor mRNA expression levels were investigated by quantitative real-time polymerase chain reaction (qRT-PCR). Adrenocortical tissue is composed of different cell entities and leukocyte infiltration in tumor tissue might have influenced chemokine receptor levels detected by qRT-PCR. We therefore also analyzed the chemokine receptor profile in a total of 13 adrenocortical NCI-H295 cancer cell line samples obtained from 3 different sources. RNA was isolated from fresh frozen tissue of eighteen ACCs (not included in the IHC cohort) and four normal human adrenal glands using the RNeasy Lipid Tissue Minikit (Qiagen, Hilden, Germany) and from the human adrenocortical cancer cell line NCI-H295 using the RNeasy Mini Kit (Qiuagen). Reverse transcription of RNA was performed using the QuantiTect Reverse Transcription Kit (Qiagen), as previously described (34). The following Taqman Gene Expression assays from Applied Biosystems (Darmstadt, Germany) were used to analyze the chemokine receptor profile: CCR1 (Hs 00928897_s1), CCR2 (Hs 00704702_s1), CCR3 (Hs 01847760_s1), CCR4 (Hs 00747615_s1), CCR5 (Hs99999149_s1), CCR6 (Hs 10890706_s1), CCR7 (Hs01013469_m1), CCR8 (Hs 00174764_m1), CCR9 (Hs01890924_s1), CCR10 (Hs00706455_s1), CCR11 (Hs00664347_s1), CXCR1 (Hs 01921207_s1), CXCR2 (Hs 01891184_s1), CXCR3 (Hs01847760_s1), CXCR4 (Hs00607978_s1), CXCR5 (Hs00540548_s1), CXCR6 (Hs01890898_s1), CXCR7 (Hs00664172_s1) and CX3CR1 (Hs 01922583_s1). Endogenously expressed β-actin (Hs9999903_m1) was used for normalization. 40 ng cDNA was used for each PCR reaction. qRT-PCR was performed three times for each cell line. Transcript levels were determined using the TaqMan Gene Expression Master Mix (Applied Biosystems), the CFX96 real-time thermocycler (Bio-rad, Hercules, CA, USA) and Bio-Rad CFX Manager 2.0 software. Cycling conditions were 95°C for three min followed by 50 cycles of 95°C for 30 s, 60°C for 30 s, and 72°C for 30 s. Using the ΔCT method, the gene expression levels were normalized to those of β-actin, as previously described (35).



NCI-H295 Cell Culture

The human adrenocortical cancer cell line NCI-H295 was obtained from American Type Culture Collection (ATCC, Rockville, MD, USA). NCI-H295 cells were cultured with RPMI-1640 medium supplemented with 10% FCS, insulin (5 µg/ml), transferrin (100 µg/ml) and sodium selenite (5.2 ng/ml). Medium was changed every 48–72 h. 30% of the conditioned culture medium was used for passaging. Cells were frozen for RNA extraction. Short tandem repeat-profiling confirmation was performed.



Immunohistochemistry

Immunohistochemistry was performed in 187 FFPE unmatched ACC specimens (159 primary tumors, 17 local recurrences, 11 metastases). Standard full slides (n=95) were available for the analysis of both chemokine receptors. Staining for CXCR7 was evaluable in n=84. The expression of CXCR4 was additionally assessed on tissue microarrays (TMA) (n=92). The tissue sections were deparaffinized in xylene and rehydrated in ethanol (100, 90, 80, and 70% each concentration for 5 min). Immunohistochemical detection was performed using an indirect immunoperoxidase technique after high temperature antigen retrieval in 10 mM citric acid monohydrate buffer (pH 6.5) in a pressure cooker for 13 min. Blocking of unspecific protein-antibody interactions was performed with 20% human AB serum in PBS for 1 h at room temperature (RT). Primary CXCR4 antibody (Abcam, UMB2; 124824) and CXCR7 antibody (Abcam, 38089) were used at a dilution of 1:100 at RT for 1 h. Signal amplification was achieved by En-Vision System Labeled Polymer-HRP (Dako) for 40 min and developed for 10 min with DAB Substrate Kit (Vector Laboratories, Burlingame, CA, USA) according to the manufacturer’s instructions. Mayer’s hematoxylin was used for the counterstaining of nuclei. Negative controls were carried out by treating the slides with N-Universal Negative Control Anti-Rabbit (Dako, Glostrup, Denmark) instead of the primary antibody, yielding a nearly complete loss of staining with only some faint background.

All slides were evaluated independently by three investigators blinded to patients’ clinicopathological data. Staining intensity was evaluated with a grading score of 0, 1, 2, or 3, which corresponded to negative, weak, moderate, or strong staining intensity, respectively. The percentage of positive tumor cells was calculated for each specimen and scored 0 if 0% were positive, 0.1 if 1–9%, 0.5 if 10–49%, and 1 if ≥ 50%. A semi-quantitative H-score was then calculated by multiplying the staining intensity grading score with the proportion score as previously described (36). Calculation of H-score was separately performed for membrane and cytoplasmic staining. An H-score ≤ 1 was rated as low (weak staining), whereas an H-score >1 was rated as high (strong staining) for both membrane and cytoplasm, according to the median value of the staining intensity for CXCR4 and CXCR7 as previously described (30, 37). Results of the individually assessed H-scores for the TMA cores were averaged to obtain the whole-section score for each tumor sample. In case of divergent results, slides were re-evaluated by all investigators, forming the final score by consensus.



Statistical Analysis

Quantitative values were expressed as mean ± standard deviation or median and range as appropriate. Fisher’s exact or chi-square tests were used to analyze dichotomic variables, whereas continuous variables were investigated with a two-sided t test or Mann-Whitney Test. P-values <0.05 were considered statistically significant. Correlations between the staining patterns of both chemokine receptors and the clinical and histopathological data as well as among each other were calculated by Pearson and Spearman’s correlation test.

Kaplan Meier survival analysis was performed to investigate the correlation between each chemokine receptor and prognosis. Progression-free survival (PFS) was defined as the time from the date of first surgery to the first radiological evidence of disease progression or death from ACC. Overall survival (OS) was defined as the time from the date of first diagnosis to the time of death or last follow-up. Differences between survival curves were assessed by the log-rank (Mantel-Cox) test and the factors considered to independently influence survival were analyzed by Cox proportional hazard regression.

All statistical tests were performed using SPSS Statistics Version 23 (IBM) and GraphPad Prism version 8.4.1 (GraphPad, La Jolla, CA).




Results


mRNA Expression of Chemokine Receptors in Adrenal Tissues and NCI-H295 Cells

Relative mRNA expression of different CCR- and CXC-chemokine receptors in the normal adrenal glands (n=4) and in adrenocortical carcinomas (n=18) is reported in Figure 1. Each point represents the result obtained from the qRT-PCR analysis performed for a single cell sample. The highest mRNA expression levels in all analyzed samples were found for CXCR4 and CXCR7. Normal adrenals exhibited significantly higher mRNA levels for CXCR4 compared to ACCs (mean mRNA expression 1.5-fold higher in normal adrenals, p<0.01). CXCR4 mRNA levels in NCI-H295 were similar to those found in ACC (p=0.06) and normal adrenals (p=0.13), whereas CXCR7 mRNA levels in NCI-H295 were significantly lower compared to both ACC (46-fold lower, p<0.01) and normal adrenals (11-fold lower, p<0.01).




Figure 1 | Quantitative analysis of chemokine receptor mRNA levels in adrenal tissues and NCI-H295R cells. mRNA levels of chemokine receptors were assessed by real time PCR in 18 adrenocortical carcinomas, 4 normal adrenal glands and the human adrenocortical carcinoma cell line NCI-H295R. Levels were normalized to β-actin. Data are given as mean ± SEM.





Immunohistochemical Analysis of Protein Expression of CXCR4 and CXCR7 in ACC

CXCR4 was detectable in 98% (184/187) and CXCR7 in 100% of cases (84/84). Localization at the cell membrane was preponderant for both chemokine receptors (Figure 2). Strong membrane staining (H-score >1) was observed in 50% of specimens both for CXCR4 (94 out 187) and CXCR7 (42 out 84 sections) (Table 2). Membranous and cytoplasmic staining significantly correlated for CXCR4 (rs=0.45, p<0.01) but not for CXCR7 (r=0.07, p=0.5). A weak correlation between the two chemokine receptors could only be seen at the cytoplasmic level (rs=0.32, p<0.01). The proportion of samples with strong CXCR4 cytoplasmic staining was higher in metastases compared to primary tumors and local recurrences (p=0.01 and p=0.04) (Table 2).




Figure 2 | Immunohistochemical staining of CXCR4 and CXCR7 in adrenocortical carcinoma: different staining patterns. (A) Primary tumor, strong membranous and cytoplasmic CXCR4 staining (magnification 20x), (B) primary tumor, weak membranous and cytoplasmic CXCR4 staining (magnification 20x), (C) primary tumor, strong membranous and cytoplasmic CXCR7 staining (magnification 20x), (D) primary tumor, weak membranous and cytoplasmic CXCR7 staining (magnification 20x).




Table 2 | Distribution of strong and weak cytoplasmic staining of CXCR4 among primary tumors (PT), local recurrences (LR) and metastases (M).





Correlation of CXCR4 and CXCR7 Staining Intensity and Staining Pattern With Clinicopathological Features and Clinical Outcome Data in ACC

Clinicopathological features of the 187 ACC patients with complete survival data are summarized in Table 1. Among the 94 patients who had an initial R0 resection status, 69 (73%) developed metastases at follow-up. ENSAT tumor stage did not correlate with the staining intensity of CXCR4 or CXCR7. At membrane level, we found a weak positive correlation between CXCR4 and Ki67 (rs=0.17, p=0.028). In contrast, a weak negative correlation between CXCR7 and Ki67 was noted (rs=−0.254, p=0.03), whereas membranous CXCR7 staining was positively correlated with tumor size (r=0.3, p=0.02).

Kaplan-Meier analyzes for OS and PFS revealed no significant differences between patients with high and low expression of the chemokine receptors regardless of their cellular localization, neither in the whole cohort (Figures 3 and 4), nor in the subgroup of patients with initial R0 resection (data not shown). In the subgroup of patients with markers of more favourable prognosis (ENSAT stage I–II, n=94; Ki67 <10%, n=38), mean PFS was significantly longer in cases with strong CXCR7 cytoplasmic staining compared to cases with weak CXCR7 cytoplasmic staining (25±21 vs. 12±11 months, p=0.04, for ENSAT I-II, and 34±4 vs. 8±6 months, p=0.02, for Ki67<10%). However, multivariate analysis did not confirm the significant association between the cytoplasmic CXCR7 staining and PFS seen in the univariate analysis in this subgroup (Table 3).




Figure 3 | Kaplan-Meir survival analysis for overall and progression-free survival according to membranous and cytoplasmic CXCR4 expression.






Figure 4 | Kaplan-Meir survival analysis for overall and progression-free survival according to membranous and cytoplasmic CXCR7 expression.




Table 3 | Relationship between the immunhistochemical expression of CXCR4 and CXCR7 and progression-free survival in the subgroup of patients diagnosed at an early ENSAT stage (I–II), univariate and multivariate analysis for risk of death.






Discussion

To our knowledge, this is the largest study that describes the immunohistochemical expression pattern of both chemokine receptors CXCR4 and CXCR7 in ACC and the first one that analyzes their correlation with clinicopathological parameters and clinical outcome.

We demonstrate that both chemokine receptors are highly expressed in most ACCs especially at membrane level. However, different from observations made in other malignancies, CXCR4 nor CXCR7 expression was neither associated with the occurrence of metastases nor with survival. Since both chemokine receptors are present at high levels also in normal adrenocortical tissue, it can be assumed that CXCR4 and CXCR7 are constitutively expressed by the adrenal gland and are mainly relevant for maintaining adrenal homeostasis. A recent publication from our group revealed particularly strong CXCR4 expression in the subcapsular region of the normal adrenal cortex (38), which also hosts the adrenocortical stem/progenitor cell niche (39, 40), whereas CXCR7 was uniformly distributed within all adrenocortical zones (38). A possible role for CXCR4 in the differentiation and zonation of the adrenal cortex along complimentary CXCL12 gradients was assumed (38). CXCR7, on the other hand, might be involved in less zone-specific processes such as angiogenesis or tissue repair.

Nevertheless, CXCR4 and CXCR7 might still be of therapeutic interest for ACC in the light of upcoming theranostic concepts. Especially the predominant membrane localization is of advantage as it allows direct inactivation of the chemokine receptors by ligand binding. For CXCR4, suitable radioligands are available and have been successfully tested in lymphoproliferative malignancies (19–21). Two of these radioligands, 64Cu-plerixafor and 68Ga-Pentixafor, can also reliably assess the expression of CXCR4 in vivo in patients affected by ACC or aldosterone producing adenoma, respectively (4, 38). Bluemel et al. went a step further towards a potential theranostic use of CXCR4 and compared the performance of 68Ga-pentixafor PET/CT with 18F-FDG PET/CT in 30 patients with advanced ACC (3). Overall, at least two thirds of the patients were rated as suitable or potentially suitable for a CXCR4-directed endoradiotherapy based on the number of lesions identified by 68Ga-pentixafor PET and the intensity of the tracer uptake (3).

The correlation between CXCR4 and Ki67 at membrane level suggests that the activated form of the chemokine receptor is preferentially upregulated in highly proliferative ACCs, that are known to have a dismal prognosis even after complete resection (41). Effectively blocking CXCR4 might therefore interfere with tumor growth and metastasis in ACC in vivo, as also highlighted by the inhibitory effect of the CXCR4 antagonist AMD3100 on the proliferation and migration of the human ACC cell line NCI-H295 reported by Kitawaki et al. (42).

The response to immunotherapy in ACC might also benefit from antagonizing CXCR4, as shown for hepatocellular carcinoma (43), pancreatic (44), breast (45) and ovarian cancer (46). These tumors escape immunosurveillance and respond poorly to immune checkpoint inhibitors due to their immunosuppressive milieu. One of the common mediators of cancer immunoresistance is the CXCL12/CXCR4 pathway due to enhanced recruitment of immunosuppressive cells in the tumor microenvironment (47). Combined blockade of CXCR4 and PD-1/PD-L1 increases antitumor immunity and significantly improves the response to immune checkpoint inhibitors (47). According to a recent analysis of the immune landscape in cancer, ACC also belongs to the leukocyte depleted tumors (“immunologically quiet”) (48). Therefore, the modest tumor response to PD-1/PD-L1 directed therapy, with a best median overall-survival of 24.9 months, is not surprising (49–51). However, recently published data from our group identified a subset of ACCs with preserved cytotoxic T-cell infiltration and significantly improved overall survival, especially in the absence of glucocorticoid excess (52). Therefore, activating tumor immunity in leukocyte depleted ACCs could be strategical in improving the response to immune checkpoint inhibitors. Several mechanisms related to leukocyte depletion and immunoresistance in ACC, such as glucocorticoid excess, upregulation of WNT/β-catenin pathway or TP53 mutations, are also associated with upregulation of CXCR4 (49–51). Glucocorticoid excess, even if not clinically manifest, is approached in the majority of cases by adrenolytic therapy with mitotane, but pharmacological targeting of WNT/β-catenin and TP53 pathways is not yet available (49, 50). Therefore, CXCR4-targeted therapies might overcome immunoresistance in ACC by simultaneously blocking multiple pathways.

As the CXCR4-specific tracer CPCR4 can be labeled with Lutetium-177 (53) and Yttrium-90 (54), endoradiotherapy of ACC may emerge as a future treatment option for patients with ACC. However, this approach requires harvesting stem cells prior to treatment initiation due to hematologic toxicity (55). This could be compromised in patients pretreated with several myelotoxic chemotherapy regimens, as is often the case with ACC.

Opposite to CXCR4, the intensity of CXCR7 membrane staining was inversely correlated with Ki67 but positively correlated with tumor size, describing thus a rather slow-growing local tumor pattern, as also reported for CXCR7-positive breast cancer samples (56). So far, one radiolabeled highly selective antibody (ACKR3-mAb) has been tested for in vivo assessment of CXCR7 in mice xenografted with human cancer cells showing correlation of tracer uptake with CXCR7 immunoreactivity (57).

Our study has several strengths and limitations. We assessed the immunohistochemical expression of both CXCR4 and CXCR7 in a large series of ACC samples. We used a well validated antibody shown to identify membranous and cytoplasmic CXCR4 staining both in healthy and in malignant tissues (58). However, the same antibody failed to detect CXCR4 in 25% of the analyzed ACC metastases in the study performed by Weiss et al., despite detectable CXCR4 mRNA in all samples (4). Similarly, we cannot exclude that some samples might have been classified as false-negative. We also could not investigate an equal number of tumor samples for both CXCR4 and CXCR7 and only had access to a limited pool of metastases and local recurrences unrelated to the primary tumors. Extended analyzes of the expression of both chemokine receptors and their common ligand CXCL12 not only in primary tumors but also in matched metastases together with functional studies on ACC cell lines are warranted to receive a better insight into the impact of CXCR4 and CXCR7 on the prognosis of ACC.

In summary, we could demonstrate that CXCR4 and CXCR7 are the most abundant chemokine receptors in adrenocortical carcinoma. The lack of prognostic significance and their high expression in the normal adrenal gland rather suggest a predominant role of both chemokine receptors in adrenocortical homeostasis. Nevertheless, our study provides further evidence for the theranostic potential of CXCR4 and CXCR7 in ACC, with special emphasis on potentially improving tumor response to systemic therapies.
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Gastroenteropancreatic neuroendocrine neoplasms (GEP-NENs) originate from neuroendocrine cells in the gastrointestinal tract. They are heterogeneous, and though initially considered rare tumors, the incidence of GEP-NENs has increased in the last few decades. Therapeutic approaches for the metastatic disease include surgery, radiological intervention by chemoembolisation, radiofrequency ablation, biological therapy in addition to somatostatin analogs, and PRRT therapy (177Lu-DOTATATE). The PI3K-AKT-mTOR pathway is essential in the regulation of protein translation, cell growth, and metabolism. Evidence suggests that the mTOR pathway is involved in malignant progression and resistance to treatment through over-activation of several mechanisms. PI3K, one of the main downstream of the Akt-mTOR axis, is mainly involved in the neoplastic process. This pathway is frequently deregulated in human tumors, making it a central target in the development of new anti-cancer treatments. Recent molecular studies identify potential targets within the PI3K/Akt/mTOR pathway in GEP-NENs. However, the use of target therapy has been known to lead to resistance due to several mechanisms such as feedback activation of alternative pathways, inactivation of protein kinases, and deregulation of the downstream mTOR components. Therefore, the specific role of targeted drugs for the management of GEP-NENs is yet to be well-defined. The variable clinical presentation of advanced neuroendocrine tumors is a significant challenge for designing studies. This review aims to highlight the role of the PI3K/Akt/mTOR pathway in the development of neuroendocrine tumors and further specify its potential as a therapeutic target in advanced stages.
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INTRODUCTION

Gastroenteropancreatic neuroendocrine neoplasms (GEP-NENs) are defined as a heterogeneous group of neoplasia that originates from neuroendocrine cells widely dispersed throughout the gastrointestinal tract forming the largest group of hormone-producing cells in the body (1, 2). Although initially considered rare tumors, in the last decade, the incidence has significantly increased. Different factors may explain this increase such as a better classification with the introduction in 2010 of the World Health Organization (WHO) criteria and the ever-increasing use of screening and diagnostic methods such as the gastrointestinal endoscopy and radiological techniques (3, 4). On the contrary, during the same period, progress in diagnosis has only been matched by a modest improvement in outcomes due to (5) GEP-NENs often being unpredictable and unusual in terms of symptoms, disease progression, and overall survival (6).

Functioning GEP-NENs release peptides and neuroamines that are implicated in specific clinical syndromes, such as carcinoid syndrome, which is relatively uncommon (10–15%) and non-specific symptoms such as irritable bowel syndrome, asthma, or food allergy response. The consequence of late diagnosis (5–7 years on average) is that 75% of tumors exhibit synchronous liver metastases at the time of diagnosis (7, 8). Moreover, 50% of the tumors are asymptomatic until late presentation with symptoms of mass effects or distant metastases, frequently hepatic, or both or tumor-induced fibrosis (9).

Most GEP-NENs are sporadic with a minor group related to inheritable genetic conditions such as multiple endocrine neoplasia type 1 (MEN1), tuberous sclerosis (TSC) and Von-Hippel Lindau (VHL) syndrome (10). Management treatment includes surgery, which at present, is the only therapeutic option in localized and locally advanced disease. Other therapeutic approaches for the metastatic disease include radiological intervention by chemoembolisation, radiofrequency ablation, biological therapy, somatostatin analogs (SSAs), and Peptide Receptor Radionuclide Therapy (PRRT) with 177Lu-DOTATATE (11). Therefore, the need to develop novel therapeutic approaches is paramount in the absence of several treatment strategies.

Frequently, an mTOR abnormal activation has been observed, likely due to inactivating mutations occurring on genes coding for negative regulators of the pathway or through indirect mechanisms. Clinically, the overexpression of mTOR and the downstream targets has been associated with the worst prognosis in different NETs (12–14). Molecularly targeted drugs are emerging as a new and promising treatment for patients affected by GEP-NENs (15).

This review aims to highlight the role of the PI3K/Akt/mTOR pathway in the development of a neuroendocrine tumor and its potential as a therapeutic target providing a biomolecular overview and reporting results from clinical trials.



OVERVIEW OF AKT-MTOR SIGNALING

The phosphatidylinositol 3-kinase (PI3K)-Akt-mTOR pathway supports the modulation of cell growth, proliferation, metabolism, survival, and angiogenesis (16). Evidence suggests that PI3K, one of the significant upstream of the Akt-mTOR axis, is involved in the neoplastic process through the receptor tyrosine kinases (RTKs) and the G protein-coupled receptors (GPCRs). Oncogenic factors such as epidermal growth factor receptor (EGFR), platelet-derived growth factor receptor (PDGFR), and mesenchymal-epithelial transition factor can activate PI3K by binding RTKs and GPCRs (17–19). PI3K is anchored to the plasmatic membrane through a lipid tail. It transduces the signals into intracellular messages by phosphorylating the 3′-OH position of the inositol ring of the lipid second messenger phosphatidylinositol (4, 5) bisphosphate (PIP2). Subsequently, phosphatidylinositol (3–5) triphosphate (PIP3) recruits and activates the phosphatidylinositol-dependent kinase 1 (PDK1) that phosphorylates the serine-threonine protein kinase AKT [also known as protein kinase B (PKB)] (20).

AKTs are serine-threonine kinases and comprise three different protein isoforms (AKT1, AKT2, and AKT3) acting on cellular survival, proliferation, growth, and metabolism. To be fully activated AKT needs the phosphorylation on T308 by PKD1 and S473 by mTORC2. AKT downstream effectors are implicated in the control of apoptosis (FOXO family of transcription factors, BAD or NF-κB), cell cycle regulation (GSK3β, p27kip1), and growth (TSC2) (21). AKT downstream is mTOR that plays a vital role in the regulation of cell growth and proliferation. The control is achieved by controlling cellular energy levels, nutrient availability, oxygen levels, and mitogenic signals. The protein is a serine-threonine protein kinase of the PI3K superfamily, referred to as class IV PI3Ks, frequently overactivated in cancer (22). mTOR is comprised of two complexes, mTOR complex 1 (mTORC1) and mTOR complex 2 (mTORC2), different in chemical structures and substrate specificity. mTORC1 consists of mTOR protein, the regulatory-associated protein of mTOR (raptor), deptor, mlST8, and Pras40 (16). After the stimulation with growth factors as IGF-1 and 2, PDGF and VEGF, the mTORC1 translation is increased via the ribosomal protein S6 kinase (p70S6K) and the eukaryotic initiation factor 4E binding protein (4E-BP1) (23). The function of mTORC1 is modulated within the PI3K/Akt pathway via phosphorylation alongside inactivation of the tuberous sclerosis complex (TSC1/TSC2) by inhibition of the guanosine triphosphatase activity, which controls the activity of the mTOR activator Rheb (22). Tumor suppressor genes, such as phosphatase and tensin homolog (PTEN), that antagonize the PI3K action on PIP3 (24), NF1, the kinase LKB1 and oncogenes such as Ras and Raf, all converge on the TSC1/TSC2 complex (25). The activity of HIF1α and VEGF (26) is enhanced through the activation of the mTOR pathway. In contrast, mTORC2 complex is associated with Protor, SIN1, the rapamycin-insensitive companion of TOR protein (Rictor), LST8, Deptor which reacts to growth factor receptor binding, thus initiating full activation of Akt kinase by phosphorylation at the Ser473 (16). This pathway is frequently deregulated in human tumors, making it a central target in the development of new anti-cancer treatments (21) (Figure 1).
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FIGURE 1. The PI3K/Akt/mTOR pathway. Following growth factors stimulation and subsequent activation of RTKs and GPCRs, PI3K is recruited to the plasma membrane directly or through adaptor protein and phosphorylated PIP2 producing PIP3, which recruits and activates PDK1. Akt activation is mediated by PDK1 on T308 and by mTORC2 complex on S473. Akt controls the activity of mTORC1 inactivating the GTPase activity of the TSC1/TSC2 complex toward the mTORC1 activator Rheb. mTORC1 activation induces protein synthesis via p70S6K and 4EBP1. The tumor suppressor gene PTEN acts on this pathway antagonizing the PI3K action on PIP3.




ROLE OF AKT-MTOR SIGNALING PATHWAY IN GEP-NENS

In the last decade, molecular studies (12, 27, 28) pointed to several targets of the PI3K/Akt/mTOR pathway in GEP-NENs. Shah et al. found that, respectively 76 and 96% of 98 NENs tissues analyzed by IHC display constitutive AKT phosphorylation and activated ERK, a downstream target (29). Missiaglia et al. (30) demonstrated that the expression of two endogenous inhibitors of the mTOR pathway, PTEN and TSC2, were downregulated in a large proportion of tumors, respectively 35 and 60% of cases. Further, low expression was significantly related to both diminished disease-free and overall survival. Overexpression of mTOR has been demonstrated in poorly differentiated NENs, but the expression rate decreased in well-differentiated neuroendocrine tumors and carcinomas (67 vs. 27% of analyzed tissues by IHC) (13). In another study, Catena L. et al. showed that mTOR was expressed in 80% of patients who had poorly differentiated neuroendocrine carcinoma. They also found no relationship with tumor origin (pancreas, colon, lung, small bowel and others) or the rate of proliferation as determined by MIB-1 (>20% in all samples) (31). Molecular studies in SI-NEN cell lines (KRJ-I, H-STS) showed increased activation of AKT respective to normal Enterochromaffin (EC) cells that exhibited inferior expression of transcripts for AKT and mTORC1 as well as a lower level of Akt activation suggesting a neoplasia-related involvement of this pathway (32).

Jiao et al. analyzed the exomic sequences of 10 sporadic panNENs and screened the most frequently mutated genes in 58 pancreatic NENs. The mutations on MEN1 (44%), DAXX/ATRX (43%), TP53 (3%) were found. Notably, 15% of the tumors showed mutations in mTOR pathway-related genes (the onco-suppressor PTEN, the negative regulators TSC2, and PIK3CA, and the catalytic subunit of phosphatidylinositol 3-kinase) (33). In a clinical study, the patients with MEN-1, DAXX, and ATRX mutations had a median overall survival of 10 years in contrast with 60% of patients without mutation that died within 5 years of diagnosis. Based on the results of the study, the authors advanced the stratification of patients for treatment with mTOR inhibitors (34). In 2017 Scarpa et al. published a study on the whole genome sequencing of 98 pancreatic NETs in which they confirm the mTOR pathway activation in 15% of the analyzed samples. They identified mTOR pathway inhibitors alterations such as PTEN mutations (7.1%), TSC1 or TSC2 (2%). The study also proposed DEPDC5 inactivating mutations (2%) and EWSR1 fusion event as a novel mechanism of mTOR activation (14).



INHIBITORS OF AKT-MTOR SIGNALING PATHWAY AS NEUROENDOCRINE TUMOR THERAPY

mTOR has been the first node of the pathway to be targeted with a drug in tumors exhibiting phosphoinositide 3-kinase (PI3K) pathway mutation or activation (35, 36). First-generation of mTOR inhibitors includes Rapamycin (Sirolimus), an immunosuppressant agent identified as a fungicide isolated from the soil bacterium Streptomyces hygroscopicus (37). Derivatives of Rapamycin, referred to as rapalogs, (Temsirolimus, Everolimus, and ridaforolimus), function similarly to inhibit mTOR, although they have better efficacy and activity which optimizes clinical use. The Food and Drug Administration (FDA) firstly approved (Figure 2).
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FIGURE 2. mTORC 1 and 2 are inhibited by different classes of mTOR inhibitors: Rapalogs are the first generation mTORC inhibitors able to induce a partial inhibition of mTORC1. The second and third generation act on both mTORC1 and 2. TORki blocks the ATP binding sites of the complexes, while Rapalinks act through blocking the ATP binding site and by the inhibition of the mTORC1.



Temsirolimus

Temsirolimus inhibits mTOR activity by binding the intracellular protein peptidyl-prolyl cis-trans isomerase FKBP1A (FKBP-12) (38). The inhibition results in a G1 growth arrest and in a blockade of the mTOR ability to phosphorylate S6K1 and the ribosomal protein S6, and in reduced levels of HIF-1α, HIF-2α, and VEGF expression. In a phase II trial, Duran et al. (39) evaluated the efficacy, safety, and pharmacodynamics of Temsirolimus amongst 37 patients with advanced neuroendocrine carcinoma (21 carcinoids and 15 islet cell carcinomas). Patients were treated with weekly intravenous doses of 25 mg of Temsirolimus and then evaluated on several outcomes, including tumor response rate, time to progression, adverse events, and overall survival. Data were analyzed with intention-to-treat modeling and revealed a response rate of 5.6% [95% confidence interval (CI), 0.6–18.7], respectively 4.8 and 6.7% in carcinoids and islet cell carcinomas. The median time to progression was 6 months. The 1-year survival rate was 71.5%. The study confirmed the inhibition of the phosphorylation of the ribosomal protein S6 in paired baseline and post-treatment biopsies (p = 0.02). With higher baseline levels of pS6, there was a non-significant trend toward a better response (P = 0.097). Higher baseline levels of phosphorylated mTOR were significantly correlated with a better response (p = 0.01).

On the contrary, after 2 weeks of treatment, an increase in the expression of pAKT and a decreased expression of phosphorylated mTOR were observed, both associated with increasing time to progression (p = 0.04 and p = 0.05, respectively). Given the low response rate, the authors concluded that Temsirolimus appears to have limited clinical utility as a single agent for patients with GEP-NENs. The study proposed evaluating Temsirolimus in combination with other targeted agents, for example, a multi-kinase inhibitor or an anti-angiogenic compound (39). A phase II trial involving 58 patients (56 eligible) was performed to investigate the efficacy of temsirolimus and bevacizumab association. Results showed an increased response rate (RR) of 41% exceeding the single-agent RRs measured by RECIST criteria and a PFS at 6 months of 79%. The therapy administrated to moderate-well-differentiated metastatic P-NETs showed substantial activity and no high toxicity since the most common adverse events were hypertension, fatigue, hyperglycemia and lymphopenia (40).




EVEROLIMUS


Single Therapy

Everolimus is a first-generation oral mTOR inhibitor approved by the US FDA and EMEA for the treatment of P-NENs. Everolimus similarly acts as Temsirolimus inhibiting mTOR kinase binding to FKBP-12 and reducing the activity of mTOR downstream effectors S6K1 and 4E-BP1 (41, 42). A phase I study involving 55 patients with advanced solid tumors, including NETs, evaluated Everolimus safety and pharmacodynamics. The trial aimed to establish an evidence-based dose and effective schedule for cancer treatment. A key criterion was the achievement of complete inhibition of mTOR dependent-signaling pathways on tumor and skin biopsies. Patients unresponsive to standard therapy were enrolled and treated with Everolimus with either 20, 50, or 70 mg weekly or 5 and 10 mg daily. Data suggested that Everolimus brought about both a dose- and schedule-dependent inhibition of the mTOR pathway. There was almost complete inhibition seen of the phosphorylated ribosomal protein S6 (p < 0.001) and further eIF4G (p < 0.001) expression at 10 mg/day and ≥50 mg/week. Although non-significant, there was a trend toward the reduction of phosphorylated 4E-BP1 expression (p = 0.058). Also, an overall increase in Akt phosphorylation, occurring in about 50% of patients, was observed (p = 0.006). This finding raises the question as to whether the upper regulation of pAKT may reduce the clinical effectiveness of the drug. The authors proposed a dose of 10 mg/day or 50 mg/week to be evaluated in further researches (43).

RADIANT-3 (44) was a phase III study aimed at evaluating Everolimus at 10 mg/day as monotherapy (n = 207) or placebo (n = 203), with a total sample size of 410 patients with progressive P-NENs, both in conjunction with best supportive care including the use of somatostatin analogs. This trial demonstrated 2.4 odds of improvement in median PFS (11.0 vs. 4.6 months; HR = 0.35; 95% CI: 0.27–0.45; P < 0.001) in the arm treated with Everolimus. The trial concluded that although the exact sequencing of therapies to treat of panNENs remains unclear, Everolimus can be advanced as effective in patients with prior chemotherapy or therapy-naïve prolonging PFS (44). RADIANT-4 involved 302 patients with advanced GI and Lung NET's. The Everolimus showed an increase in PFS of 7.1 months in respect to the placebo comparable along with disease stabilization similarly to the results obtained in the RADIANT 3 (45). In a prospective, randomized, pharmacokinetic, crossover trial comparing everolimus 10 mg once daily with 5 mg twice daily Verheijen et al. showed that switching everolimus from once daily to twice daily could reduce the toxicity and maintain treatment efficacy (46).




COMBINATION THERAPY


Somatostatin Analog (SSAs) Octreotide and Pasireotide

Octreotide is a first-generation SSA that is used to control the symptoms in NET's and exhibited tumor growth inhibitory function in metastatic well-differentiated midgut NET's (47). The first trial included 60 patients diagnosed with advanced low- to intermediate-grade GEP-NETs. Of these, 30 patients had carcinoid tumors, and 30 had islet cell carcinomas. All were treated with intramuscular octreotide LAR 30 mg every 28 days and oral Everolimus, 5 mg/day (patients 1 to 30) or 10 mg/day (patients 31 to 60) every 28 days. Overall response (OR) rate was 20%. In details, 70% of the patients showed stabilization of the disease, and 22% confirmed partial responses. The overall median progression-free survival (PFS) of patients treated with octreotide LAR and RAD001 was 60 weeks (95% CI, 54–66 weeks). Therefore, the trial showed that Everolimus, in combination with octreotide LAR, presented promising antitumour activity in patients with advanced NETs (48). The second phase II trial (RADIANT-1) assessed the antitumour activity of oral Everolimus at 10 mg daily in 115 patients with advanced pancreatic NETs who had disease progression during or after cytotoxic chemotherapy. The study confirmed the antitumour activity of Everolimus in panNENs in both groups, those receiving Everolimus alone (PFS was 9.7 months and ORR = 9.6%,) and Everolimus with Octreotide (PFS was 16.7 months and ORR = 4.4%) (49). Following the results of the two randomized phase II clinical trials, RADIANT-2 was planned. RADIANT-2 was a landmark and the most extensive study to have been conducted. RADIANT-2 involved 429 patients with progressive functional carcinoid tumors. The study was conducted to compare Everolimus, at a dose of 10 mg per day, plus octreotide LAR, 30 mg every 28 days, vs. placebo plus octreotide LAR at the same doses. In this trial, the primary endpoint was to evaluate PFS. PFS was 16.4 months on the Everolimus plus octreotide LAR arm vs. 11.3 months on the placebo plus octreotide LAR arm (hazard ratio = 0.77; 95% CI, 0.59–1.00; p = 0.026) (50). The results support the efficacy of Everolimus as an effective intervention for a broad spectrum of advanced neuroendocrine tumors. In a final analysis of the overall survival (OS) data from the RADIANT-II study, Pavel et al. showed that the median OS (95%CI) after 271 events was 29.2 months (23.8–35.9) for the everolimus arm and 35.2 months (30.0–44.7) for the placebo arm (HR, 1.17; 95% CI, 0.92–1.49) with no significant differences in OS between the two group (51). The ITMO group study was set up on 50 patients with different NETs. The results showed an objective response rate (ORR) of 18%; complete response in 4% of the patients and a partial response in 16% while 74% showed disease stabilization. Similarly to the RADIANT-2, the study suggests antitumour benefit in the use of Everolimus plus octreotide as a treatment in NETs, even if, the small number of patients included in the study must be considered in the data interpretation (52).

Pasireotide is a second-generation SSA, targeting the somatostatin receptor subtype 1,2,3 and 5 (53). In a randomized phase 2 study, Everolimus was administrated with Paoirreotide or in monotherapy to 160 NETs patients. However, no improvement of PFS was observed between the two groups, and no benefit was found in the use of drugs combination (54). Contrarily, another study made on 21 NETs patients treated with increasing doses of Pasireotide (until 60 mg monthly) and Everolimus (5–10 mg daily) confirmed the antitumour activity (81% of patient experienced a grade of tumor regression) and the tolerability in term of side effects of this therapy (55). The combination of selective internal radioembolisation (SIRT), Everolimus, and Pasireotide showed encouraging results in a study involving 13 NETs patients (median progression-free survival 18.6 months and overall survival 46.3 months) at a low level of toxicity (53) (Figure 3).
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FIGURE 3. Agents used in combination with mTORC1 inhibitors: Protein kinase inhibitors, Sorafenib and Sunitinib are active against several tyrosine kinases receptors (RTKs) including VEGFR and PDGFR. Sorafenib can also inhibit RAF kinases. The monoclonal antibody Bevacizumab inhibits angiogenic pathway binding VEGFA and avoiding VEGFRs activation. Somatostatin analogs bind somatostatin receptors impairing cell growth while Rapalogues can inhibit mTORC1.





EVEROLIMUS AND ANTI-ANGIOGENETIC

NETs are high vascularised tumors, and this observation laid the groundwork/basis for the investigation of a synergistic effect through combined targeting of mTOR pathway and VEGF (56). A potent anti-angiogenic and antivascular effect were observed after the treatment with Everolimus of various solid tumors. The mechanism was different from those found with VEGFR targeting agents. Everolimus inhibited the proliferation of human endothelial cells and impaired VEGF release from cancer cells while VEGFR inhibitor PTK/ZK inhibited endothelial cell migration and vascular permeability. The results suggested the use of rapalog in combination with VEGF inhibitors as an effective therapeutic strategy to obtain a stronger diminishing of tumor vascularisation (57). Sorafenib is a drug inhibiting PDGFRB, and VEGFR2 also found to have modest activity in phase II study on NET's patients (58). In a phase I trial, 21 patients were treated with 10 mg daily Everolimus and two different doses of sorafenib (400 and 600 mg daily), the maximum tolerated dose (MTD) was established in 400 mg per day. A partial response was observed in one patient while a limited tumor regression in 13 out of 21 patients (62%) (56). Furthermore, the combination of Everolimus and Sunitinib to target both the PI3K/Akt/mTOR and VEGF signaling was evaluated as a therapy for different cancers. However, the treatment showed significant acute toxicity (59). Sunitinib is a multitarget tyrosine kinase inhibitor directed against different receptors such as VEGF-R1/2/3, PDGF-R α/β, Stem cell factor receptor (c-KIT-R). Also, colony-stimulating factor 1 receptor (CSF1-R), FML like tyrosine kinase three receptor (FLT3-R) and glial cell line-derived neurotrophic factor receptor (RET) (60). The drug showed comparable efficacy for Everolimus as first-line therapy in phase II study (61). Sequential administration was studied in 31 patients as high toxicity when the two drugs were simultaneously administrated. The results showed good tolerability with no differences in median PFS between the two groups (Everolimus followed by sunitinib, 36.5 months vs. Sunitinib followed by Everolimus, 31.6 months) (62). Another drug investigated to find a synergistic effect with Everolimus and to impair vascularisation in NETs was Bevacizumab in a randomized phase 2 study on 150 patients. The combination of the two drugs showed an increase of PFS (16.7 vs. 14 months), but also the adverse events were more frequent in patients receiving both drugs (63).


Everolimus Plus Target and Radionuclide-Therapy

Everolimus was also tested in phase I/II study, in combination with temozolomide in 43 pancreatic NETs, 40% of the patients (40 evaluable patients) had a partial response with median progression-free survival (PFS) of 15.4 months (64). In a phase I study (NETTLE) involving 16 NETs patients the toxicity of Everolimus in combination with PRRT (Lutetium-177-octreotate) was investigated and Everolimus 7.5 mg per day appeared to be well-tolerated (65).



Second and Third-Generation mTOR Inhibitors

To overcome the resistance phenomenon and to have a complete inhibition of the mTOR pathway, second-generation inhibitors were synthesized. These compounds are called TORkis and act binding the ATP binding site “of mTOR kinase pocket.” Differently from the rapalogs, these molecules ensure a complete block of both MTORC1 and 2 preventing the Akt phosphorylation due to MTORC2 and avoiding the resistance observed in rapalogs. Different TORkis were synthesized and showed promising results in pre-clinical studies. PP242 and the derived compound MLN0128, the quinolone-derived torin1 and 2, QSI-027, ku0063792 and Ku-0068650 showed a high antiproliferative power. From the latter derived AZD8055 and AZD2014, which was primarily tested in clinical trials even in combination with other therapeutic agents in different solid tumors (66).

The mTORC1/2 kinase inhibitor named CC-223 was tested in a phase 1/2 study involving metastatic non-pancreatic GI-NETs patients treated with SSA who had failed treatment. The drug showed efficacy in induce tumor regression and carcinoid syndrome symptoms controls and led to an Improvement of median PFS (19.5 months) superior to Everolimus alone (PFS 11.0 months) (44, 67). The CC-223 safety profile was found to be comparable to currently approved mTOR inhibitors, and toxicity was well-managed by dose adjustments or treatments (67).

Third generation mTOR inhibitors were studied to address the treatment resistance issues found in the use of the rapalogs and TORkis (68). The new compounds are called RAPAlink since they are made by the conjugation of TORkis, having high affinity for ATP binding site of both MTORC1/2 and Rapamycin having the FKB12-dependent mechanism to block MTORC1. These compounds sowed increased and durable inhibitory action compared to the first and second-generation inhibitors and ability in crossing BBB in glioblastoma in vitro and in vivo (69). An in vitro study on the resistance to first and second-generation mTOR inhibitors showed the development of mutations in FKBP-12 (FRB domain) in Rapalogs resistant cells and mutations increasing intrinsic kinase activity of mTOR in TORkis resistance. These mechanisms have been overcome by the use of Rapalink able to establish a bivalent interaction of the two-binding site (68). Sapanisertib is an inhibitor of raptor-mTOR, and rictor-mTOR tested in several solid tumors (70). In a patient-derived xenograft model of PNET (PDX-PNET) the majority if everolimus-resistant PDX-PNETs responded to sapanisertib (71).




GEP-NENS TREATMENT RESISTANCE AND FUTURE APPROACHES (RAPALOGS RESISTANCE, MOLECULAR MECHANISMS)

GEP-NENs develop resistance to treatment, not only to standard target therapy and SSA but also to novel agents. After long-term exposition to prolonged targeted inhibition of a single pathway, cancer cells acquire therapeutic resistance activating alternative or compensatory pathways. The PI3K-Akt-mTOR and Ras/MAPK pathway are connected at multiple levels, and both can be mutuality activated or inhibited (72, 73). In other words, activation of the mTORC1 leads to PI3K and MAPK inhibition via a negative feedback loop system, and inhibition of mTOR, inversely, results in reactivation of PI3k-Akt-mTOR pathway and MAPK pathway. The resistance of antitumour effects of mTOR inhibitors is explored in most the studies investigating the PI3K/Akt pathway. However, several studies showed that mTOR inhibition resulted in an activation of the MEK/ERK cascade through a PI3K-dependent feedback loop (32, 74–76). The phenomenon may contribute to explain the escape of drug efficacy. Thus, combination therapies of mTOR inhibitors with MEK inhibitors have been proposed as an alternative mechanism to inhibit both pathways and overcome tumor resistance (77) (Figure 4).
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FIGURE 4. Proposed mechanisms for resistance to Rapalogues in NET. 1- Inhibition of mTOR results in PI3k-Akt-mTOR pathway reactivation and MAPK pathway activation. 2- Inactivating mutations in TSC1/2 cause the inactivation of the TSC1/TSC2 protein complex leading to mTOR hyperactivation. 3- mTOR inhibitor treatment cause an increase in tyrosine kinase receptors and growth factor secretion. 4- GSK3 over-expression accompanied by the decrease of IRS-1 protein leads to decreased autophagy and cell resistance to Everolimus. 5- The up-regulation of angiogenic factors mTOR-independent or the re-expression of HIFα.


Carracedo et al. showed that tumor samples were taken from patients with biopsy-accessible solid tumors of advanced disease and treated with RAD001. The study demonstrated robust activation of the MAPK pathway at specific doses and related to the administration schedule. The researchers also described a rapamycin-induced ERK/MAPK activation in both normal cells and cancer cells lines based on an S6K/PI3K/Ras pathway (74). Mi et al. evaluated the combinatorial inhibition of mTOR and MAPK pathway in mouse Tsc2 knockout cells by administrating both Rapamycin and MEK1/2 inhibitor, PD98059. The mutations in TSC1 or TSC2 result in the inactivation of the TSC1/TSC2 protein complex that leads to hyperactivation of mTOR, causing uncontrolled cell growth and proliferation. The inhibitory effects on proliferation in Tsc2 deficient cells were higher using the combinatorial approach (75). Ziztmann et al. studied the complex interplay between PI3K/Akt/mTOR pathway and MAPK pathway using different drugs combination in different human NET cell lines. The study showed that cells develop a mechanism of escape when using a single agent target pathway also through compensatory induction of AKT. They noted that the dual inhibition of mTOR (Everolimus) and PI3K (NVP-BEZ235) had a more significant effect than the single inhibition of mTOR in cell lines (78). However, two trials on NVP-BEZ235 were early stopped due to unmet statistical endpoint or intolerable toxicity (79).

The resistance to mTOR inhibitors has also been proposed through other potential mechanisms. O'Reilly et al. (80) reported that mTOR inhibition induces insulin receptor substrate-1 (IRS-1) expression resulting in AKT activation both in cancer cell lines and in tumor tissues treated with RAD001. AKT activation after mTORC1 inhibition has also been demonstrated depending on upregulation of RTKs such as PDGFRs (81, 82). It has been shown that SI-NEN cell lines escape from mTOR inhibitor treatment through dual feedback activation of Akt and ERK1/2 via an increase in tyrosine kinase receptors and growth factor secretion. Concurrent therapy with octreotide failed to overcome the escape phenomenon suggesting dual targeting of PI3K/Akt/mTOR pathway and MAPK pathway as an alternative method to reverse feedback cross-activation (32).

From an in vitro study on everolimus resistant panNET cell lines (BON1 RR1, BON1 RR2) Gsk3 was found to be dysregulated. In these models, the GSK3 hyperactivation was associated with reduced IRS-1 protein levels, decreased autophagy and cell cycle arrest in G1 phase due to CDK1 (cdc2) reduced expression. Interestingly, A PI3Kα-inhibitor (BLY719) used in combination with everolimus was able to re-establish the everolimus sensitivity (83).

Pro-angiogenic factors upregulation can also be involved in rapalogs resistance since mTOR inhibition has been proven to have a direct and indirect anti-angiogenetic effect (57).

NETs, especially those well-differentiated, are high vascularised tumors due to the significant HIFα up-regulation which may arise by genetic alteration of the VHL protein and to the tumor microenvironment (84, 85) PI3K/AKT/mTOR pathway regulates the angiogenesis in NETs modulating (84–87) The Aurora Kinase A (AKURA) overexpression has been observed in everolimus resistant GI adenocarcinoma cell lines. This protein can mediate elF4E phosphorylation and increase c-Myc levels. The AURKA-EIF4E-c-MYC axis can be an alternative target for everolimus resistant tumors (86, 88, 89).

Several studies have been performed to found predictive biomarkers allowing the stratification of patients that may benefit from therapy with mTOR inhibitors. Recently, mRNA-based evaluation (NETest) performed on the tumor has proven to be a useful biomarker for NETs. NETest is a gene panel analyzed from a liquid biopsy and represents an innovative non-invasive approach to disease progression evaluation that better performs in respect to conventional biomarkers such as CgA (90).

CgA and neuron-specific enolase (NSE) have been proposed as markers of (91) From the RADIANT1 trial CgA > x2 ULN, two times higher than normal levels (36,4 ng/mL) is linked to the worst prognosis and shorter PFS in panNET's. Similarly, NSE >2xULN were associated with a shorter PFS. Although baseline CgA and NSE levels failed to predict mTOR therapy responsiveness, prospective analysis on a large number of patients showed a correlation between an early decreasing in CgA or NSE levels in response to Everolimus treatment (>30% decrease from baseline or normalization after 4 weeks) and a significant improvement of PFS (48). Furthermore, 5-hydroxyinoleacetic acid (5-HIAA) was found to be related to an increase in PFS in patients receiving Everolimus (92, 93).

Correlations between rapalogs sensitivity and the levels or activation status of the mTOR pathway signaling components were found (94). Baseline Phosphorylation of mTOR signaling molecules has been related to the worst outcome in NET's patients but also with a better response to Everolimus (95). For this reason, the increase of phosphorylated Akt was proposed as a biomarker in case of reduced PTEN expression to individuate tumors responding to mTOR inhibitors. Akt phosphorylation (S473 and T308) was more likely found in patients responding to rapamycin than non-responders (96). However, as discussed in the previous chapter, Akt was also found to be phosphorylated (ser473) in case of rapalogs resistance due to MTORC2 activation (97).

PTEN mutations were investigated as a possible predictive biomarker, and several studies pointed out that PTEN null cells, as well as xenograft models with reduced PTEN activity, were more sensitive to rapalogs (prostate cancer) (94). PTEN mutations which are related to the increase of the mTOR pathway activation has been found in different diseases as well as in NET's (14).

High sensitivity to rapalogs was observed in in vitro and in vivo NET's models with mutated PIK3CA/PTEN and high p-Akt levels (96). Interestingly, response to everolimus was lost when PIK3CA mutation occurred together with KRAS mutation. However, everolimus sensitivity was re-established in HCT116 cells in which the KRAS D13 mutant allele had been genetically deleted by homologous recombination (98). Single nucleotide polymorphism is investigated in cancer and in particular, the SNP GFR4-G388R was observed in panNET patients. The fibroblast growth factor receptor 4 (FGFR4) plays a role in mitogenesis and angiogenesis and the presence of an arginine instead glycine in the codon 388 was related with shorter PFS especially in heterozygous patients compared to homozygous for the SNP (PFS 4.8 vs. 16.6 months, respectively; OS of 9.3 vs. 40 months, respectively). Also, the SNP was found to be related to a higher risk of liver metastasis and was present in patients not responding to everolimus (99). Contrarily, Cros et al. who studied the FGFR4 polymorphism (G388R) on 41 patients with NET's did not found a correlation between PFS and the presence of SNP (100). The inactivating PHLPP2-L1016S SNP was investigated as a possible predictive marker and was found to be associated with a reduced PFS in extra-pancreatic NET's patients treated with Everolimus. PFS was 16.8 months in wild type PHLPP2 patients vs. 7.7 months in those harboring SNP. Overall survival and response rate were not affected by the SNP presence. The results suggested that wild type PHLPP2 patients may benefit more from everolimus therapy. Interestingly, PLPP2 is known as a regulator of AKT that in turn, activate the mTOR pathway (101).

Falletta et al. successfully used patients derived primary cultures as a tool to predict the sensitivity to everolimus treatment. The study showed that IGF1 is related to everolimus antiproliferative effect only in patients with higher phosphorylated IGF1R levels, p-Akt, p-mTOR, p-4EBP1 and higher Ki67 index (responders) compared to non-responders to mTOR inhibitors (102).

Another possible predictive biomarker for rapalogs sensitivity is the presence of mTOR activating mutations. A study showed the presence of missense mutations in 400 oncologic patients' samples with different cancer subtypes. The mutations were present in 6 various sites but most frequently in the C-terminal region of the protein. In a subgroup of these samples, the hyperactivation of mTOR was due to the impairment of mTOR-DEPTOR inhibitor binding. The activating mutations observed in cell culture and xenografts were linked to an increased sensitivity to Rapamicin (103). Contrarily, activating mutations of mTOR has been observed in cell resistant to TORkis targeting the ATP binding pocket (68).


Meta-Analysis

In a meta-analysis including studies performed on 1908 NET's patients, target therapies were found to be effective and improve PFS (hazard ratio = 0.59, 95% CI:0.42–0.84; P = 0.003) in particular in pancreatic NET's patients (HR = 0.49 95% CI: 0.29–0.83) than in non-pancreatic NET's (HR = 0.71 95% CI: 0.49–1.02). Target therapies with Everolimus and with sunitinib (monotherapies) or Everolimus and octreotide were found effective in pan NETs (104).

Recently, a meta-analysis comprising 3,895 cases of NETs evaluated the most promising therapies in panNET's. Everolimus as single therapy (0,82 P score)/(hazard ratio [HR], 0.35 [95% CI, 0.28–0.45]) appeared to be the most effective treatment followed by SSA combined with Everolimus (0,73 P score)/ (HR, 0.35 [95% CI, 0.25–0.51]). The combination therapy with interferon and SSA (P score 0.71) was also found to be effective followed by the monotherapies interferon (P score 0.62), SSA (0.54 P score)/(HR, 0.46 [95% CI, 0.33–0.66]), sunitinib (0.39 P score), Dactolisib (0.6 P score), and placebo (0.13 P score).

In 8 studies assessing the PFS after nine different therapies, Everolimus showed high effectiveness in panNETs, especially in combination with SSA (0.72 P score) as well as in monotherapy (0,72 P score). The combination of the mTOR inhibitor with bevacizumab and SSA showed lower efficacy (0.44 P score)/ (HR, 0.44 [95% CI, 0.26–0.75]). The best performing therapy improving PFS was the combination of SSA with interferon (0.77 P score)/(HR, 0.31 [95% CI, 0.13-0.71]. Differently, in GI-NET's the most efficient therapy in disease control was the combination of bevacizumab with SSA (0.93 P score)/ (HR, 0.22 [95% CI, 0.05–0.99]) followed by 177Lu-dototate and SSA (0.92 P score)/(HR, 0.08 [95% CI, 0.03–0.26] and interferon plus SSA (0.66 P score)/(HR, 0.27 [95% CI, 0.07–0.96]). Everolimus with SSA (0.52 P score)/ (HR, 0.31 [95% CI, 0.11–0.90]) was found to be less effective in GI-NETs than in panNETs. Furthermore, Everolimus as monotherapy resulted to be effective comparably to SSA alone (0.39/ (HR 0.48 [95% Cl, 0.20–1.13]) vs. 0.4/(HR, 0.40 [95% CI, 0.21–0.78]) P scores, respectively) (105).

Studies on the quality of life and adverse events (AE) showed that the combination SSA with Everolimus reported one of the highest numbers of AE (82.7% of the patient), with 68% of these being grade 3–4. Similarly, Everolimus used in monotherapy caused AE in 92.1% of the patients, but 59.3% of grade 3–4. Among the therapies showing good efficacy, SSA in combination with 177Lu-dototate showed a better profile in term of toxicity in respect to Everolimus (94% AE, 41% grade 3–4). Interferon and SSA caused AE in 21% of the patient and a small percentage of a grade 3–4 (3%) while SSA alone caused AE in 69.8% of the cases and 20.9% of AE of grades 3–4 (105). A meta-analysis of individual patient data showed that a 2-fold increase in Everolimus Cmin delayed NET disease progression with improved tumor size reduction. However, the protocol increased the risk of high-grade toxicity, mainly with a high number of pulmonary, metabolic and stomatitis events (106). Mujica-Mota et al. evaluated the clinical effectiveness of three interventions (everolimus, lutetium-177 DOTATATE, and Sunitibib). The primary limitation was that there was no RCT comparing lutetium-177 DOTATATE with the other treatments. The authors concluded that based on NICE guidelines, only sunitinib could be considered cost-effectiveness in England and Wales (107).




CONCLUSIONS

Treatment of advanced neuroendocrine neoplasms is an ongoing clinical challenge. RCTs are mainly focused on treatments with Everolimus and SSAs (Table 1). Everolimus administration in advanced NET's demonstrates its efficacy and high tolerability both as monotherapy and in combination with other drugs. However, the use of Everolimus has been known to lead to resistance due to several mechanisms such as feedback activation of alternative pathways, inactivation of protein kinases, and deregulation of the downstream mTOR components (108, 109) Next-generation mTOR inhibitors have been studied to avoid the mechanisms of resistance and reduce the drug toxicity (85). Levels of CgA and NSE can predict outcomes in patients with advanced pNETs treated with everolimus, and other circulating biomarkers have been studied. There are several limitations with treatment outcomes (e.g., lack of benefit in OS from mTOR inhibitors) and biomarkers clinical application (e.g., small study sample size). However, the present review suggests that a range of combination therapies associated with the use of predictive biomarker is available for NET patients. Therefore, new emerging compounds such as second and third-generation mTOR inhibitors and anti-angiogenetic drugs should be tested in RCTs.


Table 1. Clinical trials on mTOR inhibitors in neuroendocrine tumor.
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Purpose

Having previously demonstrated that tissue miR-375 expression in medullary thyroid carcinoma (MTC) tissues is linked to prognosis, the aim of this study was to assess the diagnostic and prognostic value of circulating miR-375 levels in MTC patients.



Methods

A series of 68 patients with MTC was retrospectively retrieved and assessed in terms of their clinicopathological characteristics. MiR-375 levels were measured in all patients’ presurgical blood samples. Both serum and tissue levels were tested prior to surgery in a subgroup of 57 patients. Serum miR-375 levels were also measured in serum from 49 patients with non-C-cell thyroid nodular diseases (non-CTN), 14 patients with pheochromocytoma, and 19 healthy controls.



Results

Circulating miR-375 levels were 101 times higher in the serum of patients with MTC than in all other patients and controls, with no overlap (P < 0.01). No correlation emerged between serum and tissue miR-375 levels. Serum miR-375 levels were higher in MTC patients with N0 than in those with N1 disease (P = 0.01), and also in patients who were biochemically cured than in those who were not (P = 0.02). In the whole series of patients and controls, calcitonin (CT) and serum miR-375 levels were correlated at diagnosis (R2 = 0.40, P < 0.01), but in a U-shaped manner: a positive correlation was found with low CT levels, then the correlation turns negative as CT rises (in MTC patients). A negative correlation was indeed found in MTC patients between serum miR-375 and CT (R2 = −0.10, P = 0.01). On ROC curve analysis, a cut-off of 2.1 for serum miR-375 proved capable of distinguishing between MTC patients and the other patients and controls with a 92.6% sensitivity and a 97.6% specificity (AUC: 0.978, P < 0.01).



Conclusions

Serum miR-375 levels can serve as a marker in the diagnosis of MTC, with a remarkable specificity. Serum miR-375 also proved a novel marker of prognosis in this disease. Further in vitro experiments to corroborate our results are currently underway.
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Introduction

Medullary thyroid cancer (MTC) is a neuroendocrine neoplasm arising from thyroid parafollicular C-cells.

Sporadic MTC (sMTC) carries somatic REarranged during Transfection (RET) mutations in approximately 50% of cases, with a subset of sporadic and RET-negative MTC also carrying a mutation in RAS genes (1). It is well known that somatic RET mutations point to a poor prognosis in sMTC, and somatic RAS mutations to a better prognosis (2). It is therefore useful to assess patients’ mutational status for prognostic purposes, and crucial to the choice of new target treatments such as the now-approved tyrosine kinase cabozantinib (3, 4) or the highly selective RET inhibitor pralsetinib currently being trialed for use against MTC (5). About 40–60% of sporadic MTCs do not carry any recognized genetic driver, however, making it difficult to establish a patient’s prognosis and therapeutic options. In short, the discovery of new molecular changes remains pivotal to improving the prognostic stratification of patients with MTC, and to the search for novel targets for therapy.

The availability of new serum markers would also benefit the diagnosis of MTC. Calcitonin (CT) is a 32-amino-acid monomeric peptide produced by C-cells. It is a sensitive marker for the purposes of tumor diagnostics and prognostics because its serum concentrations correlate directly with the C-cell mass (6). Measuring CT has many pre-analytical, analytical, and post-analytical pitfalls, however, which sometimes make its interpretation difficult, especially in the event of moderately elevated levels (7).

One in four cases of MTC—hereditary MTC, hMTC—arises in the context of an autosomal dominant multiple endocrine neoplasia syndrome type 2 (MEN2), which is caused by RET proto-oncogene germline mutations (in both MEN2A and MEN2B) (8). Affected individuals initially develop primary C-cell hyperplasia (CCH), which progresses to early invasive MTC, and eventually to grossly invasive macroscopic MTC. Apart from patients with the RET codon M918T mutation (who should undergo thyroidectomy in the first year of life), the age of onset and aggressiveness of MTC varies considerably, even among individuals from the same family (4). Hence the particular interest in finding new serum markers to improve the specificity of patients’ diagnosis and prognosis, in both sMTC and hMTC.

MiRNAs are endogenous single-stranded non-coding RNAs that selectively bond to the complementary 3’UTR mRNAs, influencing their cleavage and translation (9) and many studies have documented their involvement in the pathogenesis of cancer, including endocrine tumors (10, 11). MiRNAs can act as “onco-miRNAs” or “oncosuppressor miRNAs,” their final biological function being tissue- and context-dependent (12). MiRNAs have also been isolated in biofluids, such as blood serum and plasma, and they have consequently emerged as novel biomarkers for use in cancer diagnostics and prognostics (13, 14–17). They have shown a remarkable stability in clinical samples of plasma and serum (17), possibly overcoming the analytical problems associated with CT measurement.

One of the most promising miRNAs involved in the pathogenesis of MTC is miR-375. A first study by our group demonstrated its overexpression in MTC, with levels 10 times higher than in normal thyroid tissues (18). In a subsequent study focusing on the tissue expression of miR-375 in a larger series of sMTC and hMTC, we confirmed that miR-375 levels are higher in MTC than in normal thyroid tissue, with no overlap in the levels measured between the two entities. We also documented a link between miR-375 tissue expression and the aggressiveness of a tumor’s clinicopathological characteristics and patient outcomes at the end of the follow-up. This would suggest a role for miR-375 as an onco-miRNA in the pathogenesis of MTC. Based on these findings in tissue miR-375, the aim of the present study was to examine circulating miR-375 levels, and their possible role in MTC diagnostics and prognostics.



Materials And Methods


Patients

A tissue bank has been operating at Padua University Hospital since 2005. Patients undergoing surgery for certain diseases (including nodular thyroid diseases and adrenal diseases) are routinely asked beforehand for permission to collect and store their tissue and serum samples for research purposes (protocol ref. 3388). All patients involved in this study thus gave their informed written consent to the banking of their tissue and serum samples, with the approval of the ethical committee for clinical experimentation at Padua Hospital. This study was conducted in accordance with the Declaration of Helsinki.

The study involved a consecutive series of 69 patients with MTC who underwent surgery between 2007 and 2020 (30 males and 39 females; median age: 55 years; range: 5–87 years). MiR-375 levels were assessed in all patients’ serum samples obtained at the time of surgery, before intervention. Analyses were conducted to identify all germinal and somatic RET mutations. Both preoperative serum and postoperative MTC tissue samples were available for a subgroup of 57 patients. For this subgroup, tissue miR-375 levels were also measured, and somatic RET and RAS mutations were sought.

Data were collected on CT levels at diagnosis, TNM staging at diagnosis, and the biochemical cure rate. The median follow-up was 70.5 months (IQR: 29.0–109.0 months).

For comparison, serum miR-375 levels were measured in samples from 49 patients with non-C-cell thyroid nodular diseases (non-CTN) (23 males and 26 females), whose histological diagnoses included: 12 follicular adenomas (FA); 15 hyperplastic nodules (HN); 10 follicular thyroid carcinomas (FTC); and 12 papillary thyroid cancers (PTC). MiR-375 was also assayed in serum samples obtained before adrenal surgery from 14 patients with pheochromocytoma (7 males and 7 females), and in the serum of 19 healthy controls (10 males, 9 females).



RET Germline Mutations and RET/RAS Somatic Mutations

DNA was extracted from all patients’ serum samples and tissues frozen after surgery using the DNeasy Blood and Tissue kit (Qiagen, Milano, Italy), according to the manufacturer’s protocol. Analyses were performed by direct sequencing, as described elsewhere (19, 20): for RET (NM_020975.4; exons 5, 8, 10, 11, 13, 14, 15, and 16) in 47 tissue samples, and all serum samples; and for N-RAS (NM_002524.3; exons 2 and 3), K-RAS (NM_033360.2; exons 2 and 3), and H-RAS (NM_005343.2; exons 2 and 3) mutations in 42 tissue samples.



miRNA Quantitative Real-Time Polymerase Chain Reaction

Total RNA was extracted from fresh snap-frozen samples of 57 MTC, using the TRIzol reagent as lysis buffer (Invitrogen, Carlsbad, CA, USA) according to the manufacturer’s protocol. RNA extractions from serum were performed using the Zymo DirectZol RNA Miniprep Plus Kit (cat. no. R2051) according to the manufacturer’s instructions. RNA was quantified by Nanodrop (Thermo-Fisher). CDNA synthesis was done with the TaqMan Advanced miRNA cDNA Synthesis Kit (Applied Biosystems, Milan, Italy).

A real-time quantitative PCR (qRT-PCR) was performed for has-miR-375-3p on the StepOne real-time PCR system using TaqMan advanced miRNA assays, and following the manufacturer’s instructions. Normalization was done through the application of the hsa-miR-24-3p. All real-time reactions, including no template controls, were run in triplicate. A pool of cDNA derived from mixed normal human thyroid tissues and serum was used as the calibrator source.

Data were analyzed with the relative quantification (2-ΔΔCt) method, as described elsewhere (21).



Statistical Analysis

The Kolmogorov-Smirnov test showed that the variables were not distributed normally, so data are reported as medians and interquartile ranges (IQR). The Mann-Whitney test was used to analyze the tissue and circulating miR-375 serum levels and gender, lymph node involvement, stage of MTC at diagnosis (I+II versus III+IV), biochemical cure, RAS somatic mutation, RET somatic and germinal mutational status, and dichotomized CT levels. The Mann-Whitney test was also used to investigate the relationships: between CT levels, lymph node involvement, and stage of MTC at diagnosis (I+II versus III+IV); and between biochemical cure rate, CT levels, and tumor size. The Kruskal-Wallis test was used to evaluate miR-375 circulating levels with subjects’ condition (MTC versus non-CTN or pheochromocytoma or healthy controls). Categorical variables (biochemical cure rate, sex, age, and lymph node involvement) were compared with the chi-squared test. A P-value of <0.05 was considered statistically significant.




Results


Patients

Table 1 shows the clinicopathological features of the MTC patients, including their mutational status and biochemical cure rates.


Table 1 | Clinicopathological characteristics of the MTC patients enrolled.





Tissue miR-375 Levels

Tissue miR-375 levels correlated weakly with CT levels at diagnosis (r2 = 0.095, P = 0.04), and tumor size (r2 = 0.14, P < 0.01).

Median tissue miR-375 levels were higher in males (0.044, IQR: 0.03–0.14 in males and 0.02, IQR: 0.008–0.06 in females, P = 0.04), in cases with positive lymph nodes (0.07, IQR: 0.03–0.17 in N1 patients; 0.02, IQR: 0.007–0.05 in N0 patients, P = 0.02), in patients with higher tumor stages at diagnosis (0.02, IQR: 0.007–0.05 for stages I+II; 0.08, IQR: 0.03–0.17 for stages III+IV; P = 0.02), and in patients not biochemically cured by the end of the follow-up (0.02, IQR: 0.008–0.03 in those who were biochemically cured; 0.06, IQR: 0.01–0.12 in those who were not; P = 0.03).

No correlations emerged with age at diagnosis (P = 0.42), or with somatic RET or RAS mutations (P = 0.43 and P = 0.71, respectively).



Circulating miR-375 Levels

Median circulating miR-375 levels were higher in the serum of MTC patients (15.15, IQR: 5.82–36.51) than in the other patients and controls (P < 0.01), with no overlap in the IQR for these two groups’ miR-375 levels. The median miR-375 levels in the patients and controls were as follows: non-CTN patients 0.11, IQR: 0.005–0.36; pheochromocytoma patients: 0.002, IQR: 0.001–0.002; and healthy controls 0.84, IQR: 0.55–1.38. When the median values were compared, the MTC patients’ miR-375 levels were 101 times higher than in the non-MTC subjects (P < 0.01) (Figure 1 and Table 2).




Figure 1 | Box-whisker plot graph representing the medians, minimum and maximum values and interquartile ranges (IQR) of serum miR-375 levels in different groups: group 0: healthy subjects, group 1: MTC patients, group 2: patients with thyroid non-C-cell nodular diseases (non-CTN), group 3: pheochromocytoma patients. Values are represented on a logarithmic scale.




Table 2 | Post-hoc test after Kruskal-Wallis analysis for median circulating miR-375 levels in the different groups: group 0: healthy subjects, group 1: MTC patients, group 2: patients with thyroid non-C-cell nodular diseases (non-CTN), group 3: pheochromocytoma patients.



Intriguingly, no correlation was found between serum and tissue miR-375 levels (P = 0.19).

Considering the MTC patients alone, there was no statistically significant difference in the median serum miR-375 levels by gender, although male patients had higher median levels than females (20.18, IQR: 5.21–40.23 vs 12.80, IQR of 6.93–23.26, P = 0.37). Nor was there any significant correlation between serum miR-375 levels and age at diagnosis (P = 0.58) or cancer size (P = 0.92), or between serum miR-375 levels and any presence of somatic RET/RAS mutations in MTC tissue (P = 0.35).

Median serum miR-375 levels were higher in patients with hMTC than in those with sMTC (23.77, IQR 15.98–40.81 vs 10.72, IQR: 4.18–27.49, P = 0.03), in N0 patients than in N1 patients (18.71, IQR: 9.79–35.12 vs 5.70, IQR: 2.48–12.17, P = 0.01), and in patients who were biochemically cured than in those who were not (19.56, IQR: 9.54–40.23 vs 4.67, IQR: 24.67–16.11, P = 0.02). There was no difference in the biochemical cure rate between hMTC and sMTC (P = 0.07), though a trend towards a worse prognosis emerged for sMTC: at the end of the follow-up, the biochemical cure rate was 28/44 (63.6%) cases of sMTC versus 14/16 (87.5%) cases of hMTC.

A trend towards higher median miR-375 levels was seen in patients with lower tumor stages at diagnosis (19.28, IQR: 9.79–37.4 for patients in stages I+II vs 7.45, IQR: 3.12–29.73 for those in stages III+IV), although the difference did not reach statistical significance (P = 0.05).

As for CT levels at diagnosis, median CT levels were higher in N1 than in N0 patients, (P< 0.01), in those with higher-stage tumors at diagnosis (stages III+IV) than in those with lower-stage disease (stages I+II) (P< 0.01), and in patients not biochemically cured at the end of the follow-up compared with those biochemically cured (P< 0.01). In the whole series of patients and controls, CT and serum miR-375 levels at diagnosis were correlated (r2 = +0.40, P< 0.01), but this correlation was linear only up to moderately high CT levels. Then circulating miR-375 levels tended to be lower the higher the CT levels. When only the MTC patients were considered, a weak negative correlation emerged between serum miR-375 levels and CT levels (r2 = −0.10, P = 0.01) (Figure 2).




Figure 2 | Scatter diagram representing the correlation between calcitonin (CT) serum levels (horizontal axis) and miR-375 serum levels (vertical axis) in MTC patients (black dots) and non-MTC patients (white dots). Values are represented on a logarithmic scale.



Receiver operating characteristic (ROC) curve analysis showed that a cut-off of >2.1 for serum miR-375 levels could distinguish between MTC patients and the other subjects with a sensitivity of 92.6%, a specificity of 97.6%, a positive predictive value (PPV) of 96.9%, and a negative predictive value (NPV) of 94.2% (AUC: 0.978, P < 0.01) (Figure 3).




Figure 3 | ROC curve analyses to identify the most accurate cut-off for miR-375 serum levels for differentiating between cases with and without MTC (P < 0.01; AUC: 0.978).



Considering only the subjects whose CT levels at diagnosis were <100 ng/L (making a diagnosis of MTC more debatable), the cut-off for discriminating between cases with and without MTC was >0.97 (sensitivity 100%, specificity 93.6%, PPV 84.6%, NPV 100%, AUC 0.983, P< 0.01).

From our ROC curve analysis, it emerged that the best cut-off for serum miR-375 levels capable of identifying a patient with MTC unlikely to be biochemically cured at the end of the follow-up was ≤6.19. This cut-off was not very accurate, however (sensitivity 80.9%, specificity 55.6%, NPV 55.6%, PPV 81.0%, AUC 0.627, P = 0.185). MTC patients with serum miR-375 levels ≤6.19 therefore had a worse prognosis than those with higher levels: in the 60 evaluable MTC patients, 34/42 patients (80.9%) with serum miR-375 levels >6.19 were biochemically cured at the end of the follow-up, while this was true of only 8/18 patients (44.4%) with miR-375 levels below this cut-off (P< 0.01).




Discussion

This study on a large series of subjects with various thyroid diseases demonstrated that circulating miR-375 can be useful in diagnosing MTC as there was no overlap between the levels measured in the groups with and without MTC. A previous study on a more limited series came to the same conclusion: Romeo et al. found higher miR-375 levels in the serum of 37 patients with persistent or recurrent metastatic MTC than in healthy controls (22). The same authors also found a greater in situ hybridization (ISH) reactivity for miR-375 on formalin-fixed, paraffin-embedded samples of MTC than on samples of CCH, while this reactivity was nil or very low on stromal and follicular thyroid cells. This could mean that miR-375 upregulation is a particular feature of C-cell biology. Having analyzed various benign or malignant thyroid tissues of follicular origin, our data certainly confirm serum miR-375 as a specific marker capable of identifying any cases of MTC. That said, a possible limitation of our study lies in that we were unable to analyze serum miR-375 levels for patients with CCH alone because they do not usually undergo thyroid surgery unless they carry RET germline mutations.

Our comprehensive analysis also included some patients with pheochromocytoma in an effort to see if circulating miR-375 could also serve as a marker in the diagnosis of neuroendocrine tumors other than MTC. Serum MiR-375 levels were almost undetectable in the patients with pheochromocytoma, however, thus confirming the specificity of this marker for C-cell neoplasia, at serum level at least. Intriguingly, serum miR-375 levels were found lower in patients with pheochromocytoma, also in comparison with healthy subjects. The reason at the basis of this result remains unknown. Unfortunately, our series did not include MEN2 patients with the contemporary presence of MTC and pheochromocytoma at the time of the withdrawal to understand how serum miR-375 could be found in this very peculiar setting. Further studies are needed to confirm our preliminary findings, testing circulating miR-375 levels in patients with other neuroendocrine tumors.

We identified a cut-off for circulating miR-375 of >2.1 that was able to discriminate between cases with and without MTC with a very good sensitivity and specificity. Serum CT is usually considered highly sensitive, but not very specific for the purposes of diagnosing MTC. In our opinion, miR-375 could be particularly useful in the case of moderately high CT levels and suspected thyroid nodular disease—a situation in which another confirmatory biochemical tool would be helpful for patients’ clinical management. In fact, a valid miR-375 cut-off for identifying MTC in subjects with moderately high CT levels (<100 ng/L) was also calculated (miR-375 >0.97).

In short, miR-375 performed well as a diagnostic tool in MTC patients, but further intriguing findings emerged on analyzing the correlations between the levels of miR-375 and CT. In our whole series of patients and controls, CT and miR-375 were directly related up to moderately high CT levels, but then (focusing on MTC sera) became inversely related (the higher the CT levels, the lower the miR-375 levels). Lower miR-375 levels in MTC sera were also associated with a worse prognosis. As mentioned earlier, miR-375 expression was also demonstrated on CCH samples. Pooling all these findings together in a view of neoplastic progression, we suggest that miR-375 upregulation occurs early in the process of C-cell neoplastic transformation, and may indicate an initially greater MTC differentiation that is subsequently lost as the cancer progresses and becomes more aggressive. In fact, high serum miR-375 levels were found in patients with no lymph node involvement and a low tumor stage at diagnosis, who were biochemically cured at the end of the follow-up. Intriguingly, these data contrast with findings at tissue level previously reported both by our group and elsewhere in the literature (23, 24). At tissue level, higher miR-375 levels were associated with more advanced clinicopathological features, and therefore with a tendency towards a more aggressive disease. In the light of this inconsistency vis-à-vis previous results, we also tested tissue miR-375 expression in a subgroup of paired MTC tissues in the present series, confirming that higher tissue miR-375 levels were associated with more advanced disease at diagnosis. As expected, higher CT levels in our series were also associated with higher tumor stages at diagnosis, lymph node involvement, and a lower biochemical cure rate, which goes to show that ours was not an “atypical” MTC series. The reason behind the mismatch between the prognostic significance of miR-375 in tissue and serum is still unclear. It was recently reported that exosomes (extracellular vesicles 30–100 nm in size) carry a non-random cargo of miRNAs, raising the hypothesis that miRNAs could also serve as intercellular paracrine and endocrine communicators. The delivery of miRNAs to surrounding and target tissues may therefore contribute to creating the milieu for cancer onset and dissemination (25). Exosome release is an active process that involves a number of finely regulated steps, from packaging to surface and adhesion molecules (26). We speculate that, as MTC becomes more aggressive and possibly dedifferentiated, its exosome delivery machine for miR-375 is lost, and levels of the latter in a patient’s serum consequently drop. Our findings regarding serum miR-375 levels differ from those obtained in the only other study that analyzed the prognostic value of miR-375 serum levels, in which Romeo et al. found higher circulating miR-375 levels in the sera of MTC patients with progressive disease, a greater tumor burden, and metastases. These discrepancies may be due to the marked differences between the two MTC series involved. Our series was tested prior to any surgery, and included cases of both high- and low-risk MTC, whereas Romeo et al. analyzed miR-375 on sera collected during the follow-up after surgery, and most of their cases involved persistent and recurrent progressive MTC (22).

To shed light on the possible role of miR-375 in the physiopathology of MTC, we investigated its association with RET and RAS mutations on a somatic and germinal level. No such associations emerged between somatic RET and RAS mutations and circulating miR-375 levels, consistently with our previous findings on tissue miR-375 expression levels (23), that we also replicated in the present series on MTC tissues. As regards RET germinal mutations, higher serum miR-375 levels were documented in hMTC than in sMTC. This finding should be taken with caution, however, as the data had a low level of statistical significance, whereas stronger data emerged on the association between higher miR-375 levels and higher biochemical cure rates. We surmise that the difference seen in miR-375 levels between hMTC and sMTC in our series could be due to a larger proportion of biochemically cured patients in the former group, rather than to any biological difference at a molecular level in the role of miR-375 role in these two categories of MTC patients.

In conclusion, our findings add to the previously published body of evidence suggesting that miR-375 can play a part in the complex landscape of MTC tumorigenesis. Further data are needed to better understand its role, its interaction with the known pathways involved in MTC, and its consequent diagnostic and prognostic value when measured in a given patient’s sera and tissues. Based on these intriguing and promising clinical results, further in vitro experiments will be necessary, and are now being conducted by our group. We are confident that a better understanding of the role of miRNAs in MTC could pave the way to the discovery of new molecular targets, especially in RET-negative MTC.
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Progesterone (Pg) and estrogen (E) receptors (PgRs and ERs) are expressed in normal and neoplastic adrenal cortex, but their role is not fully understood. In literature, Pg demonstrated cytotoxic activity on AdrenoCortical Carcinoma (ACC) cells, while tamoxifen is cytotoxic in NCI-H295R cells. Here, we demonstrated that in ACC cell models, ERs were expressed in NCI-H295R cells with a prevalence of ER-β over the ER-α.Metastasis-derived MUC-1 and ACC115m cells displayed a very weak ER-α/β signal, while PgR cells were expressed, although at low level. Accordingly, these latter were resistant to the SERM tamoxifen and scarcely sensitive to Pg, as we observed a lower potency compared to NCI-H295R cells in cytotoxicity (IC50: MUC-1 cells: 67.58 µM (95%CI: 63.22–73.04), ACC115m cells: 51.76 µM (95%CI: 46.45–57.67) and cell proliferation rate. Exposure of NCI-H295R cells to tamoxifen induced cytotoxicity (IC50: 5.43 µM (95%CI: 5.18–5.69 µM) mainly involving ER-β, as their nuclear localization increased after tamoxifen: Δ A.U. treated vs untreated: 12 h: +27.04% (p < 0.01); 24 h: +36.46% (p < 0.0001). This effect involved the SF-1 protein reduction: Pg: −36.34 ± 9.26%; tamoxifen: −46.25 ± 15.68% (p < 0.01). Finally, in a cohort of 36 ACC samples, immunohistochemistry showed undetectable/low level of ERs, while PgR demonstrated a higher expression. In conclusion, ACC experimental cell models expressed PgR and low levels of ER in line with data obtained in patient tissues, thus limiting the possibility of a clinical approach targeting ER. Interestingly, Pg exerted cytotoxicity also in metastatic ACC cells, although with low potency.
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Introduction

Adrenocortical carcinoma (ACC) is a rare and aggressive tumor with an incidence of 0.7–2 new cases per million populations per year (1). Early diagnosis followed by radical surgical resection associated or not with adjuvant mitotane therapy (2, 3) is the only option that can give to ACC patients a chance of cure (4). The standard systemic treatment for advanced/metastatic ACC patients, not eligible to surgery, is mitotane, which is administered either alone or in combination with Etoposide, Doxorubicin, and Cisplatin (EDP-M regimen) (5). Although some pathological responses have been observed (6), the efficacy of EDP-M is limited and most initially responding patients are destined to relapse and die of the disease. Other cytotoxic therapies administered to patients with disease progression to EDP-M did not show a remarkable activity (7, 8). Molecular target therapies, attempted up to now (9), and immunotherapy (10) appeared ineffective.

Progesterone receptors (PgRs) and estrogen receptors (ERs) are expressed at different intensities in both normal and neoplastic adrenal cortex (11); however, the patho-physiological relevance of the steroid receptor expression in the physiological regulation of adrenal cell proliferation is not yet fully understood. In particular, in adulthood, ER-β is expressed in the glomerular and fasciculated area of the adrenal cortex, while at the prepubertal age, it is mainly located in the reticular area (12, 13). The ER-α subtype appears to be poorly expressed. During the course of neoplastic degeneration, there is an unpredictable rearrangement of the expression of these receptors, and data concerning the expression of the ERs are controversial. Indeed, a negativity for ER-α and an increase of the ER-β in the AdrenoCortical Carcinoma (ACC) have been reported by immunohistochemical analysis (11), while a decrease of ER expression has been observed as the ACC progresses (14, 15). Finally, other studies demonstrated low ER-β levels and/or high levels of ER-α in numerous cases of ACC, leading to an increase in the ER-α/ER-β ratio compared to that observed in healthy tissue (13). In the NCI-H295R cells, it was observed that ER-β gene expression is higher compared to ER-α, and the selective estrogen receptor modulator (SERM) 4-OH-tamoxifen inhibits cell proliferation (16).

The expression of ER subtypes varies in different tissues, although they are often co-expressed (17). The traditional paradigm is that ER-α is oncogenic and increases cell survival, while ER-β exerts an opposite role, being protective and pro-apoptotic. This clear distinction, however, cannot be applied for each tissue and cell expressing both ER subtypes; indeed, ER-α has a dominant role in tissues such as the uterus, mammary glands, pituitary, skeletal muscle, adipose, and bone; whereas, ER-β has a major role in the ovary, prostate, lung, cardiovascular, and central nervous systems (17).

PgR expression was as well detected in ACC (11). Recently, our group demonstrated a cytotoxic effect of Pg in ACC cells (18). Pg treatment of NCI-H295R cells induced apoptosis via activation of PgR with the involvement of both genomic and non-genomic pathways.

In breast cancer cells, PgR is a transcriptional target of ER, and estrogen is well known to be an important stimulator of PgR synthesis (19). Similar results have been obtained in human endometrial carcinoma (20). Interestingly, in a rare and peculiar setting such as pregnancy in ACC patients, in which there are elevated levels of both Pg and E hormones, their role in the control/progression of the disease is controversial. Indeed a study in 12 pregnant ACC patients concluded that pregnancy is associated with shorter survival and disease-free survival compared to control group (21), while another study on 17 treated ACC patients becoming pregnant during the follow-up, the pregnancy seems to be not associated with worse clinical outcome (22). As the authors correctly pointed out, however, pregnancy-associated ACC tended to be discovered at a more advanced stage. Thus, the possibility of a pregnancy-induced more rapid progression cannot be excluded, and we would like to underline that diagnostic and therapeutic delays probably account for the most severe presentation. Tamoxifen and medroxy-progesterone acetate combined treatment exhibited significant inhibitory growth effect on breast cancer (23), endometrial cancer (24), and cisplatin-resistant ovarian cancer cells (25). This combination therapy appeared to be active in phase II studies enrolling endometrial carcinoma patients (26). These data provided the rationale to explore the cytotoxic interaction between selective estrogen receptor modulators (SERMs), such as tamoxifen, and Pg in ACC.

Here, we explored the possible effect of tamoxifen on ACC cell viability and investigated the additive/synergic cytotoxic activity of tamoxifen and progesterone in in vitro ACC experimental cell models.



Materials and Methods


Cell Lines

The human NCI-H295R cell line, derived from a primitive ACC in a female patient (27), was obtained from the American Type Culture Collection (ATCC) and cultured as indicated by ATCC. MUC-1 cell line, established form a neck metastasis of an EDP-M treated male patient, was kindly given by Dr. Hantel and cultured as suggested (28). Media and supplements were supplied by Sigma Aldrich Italia, (Milan, Italy).



Primary ACC Cell Culture

Human ACC primary cells were derived from a male patient who underwent surgical removal of metastatic ACC, in progression after EDP-M. The local Ethical Committee approved the project and written informed consent was obtained from the patient. The primary culture ACC115m was obtained as previously described (29) and maintained in MUC-1 medium supplemented with L-Glutamine (2 mM) and amphotericin B (2.5 μg/ml). The clinical characteristics of the patient are reported in Supplemental Table 1. Cells were tested for mycoplasma and authenticated from BMR genomics (Padova, Italy).



Immunohistochemistry

Tissue samples were obtained from formalin-fixed and paraffin embedded blocks from surgical samples. 2 μm thick sections were used for routine Hematoxylin and Eosin (H&E) staining and immunohistochemistry using the automatic stainer BenchMark ULTRA IHC/ISH System (Ventana). Diagnosis of cortical cell carcinoma was revised according to the most recent WHO criteria (30). The clinical characteristics of the patient are reported in Supplemental Table 1. The following primary antibodies were used: anti-PgR clone 1E2, anti-ER clone SP1. All the primary antibodies were from “ready to use” kits from Ventana. Antigen retrieval was performed by incubation for 64 min for PgR and ER at 95°C in Ultra Cell Conditioning Solution (Ultra CC1, Ventana). Signal was revealed using the ultraView Universal DAB Detection kit (Ventana) followed by diaminobenzydine as chromogen and Hematoxylin for nuclear counterstain. Digital images were acquired by an Olympus XC50 camera mounted on a BX51 microscope (Olympus, Tokyo, Japan) using CellF Imaging software (Soft Imaging System GmbH, Münster, Germany). Expression of PR and ER was semi-quantitatively scored on representative tumor areas based on both percentage [score ranges: 0 (0–5%), 1 (6–29%), 2 (30–69%), 3 (≥70%)] and intensity (score ranges: 0, no expression; 1, weak; 2, moderate; 3, high) of immunoreactive (IR) neoplastic cells.



Immunofluorescence

Cells were grown onto 12  mm poly-L-lysine coated coverslips for 4 days and were then fixed with paraformaldehyde 4% (w/v) (Immunofix, Bio-Optica, Milan, Italy) for 15 min at 4°C and permeabilized with 20% MetOH and 0.1% Triton X-100 in PBS for 10 min. Non-specific binding was blocked by incubation in PBS containing 0.1% Triton X-100 and 0.2% of BSA for 45 min. Cells were incubated with anti-PgR (raised in rabbit, 1:800, Cell Signaling Technology, Denvers, MA, USA), anti-ER-β (raised in rabbit, 1:500, Abcam, Cambridge, United Kingdom) and anti-ER-α (raised in mouse, 1:500, Invitrogen, Carlsbad, CA, USA) primary antibodies o/n at 4°C. After extensive washes, the anti-rabbit Alexa Fluor 488 (green signal) and anti-mouse Alexa Fluor 555 (red signal) (Immunological Sciences, Rome, Italy) secondary antibodies, and Alexa Fluor 647 Phalloidin (Invitrogen) were applied for 1 h at rt. After rinsing in PBS, coverslips were mounted using DAPI-containing Vectashield mounting medium (Vector Laboratories, Burlingame, CA, USA).

Slides were observed by a LSM 880 Zeiss confocal laser microscope equipped with Plan-Apochromat 63×/1.4 numerical aperture oil objective or by a LSM 510 Zeiss confocal laser microscope (Carl Zeiss AG, Oberkochen, Germany) equipped with Plan-Apochromat 63×/1.4 numerical aperture oil objective. Images were then reconstructed using Zeiss ZEN 2.3 Imaging Software (Carl Zeiss). The specific mean fluorescence intensity of the pixels was quantified using ZEN Black software (Carl Zeiss) and/or ImageJ software (Nation Institute of Health. Bethesda, MD, USA). Several fields, randomly chosen, were acquired and analyzed for each experimental condition.



Cell Treatments

Cells were treated with increasing concentrations of progesterone (0.1–160 µM; Merck Serono, Milan, Italy) and tamoxifen (0.1–20 µM; Selleckchem Chemicals-DBA Italia, Segrate, Milan, Italy); both drugs were solubilized in DMSO. Preliminary experiments of concentration–response curves were conducted in the ACC cell cultures in order to establish the optimal drug concentration range and length of treatment. All experiments were conducted in charcoal-dextran-treated serum (CTS).



Measurement of Cell Viability and Proliferation

Cell viability was assessed by 3-(4,5-Dimethyl-2-thiazol)-2,5-diphenyl-2H-tetrazolium bromide (MTT) dye reduction assay as described in Fiorentini et al. (31). Briefly, untreated and drug-treated cells were incubated with MTT dye (at final concentration of 0.5 mg/ml) and solubilized with DMSO. Absorbance was determined at 540/620 nm by a spectrophotometer (GDV, Rome, Italy). Cell proliferation rate was evaluated with TC20 automated cell counter (Bio-Rad Laboratories, Segrate, Milan, Italy). Briefly, cells were grown in 24-well plates, dislodged by trypsinization and suspended in culture medium followed by trypan blue dilution (1:2). The parameter settings were established according to the manufacturer’s instructions. 10 µl of sample was loaded into a slide and counted.



Drug Combination Experiments

Combination experiments were performed to evaluate the interaction of Pg and tamoxifen on cell viability according to the Chou and Talalay method (32). Cells were treated for 4 days using increasing concentrations of progesterone (7.4–84.3 µM), tamoxifen (0.8–13.5 µM), and mitotane (1.51–17.21 µM) as single drug and in combination, as recommended for the most efficient data analysis (33). The drug concentration curve for the combination has been designed for each ACC cell model based on the respective IC50 of each drug. Data were then converted to Fraction affected (Fa, range from 0 to 1 where Fa = 0 indicating 100% cell viability and Fa = 1 indicating 0% cell viability) and analyzed using the CompuSyn software (ComboSyninc. Paramus, NJ, USA) to calculate the Combination Index (CI). A CI value <1, = 1, and >1 indicates synergism, additive effect, and antagonism respectively.



Quantitative RT-PCR

Gene expression was evaluated by q-RT-PCR (ViiA7, Applied Biosystems, Milan, Italy) using SYBR Green as fluorochrome as described elsewhere (34). Sequences of oligonucleotide primers were reported in Supplemental Table 2. Reactions were performed under the following conditions: 1 cycle at 95°C for 10 min, 40 cycles at 95°C for 15 s, 62°C for 1 min. Differences of the threshold cycle (Ct) values between the β actin housekeeping gene and the gene of interest (ΔCt) were then calculated.



miRNA Analysis

Total RNA, including miRNAs, was extracted from cells using the miRNeasy kit (Qiagen, Milan, Italy), and 1 µg was transcribed into cDNA using miScript II RT kit (Qiagen), following the manufacturer’s protocol. q-RT-PCR was performed with a miScript System (Qiagen) (35). Reactions were performed under the following conditions: 95°C 15 min; 94°C 15 s, 55°C 30 s, 70°C 30 s, 40 cycles. Sequences of miR-23 used were: miR23a: 5′AUCACAUUGCCAGGGAUUUCC; miRNA23b: 5′AUCACAUUGCCAGGGAUUACC. Variations in expression of miR-23a/b among different samples were calculated after normalization to U6.



Western Blot

Cells were homogenized in cold RIPA buffer, and total protein concentrations were determined by Bio-Rad Protein Assay (Bio-Rad Laboratories). Proteins (30 μg/lane) were separated by electrophoresis on a 4–12% NuPAGEbis-tris gel system (Life Technologies, Milan, Italy) and electroblotted to a nitrocellulose membrane. Membranes were incubated with an anti-SF1 (0.234 µg/ml; Cell Signaling Technology) and anti-GAPDH (1 µg/ml Merk Millipore, Burlington, MA, USA) primary antibodies according to the manufacturer’s instructions. Secondary HRP-labeled anti-mouse and anti-rabbit antibodies (Santa Cruz Biotechnologies, Heidelberg, Germany) were used, and the specific signal was visualized using a Westar ECL Sun Western blot substrate (Cyanagen, Bologna, Italy). Densitometric analysis of the immunoblots was performed using NIH ImageJ Software.



Statistical Analysis

The analysis of the data was carried out by the GraphPad Prism version 5.02 software (GraphPad Software, La Jolla, CA) using the one-way ANOVA with Bonferroni’s multiple comparisons test considering P < 0.05 as threshold for significant difference. IC50 values for each drug were calculated by non-linear regression of the concentration–response curves. All results are expressed as mean ± SEM of three independent experiments, unless otherwise specified. Cytotoxicity experiments were carried out at least three times, each point run in triplicate.




Results


Estrogens in the ACC Cell Models

Due to the suggested different roles of ER in cell viability, we evaluated whether the ER-α and ER-β subtypes were differentially expressed in ACC experimental cell models. ACC cell lines and the ACC115m primary cell culture were then investigated for ER gene and protein subtype expression. Results on gene expression are reported in Table 1, while the mRNA translation into the respective protein was demonstrated by immunofluorescence and reported in Figure 1 and quantified in Supplemental Figure 1. Concerning the ACC cell lines, NCI-H295R cells expressed both ER subtypes, although the gene and the protein both indicated a low level of expression with a prevalence of ER-β over the ER-α (Figure 1A, Supplemental Figures 1, 2). Metastasis-derived MUC-1 cell line and ACC115m primary culture, displayed a very weak expression of ER-α and ER-β, both at gene (Table 1) and protein levels (Figure 1; quantified in the Supplemental Figure 1). We would like to underline the peculiar sub-cellular localization of the ER subtypes as we can observe a prevalent nuclear localization of ER-β.


Table 1 | ER gene expression in ACC cell lines and primary cell culture.






Figure 1 | ER expression in NCI-H295R, MUC-1 cell lines and ACC115m primary culture. Cells were seeded on poly-L-lysine pre-treated coverslips following by incubation with DAPI for nuclear staining. Panel (A) DAPI; panel (B) phalloidin; panel (C) ER (red signal: ER-α; green signal: ER-β); panel (D) merge. The scale bar of 20 µm is automatically inserted by the software ZEN Black.



NCI-H295R cell line expressed the CYP19A1 enzyme (31) and produced 17β-estradiol (10.01 ± 0.77 ng/ml; Supplemental Methods). As it has been shown that exogenous administration induced cell growth [16 and unpublished data], to explore the possible involvement of ERs in ACC cytotoxicity and cell proliferation rate, ACC cells were treated with increasing concentrations of tamoxifen for 4 days and then evaluated for cell viability. The ACC cell line NCI-H295R displayed a concentration-dependent cytotoxicity, with the IC50 of 5.43 µM (95% CI: 5.18–5.69 µM) (Figure 2A) and the reduction of the cell proliferation rate (Figure 2B). MUC-1 cell line and ACC115m primary culture resulted resistant to tamoxifen (Supplemental Figure 3), accordingly to the very low ER expression in these ACC cell models. In particular, tamoxifen exposure did not show any effect on cell viability up to 15 µM and then a sharp decrease at 17.5 µM and 20 µM, more evident in ACC115m. Whether this effect is ER-dependent or not needs to be determined.




Figure 2 | Effect of tamoxifen on NCI-H295R cell viability and proliferation. (A) NCI-H295R were treated with increasing concentration of tamoxifen (0.1–20 uM) and cell viability was then evaluated by MTT assay. Results are expressed as percent of viable cells vs ctrl ± SEM of three independent experiments run in triplicate. (B) NCI-H295R were treated with low, intermediate, and high dose of tamoxifen and then cell proliferation was evaluated by directing counting with trypan blue discrimination. *P < 0.0001 vs untreated cells; §P < 0.001 vs untreated cells.





Tamoxifen Induced ER-β Nuclear Translocation in NCI-H295R Cell Line

To evaluate whether the tamoxifen effect involved a selective subtype, NCI-H295R cells were exposed to the drug IC50, and cells were fixed and analyzed at the confocal microscope at different times. Figure 3A shows that tamoxifen treatment induced a time-dependent increase of nuclear signal of ER-β, thus suggesting a significant nuclear translocation after 12 h of drug exposure that was maintained up to 24 h (Figure 3B), without any modification of the amount and localization of ER-α (Supplemental Figure 4). These results suggested that ER-β could be the subtype mainly involved in the tamoxifen effect.




Figure 3 | Tamoxifen exposure selectively modified the ER intracellular localization in NCI-H295R cells. (A) Cells were treated for different times with tamoxifen IC50 value. Slides were observed by a LSM 880 Zeiss confocal laser microscope or by a LSM 510 Zeiss confocal laser microscope (Carl Zeiss with 40× magnification. Images were then reconstructed using Zeiss ZEN 2.3 Imaging Software (Carl Zeiss). On the left the ER-β staining, on the right ER-β + DAPI staining. (B) The specific mean fluorescence intensity of the pixels of acquired images was quantified using ZEN Black software (Carl Zeiss). Several fields, randomly chosen, were acquired and then analyzed for each experimental condition. Quantified analysis was conducted by GraphPad Prism 5.02 software. *P < 0.0001 vs ctrl; #P < 0.01 vs ctrl.





Pg in the ACC Cell Models

We already demonstrate that NCI-H295R cells express PgR (31) and that Pg exerts a concentration-dependent cytotoxic effect on NCI-H295R cells line as well as in ACC primary cell cultures expressing PgR (18). Here, we confirmed this result in other ACC cell models, studying the Pg effect in metastasis-derived cell models, namely MUC-1 cell line and in ACC115m primary cells. We firstly assessed the PgR expression in these cells by q-RT-PCR. The ΔCt obtained was MUC-1: 12.71 ± 0.62; ACC115m: 10.39 ± 0.04 (cDNA belonging from NCI-H295R cells was used as internal positive control: ΔCt: 9.48 ± 0.57), thus suggesting that PgR gene expression was present. Although a direct relationship between mRNA and proteins cannot be established, a correlation between the gene expression and the immunofluorescent signal in these ACC cell models could be observed. Indeed, PgR signal in MUC-1 cells and ACC115m primary cell culture is weaker compared to NCI-H295R cells. These results are reported in Figure 4 and included NCI-H295R cells as positive control. The immunofluorescence signal quantification is reported in Supplemental Figure 5. A modest cytotoxic effect of both ACC cell models derived from metastatic patients was observed when cells were exposed to increasing Pg concentrations, suggesting that these cells were less sensitive to Pg compared to NCI-H295R cells. Indeed, the IC50 was 67.58 µM (95% CI: 63.22–73.04 µM) for MUC-1 cells and 51.76 µM (95% CI: 46.45–57.67 µM) for ACC115m cells (Figure 5A). Pg treatment affected as well the cell proliferation rate on each ACC cell model as reported in Figure 5B.




Figure 4 | PgR expression in NCI-H295R, MUC-1 cell lines and ACC115m primary culture. Cells were seeded on poly-L-lysine pre-treated coverslips following by incubation with DAPI for nuclear staining. Panel (A) DAPI; panel (B) phalloidin; panel (C): PgR; panel (D): merge. The scale bar of 20 µm is automatically inserted by the software ZEN Black.






Figure 5 | Cytotoxic effect of Pg in ACC cell models. (A) MUC-1 cell line and ACC115m primary culture were treated with increasing concentrations of progesterone (0.1–160 uM), then cell viability was analyzed by MTT assay, (B) NCI-H295R, MUC-1 cell lines and ACC115m primary culture were treated with low, intermediate, and high dose of Pg, and cell proliferation was analyzed by directing counting with trypan blue discrimination. Results are expressed as percent of viable cells vs ctrl ± SEM; *P < 0.0001 vs untreated cells; #P < 0.01 vs untreated cells.





Effect of Drug Combined Treatment on ACC Cell Viability

Due to the sensitivity of NCI-H295R cell line to both Pg and tamoxifen, we thus evaluated whether the cytotoxic effect of tamoxifen on NCI-H295R cell viability could be enhanced by Pg, applying the Chou–Talalay method for drug combination experiments (32, 33). Cells were exposed to increasing concentrations of tamoxifen (1.2–13.5 µM) and Pg (7.4–84.3 µM) at 1:6.17 fixed molar ratio for 4 days and then analyzed for cell viability by MTT assay (Figure 6A). The combination index was then calculated, and the analysis revealed a prevalent antagonist effect when the two drugs were combined (Figure 6B). The combination index value for each drug concentration is reported in Supplemental Table 3, and the isobolograms are reported in Supplemental Figure 5.




Figure 6 | Combined treatment tamoxifen plus Pg in NCI-H295R. (A) Concentration–response curve of tamoxifen, Pg, and drug combination in NCI-H295R. Cells were exposed to increasing concentrations of tamoxifen and Pg alone or in combination as described in Materials and Methods. Data are expressed as percent of viable cells vs ctrl. Data are the mean ± SEM of three independent experiments; *P < 0.0001 vs untreated cells; §P < 0.001 vs untreated cells. (B) Combination index plot. Cell viability data of panel A were converted to Fa values and analyzed with CompuSyn software.



Finally, since mitotane is the standard treatment for ACC patients, we then evaluated as well the combined treatment NCI-H295R cell line with tamoxifen and mitotane. Results are reported in Supplemental Figure 6, Supplemental Table 4 and showed that the combination has an additive/synergic effect at low concentrations, while, as the drug concentrations increased, the antagonism prevailed.



Pg and Tamoxifen Reduced SF-1 Expression in NCI-H295R Cells

In order to evaluate the functional effect of Pg and tamoxifen in the NCI-H295R cell line, the effect of these drugs on the expression of the adrenal biomarker, namely SF-1, the pleiotropic transcription factor involved as well in the carcinogenesis (36) was studied. Cells were treated with Pg or tamoxifen at their respective IC50 for 4 days and then the SF-1 expression was evaluated. Results are reported in Figure 7. By q-RT-PCR, after Pg and tamoxifen treatment, no differences in the SF-1 gene expression were detected (not shown), while representative western blots were reported in Figure 7.1A. The SF-1 protein expression was modified by both drugs: in particular, as shown in Figure 7.1B, Pg treatment induced a significant SF-1 reduction in NCI-H295R cell line (Pg: −36.34% ± 9.26%; tamoxifen: −46.25% ± 15.68%; P < 0.01).




Figure 7 | Tamoxifen and Pg reduced the SF-1 expression in NCI-H295R cell line. (1A) Representative western blot of SF-1 expression after NCI-H295R tamoxifen IC50 and Pg IC50 4 days treatment. (1B) Densitometric analysis of SF-1 expression after NCI-H295R drug treatment. Data are expressed as normalized values SF-1/GAPDH and are the mean of three independent experiments. *P < 0.0001 vs ctrl; §P < 0.001 vs ctrl. (1C) NCI-H295R were treated with tamoxifen IC50 or Pg IC50 for 4 days and then miRNA23a/b expression was investigated. Data are expressed as normalized values on internal control U6 and are the mean of three independent experiments. *P < 0.0001 vs ctrl; §P < 0.001 vs ctrl; #P < 0.01 vs ctrl. (2A) Representative western blot of SF-1 expression after MUC-1 tamoxifen IC50 and Pg IC50 5 days treatment. (2B) Densitometric analysis of SF-1 expression after MUC-1 drug treatment. Data are expressed as normalized values SF-1/GAPDH and are the mean of three independent experiments.



In order to explain this phenomenon, we investigated the expression of two miRNAs involved in SF-1 regulation, namely miR23a and miR23b (37). The reduction of SF-1 protein expression seemed to be mediated, at least in part, by the increase of miRNA 23a expression, with an increase compared to untreated cells of up to 1.54 ± 0.11 in Pg-treated cells and of 1.73 ± 0.04 in tamoxifen-treated cells respectively. An increase of miRNA-23b expression was as well observed after tamoxifen treatment (1.51 ± 0.02 compared to untreated cells), while this miRNA did not seem to be involved in the regulation of SF-1 protein expression when NCI-H295R cells are exposed to Pg (Figure 7.1C). SF-1 protein expression after Pg and/or tamoxifen IC50 treatment was measured also in MUC-1 cell line, but no significant variations were detected (Figures 7.2A, B).



PgR and ER Expression in ACC Tissues

Finally, the expression of ER and PgR was studied by immunohistochemistry in 36 paraffin embedded tumor samples belonging to ACC diagnosed patients. Among this cohort, 13 patients were male and 22 female, with an age median of 53 years (range: 16–79 years), 11 of them were cortisol-secreting, while the others were not secreting. Results reported in Table 2 indicated that ERs were absent or present in a very weak expression, while PgR proteins were expressed, although with a variability within the different samples. In particular, concerning the ER positive cells, we could observe that only three ACC samples displayed a percentage of ER moderately positive cells within the range of 30–69%, while 28 ACC displayed less than 5% ER positive cells, with a null o low intensity. Concerning PgR, they presented an evaluable expression in each sample studied, with only three ACC expressing less than 5% of immunoreactive cells. Indeed, almost half of samples expressed between 30 and 69% of immune positive cells and eight samples up to 36 expressed more than 70% of positive cells. A representative example of immunohistochemistry conducted on some ACC tissues is reported in Figure 8. The clinical characteristics are reported in Supplemental Table 1. In detail, ACC29 cells showed a tumor with lobulated morphology, moderate atypia and few mitotic figures. This tumor exhibits focal and moderate PgR expression, scant ER IR-cells, and low proliferation index. ACC32 cells presented an epithelioid morphology with higher nuclear atypia and prominent nucleoli. This tumor has few PgR IR cells with faint staining intensity with no ER expression and moderate proliferation index. ACC55 cells showed a solid growth composed of clusters of eosinophilic cells with frequent nuclear atypia and mitotic figures. Tumor has moderate PgR expression with negative ER immunostaining and a labeling index up to 15%. The ACC91 cells had a solid growth composed by poorly cohesive cell clusters with densely eosinophilic cytoplasm, frequent nuclear atypia and mitosis. This tumor has a higher expression of PgR along with moderate expression of ER. Labeling index is higher between these samples, ranging from 15 to 20%.


Table 2 | Histological features and expression of PgR and ER in ACC tumor specimens.






Figure 8 | Immunohistochemistry for PgR and ER expression in ACC samples. Left panels show representative H&E-stained section from ACC tumor samples, middle panels PgR and right panels ER immunostainings. All images are from ×40 original magnification.






Discussion

In this study, we in vitro investigated whether the interplay between ER, PgR, and their ligands may exert a cytotoxic and antiproliferative activity on ACC experimental cell models as it was demonstrated in endocrine-related cancers.

We observed that, although ER expression was relatively low, tamoxifen exerted cytotoxic effect on NCI-H295R cell line, belonging from a primitive ACC, confirming published data (16). Drug exposure led to an increased nuclear localization of ER-β subtype, with no modifications of the ER-α subcellular localization, leading to the hypothesis that the cytotoxic and antiproliferative effects of tamoxifen in ACC cells could be mediated by its ER-β agonist activity, according to previous observations (38). These results are in line with results showing that in breast cancer cell lines stably expressing ER-β, this receptor regulates multiple components normally associated with the suppression of cell proliferation (i.e. TGFβ and cell cycle-related genes) (17). Thus, with these results, we supported evidence indicating that ER-β is a protective factor that suppresses uncontrolled proliferation and induces cell differentiation in many tissues and organs, both in physiological condition and in cancer degeneration (17). However, the role of ERs in ACC cell models seemed to be limited to the NCI-H295R cell line, as metastatic derived ACC cell models such as MUC-1 and ACC115m expressed very weak levels of both ER subtypes and were resistant to tamoxifen.

On the same line, this mechanism may have a scarce impact in clinic, as our immunostaining data showed that ER is scarcely expressed in paraffin-embedded ACC tissues as well as we observed in ACC experimental cell models, accordingly with those that detected low expression level of the ER subtypes in ACC.

The amount of ER expression in ACC seemed to decrease as disease progresses, at least in our experimental cell models. Indeed, as already underlined, in EDP-M resistant ACC cells, namely MUC-1 and ACC115m cells, the expression of ER is very low and cells do not respond to the SERM tamoxifen. Accordingly, in our cohort of paraffin-embedded ACC samples, the expression of ER was absent or present in a very weak expression, thus limiting the possibility to explore a clinical approach targeting ER in ACC patients. Another limitation resides in the tamoxifen pharmacokinetic, as the calculated plasma concentration at the steady state after 20 mg tamoxifen for 3 months is about 0.3 µM, that is under the range of concentrations that displayed a cytotoxic effect in our ACC experimental cell models, although tamoxifen presents a distribution volume that is about 50–60 l/kg (39).

Concerning PgR, immunohistochemical analysis of ACC tissues strongly indicated that they are frequently expressed, with a number of samples displaying a high percentage of immunoreactive cells, although with a large variability among samples. Accordingly, in a recent paper, our group demonstrated that exposure to Pg of primary cells derived from PgR expressing ACC (at least 40% of PgR+ cells) resulted in a concentration-dependent increase of cytotoxicity (18) in line with results demonstrating a role this hormone as anti-tumoral drug in different cancers (40–42).

Here, we strengthen the role of PgR in the ACC and the effect of Pg in reducing both cell proliferation and cell viability. This effect seemed to be strictly related to the level of PgR expression, thus the evaluation of the PgR expression during the pathological staging could be of interest, as Pg and its derivative are already part of the cancer supporting care, thus giving the opportunity to have another pharmacological tool over the usual systemic therapy. This hypothesis is now under study in a randomized phase II clinical trial.

The cross-talk between ER/PgR was detectable both at physiological and pathological levels in endocrine tissues and tumors (43). About it, it has been suggested that the combined treatment using drugs targeting ER/PgR could be useful, although the safety profile of the drug combination must be considered (43). Thus, as published data support the rationale for a synergism between anti-E and Pg in inducing an antineoplastic effect, we tested the cytotoxic activity of the combination of tamoxifen and Pg also in ACC experimental model of NCI-H295R cells. Results obtained indicated that the tamoxifen/Pg combination did not result in an either additive or synergic effect; rather the resulting effect was of drug antagonism.

We finally investigated the functional effect of tamoxifen and Pg exposure in ACC cell models, and we observed that both drugs are able to decrease the protein expression of the ACC biomarker SF-1, the transcription factor that is a critical regulator of adrenogonadal development and function (44). SF-1, also known as Ad4-binding protein or NR5A1, binds as a monomer to nuclear receptor half sites on DNA (44), and it plays an important role not only in adrenal steroidogenesis but also in cell adhesion, cell proliferation, apoptosis, and angiogenesis of adrenocortical tumor cells (36). Further, Doghman et al. demonstrated that overexpression of SF-1 in NCI-H295R increases proliferation rate (45). Thus, our results on the downregulation of SF-1 protein expression during the cytotoxic effect of tamoxifen and Pg on NCI-H295R cells found their rationale on the pleiotropic role of SF-1. The reduction of SF-1 protein expression along with a not significant modification of SF-1 mRNA expression induced by both drugs, led us to hypothesize that miRNA regulation of transcriptional capability of mRNA could occurred. It is indeed known that miRNAs, by binding to the 3′-untranslated region of target mRNAs, induced translational repression followed by degradation of approximately one-third of human genes (for an extensive review see: 46). Using computational approaches, it is suggested that each miRNA can bind to hundreds of different mRNAs, which collectively results in an extremely fine regulation of protein transcription (46). Thus, the concept that dysregulation of miRNA expression is linked to cancer is now accepted worldwide. Among the cancer-associated miRNAs, miR23a, one of the most studied miRNAs in different types of cancer, has been found to be involved, together with miR23b, in the regulation of SF-1 protein transcription (37). In NCI-H295R cells, we demonstrated that SF-1 reduction could be mediated, at least in part, by the increase of both miR23a and miR23b. The mechanism underlying this inverse correlation between SF-1 protein and miR23a and miR23b expression is still unknown; however, it has been shown that ER-α binding sites are present in the regulatory region of miR23a (47, 48) and miR23b, along with ER-β binding sites in miR23b regulatory region (49). To our knowledge, no evidence of a direct regulation of Pg on miR23a and miR23b is known at the moment; however, an indirect effect of Pg acting on E-ER-miR23a and miR23b regulation could be as well suggested, as it occurs for a large family of miRNAs in breast cancer (50).

Taken together, these results suggest that SF-1 expression seemed to be regulated by ER and PgR, These data, however, are not exhaustive and the full evidence of the inhibitory effect would require the demonstration of a modulation of the expression of other specific β-catenin target genes in NCI-H295R cells by Pg treatment. These further experiments are outside the scope of the present paper and will be a matter of a future study.
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Phakomatoses encompass a group of rare genetic diseases, such as von Hippel-Lindau syndrome (VHL), neurofibromatosis type 1 (NF1), tuberous sclerosis complex (TSC) and Cowden syndrome (CS). These disorders are due to molecular abnormalities on the RAS-PI3K-Akt-mTOR pathway for NF1, TSC and CS, and to hypoxia sensing for VHL. Phakomatoses share some phenotypic traits such as neurological, ophthalmological and cutaneous features. Patients with these diseases are also predisposed to developing multiple endocrine tissue tumors, e.g., pheochromocytomas/paragangliomas are frequent in VHL and NF1. All forms of phakomatoses except CS may be associated with digestive neuroendocrine tumors. More rarely, thyroid cancer and pituitary or parathyroid adenomas have been reported. These susceptibilities are noteworthy, because their occurrence rate, prognosis and management differ slightly from the sporadic forms. The aim of this review is to summarize current knowledge on endocrine glands tumors associated with VHL, NF1, TSC, and CS, especially neuroendocrine tumors and pheochromocytomas/paragangliomas. We particularly detail recent advances concerning prognosis and management, especially parenchyma-sparing surgery and medical targeted therapies such as mTOR, MEK and HIF-2 α inhibitors, which have shown truly encouraging results.
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Introduction

Phakomatoses are a group of systemic diseases linked to ectodermal dysembryogenesis. The term comes from the Greek noun phakos (φακός, meaning “lentil” or “spot”) and the word termination -oma (for “tumor”), which refer to cutaneous birthmarks, i.e. hamartomas. Other cardinal features involve the central nervous system and the eyes (1). The most frequent forms of phakomatoses are:

	- neurofibromatosis type 1 (NF1), also known as von Recklinghausen’s disease,

	- von Hippel-Lindau disease (VHL),

	- tuberous systemic complex (TSC),

	- and Cowden syndrome (CS).



The prevalence is, however, less than 1/2,000 people. These rare diseases were clinically described in the 19th century by famous physicians such as the pathologist Friedrich Daniel von Recklinghausen, and the ophthalmologist Eugen von Hippel, both from Germany, Arvid Lindau, a Swedish pathologist and Désiré-Magloire Bourneville, a French neurologist. Although the hereditary nature of these syndromes was predicted early on, their molecular basis was only elucidated at the end of the 20th century by means of genetic developments and the characterization of the Ras-PI3K-Akt-mTOR pathway in NF1, TSC, and CS, as well as of the hypoxia signaling pathway in VHL.

Besides classical neurological, ophthalmological and cutaneous features, patients with phakomatoses are predisposed to developing tumors of the endocrine glands, with different spectrums for each disease (Figure 1).




Figure 1 | Main tumors of endocrine glands in patients diagnosed with phakomatoses. (TSC, tuberous sclerosis complex; VHL, von Hippel-Lindau disease; NF1, neurofibromatosis type 1; CS, Cowden syndrome).



After a brief review of the pathophysiology of common forms of phakomatoses, we describe the clinical features of endocrine tumors associated with them and focus on their specific features compared with sporadic counterparts; indeed, time of occurrence, clinical expression and prognosis can differ slightly. We then detail recent advances concerning the management of those tumors, especially focusing on parenchyma-sparing surgery in localized disease and pharmacological therapies targeting mTOR, MEK and HIF2-α in advanced/metastatic disease.



Pathophysiology and Molecular Biology of Phakomatoses

NF1, TSC and CS are caused by mutations on genes encoding for different components of the MAP kinase and Ras-PI3K-Akt-mTOR pathways (Figure 2). The PI3Kinase-Akt pathway is a classical signaling pathway involved in the regulation of metabolic processes, maintenance of the redox balance, and cell survival and growth (2). PI3Kinase is primarily activated by RAS proteins. This family of proteins (HRAS-NRAS-KRAS) also regulates other signaling pathways such as MAP kinase, which is involved in cell proliferation and survival (3). RAS proteins oscillate between active guanosine triphosphate (GTP)-bound and inactive guanosine diphosphate (GDP)-bound states, and deregulation has been observed in various diseases such as cancer or even psychiatric diseases (4).




Figure 2 | PI3K-Akt-mTOR and MAP kinase pathways, relations with phakomatoses (TSC, NF1 and CS) and therapeutic developments.



Downstream from PI3K and Akt is the mTOR pathway, which ultimately leads to the activation of mTOR complexes 1 and 2 (mTORC1 & 2). The mTOR pathway has been highly conserved during evolution and integrates several environmental cues, such as growth factors, amino acids or glucose, in order to guide cellular growth and fate (5). These multi-protein complexes regulate energy metabolism and lipid/protein synthesis and influence cell survival. In human diseases, mTOR deregulation is involved in cancer, diabetes and ageing (6).


Neurofibromatosis Type 1

Neurofibromatosis type 1 (NF1), an autosomal dominant disease, is caused by mutations of the NF1 gene located on chromosome 17q11.2, which encodes neurofibromin (7). This protein accelerates the conversion of active GTP-bound RAS to inactive GDP-RAS. Consistently, MAP kinase and PI3Kinase-Akt-mTOR are deregulated in NF1 (8, 9).



von Hippel-Lindau Disease

The pathophysiology of another type of phakomatoses, von Hippel-Lindau disease (VHL), is related to a different but major cellular dysfunction: oxygen sensing (10) (Figure 3). VHL is an autosomal dominant disease linked to mutations of the VHL gene, mapped on chromosome 3p25.3 (11). The VHL protein (pVHL) is part of a multiprotein complex that is also constituted by elongin B and C, Cullin 2 and RBX1, with the whole complex exhibiting E3 ubiquitin ligase properties (12, 13). Under normoxic conditions, hypoxia-inducible factors-α (HIF-α) are hydroxylated on proline residues by prolyl hydroxylase, which allows recognition by pVHL, then ubiquitylation of HIF-2 and subsequent degradation via the proteasome (Figure 3A). In hypoxic conditions, HIF-α cannot be hydroxylated and recognized by pVHL, and then tend to accumulate, dimerizing with HIF-1 β and activating the transcription of several genes involved in angiogenesis, erythropoiesis, metabolism, cell proliferation, migration and invasion. With VHL gene mutations, there is also no possibility of HIF-α degradation even in normoxic conditions, and this create a pseudo-hypoxic state with continuous activity of the HIF-α/HIF-1β heterodimer (Figure 3B). Consequently, VHL is crucial in the oxygen sensing process within the body. It also exhibits HIF-independent properties, including assembly and regulation of the extracellular matrix, microtubule stabilization, and regulation of apoptosis.




Figure 3 | Oxygen sensing pathway, connection with phakomatoses (VHL) and therapeutic developments. (A) In normoxic conditions (normal oxygen concentration), HIF-α are hydroxylated on proline residues by prolyl hydroxylase, is then recognized by pVHL complex and ubiquitinated and subsequently degraded via the proteasome. (B) In hypoxic conditions (low oxygen concentration), HIF-α cannot the be recognized by pVHL and degraded; it accumulates, dimerizes with HIF-1 β, translocates into cellular nucleus and activates transcription of targeted genes. Similarly, when VHL is mutated there is also no possibility of HIF-α degradation even in normoxic conditions, and this creates a pseudo-hypoxic state with the HIF-α/HIF-1 β dimer constantly activated, leading to the development of tumor angiogenesis as compensation.





Tuberous Sclerosis Complex

Tuberous sclerosis complex (TSC), another autosomal dominant disorder, is related to mutations of the TSC1 or TSC2 genes, which are located on chromosomes 9q34 and 16p13.3 (14, 15). These genes encode for hamartin and tuberin, respectively, proteins that have the property of directly inhibiting the mTOR protein. Therefore, mutations on TSC1 or TSC2 lead to a hyperactive mTOR pathway.



Cowden Syndrome

Cowden syndrome (CS), also an autosomal dominant disease, is linked to mutations of the PTEN gene, mapped on chromosome 10q23.31 (16). PTEN has the ability to inactivate PI3Kinase, the first kinase that subsequently leads to activation of the mTOR pathway. Consistently, an overactive mTOR pathway is observed when PTEN is mutated.




Main Clinical Features of Phakomatoses


Neurofibromatosis Type 1

NF1 is the most common form of phakomatoses and affects 1 out of 3000–3500 births worldwide (17). The main symptoms of NF1 are cutaneous, ophthalmological and neurological (Table 1). NF1 predisposes to the development of multiple neoplasias including solid cancers, mainly malignant peripheral nerve sheath tumors, as well as malignant hemopathies (18). Endocrine tumors, mainly pheochromocytoma and digestive neuroendocrine tumors, are also observed. Primary hyperparathyroidism, pituitary adenomas and thyroid cancer have been reported but are indeed very rare and, to date, are not considered as classical phakomatoses-associated endocrine tumors (19).


Table 1 | Neurofibromatosis type 1 (NF1) diagnostic criteria. Adapted from (18).





von Hippel-Lindau Disease

The classical clinical features of VHL disease usually include CNS and/or retinal hemangioblastoma, endolymphatic tumor, clear cell renal carcinoma, and a predisposition for developing cysts, mainly in the kidney and pancreas (Table 2). VHL disease occurs in about 1 per 36,000 births, with a penetrance at 65 years estimated at 90%. The disease is due to a de novo mutation in 20% of cases. Mosaic mutations can be identified in a minority (5%) of patients (20, 21). The two main endocrine tumors observed in VHL are pheochromocytoma/paraganglioma (PPGL) and pancreatic neuroendocrine tumors (pNETs). VHL disease is classified into two distinct phenotypes, which are based on the absence (type 1) or the presence (type 2) of PPGL. Type 1 VHL affects 80% of patients and is associated with large deletions or truncating mutations, whereas 20% of patients are in the type 2 group, which is associated with missense mutations. Sub-groups have also been defined within type 2 VHL: type 2a (low risk of renal cancer), type 2b (higher risk of renal cancer) and type 2c (PPGL only).


Table 2 | von Hippel-Lindau disease diagnostic criteria. Adapted from (10).





Tuberous Sclerosis Complex

The classical phenotype of TSC associates cutaneous lesions, neurological features (cortical tubers, subependymal nodules, and subependymal giant cell astrocytomas) and multiple retinal hamartomas (22) (Table 3). Its prevalence is estimated at 1/20,000 people. There is no clear genotype-phenotype correlation, but patients with TSC2 mutations show more severe disease than those with TSC1 mutations, although it does not involve endocrine tumors. The penetrance is high, with variable expression in the same family. Based on small studies, TSC may be associated with an increased risk of developing digestive neuroendocrine tumors, as well as pituitary and parathyroid adenomas (23).


Table 3 | Tuberous sclerosis complex diagnostic criteria. Adapted from (22).





Cowden Syndrome

The incidence of CS is estimated to be 1/200,000 individuals. Patients with CS classically present with cutaneous features (facial papules, oral mucosal papillomatosis, palmoplantar keratoses), macrocephaly, and Lhermitte-Duclos disease (24) (Table 4). They also exhibit a predisposition for developing several types of cancer, the most prevalent being breast, endometrial, renal, colorectal and finally thyroid cancer. Thyroid cancer is typically differentiated, arise from follicular cells and occurs in 20 to 38% of CS patients, with a possible association with promoter or exon 1 mutations (25–28).


Table 4 | Cowden syndrome diagnostic criteria. Adapted from (24).






Pheochromocytoma/Paraganglioma (PPGL) in Phakomatoses

PPGL arise from adrenal (pheochromocytoma) or extra-adrenal (paraganglioma) chromaffin cells associated with the paravertebral ganglia, and produce one or multiple catecholamines (adrenaline, noradrenaline, dopamine), which results in high blood pressure, palpitations, sweating, headaches, etc. (29, 30). These tumors are usually benign, and malignancy, characterized by distant metastasis, occurs in 8–10% of all PPGL patients: 10% for pheochromocytoma and ~25% for paraganglioma, the difference partially explained by SDH mutations more frequently encountered in paraganglioma (31, 32). Biochemical diagnosis is made with measurements of circulating or urinary catecholamine metabolites (Table 5) (33). Half of pheochromocytomas produce significant amounts of adrenaline and are diagnosed by an increase in metanephrines, with a linear relationship between catecholamine concentration and tumor size (34). The other half of pheochromocytomas and extra-adrenal paragangliomas are characterized by a predominant secretion of noradrenaline (35). Predominant production of dopamine is rare, preferentially encountered in head and neck paragangliomas or in malignant PPGLs (36). Some paragangliomas, especially localized in the head and neck, can also be non-secreting.


Table 5 | General guidelines for diagnosis and treatment of tumors of endocrine glands.




NF1

NF1-associated PPGL prevalence varies from 2.9 to 14.6%, with no clear genotype-phenotype association with PPGL risk (37–42). Indeed, in NF1 patients diagnosed with PPGL, the mutational spectrum comprises both intragenic mutations and deletions, with mutations being preferentially located in the cysteine-rich region of the NF1 protein over the RAS-GAP domain (43). The median age at diagnosis is around 40–45 years, which is older than in other genetically-determined PPGLs (44). Most PPGLs are unilateral pheochromocytomas (75%) but bilateral tumors are not rare (up to 17% of cases) and are synchronous in 20 to 40% of cases (38). Paragangliomas are infrequent. In rare cases, mixed tumors can be observed with a ganglioneuroma/ganglioneuroblastoma contingent (45). Gangliocytic paragangliomas can also been observed in ~5% of NF1 patients (46, 47). The catecholamine secretion profile is adrenergic. PPGL tumor size in NF1 (median size 5.8 cm, range 0.8–20 cm) is roughly the same as in sporadic cases. Functional imaging, which is used to investigate bilateral pheochromocytomas and/or paragangliomas and/or metastatic extension, is based on 18F-DOPA PET-CT; second choices include 123I-MIBG scintigraphy or 68Ga-SSA PET-CT (48).



VHL

PPGL, which defines type 2 VHL, is observed in 20–30% of patients (49–51). The youngest patient diagnosed was 4 years old, and the median age at diagnosis is 25–30 years (52). VHL-associated PPGL are mostly pheochromocytomas; paragangliomas account for only 10 to 20% of these chromaffin tumors. The malignancy potential is lower than in sporadic cases, about 5% vs. 10–17% (53). One-third to one-half of patients with PPGLs have synchronous bilateral pheochromocytomas. The median tumor size is smaller than in the sporadic forms, about 30 mm, and this is possibly related to abdominal screening, which allows early diagnosis (49). Accordingly, the release of catecholamines and the prevalence of associated symptoms and hypertension are lower compared with the sporadic forms (16–55% and 8–46%). VHL-associated PPGL exhibit a specific secretion profile, which is almost exclusively noradrenergic. The absence of adrenaline secretion is due to the epigenetic silencing of phenylethanolamine N-methyltransferase, which catalyzes the production of adrenaline from noradrenaline (54). Functional imaging of PPGL can be performed with various radiopharmaceuticals, which are of particular interest because they can reveal multiple VHL-associated tumors. The recent European Nuclear Medicine Society guidelines prioritized these investigations and, as in NF1 patients, suggested 18F-DOPA PET-CT as first-line imaging for exploring potential bilateral pheochromocytomas and/or extra-adrenal paragangliomas (48, 55). If not available or feasible, 123I-MIBG scintigraphy or 68Ga-SSA PET-CT can be used, with the latter preferred since it also demonstrates great diagnostic performance with regard to neuroendocrine tumors (56).



Treatment of Phakomatoses-Associated PPGLs

Resection of benign PPGLs should be considered in order to limit cardiovascular complications and prevent unexpected death, which can be triggered with the administration of certain drugs (53, 57–60). Of note is that rare bilateral pheochromocytomas have led to adrenal-sparing surgery (61–63). This allows selective removal of the pheochromocytoma and leaves a sufficient amount of adrenal cortex tissue for maintaining corticosteroid independence and avoiding steroid dependence and its associated comorbidities, i.e. increased mortality risk especially in young patients, and deterioration of quality of life (64, 65). The risk is recurrence of the tumor or the occurrence of acute adrenal crisis in case of stress. Procedures can be performed by an open or preferentially laparoscopic approach, at least for lesions < 50 mm, while larger lesions should be removed by total adrenalectomy (66). Preoperative measures have to be taken, especially the introduction/optimization of anti-hypertensive drugs, in order to limit perioperative-associated morbidity and mortality (67).

Few data are currently available on adrenal-sparing surgery and NF1-associated PPGL, possibly because bilateral pheochromocytomas are present in a minority of patients. However, when performed, the procedure is safe and allows exogenous glucocorticoid-independence, with an estimated risk of recurrence between 0 and 10% (38, 68).

A greater number of studies have been dedicated to VHL-associated pheochromocytomas. One such study considered adrenal-sparing surgery in 26 VHL patients, none of whom developed metastatic pheochromocytoma; 11% exhibited local recurrence that could be treated with a second surgical procedure or active surveillance, 11% presented contralateral pheochromocytoma, and finally 11% became steroid-dependent (69). Similar results were published by an international consortium that compared morbidity and mortality among patients with bilateral pheochromocytomas undergoing total or cortical-sparing adrenal surgery. Of the 184 VHL patients included, 56% had bilateral synchronous pheochromocytomas. Cortical-sparing surgery was successful in 87% of procedures, with a 12% risk of ipsilateral recurrence (70). Sixty percent of VHL patients remained steroid-independent. Therefore, this procedure seems particularly recommended, when feasible, in VHL- and NF1-associated pheochromocytomas, and it can be performed in both adult and pediatric populations (71).

There are currently no specific recommendations for the management of rare cases of advanced/malignant VHL- or NF1-associated PPGL that currently do not differ from sporadic cases. Therapeutic options include locoregional therapies, radionuclide therapy and/or chemotherapy (72, 73). Targeted therapies such as sunitinib have been shown to induce a response in a VHL patient with malignant PPGL (74).



Screening and Follow-up of NF1 and VHL-Associated PPGLs


NF1

There are currently no recommendations for systematic screening of PPGL in NF1 patients in childhood, and experts suggest that investigations for PPGL must be done when there is an increase in heart rate and/or blood pressure (Figure 4) (75). Likewise, adult guidelines suggest that PPGL should be considered in hypertensive NF1 patients who are over 30 years old, pregnant and/or have catecholamine-related symptoms (76–79). Blood pressure should be evaluated at least annually, but systematic biochemical or morphological PPGL screening in asymptomatic patients with NF1 is not recommended under the current guidelines. Nevertheless, some studies suggest that only consider screening hypertensive patients would fail to recognize the majority of NF1-associated PPGL (80). Furthermore, prospective morphological and biochemical screening in a French series of 156 NF1 patients found a pheochromocytoma prevalence of 7.7% (12 patients), half (n = 6) of whom were secreting, and with only two of them symptomatic (81). This study and others showing the positive impact of genetic testing on the management and outcome of patients with paraganglioma-pheochromocytoma, and the poor prognosis of PPGL during pregnancy suggest that despite current recommendations, a screening for PPGL, at least before pregnancy, would improve the prognosis of these patients (82–85).



VHL

Current Danish and American guidelines as well as French recommendations suggest starting follow-up of VHL patients at a median age of 5 years old, with an annual measurement of plasma or urine metanephrine (Figure 4) (86–88). Monitoring of non-invasive imaging can be performed annually from the age of 8 years, initially by ultrasound used first alone, and then alternatively with MRI after the age of 16 years. French guidelines differ slightly and recommend starting abdominal ultrasound at the age of 5 years and the first MRI at 18 years. Functional imaging is useful only when pheochromocytoma is suspected, and it is currently not recommended to repeat it in asymptomatic patients. Particular attention should be paid to screening before pregnancy.





Digestive Neuroendocrine Neoplasms in PhakomatosEs

Neuroendocrine neoplasms are rare tumors that arise from neuroendocrine cells distributed throughout the entire body (89, 90). Those cells are derived from the embryonic gut (foregut, midgut, hindgut) and can be found in various locations, mainly in the digestive and thoracic regions, with various differentiation and hormonal secretion. Tumor aggressiveness can be assessed according to the WHO grade (grade 1 to 3) based on proliferation index values (Ki-67 and/or mitotic count) (91). Neuroendocrine neoplasms of the gastrointestinal tract comprise neuroendocrine tumors (NETs) and neuroendocrine carcinomas (NECs). Of note, the 2019 WHO classification has modified the cut-off used for the Ki-67 proliferative index to distinguish grade 1 from grade 2 NETs (Ki-67 above or below 3%), emphasized the distinction between grade 3 NETs (low-grade NETs with a high proliferative rate and Ki-67 above 20%) and NECs which are all high grades poorly differentiated aggressive neoplasms (92). Phakomatoses are mainly associated to NETs, which are well differentiated and progress slowly (most of them grade 1) in 85% of cases (93), even if they can be complicated with metastases. Even in metastatic conditions, the median overall survival is typically 5–10 years relative to the location and histological grade in well-differentiated NETs (94–96). In 15% of cases, a functional syndrome (FS) (hypoglycemia, recurrent gastric ulcers, necrolytic migrating erythema) is present, which is related to hormone production (e.g. insulin, gastrin, glucagon). About 4–5% of gastroenteropancreatic tumors arise in the context of an inherited tumor syndrome (mainly MEN1 but also phacomatosis), especially VHL, whereas the incidence of NET is lower in NF1 and TSC. Young age at diagnosis, multiple tumors in multiple organs, and familial history are clinically suggestive of the diagnosis. Neuroendocrine neoplasms in the context of phakomatoses are almost always well-differentiated neuroendocrine tumors. Except in VHL and NF1, tumors themselves do not show specific pathological features (97).


NF1

NF1-associated NETs are rare, and their prevalence is unknown. Most NF1-associated digestive NETs are located on the ampulla of Vater, followed by the duodenum and pancreas (98–100). The youngest published case was diagnosed at 23 years old and the median age at diagnosis is 48 years, which is 15 years younger than in the general population (94, 101). In a series of 58 NF1-associated NET cases, about 25% (14 cases) were marked with somatostatin antibodies on immunohistochemistry, but only 28% of the patients presented symptoms related to the hormone secretion, i.e. diabetes mellitus, diarrhea, gallstones, and less frequently dyspepsia and hypochlorhydria (102). Gastrinomas and insulinomas have also been observed (103, 104). In NF1, NETs are mostly well-differentiated, rarely multifocal, and can have specific pathological features such as a deceptive tubular/tubuloglandular appearance that can mimic adenocarcinoma. Metastases are present at diagnosis in 14% of reported patients. Specific survival data is not available yet. In a review of 76 published cases, 9% of patients died of NET progression; however, follow-up was short (median 31 months), and the grade as well as median overall survival were unknown. The standard differential diagnosis is gastrointestinal stromal tumors (GISTs), which can also be observed in NF1 patients (105). In this context, the tumors are preferentially located in the ileum/jejunum versus the stomach as in sporadic forms, and most NF1-associated GISTs have a favorable clinical course (106).



VHL

The VHL pancreatic lesions include solid NETs and cystic lesions. Cystic lesions (simple cysts and serous cystadenomas) are generally asymptomatic and do not require any treatment. They must be differentiated from other cystic tumors that have malignant potential, such as intraductal papillary mucin-producing tumors or mucinous cystic tumors. VHL pancreatic neuroendocrine tumors (pNETs) occur in 11–17% of cases and are frequently multifocal (40%) (107–109). In VHL patients, pNETs present with a characteristic microscopic appearance, with finely vacuolated cytoplasm and lipid-rich cells. Patients with missense mutations (type 2 VHL) rather than truncating mutations or large deletions (type 1 VHL) exhibit a higher prevalence of pNETs, with a hotspot on codons 161/67 in exon 3, which could be associated with a higher risk of metastases although the data are discordant (110, 111). Preferential association with PPGL is also discussed (107, 112). The mean age at diagnosis is 35–38 years; not surprisingly and because VHL does not seem to be involved in hormonal secretion, most patients are asymptomatic with nonfunctional tumors. However, ectopic secretion of ACTH with paraneoplastic Cushing syndrome is possible (113). The pathogenesis of VHL pNETs differ from that of MEN1 or sporadic pNETs notably because of:

	- upregulation of genes related to hypoxia-inducible factor molecules, angiogenesis, epithelial mesenchymal transition and/or metastasis, cell cycle and growth factors and receptors (114),

	- and hypomethylated CpGs, significantly more common in VHL-related versus sporadic and MEN1-related NETs (115).



The presence of local invasion or locoregional/distant metastasis varies between 7.5 and 12.8%; it reaches 20%, however, for the metastatic forms in the largest cohort, which is lower than in other genetic predisposition syndromes or in sporadic forms (112, 116–118). Metastasis is generally associated with pNETs larger than 28 mm, with a doubling time of 22 months vs. 126 months in non-metastatic lesions (111). Morphological investigations of VHL-associated pNETs do not differ from the management of sporadic forms. In the context of VHL, the differential diagnoses of pNETs include serous cystadenoma or metastatic renal cancer lesions (107). Simple cysts are also frequent (up to 75%), whereas cystic aspects of pNET are uncommon (119). Measurement of plasma chromogranin A can be of interest although there are several limitations of this assay, notably the false-positive results due to hypersecretion of gastrin, which is encountered, among other causes, in case of proton pump inhibitor use, or chronic kidney disease that can be associated with VHL (120). Nuclear medicine imaging recommends 68Ga-SSA PET-CT as a first-line investigation, or 18FDG PET-CT in more aggressive pNET cases (48). 18F-DOPA PET-CT is not useful in this context (55). The progression of pNET lesion size is not linear and may include periods of stability or even apparent decrease in size on imaging (121).

pNET-related mortality is not well documented in VHL patients. In two studies focusing on patients presenting with pNETs, tumor-associated mortality was estimated between 6.9 and 9.5%. However, death was associated with pNETs in 29 to 50% of VHL patients (108, 111). Ten-year overall survival is estimated at 50% in non-operated patients with a tumor size greater than 2.8 cm and rises to 94% in operated patients presenting with a pNET size less than 1.5 cm. No correlation was identified between VHL genotype and mortality.



TSC

The link between TSC and digestive NETs, especially pancreatic, is recognized because of the pathogenic role of the mTOR pathway in the development of NETs (122). However, the onset of those tumors in TSC remains low, with an estimated incidence of 1%, which can question the causal relation between these two conditions. Nevertheless, since the availability of medical treatment such as everolimus, their incidence could increase with the morphological follow-up of kidney lesions. Genetic data, available only in a small proportion of reported patients, revealed TSC2 mutations, most of them in or just upstream of the GTPase-activating protein (GAP) domain (exons 33–36) (123). TSC1 mutations can also be found, however to a lesser extent (124). The largest study focusing on pNETs in TSC patients (n = 18) found an average age of 26 years at diagnosis, significantly younger than in the sporadic cases; so, development in pediatric age or in young adults should be emphasized (123). pNETs were functional in 44% of patients, mostly due to insulin secretion resulting in hypoglycemia (125). The diagnosis can be challenging because of neurological features in TSC patients with seizures; the seizures may be attributed to neurological lesions, while they are indeed related to underrecognized insulinoma-related hypoglycemia, especially in those patients with intellectual disability. The mean pNET size of 5.1 cm was slightly higher than in sporadic cases, with a cystic aspect in one-third of patients without any multifocality, which is in contrast with other genetic NET predisposition syndromes (126). The proportion of synchronous metastasis was 13%, which is lower than in sporadic cases. The progression and specific associated mortality are unknown. Finally other locations such as rectal NET have also been described (127).



Treatment of Phakomatoses-Associated Digestive NETs

Treatment of NETs includes the management of tumor volume but also, when present, of the functional syndrome. The risk of resection must always be weighed with the risk of diabetes, especially in case of multiple tumors.


Functional Syndrome

Treatment of the functional syndrome does not differ from that of sporadic tumors, and we will only consider the most frequent secretions. The functional syndrome can be cured with surgical resection of the NET. However, while awaiting surgery and/or in advanced disease, medical treatment can be initiated in order to limit symptoms that may be life-threatening (128). In case of NF1-associated somatostatin-related symptoms, management is not well defined and can include treatment of diabetes, cholecystectomy, and pancreatic enzyme supplementation. Surprisingly, in a few cases the administration of somatostatin analogues can lead to clinical improvement (128–130), although careful monitoring is needed because hypoglycemia may worsen in some patients (131). Insulinoma-induced hypoglycemia can be reversed with small frequent meals and diazoxide. In malignant insulinoma, everolimus and sunitinib as well as pasireotide have been shown to improve glucose levels (132–134).



Antitumor Treatment of NETs


NF1

Treatment of NF1-associated NETs does not differ from the management of sporadic cases, whether or not they are metastatic. Treatment of localized NETs is based on tumor resection, which can be performed endoscopically or surgically according to NET location, size and pathological characteristics (128, 135, 136). In metastatic tumors, MEK inhibitors (selumetinib, trametinib) have shown great benefit in NF1 patients because they inhibit the MAP kinase pathway, which is overactivated due to NF1 mutation. Indeed, a decrease in the size of low-grade gliomas and plexiform neurofibromas has been reported (137–141). However, there is currently no data in NF1-associated NET patients.



VHL

Treatment of VHL-associated NETs does not differ from the management of sporadic cases. Given the relatively low risk of malignancy and the high frequency of asymptomatic forms, VHL-associated pNETs should not be removed if less than 15 mm in size and slowly progressing at the regular follow-up, with the rare exception of symptomatic forms (142). In case of non-distant metastatic forms, surgery should be considered for tumors with any of the following characteristics: 1) > 2 cm in the head of the pancreas, 2) > 3 cm in the body/tail of the pancreas, 3) doubling time < 500 days, or 4) in case of metastatic locoregional lymph nodes (143, 144). The recommended surgical procedures are enucleation or pancreaticoduodenectomy for pNETs in the pancreatic head relative to the position from the pancreatic duct (145). The risk of this last surgery is associated with a non-negligible morbidity-mortality rate of about 5%, which is much higher than for pancreatic body/tail pNETs in which enucleation or distal or central pancreatectomy should be performed if possible per laparoscopy. Consequently, total pancreatectomy should be discussed only in the very rare cases of symptomatic multifocal pancreatic tumors that cannot be safely enucleated. Post-pancreatectomy diabetes is a classical complication encountered at 10 years in up to 16% of patients after pancreaticoduodenectomy and in 35% after distal pancreatectomy; therefore, physicians and patients should be aware of this risk before validating surgical indication and educate patients to avoid weight gain (146, 147). Islet autotransplantation, now reimbursed through health insurance in France, could be an interesting option for limiting diabetes-associated morbidity; the procedure carries the risk of tumor occurrence in these genetically-determined diseases, although interesting results have been observed in pancreatic adenocarcinoma in an animal model (148, 149).

There is no difference in medical management between VHL-associated and sporadic metastatic pNETs, although antiangiogenic agents have been especially studied because of the specific deregulated angiogenesis mechanism of the disease (128). Nevertheless, there is not yet a direct comparison between VHL-associated and sporadic forms that evaluates the relative efficacy of these drugs. Sunitinib is approved for the management of pNETs and has shown stability in 5 out of 7 cases of VHL-associated pNETs (150, 151). Another study using multiple antiangiogenic treatments (sunitinib, sorafenib, axitinib, pazopanib) showed a partial response in 4 of the 15 VHL patients with cystic or solid pancreatic tumors (152). In a phase 2 trial, 53% of VHL pancreatic lesions responded to pazopanib (anti-VEGFR 1-3, anti-PDGFR α-β, c-KIT), but most of them were serous cystadenomas (153). Interestingly, pazopanib was also shown to reduce the size of renal lesions and hemangioblastomas.

Since the 2010s, specific HIF2-α inhibitors, which showed great benefits in sporadic clear cell renal cell carcinoma in phase1-2 clinical trials, have been undergoing evaluation alone or in combination with immunotherapy and/or antiangiogenic drugs (154). A phase 2 study using the HIF2-α inhibitor MK-6482 in 61 VHL patients with clear cell renal carcinoma and pNETs showed an objective response rate in 64% of pNET cases, with 4 complete responses. The data are not mature yet, but the 12-month progression-free survival rate was 98.3% (155). Therefore, HIF2-α inhibitors could offer promising prospects for VHL metastatic pNETs or even malignant PPGL.



TSC

The management does not differ from the sporadic forms, neither in localized or metastatic disease (128, 156). In advanced disease, mTOR inhibitors such as everolimus, which is used in all NET locations (as second-line treatment), could be of particular interest in TSC patients; however, no studies to date have demonstrated specific efficacy in those patients, except for one case with metastatic pNET and a TSC2 germline mutation that showed partial response shortly after the introduction of everolimus. Support for this hypothesis may be found in the results of the EXIST trials using everolimus in other features of TSC, with morphological responses observed in renal angiomyolipoma, subependymal giant cell astrocytomas and cutaneous nodules (157, 158).





Screening and Follow up of Phakomatoses-Associated Digestive NETs


NF1

Due to their rarity, there are currently no follow-up recommendations regarding digestive NETs in NF1 patients, and in particular no recommendations to perform and repeat abdominal imaging or endoscopy in asymptomatic patients (Figure 4) (76, 77). Nevertheless, visualization of the pancreas is suggested for morphological investigation of neurofibromas, pheochromocytomas, or GISTs.




Figure 4 | Timeline of phakomatoses-associated endocrine tumors and follow up strategy. The median age of onset of phakomatoses-associated endocrine tumors is shown in the arrow. The various follow up guidelines according to the syndromic presentation are shown below the arrow. Brown = VHL; purple = CS; fuchsia = TSC; blue = NF1. HR, heart rate; BP, blood pressure; pNET, pancreatic neuroendocrine tumor; PPGL, pheochromocytoma/paraganglioma; DTC, differentiated thyroid cancer.





VHL

In VHL patients, current surveillance guidelines regarding pNETs and more largely pancreatic lesions suggest first abdominal imaging between 8 and 15 years of age (Figure 4) (86, 87). MRI is recommended over CT scan to limit the consequences of repeated ionizing radiation exposure (159). Due to the non-functional characteristic of most pNETs, there is no indication for systematic biological follow-up.



TSC

Finally, there are currently no follow-up recommendations regarding digestive NETs in TSC patients; however, required abdominal imaging for the follow-up of renal angiomyolipoma enables simultaneous visualization of the pancreas and could detect non-functional pNETs at an early stage (Figure 4) (160).





Primary Hyperparathyroidism


NF1

A few cases of primary hyperparathyroidism occurring in NF1 patients have been published (161). The clinical presentation does not differ from that of sporadic cases, and, notably, the diagnosis is not made at a younger age in NF1 patients. Primary hyperparathyroidism is usually associated with a single adenoma, except for few cases of parathyroid carcinoma (162, 163) (Table 6). No recurrence has been observed after surgery. Therefore, a causal relationship between hyperparathyroidism and NF1 cannot be assumed.


Table 6 | Endocrine tumors and phakomatoses specificities.





TSC

A few cases of parathyroid adenomas have been described in young TSC patients. The occurrence before 20 years of age argues for a causal role of the TSC mutation (23, 164). However, recent advances in understanding the biology and pathogenesis of parathyroid adenomas do not seem to involve the mTOR pathway (165). Furthermore, primary hyperparathyroidism is considered the second most common endocrinopathy after diabetes mellitus (166), raising the hypothesis of a coincidental occurrence. However, TSC mutations could also lead to parathyroid adenoma development in an mTOR-independent pathway. In the literature, TSC patients with primary hyperparathyroidism presented symptoms related to hypercalcemia, with one parathyroid lesion at most.



Management

There are no specific recommendations for surgery and management of hyperparathyroidism in phakomatoses.



Screening and Follow up of Phakomatoses-Associated-Primary Hyperparathyroidism

There are currently no recommendations for monitoring calcium levels during the follow-up of NF1 or TSC patients (Figure 4).




Pituitary Adenomas


NF1

Pituitary adenomas are rarely reported in NF1 patients, although these genetic mutations are known to predispose patients to this condition (Table 6) (167–170). Excess growth hormone (GH) has been observed, notably in patients with central precocious puberty, but it seems to be associated with optic pathway tumors (OPT) rather than pituitary somatotroph adenomas (171, 172). Although the mechanism underlying excess GH in NF1 is still unknown, a loss of somatostatinergic inhibition from OPTs with dysregulation of GH secretion is suspected, particularly in tumors close to the hypothalamic and pituitary regions.



TSC

The association between TSC and pituitary adenomas is still debated. In preclinical models of TSC, such as in an Eker rat with TSC2 germline mutations, pituitary adenomas were observed in 40–60% of cases, and this was associated with premature death attributed to pituitary hemorrhage (173, 174). However, pituitary adenoma in human TSC patients have rarely been reported (23, 175). As TSC surveillance guidelines suggest repeating a brain MRI every 1 to 3 years because of the risk of astrocytoma, it is unlikely that pituitary adenomas are underdiagnosed (160). When diagnosed, TSC-associated pituitary adenomas are secreting (GH, ACTH) or non-functional tumors, and patients are diagnosed at a relatively young age, before 35 years, compared with sporadic cases.



Management

There is no rationale for managing phakomatoses and especially TSC-associated pituitary adenomas differently from sporadic cases. It should be noted that in in vitro situations, everolimus can lead to a significant decrease in cell viability in TSC; however, no human data are currently available (175).



Screening and Follow up of Phakomatoses-Associated-Pituitary Adenoma

There are currently no recommendations for screening of pituitary adenomas in asymptomatic NF1 or TSC patients (Figure 4).




Thyroid Tumors

Among cases of phakomatoses, thyroid cancer prevalence is increased in Cowden syndrome. Nevertheless, clinical cases have been reported in NF1.


NF1

The presence of thyroid disease in NF1 may be linked to different mechanisms including autoimmune thyroiditis, metastasis of another cancer, thyroid neurofibromas, and thyroid cancer. The latter is consistent with knowledge that somatic NF1 mutations have been identified in differentiated and anaplastic thyroid carcinoma (176, 177). In exceptional conditions, it can also be favored by GH secretion from pituitary somatotroph adenomas (168). A population-based study estimated the relative risk of NF1 patients developing thyroid cancer to be 4.9 (178). However, only a few cases have been reported in the literature, so a coincidental association cannot be excluded. Different types of thyroid tumors have been reported, such as well-differentiated papillary cancer or medullary thyroid cancer (179–182). Pathologists must be aware of the presence of NF1 because cancer should not be confused with rare intrathyroid neurofibroma (183, 184). Clinical presentation, notably age at diagnosis, does not seem to differ from the usual presentation. Differentiated thyroid cancer can be found through focal hypermetabolism on 18FDG PET-CT that is initially performed to distinguish between neurofibromas and malignant peripheral nerve sheath tumors (185, 186).



Cowden Syndrome

There is a clear molecular rationale linking Cowden syndrome (CS) and differentiated thyroid cancer because mutations resulting in PI3K/Akt pathway activation are known to be involved in thyroid carcinogenesis and cancer progression (176, 187). The diagnosis can be made during childhood or adolescence in 15% of patients, and the majority of CS patients are diagnosed with thyroid cancer before the age of 40 years. The main histological subtypes are papillary carcinoma (classical and follicular variants) and follicular carcinoma, with a potentially higher prevalence of the latter compared with sporadic forms (14–45% vs. 2%) (188–190). These cancers are often associated with specific pathological features such as multiple adenomatous nodules in the context of lymphocytic thyroiditis (190).



Management

Management of thyroid cancer in NF1 and CS does not differ from that of sporadic cases and includes surgery with or without complementary iodine treatment (191). There is no increased risk of lymph node extension, so systematic lymph node dissection is not recommended and depends on pre-operative ultrasound findings in individual patients. Since a significant proportion of patients with CS also develop nonmalignant thyroid diseases, some authors have suggested prophylactic thyroidectomy (192, 193). However, this procedure is not recommended given the good prognosis of CS-associated thyroid cancer, similar to that of sporadic cases. Recently, a pilot study investigating the benefits of sirolimus, an mTOR inhibitor, in patients with germline PTEN mutation demonstrated improvement in skin and gastrointestinal lesions, but there are no data focusing on thyroid cancer (194).



Screening and Follow up of Phakomatoses-Associated Thyroid Cancer

The European guidelines for CS follow-up suggest an systematic surveillance for thyroid cancer by cervical spine ultrasound (Figure 4) (195). An annual investigation starting at 18 years of age is proposed, although the levels of evidence supporting those modalities are moderate and some authors suggest beginning surveillance at 10 years of age (196). Indeed, systematic annual ultrasound monitoring could lead to overdiagnosis and excessive thyroidectomy, therefore follow up frequency could be modified based on the first cervical screening results.

There are currently no recommendations for screening of thyroid cancer in asymptomatic NF1 patients.




Conclusions

Phacomatoses are a group of rare diseases that can be associated with neoplasia of the endocrine glands. Clinicians must be aware of these features. The main tumors are PPGL and digestive, especially pancreatic neuroendocrine tumors. They can occur at a younger age compared with sporadic cases and are more frequently multiple. Usually benign, they can, however, be aggressive, and surveillance guidelines are available for detecting tumors at early stages and limiting associated morbidity and mortality, especially in VHL. Screening for catecholamine secretion in NF1 appears beneficial according to recent data, since these frequently asymptomatic but life-threatening tumors pose a high risk for cardiovascular morbidity and mortality and have a poor maternal-fetal prognosis in case of pregnancy. All secreting pheochromocytomas should be operated, but parenchyma-sparing surgery must be favored to avoid complete adrenal insufficiency in selected cases with bilateral pheochromocytomas. Management of pancreatic NET depends on the size, number, secretion, aggressiveness (Ki-67) and extra-pancreatic extension of the lesions. The treatment (including surveillance) must be discussed in order to limit surgical risk and post-pancreatectomy diabetes. In advanced/metastatic diseases, besides standard treatments, specific therapies that target the underlying genetic abnormality are under investigation. Importantly, those rare patients should be managed and followed by specialized and multidisciplinary teams and networks to weigh the benefit-risk ratio of each therapeutic strategy.
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Pancreatic neuroendocrine tumors (pNETs) are rare and part of the diverse family of neuroendocrine neoplasms (NENs). Somatostatin receptors (SSTRs), which are widely expressed in NENs, are G-protein coupled receptors that can be activated by somatostatins or its synthetic analogs. Therefore, SSTRs have been widely researched as a diagnostic marker and therapeutic target in pNETs. A large number of studies have demonstrated the clinical significance of SSTRs in pNETs. In this review, relevant literature has been appraised to summarize the most recent empirical evidence addressing the clinical significance of SSTRs in pNETs. Overall, these studies have shown that SSTRs have great value in the diagnosis, treatment, and prognostic prediction of pNETs; however, further research is still necessary.
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Introduction

Pancreatic neuroendocrine tumors (pNETs) originate from the neuroendocrine cells in the pancreas and belong to a group of diverse neuroendocrine neoplasms (NENs) (1). Of all the different types of pancreatic neoplasms, pNETs only account for 1 to 2% and are therefore defined as uncommon tumors with a clinical incidence of <1 patient per 100,000 individuals per year (2). Although considered rare, their clinical incidence has been rising from 0.27 to 1.00 per 100,000 individuals in the last 40 years (3). Furthermore, an increasing number of patients are getting diagnosed in earlier stages, possibly due to improved diagnostic methods, in particular endoscopic and imaging techniques (2). Pancreatic NENs (p-NENs) can be classified into two groups according to the presentation of hormone related symptoms: non-functioning (NF-pNENs) or functioning (F-pNENs). A minor fraction (30%) of pNETs are F-pNENs which may release peptides and hormones, for instance vasoactive intestinal peptide (VIP), gastrin, insulin, glucagon, etc. (4). Even though most of the pNETs arise sporadically, they have been associated with genetical conditions as well, including tuberous sclerosis, von Hippel Lindau disease, multiple endocrine neoplasia (MEN)-1 (which is also accountable for <5% of insulinomas and 20–30% of gastrinomas), and neurofibromatosis-1. According to their pathological features, pNETs have been categorized as follows: grade 1, which has a well-differentiated morphology and Ki-67 <3%; grade 2, which also has a well-differentiated morphology and Ki-67 3–20%; and grade 3, neuroendocrine carcinomas with Ki-67 >20% and poorly differentiated morphology. The World Health Organization (WHO) introduced the following sub-group to a new grading system for pNETs in 2017: well-differentiated neuroendocrine tumors (NETs) with a Ki-67 >20%, defined as grade 3 pNET, which is clearly different from poorly differentiated neuroendocrine carcinoma, defined as grade 3 pNEC (5, 6). The grade and stage of the pNET determine a patient’s prognosis. Tumors of less than 2 cm usually have a very good prognosis and indicate an indolent grade or biology (7–10). The majority (>80%) of patients with localized tumors, stage I or II, that qualify for resection are cured by undergoing solely surgery. The survival of grade 1 and grade 2 pNETs has significantly improved over the last thirty years, reflected by an increase of around 2 to 5 years in median overall survival (OS) (3). A less promising prognosis is seen in advanced grade 3 pNETs, although it is still superior to poorly differentiated (grade 3) pNECs, with a 5-year survival rate of approximately 29% (11). Surgery is both the main and most significant treatment as well as the only method to cure pNETs. Patients who are unsuitable for surgery can be offered systemic therapy such as peptide receptor radionuclide therapy (PRRT), chemotherapy, targeted therapy, and somatostatin analog (12).

Somatostatin receptors (SSTRs) belong to the superfamily of G protein-coupled receptors (GPCRs) and can be activated by their ligands to exert their physiological function (13). Knowledge of SSTRs and their activation has increased over the last 20 years as a result of many clinical and translational studies and has led to the development of novel treatments (14). The clear effectiveness of somatostatin (SST) analogs (SSAs) has been demonstrated in the treatment of numerous diseases including pancreatitis, nephro- or retinopathy as complications of obesity and diabetes, some types of pain, inflammation, and acromegaly (excessive growth hormone produced by the body) (15, 16). In addition, one of the unique features of NETs is the overexpression of SSTRs. Diagnostic and treatment approaches targeting SSTR with SSAs have shown advantages and a promising future prospect (17–20). Figure 1 represents the theranostic significance of SSTRs in patients with NETs.




Figure 1 | A schematic presentation of theranostics with radiolabeled SSAs that target the SSTRs. The radiopharmaceutical element is comprised of the targeting fraction (SSA) and a chelator that forms a steady composite with the radionuclide. Radiotheranostics consists of diagnostic (panel on the left) and therapeutic (panel on the right) aspects.



In this review, we focused on the diagnostic, prognostic, and therapeutic values of SSTRs in the management of pNETs.



Biology of SSTRs and SSAs

Five subtypes of SSTRs have been discovered (13). Receptor sequences for human SSTRs range in length from 364 amino acids for SSTR5 to 418 amino acids for SSTR3. Unfortunately, crystal structures are not yet available for any SSTR (14). The coding sequences of the genes that encode SSTRs are all intronless, with the exception of SSTR2. The SSTR2 gene could be spliced to generate two distinct receptor proteins, SSTR2A and SSTR2B, which are different in carboxyl termini sequence and length. Only human tissues encompass the unspliced variant of SSTR2A (21). Although SSAs that target SSTR2 and SSTR5 have important therapeutic functions in the treatment of endocrine tumors, it is remarkable that only a few mutations associated with disease have been detected in the somatotropin release-inhibiting factor (SRIF) system, which consist of seven genes (five receptor genes and two peptide precursors). To date, there has been only one report of an acromegaly patient, who is resistant to octreotide treatment and demonstrated a mutation (R240W) of SSTR5 which evidently affected signaling of the receptor (22). SSTR expression can generally be found in tumors and healthy tissues. SSTRs are based in cellular membranes that consist of seven membrane-spanning domains and are connected to the transmembrane potassium ion channels, calcium ion channels, and intracellular enzymes including adenylate cyclase (ACL) and phosphotyrosine phosphatases (PTPs) like phosphotyrosine phosphatase η (PTPη), Src homology phosphatase 1 (SHP1), and Src homology phosphatase 2 (SHP2). After binding to the SST or SSA, intracellular pathways are activated by SSTRs resulting in antiproliferative and antisecretory effects. In addition, activation of SSTR2 and SSTR3 also exert proapoptotic effects as shown in Figure 2 (23–26).




Figure 2 | Schematic representation of SSTR-targeted therapy. (A–C) represent the intracellular signaling pathways modulated by SSA/SST. (D) represents the schematic of peptide receptor radionuclide therapy (PRRT). Blue arrows, activation; red arrows, inhibition; ↑, increase; ↓, decrease; ACL, adenylate cyclase; AKT, protein kinase B; BAX, B-cell lymphoma 2 (BCL2)-associated X protein; Ca2+, calcium; G, G protein; JNK, c-Jun N-terminal kinases; K+, potassium; MEK, mitogen-activated protein kinase kinase; NFκB, nuclear factor kappa B; PI3K, phosphoinositide 3 kinase; PTPη, phosphotyrosine phosphatase η; raf, rapidly accelerated fibrosarcoma kinase; ras, RAS kinase; SHP1, Src homology phosphatase 1; SHP2, Src homology phosphatase 2; Src, Rous sarcoma oncogene; SSAs, somatostatin analogues; SST, somatostatin; SSTR, somatostatin receptor; Vdc, voltage-dependent channel; VEGF, vascular endothelial growth factor; Zac1, zinc finger protein regulator of apoptosis and cell cycle arrest.



Natural SST, also referred to as SRIF, is a cyclic polypeptide of which two isotypes exist (SST-14 and SST-28, which consist of a N-terminal extension). SST functions as an internal regulator of inhibition and is part of the neuropeptide family. SST-14 as well as SST-28 possess a high affinity to bind each of the five related subtypes of SSTRs (14). The hypothalamus can secrete SST, which leads to the inhibition of essential hormones, for instance thyroid-stimulating hormone and growth hormone. Whereas in the gastrointestinal tract, the production of gastric acid is controlled by SST as well as inhibition of the secretion of diverse hormones, namely cholecystokinin, gastrin, glucagon, VIP, secretin, insulin, and gastric inhibitory polypeptide (GIP). In addition, SST can also reduce motility in the gastrointestinal tract and contraction in the gallbladder through the reduction of blood flow and inhibition of exocrine pancreatic secretion (23).

The induction of various biological effects following activation of the SSTR resulted in identifying them as important therapeutic targets. However, the use of native SST as in vivo therapy is limited because it has a remarkably short half-life. Thus, many different analogs have been developed that could extend the biological actions of SST, prolong its persistence in the body, and often possess increased efficacy. Among these, the very first octapeptide that was developed was octreotide, which could sustain a half-life of 90–120 min following subcutaneous administration. Subsequently, lanreotide and vapreotide were developed, which were cyclooctapeptide SSAs (27). It has been discovered recently that pasireotide (SOM-230) is one of the very first analogs to demonstrate a strong affinity for the majority of SSTR subtypes, except for SSTR4 (also known as pansomatostatin analog), while octreotide and lanreotide only show a high affinity for SSTR2 and SSTR5 as shown in Table 1 (29). Consequently, the development of synthetic SSAs promoted the clinical use of radiolabeled SSAs, either in imaging, combined with probes in various clinical practices, or as therapy, with a large number of compounds in clinical research. For instance 90Y or 177Lu-DOTATATE and 177Lu-DOTATOC for PRRT, and SSA labeled with 68Ga, such as DOTATOC, DOTATATE, and DOTANOC for somatostatin receptor imaging (SRI) (30). Each of the SSTRs has a high binding affinity to natural SST28 and SST14, while a significant difference is found in the binding affinity of radiolabeled SSAs and synthetic SSAs as shown in Table 1 (25, 28).


Table 1 | Somatostatin Analog Affinities.





Prognostic Values of SSTR Expression in pNETs

Since SSTRs are present on the surface of tumor cells, it provides a molecular basis for long-acting SSAs to be implemented in therapy and diagnostics; thus, the assessment of SSTR expression in pNETs could be important for diagnostic purposes and SSA-based treatment strategies. In previous research, the expression of SSTR subtypes in pNETs was studied mainly through immunohistochemical methods or reverse transcription PCR (RT-PCR) and only a few by receptor autoradiography (31–40). Although these studies revealed a heterogeneous SSTR expression pattern, it was confirmed in most studies that SSTR2 is the most commonly expressed subtype in pNET (Table 2).


Table 2 | SSTR expression in p-NETs.



Furthermore, several studies have assessed the potential value of SSTR expression in the prognosis of pNETs. For instance, Okuwaki et al. (41) retrospectively studied 79 pNET patients to evaluate the correlation between outcomes and the intensity of SSTR2a expression (SSTR-2a score from 0 to 3 by immunohistochemistry criteria). The results revealed that the survival rate of patients with a SSTR-2a score of 0 was 58% at 1 year, 51% at 3 years, and 35% at 5 years; patients with a SSTR-2a score of 1 was 88% at 1 year, 74% at 3 years, and 74% at 5 years; patients with a SSTR-2a score of 2 was 94% at 1 year, 80% at 3 years, and 80% at 5 years; and patients with a SSTR-2a score of 3 was 100% at 1 year, 3 years, as well as 5 years. As the results clearly indicate, survival was significantly reduced in patients with a SSTR-2a score of 0 compared to those with a higher SSTR-2a score, implying that assessing the SSTR2 could be valuable in choosing treatment options and estimating future survival. A retrospective study (42) that followed up 116 patients with gastroenteropancreatic neuroendocrine neoplasms (GEP-NENs) showed that the positive expression of SSTR5 and SSTR2 was associated with an improvement in survival. The results indicated that the median OS of patients with a positive expression of SSTR5 and SSTR2 had not been reached yet prior to publication, while the median OS of patients with a negative expression of SSTR5 and SSTR2 was 7.22 and 3.48 years, respectively; however the pNET subgroup was not analyzed exclusively in this study. Another retrospective study, which included 99 pNET patients, demonstrated by univariate analysis that the expression of SSTR2 was correlated to an improvement in OS, with combined survival rates of 97.5% at 1 years, 91.5% at 3 years, and 82.9% at 5 years. In addition, multivariate analysis demonstrated that positive expression of SSTR2 was a greater prognostic indicator of OS than high Ki-67 (43).

Positive expression of SSTR2 (41–44) and SSTR5 (42) has shown a significant correlation with improved OS, indicating its potential value as prognostic marker and imaging, or therapeutic target. However, an agreement on the significance of the expression of SSTR as a prognostic biomarker in pNETs has not been achieved yet and requires additional evaluation in studies of a prospective nature.



SSTR-Targeted Imaging in pNETs

As discussed above, most well-differentiated pNETs contain and overexpress SSTRs (see Table 2) that have a higher binding affinity for these SSAs (SSTR2 > SSTR5 and 3, as shown in Table 1). Therefore, Somatostatin receptor imaging (SRI) combined with radiolabeled SSA (111In-pentetreotide (Octreoscan)/68Ga-DOTA-SSA PET/CT) is increasingly being used as a diagnostic tool when pNET is suspected (45). A review comparing the sensitivity of different imaging methods for pNETs and their metastases in the liver (see Table 3) showed that SRI has advantages in sensitivity.


Table 3 | The sensitivity of different imaging modalities for pNETs and their metastases in the liver.



As Table 3 evidently shows, 111In-pentetreotide has a higher sensitivity overall compared to cross-sectional imaging for the two types of primary pNETs (non-insulinomas) as well as a specific advantage in examining the whole body at once and thereby possibly discovering liver as well as distant metastases (47–51). 111In-pentetreotide has an overall sensitivity in pNET of 60–80% (52). The use of 111In-pentetreotide following cross-sectional imaging led in 39% of patients (with a total range of 16–71%) to an alteration in management (47, 51). Among all the distinct pNETs, SRI is generally not conducted in insulinomas since the sensitivity for 111In-pentetreotide in benign insulinomas is considered as low, due to the low levels or absence of SSTR2 and SSTR5 in these type of tumors (53).

Different studies have used a variety of 68Ga-labeled SSAs (54, 55). These mainly include 68Ga-DOTATATE, 68Ga-DOTATOC, and 68Ga-DOTANOC (54–57). Although these three possess a different affinity for varying subtypes of SSTRs, they do have a high affinity for SSTR2 in common, and reviews including comparative studies have demonstrated that minor or no obvious differences were observed in their performances (53–55, 58, 59). Multiple published studies, in which the findings of 68Ga-DOTA-SSA PET/CT were compared to those of 111In-pentetreotide SPECT/CT in the exact same group of patients, concluded that 68Ga-DOTA-SSA PET/CT had a significantly higher (which varied from 22 to 46%) sensitivity in the patients 68Ga-DOTA-SSA PET/CT 95–100% vs SSTR scintigraphy 45–78%) (45, 60–63). It has been recommended most recently to replace SRI with 111In-pentetreotide SPECT/CT by 68Ga-DOTA-SSA PET/CT since it has a higher diagnostic accuracy and sensitivity and requires a smaller dose of radiation (45, 54, 55). However, a recently published meta-analysis, which only included pNET patients, that evaluated the detection of the primary lesion and its primary staging with 68Ga-DOTA-SSA PET/CT demonstrated that the pooled specificity and sensitivity for identifying primary pNET was 95 and 79.6%, respectively (64). This sensitivity was lower compared to the results of other meta-analysis/series, which included patients with different type of NETs, and demonstrated a mean sensitivity of 92% (range between 68 and 100%), a relatively high mean specificity of 88% (range between 50 and 100%), and a high mean accuracy of 93% (range between 90 and 97%) (50, 54, 55, 65–69). These differences might be correlated to the PET/CT’s spatial resolution that can cause restriction in the identification of minor pancreatic lesions and the inclusion of higher histopathological grades of pNETs in these studies which could have resulted in an increase of false-negative outcomes due to a lower expression of SSTR (70). Moreover, the inclusion of insulinoma patients could also have contributed to these differences due to their restricted expression of SSTR in comparison with carcinoids, the most common histopathological subtype of GEP-NET, resulting in the potential reduction of SSTR-PET sensitivity (71).

68Ga-DOTA-SSA PET/CT also has a high sensitivity for identifying metastases in liver, lymph nodes, and distant ones (bone, etc.), which has a great influence on treatment, prognosis, and OS (50, 68, 72–75). Various studies (56, 76–79) have demonstrated that the tumor standardized uptake value (SUV) of 68Ga-DOTA-SSA PET/CT is related to progression-free survival (PFS), Ki-67, tumor progression, and tumor grade/differentiation. Another study also found that the SUV of 68Ga-DOTA-SSA PET/CT in NET patients is related to the expression of SSTR2 and can serve as a distinct predictor of OS (44). In addition, it has been demonstrated that the SUV of 68Ga-DOTA-SSA PET/CT correlates with the uptake amount of radioligand in PRRT (80), and a maximum cut-off of 16.4 could predict responding lesions with a specificity of 60% and sensitivity of 95% (81).

SRI has also demonstrated its value in radioguided surgery (RGS). RGS makes use of radiopharmaceuticals that are uptaken by tumor tissues by preference. Studies found that RGS combined with 68Ga-DOTATATE in GEP-NET patients showed feasibilities in guiding the removal of lymph node metastasis and both intraoperative evaluation as well as establishing the correctness of surgical margins. In addition, it could also be valuable in the identification and removal of minor tumors that were invisible or not palpable in recurrent NET patients, in whom the surgical area is covered with scar tissue (82, 83).

These studies suggest that SRI with radiolabeled SSAs have an essential role in identifying the primary tumor, initial staging, restaging, prognosis, intraoperation guidance, and evaluation of the response to treatment in pNET patients. Moreover, SRI can differentiate whether or not patients are suitable for treatment with PRRT. This is a key feature of targeting SSTRs because it provides the opportunity to personalize treatment (also referred to as theranostic approach as shown in Figure 1).



SSTR-Targeted Therapy in pNET

The therapeutic value of PRRT and SSAs in NETs relies on the biological foundation of SSTR expression on the NET’s surface (see Figure 2).


SSA in the Treatment of pNET


Antiproliferative Effects

SSAs function through targeting SSTRs (84). The most studied SSAs are lanreotide autogel and octreotide long-acting release (LAR), which primarily target SSTR5 and SSTR2. Whereas the newest SSA, pasireotide, can target a broader scope of SSTRs, including SSTR1, 2, 3, and 5 as shown in Table 1 (85, 86). Due to their anti-secretory effects, SSAs were previously only used to regulate symptoms (84). However, at present their anti-proliferative effect has been widely confirmed (87).

The PROMID clinical trial was the first to provide solid evidence of the anti-proliferative effect (88, 89). This study was a double-blind, placebo-controlled, prospective phase III randomized controlled trial (RCT), in which the effect of octreotide LAR was evaluated in patients who had a metastatic or locally advanced, non-treated grade 1 midgut NET, or an idiopathic NET. The results showed that the increase in median time to progression (TTP) of the tumor was clinically and statistically significant (placebo 6 months vs. octreotide LAR 14.3 months and hazard ratio (HR) of 0.34 (95%-CI 0.20–0.59; p = 0.000072). The patients in this study who were in the placebo group were permitted to go over to the octreotide LAR group if progression occurred, which is probably the primary cause of TTP differences not resulting in an improvement of the OS. Even though no pNET patients were included in this RCT, the results were still regarded as powerful and led to the addition of octreotide as treatment in pNET patients to the ENETS guidelines (19, 90). This was further confirmed by a few small phase II studies and retrospective series that demonstrated the anti-proliferative effect of octreotide LAR in patients with a pNET, of which a majority were low Ki-67 NETs (as longer lasting responses were observed in patients with a low Ki-67 of less than 10) (91). The CLARINET study was a crucial phase III trial, in which the effects of SSA in pNET patients was evaluated (20, 92–94). This randomized, placebo-controlled, and double-blinded study assessed lanreotide autogel in patients who had metastatic or locally advanced, well-differentiated, and non-functioning (except for gastrinomas) GEP-NETs with a low Ki-67 of less than 10%. The (core) study duration was 96 weeks, which was followed by an open label extension (OLE) component. The majority of the included patients were treatment-naïve (84% in both groups) and were in a steady disease state during baseline (95 and 96% in the placebo and lanreotide group, respectively). The findings demonstrated an advantage in regard to PFS with a HR of 0.58 (95%-CI 0.32–1.04 in the core study) (92) and median PFS of 29.7 months in the pNET group (core study and OLE as a whole). The advantage in PFS was seen irrespective to tumor burden (20). Despite the poor response rate (2%), stabilization of disease was still high (64%), which resulted in a great disease control rate (DCR) of 66%. Data on the patients, during OLE, that crossed over to the lanreotide autogel group due to disease progression under placebo and were initially already in that group without disease progression at week 96 (n = 88) showed that, interestingly, 50% of these patients had pNETs (93). The median PFS of pNET patients was 29.7 months, which was shorter compared to the median PFS of all the included patients (38.5 months) (20). A large number of studies have tried to enhance the anti-tumor ability of SSAs by developing novel SSAs like pasireotide LAR (95) or compounds of SSAs combined with other anti-tumor media like everolimus, as demonstrated in the COOPERATE-1 study (96). However, these studies have not yielded any successful results and the clinical use of SSAs in the treatment of pNETs is, at present, still restricted to single agent approaches.



Anti-Secretory Effects

In patients with malignant insulinoma, SSAs are mainly used as second-line medical therapy to regulate hypoglycemia. A previous study has demonstrated that octreotide can be successful in regulating hypoglycemia in a majority of insulinoma patients (97). In addition, pasireotide could be considered as an alternative treatment choice in malignant insulinomas and subsequent recurrence of hypoglycemic incidents since it is capable of regulating hypoglycemia in insulinomas that are resistant to other therapies, such as octreotide LAR, everolimus, and chemotherapy (98). However, SSAs can also exacerbate hypoglycemia through the inhibition of counter-regulatory processes, such as GH and glucagon, in insulinomas that do not express SSTRs (99). High dosages of proton pump inhibitors can effectively decrease oversecretion of gastric acid, although it cannot decrease the abnormal increase of enterochromaffin-like (ECL) cells. On the contrary, multiple studies have shown that the use of SSAs, such as lanreotide and octreotide LAR, in type 1 gastric NETs (related to chronic atrophic gastritis) and type 2 (related to the Zollinger–Ellison syndrome) can suppress the secretion of gastrin and decrease the tumor burden. Their results show that in 50–100% of gastrinomas, gastric secretion is either decreased or normalized, which resulted in the stabilization of the tumor in 47–75% of included patients. Furthermore, SSAs may be capable of inhibiting hyperplasia of ECL cells or the growth of type 2 gastric NETs (100–102). Lanreotide and octreotide have demonstrated the ability to quickly reduce diarrhea and migratory necrolytic erythema in glucagonoma patients, despite the sustained rise of glucagon levels in the serum (103–105), whereas pasireotide has been proposed as a suitable treatment approach in first-generation glucagonomas resistant to SSAs. Treatment with octreotide, as an adjuvant, in the rare vipomas was successful in decreasing VIP levels in serum and regulating diarrhea (106–108). Even though it seems contradictory to use SSAs in the treatment of somatostatinomas, a study has shown that octreotide relieved the associated symptoms and successfully decreased the levels of SST in the plasma of three patients (109).




PRRT in the Treatment of pNETs

The effectiveness of PRRT in NETs is based on the biologic foundation of SSTR expression on the NET’s surface. PRRT is comprised of a radionuclide (e.g., β-emitters Lutetium-177 [177Lu] and Yttrium-90 [90Y], α-emitter Actinum-225 [225Ac]) which is connected to a chelator (DOTA) that is bound to a SSTR ligand, for instance [Tyr3] octreotide or [Tyr3] octreotate (110). This composite is intravenously given after which the ligand, [Tyr3] octreotate, first connects to the cell surface’s SSTR and then supplies emission of β− radiation with a span of 12 mm for 90Y and 2 mm for 177Lu (111). Among the compounds that have been studied, β-emitters, 90Y-DOTATOC and 177Lu-DOTATATE, have been the most widely used clinically. However, recently several clinical studies using PRRT with α-emitters have demonstrated its strengths compared with β-emitters, which will be discussed below in more details.


Anti-Tumoral Efficacy

It is worth noting that no prospective and randomized phase III trials have been conducted with PRRT in pNETs. Although, the NETTER-1 trial is the biggest study to date that evaluated the effects of PRRT, it unfortunately did not include any pNET patients (18). However, several non-randomized studies have been reviewed and they provided retrospective as well as prospective data on evaluation the use of PRRT with 177Lu-DOTATATE in pNET patients (112, 113). The results showed a median objective response rate (ORR) of 58% (with a range between 13 and 73%), a median DCR of 83% (with a range between 50 and 94%), a median OS between 42 and 71 months, and a median PFS ranging between 25 and 34 months. A retrospectively conducted study including 74 GEP NET patients demonstrated that a more elevated ORR (adjusted SWOG criteria) of 73 vs 39% (p = 0.005) was found in pNET patients. This group of patients also seemed to have a longer median OS (57 vs. 45 months); however, this finding was only observed in the univariate analysis (p = 0.037) and not in the multivariate analysis (p = 0.173) (112). Another retrospective study that included 310 GEP-NET patients showed that the patients with functional pNETs had a decreased disease-specific survival in comparison to patients with non-functional GEP-NETs (33 vs. >48 months, respectively, p = 0.04) (114). These findings were further underwritten by the outcomes of another retrospective study which had 68 patients included. The results demonstrated a poorer median OS in functional pNETs compared to non-functional pNETs with univariate analysis (45 vs. 63 months, respectively, p = 0.045); however, these findings did not show statistical significance in the multivariate analysis (p = 0.506) (115).

To date, the largest study that evaluated 90Y-DOTATOC has been a prospective phase II trial in which 342 pNET patients were enrolled (divided in functional pNET, n = 47 and non-functional pNET, n = 295). Nearly 50% of the pNET patients (ORR = 47%, according to the RECIST criteria) had tumor response. In addition, the study revealed a mean OS of 60 months in the group of nonfunctional pNET patients (116).

Although PRRT with β-emitters has shown a good clinical effect, recently, a more promising radionuclide, α-emitters has attracted increased attention in radionuclide therapy (117, 118). Radioisotopes that emit α-particles which have higher energy and shorter penetration range in comparison with β-particles, induce a higher probability of double strand breaks and minimum damage to surrounding healthy tissue (119, 120). These α-emitters have demonstrated promising therapeutic effects in a few pre-clinical in vitro (121–123) or in vivo (124, 125) studies. Currently, the only clinical experience with 213Bi-DOTATOC included seven patients with advanced NETs with liver metastases who were refractory to treatment with 90Y-DOTATOC or 177Lu-DOTATOC (117). It demonstrated lower toxicity, better specific tumor binding than with β-irradiation, and partial remission of metastases. Two years after receiving 213Bi-DOTATOC targeted alpha therapy (TAT), all seven patients were still alive. A study with another type of α-emitters, 225Ac, had included 10 patients with progressive NETs after β-PRRT. In line with 213Bi, 225Ac-DOTATOC was well tolerated and effective (126). Another recent study with 225Ac-DOTATATE confirmed the potential of these radiotracers as an additional, and valuable, treatment option for patients who are refractory to 177Lu-DOTATATE therapy. The included 32 patients, who previously received 177Lu-DOTATATE therapy, were treated with 225Ac-DOTATATE. Of them, 24 patients were assessed as responsive, with nine as stabilized disease and 15 partial remissions (127). The clinical experience with TAT in NETs has shown very promising results even in patients refractory to treatment with β-particles. However, further investigations are needed due to the limited amount of clinical evidence.



Efficacy in Hormone-Related Symptoms

There have been two studies that studied PRRT as treatment of gastrinomas (128, 129). In one of these studies 11 gastrinoma patients were assessed, and the results indicated that every patient experienced improvement of their symptoms although, the median OS was just 14 months (129). In contrast, the findings of the other study,which assessed 36 gastrinoma patients, revealed an ORR of 30% as well as a clinically observed response rate of 16% (128). In addition, the median OS was reported to be 45 months in the patients that were considered as responders. In terms of malignant insulinomas, there is a limited amount of data by means of case reports or series that indicate a positive result of PRRT in stabilization of disease as well as hypoglycemia (130, 131). Another recently published retrospective study, which had 34 functional pNET patients with metastasis and persistent hormonal symptoms included in it, reported that most patients (71%) showed a significant improvement in terms of the functional syndrome and 80% of them showed a decrease in the circulating levels of related hormones. Following PRRT, the outcomes demonstrated a median PFS of 18.1 months, which was correlated to a coexisting improvement of quality of life (132).

Overall, PRRT can be considered as a real innovation in the treatment of NETs. Even though randomized and prospective data of PRRT in pNETs is limited, the data that is available today indicates that it is an effective treatment for pNETs and should be studied further.





Future Prospective


SSTR Antagonists in Imaging and Therapy

SRI and PRRT use radiolabeled SSAs (see Table 1), which are only SSTR agonists as mentioned previously, mainly because it is believed in general that agonists would be the most suitable for imaging since they are internalized, while SSTR antagonists are not (133). It has been uncovered recently that SSTR antagonists with radiolabeling produce more superior imaging than SSTR agonists with radiolabeling (133, 134). A study conducted in vitro with SSTR3 antagonists revealed that it detected 76-fold more sites of binding in comparison to the SSTR3 agonist (134). Thereafter, a few studies which only included a minor amount of NET patients (pNETs as well as GI-NETs were included) showed that SSTR2 antagonists with radiolabeling, i.e., 111In-DOTA-BASS and 68Ga-OPS202 (68Ga-NODAGA-JR11), demonstrated more superior imaging of the tumor and higher sensitivity than SSTR2 agonists with radiolabeling (28, 133–136). These results have led to the option of using 177Lu-radiolabeled SSTR2 antagonists in PRRT instead of 177Lu-radiolabeled SSTR2 agonists. The results of another preclinical study (137) conducted in vivo with SSTR2 positive cells and in mice with tumors, showed that the tumor uptake was five times more with SSTR2 radiolabeled antagonists, 177Lu-DOTA-JR11, compared to the SSTR2 radiolabeled agonist, 177Lu-DOTA-octreotate, which led to a longer delay in growth. When research using these two SSTR2 radiolabeled compounds were expanded to four advanced NET patients (134), the 177Lu-DOTA-JR11 provided 1.7–10.6-fold higher tumor uptake dose compared to the agonist, 177Lu-DOTA-octreotate, which resulted in a partial remission in half of the enrolled patients. These findings indicate that SSTR2 radiolabeled antagonists have the potential of being an improved agent in comparison to SSTR2 radiolabeled agonists in pNET/NET imaging and PRRT.




Conclusion

Although pNET is a highly heterogeneous disease, SSTR is expressed in most pNETs, which provides the opportunity for promising approaches and strategies in diagnosing, treating, and predicting the prognosis of pNET patients. In the previous few decades magnificent progress has been made in the clinical significance of SSTRs in pNETs. SRI and therapies with radiolabeled SSA have shown significant value in clinical practice and has been recommended in various guidelines. However, an even more promising agent, namely radiolabeled somatostatin antagonists, has shown its superiority compared with agonists. Despite the accumulation of evidence that SSTR- targeted or related therapies (e.g., SSAs and SSTR-targeted PRRT) are safe and effective options for refractory or unresectable pNETs, most SSTR-targeted therapies target SSTR2, and for those SSTR2-negative patients, more effective therapeutic approaches targeting other SSTRs are urgently needed. More and larger randomized prospective trials, conducted in multiple centers with a long-term follow-up are desperately needed as well. In addition, research deciphering crystal structures for the five SSTRs are also needed, in particular to uncover the exact signaling pathways of SSTR ligands and SSAs that underlie its antitumor effects and to facilitate the development of novel SSTR subtype-selective agents, along with the detection and selection of appropriate candidate patients who could benefit from these therapies.
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The lack of an effective medical treatment for adrenocortical carcinoma (ACC) has prompted the search for better treatment protocols for ACC neoplasms. Sorafenib, a tyrosine kinase inhibitor has exhibited effectiveness in the treatment of different human tumors. Therefore, the aim of this study was to understand the mechanism through which sorafenib acts on ACC, especially since treatment with sorafenib alone is sometimes unable to induce a long-lasting antiproliferative effect in this tumor type. The effects of sorafenib were tested on the ACC cell line H295R by evaluating cell viability, apoptosis and VEGF receptor signaling which was assessed by analyzing VE-cadherin and β-catenin complex formation. We also tested sorafenib on an in vitro 3D cell culture model using the same cell line. Apoptosis was observed after sorafenib treatment, and coimmunoprecipitation data suggested that the drug prevents formation VEGFR-VE-cadherin and β-catenin proteins complex. These results were confirmed both by ultrastructural analysis and by a 3D model where we observed a disaggregation of spheres into single cells, which is a crucial event that represents the first step of metastasis. Our findings suggest that although sorafenib induces apoptotic cell death a small portion of cells survive the treatment and have characteristics of a malignancy. Based on our data we recommend against the use of sorafenib in patients with ACC.
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Introduction

Adrenocortical carcinoma (ACC) is a rare and malignant endocrine tumor with a worldwide incidence of approximately two cases per million people per year (1). The long term therapeutic results are limited and are largely dependent on tumor stage. Surgery is the treatment of choice for patients with primary and secondary tumors and for local recurrence (2).

Moreover several cytotoxic agents have been used as monotherapies or have been used in combination to treat advanced disease, and mitotane is the only available adrenal specific treatment for ACC; however, since it exerts a cytotoxic effect it has limited utility (3). Because of the lack of effective treatments for this cancer, efforts to improve medical protocols for ACC are continually sought out.

Sorafenib is an inhibitor of several receptor tyrosine kinases involved in the neoangiogenesis process, including Vascular-Endothelial Growth Factor Receptors-2 (VEGFR2) and 3 (VEGFR3), and Platelet-Derived Growth Factor (PDGF). In preclinical models, it has shown efficacy against a wide variety of tumors such as breast, colon, and pancreas carcinoma (4, 5). It has been shown to block tumor angiogenesis by inhibiting serine/threonine kinases and block cell proliferation by inducing apoptosis in different human tumor cell lines (6, 7).

Since sorafenib showed a broad spectrum of antitumor activity in preclinical studies (8–10), multiple clinical trials have been undertaken to further investigate the role of this drug alone or in combination with several chemotherapies for cancer treatment. For its antineoplastic abilities, sorafenib (Nexavar, BAY43-9006, Bayer Pharmaceuticals Corp., West Haven, CT and Onyx Pharmaceuticals Corp., Emeryville, CA) has been approved by the Food and Drug Administration (FDA) for the treatment of advanced kidney and hepatocellular cancer.

Since ACC shows high levels of vascular endothelial growth factor (VEGF) (1, 11), some studies have focused on assessing the activity of sorafenib both in preclinical tumor models and in patients with adrenocortical cancer.

Mariniello et al. (12) reported the effects of sorafenib and everolimus, a mTOR inhibitor used as an anti-cancer therapy, alone or in combination in the SW13 and H295R cell lines and in a xenograft ACC model respectively. The authors demonstrated that the drug combination produced marked synergistic growth inhibition, in comparison to single agent therapy, suggesting that simultaneous inhibition of several signaling pathways may be a more effective anticancer strategy than using a single agent (12). They observed a great apoptotic effect in SW13 and H295R cells after sorafenib treatment and a significant mass reduction with increased survival particularly in SW13 xenograft model undergoing the combined sorafenib and everolimus treatment (12). Based on these results the authors concluded by proposing that the combination of molecular targeted agents may have both antiangiogenic and direct antitumor effects, thus representing a new therapeutic tool for the treatment of ACC.

In contrast, the results of the phase II study, published by Berruti et al. (13), reported the effects of metronomic administration of chemotherapeutic paclitaxel and antiangiogenic sorafenib in patients affected by advanced ACC. They observed clear disease development with a dramatic tumor progression and a significant increase in neoplastic lesions that occurred at a much higher and faster rate than the months before the start of the trial, forcing them to suspend experimentation before the end of the study. The authors concluded that, despite the antiproliferative effects observed with sorafenib in the preclinical model, treatment in patients with advanced ACC should not be recommended.

Finally, O’Sullivan and colleagues (14), demonstrated limited sorafenib effectiveness in ACC patients. After exposure of the tyrosine kinase inhibitor, the patients did not have any objective response evaluation criteria in the solid tumors response. The authors conclude that future trials are needed that target other molecular pathways in ACC.

In the present study we aimed to understand the detailed mechanism of the cytotoxic effects of sorafenib that were observed both in preclinical and clinical studies related to ACC. For this purpose we evaluated the effect of sorafenib in vitro by using the H295R ACC cell line, which is a monolayer culture, and in a 3D cell culture model, that is intended to mimic the structure, activity and extracellular environment of an in vivo tumor (15).



Materials and Methods


Cell Culture and Treatments

The H295R (CRL-2128) cell line, was cultured to confluence in DMEM F-12 medium (Sigma-Aldrich, St.Louis, MO,USA). The medium was supplemented with transferrin (5 µg/ml; Sigma-Aldrich, Milan, Italy), sodium selenite (5 ng/ml; Sigma-Aldrich, Italy), L-glutamine (2.5 mM; Life-Technologies, Inc., Paisley, UK), and antibiotics (50 µg/ml streptomycin, 50 IU/ml penicillin) (Life-Technologies). H295R cells were mycoplasma free and were maintained at 37°C in a humidified atmosphere of 5% CO2 and 95% air. Cells were treated with sorafenib at a concentration of 5 µM which was chosen based on a dose response curve (data not shown).



Trypan Blue Analysis

Cell number was determined using a hemocytometer, and viability was assessed by the ability to exclude trypan blue. After trypsinization, cells were suspended in phosphate-buffered saline (PBS) and mixed with an equal volume of 0.4% trypan blue in PBS and the percentage of stained cells was determined.



Cell Cycle Analysis in Flow Cytometric Analysis

The cell cycle was studied by using bromodeoxyuridine incorporation (BrdU; Sigma-Aldrich, USA). Briefly, cells were pulsed with BrdU at a final concentration of 10 μM for 15 min. Pulse-labeling experiments were performed by adding 10 μM BrdU to the medium during the last 30 min before analysis. After 30 min, the cells were harvested, washed once in PBS, fixed in 70% ethanol and stored at 4°C before analysis. Samples were then incubated with a mouse monoclonal anti-BrdU antibody (Roche Diagnostics, Milan, Italy) in complete medium containing 20% FCS and 0.06% Tween 20 (Calbiochem, San Diego, CA, USA) at room temperature for 1 h. After washing in PBS, cells were incubated with FITC-conjugated rabbit anti-mouse IgG 1:20 (DAKO, Glostrup, Denmark) in PBS for 1 h. Finally, cells were stained with a solution containing 5 μg/mL PI and 75 KU/mL RNase in PBS for 3 h, the top line of the cytograms represent BrdU-positive cells.



Quantification of Apoptosis by Flow Cytometry

Apoptosis induction was evaluated by terminal deoxynucleotidyl transferase-mediated dUTP nick end labeling (TUNEL) assay (Roche Diagnostics) by using flow cytometry (FCM). Briefly, trypsinised adherent cells and floating cells were pooled, washed once with PBS (Lonza, Basel, Switzerland) and fixed in 4% paraformaldehyde (Sigma-Aldrich, Italy) for 30 min. Samples were then permeabilized in 0.1% Triton X-100 (Sigma-Aldrich, Italy) and 0.1% sodium citrate (Sigma-Aldrich, Italy) and washed with PBS (Lonza). Each sample was incubated in a 50 μl reaction mixture (Terminal deoxynucleotidyl Transferase, TdT, and fluorescein-dUTP) for 1 h at 37°C, washed with PBS (Lonza) and then measured by FCM at 24, 48 and 72 h.



Gelatin Zymography of Matrix Metalloproteinase-9

Levels of matrix metalloproteinase-9 (MMP-9) expression in H295R cells were analyzed by SDS-PAGE gelatin zymography as reported by Baragi VM et al. (16). Briefly, when cells were 80% confluent, they were treated with 5 µM sorafenib for 72 h, washed twice, trypsinized and subjected to electrophoresis under non-reducing conditions via 10% SDS-PAGE copolymerized with 1 mg/ml gelatin as a substrate. After the gel was washed with 2% Triton X-100 solution to remove SDS, it was incubated in activation buffer (50 mM Tris, 5 mM CaCl2, 0.5 uM ZnCl2, pH 7.4) for 24 h at 37°C. Gels were then stained with 0.05% Coomassie brilliant blue R-250 and destained in acetic acid. Not stained regions of the gel corresponding to the active MMP-2 and MMP-9 were quantified by densitometry using ImageJ analysis.



Western Blotting Analysis

Cellular lysates were sonicated on ice, clarified by centrifugation at 20.000 g and stored at –80°C. An aliquot of the cell lysates was used to evaluate the protein content by colorimetric assay. A total of 50 μg of protein content was electrophoresed on a 10% polyacrylamide gel in the presence of SDS and then was transferred onto a nitrocellulose membrane. Blots were blocked for 1 h at room temperature with 5% nonfat dry milk in Tween-PBS buffer. Treated and untreated cells were incubated with the following antibodies: anti-vimentin 1:200 (Santa Cruz Biotechnology, CA, US) anti-MMP-9 1:200 (Santa Cruz Biotechnology, CA, US), anti-N cadherin 1:100 (Santa Cruz Biotechnology, CA, US), anti-Vinculin 1:4000 (Sigma Aldrich, MO, US). The visualization of the antigens was performed by enhanced chemiluminescent detection reagents by ECL. The analysis of bands was performed with ImageJ software (Image Processing and analysis in Java).



Flow Cytometric Immunofluorescence

Cultured cells were harvested and the expression of cell surface markers was analysed by indirect immunofluorescence using a FACS Calibur cytofluorimeter (Becton Dickinson, Franklin Lakes, NJ, USA). For indirect immunofluorescence, cells were incubated with primary antibodies specific for N-Cadherin (1:100), VE-Cadherin (1:500), VEGFR2 (1:250), pVEGFR2 (1:500) and β-Catenin (1:500) (Santa Cruz Biotechnology, CA, US) for 1 h on ice and then incubated with a secondary FITC-conjugated antibody for 50 min on ice and immediately analyzed by FCM.



Coimmunoprecipitation

H295R cell pellets were resuspended in a low stringency cell lysis solution (NP40 1%, leupeptin 1μg/ml, pepstatin 1μg/ml, aprotinin 2 μg/ml, phenylmethylsulphonylfluoride 0.2 mM, sodium fluoride 10 mM). Then, the samples were sonicated for 10 s (Branson sonifier 150, Carouge, Switzerland). Preclearing of the lysates was performed by adding protein A to the extracts and mixing for 1h at 4°C. After preclearing, the supernatant was again incubated with protein A and with VEGFR2 at 4°C overnight. Immunocomplexes were washed three times with the low stringency lysis solution and were resolved by SDS-PAGE. Following the transfer to membranes, proteins were detected both by a VE-Cadherin and a β-Catenin horseradish peroxidase-linked secondary antibody. The anti-VEGFR2 antibody was used to normalize the amount of immunocomplex for quantification. The visualization of the antigens was performed by enhanced chemiluminescent detection. The analysis of bands was performed with ImageJ software (Image Processing and analysis in Java).



Conversion of H295R Into Spheres Cells

H295R cells were plated in non-adherent conditions: serum-free cell culture medium (Gibco, Gaithersburg, MD, USA), supplemented with 20 ng/ml epidermal growth factor (EGF) (Sigma-Aldrich, USA), 40 ng/ml bFGF (Sigma-Aldrich, USA) and B27 (Gibco), and 2 μg/ml heparin in 60 mm low-attachment culture dishes at a density of 1.9 × 106 cells/dish. After four days of seeding, the cells formed primary floating sphere-like structures. These structures grew rapidly until day 7. At this time, before the obtained sphere-like structures became necrotic, we harvested them and resuspended them in Accutase enzymatic solution (Gibco) for five minutes at 37°C and then mechanically dissociated them into a single cell suspension. The cells were reseeded in the same non-adherent conditions as above, and secondary spheres were allowed to form.



Morphometric Analysis of H295R Spheroids

For the three-dimensional (3D) morphological analysis of H295R spheroids, samples were examined under an Axiovert 200 inverted microscope (Zeiss, Oberkochen, Germany) equipped with differential interference contrast (DIC) optics. For quantitative image analysis, digital micrographs of at least 300 multicellular structures and single floating cells for each condition were randomly captured from three different experiments using an AxioCam MRm CCD camera (Zeiss). The projected area (A), perimeter (P) and two orthogonal diameters (a and b) were measured for each multicellular structure using Axiovision software (Zeiss). Sphericity, volume and size were subsequently calculated according to the previously proposed methods (17–19).

The sphericity of each structure was expressed by calculating the shape factor:  .

The volume (μm3) was corrected for shape factor (SFC) and calculated by applying:  .

The size (μm) was determined by calculating the geometric mean diameter:  .

All 3D cellular structures were also categorized according to their morphology and classified as follows: tight spheroids (densely packed spheres with almost indiscernible individual cells), irregular aggregates (two or more cells organized in loose or compact aggregates that do not form the typical spheroid structure) and single floating cells.



Transmission Electron Microscopy

H295R monolayer and spheroid cultures, treated or not as described above, were washed three times with PBS and fixed with 2% glutaraldehyde in PBS for 2 h at 4°C. Samples were postfixed with 1% osmium tetroxide in veronal acetate buffer (pH 7.4) for 1 h at 25°C, stained with uranyl acetate (5 mg/ml) for 1 h at 25°C, dehydrated in acetone and embedded in Epon 812 (EMbed 812, Electron Microscopy Science, Hatfield, PA, USA). Ultrathin sections, unstained or poststained with uranyl acetate and lead hydroxide, were examined under a Morgagni 268D transmission electron microscope (TEM) (FEI, Hillsboro, OR, USA) equipped with a Mega View II charge-coupled device camera (SIS, Soft Imaging System GmbH, Munster, Germany) and analyzed with AnalySIS software (SIS).



Statistical Methods

To compare variables that do not assume a Gaussian distribution, a Mann-Whitney nonparametric test was used. The data are presented with the Tukey box-and-whisker plot, where the central box represents the interquartile ranges (IR; 25th to 75th percentile), the middle line represents the median, and the horizontal lines represent the minimum and the maximum value of observation range. The values are expressed as the median ± IR. To compare variables that assume a normal distribution, Student’s T tests were used. The values are expressed as the mean ± SE (standard error) from three independent experiments. A chi-square test was used to compare categorical variables. P values <0.05 were assumed to be statistically significant.




Results


Sorafenib Reduced Cancer Cell Proliferation

To assess the effects of sorafenib on cancer cell proliferation, H295R cells were treated with 5 µM of sorafenib for 72 h. As shown in Figure 1A the drug exposure showed a 24% inhibition of cell growth at 48 h, increasing 42% after 72 h compared to untreated cells (p<0.01). Cell viability in treated and untreated cells was assessed by trypan blue exclusion test to determine if cell viability was maintained after sorafenib treatment. We observed an integrity of the cell membrane after drug exposure, infact no alteration of cellular viability was observed during sorafenib treatment (data not shown), meaning that sorafenib did not induce toxicity.




Figure 1 | Sorafenib inhibits cell growth and cell proliferation. Viability curves of untreated and treated H295R cells with 5 µM sorafenib for 72 hours. Cell growth inhibition progressively increases and, at the highest concentration at 72 h, reaches 42% of inhibition after sorafenib treatment. The results represent the mean ± s.d. of three independent experiments done in duplicate. A comparison of the individual treatment was conducted by using ANOVA followed by the Tukey–Kramer post hoc test. **P <0.01 vs Ctrl (A). Analysis of BrdU incorporation in control and in treated cells for 24h, 48h and 72 hours respectively. In samples treated with sorafenib about 40% BrdU incorporation was evident at 48-72 h of treatment. Representative results are shown, and were quantified from three independent experiments; each group was analyzed in duplicate (B). TUNEL assay to evaluate induction of apoptotic cell death in H295R cells by sorafenib treatment. Flow cytometric analysis of untreated and treated cells with sorafenib for 72 h. At this time 62% of treated cells were dUTP-FITCH positive revealing apoptotic cell death. Similar results were obtained in three independent experiments (C).



BrdU incorporation was performed to determine if sorafenib treatment affected the cell cycle as well. Figure 1B shows that about 40% BrdU incorporation was evident at 48-72 h of treatment while in untreated cells incorporation was 91% and 98% after 48 h and 72 h respectively. These results suggest that the sorafenib used in this study successfully inhibited the growth of H295R cells according to a previous study (12).



Sorafenib Induced Apoptosis in H295R Cells

To evaluate whether cell growth inhibition was attributed to apoptotic death we performed the TUNEL assay analyzed by FCM analysis. As evidenced in Figure 1C, sorafenib was able to induce apoptotic cell death (62% vs untreated cells) which was consistent with data from Mariniello and colleagues (12). They estimated an apoptotic percentage of 43% after sorafenib treatment in the same cell model.



Sorafenib Inhibited Cell Proliferation and Did Not Affect VEGFR2 Expression

To investigate whether the effects of sorafenib on cell growth inhibition were correlated with the modulation of VEGFR2 protein, we assessed protein expression by immunofluorescence. The results obtained, revealed that the expression of the VEGFR2 protein did not significantly change after 72 h of sorafenib treatment. On the contrary the drug was able to increase p-VEGFR2 after the same time (approximately 50% vs untreated cells) (p<0.05) (Figures 2A and 5A).




Figure 2 | Flow cytometry analysis of VEGFR2, VE-cadherin, β-catenin and pVEGFR2 in untreated and sorafenib treated H295R cells. Only pVEGFR2 was significant in sorafenib treated sample (p<0.05). Western blot analysis of pVEGFR2 at 72 h is shown on the side (A). Coimmunoprecipitations of VE-Cadherin and β-Catenin with VEGFR2. On the right, graph bars corresponding to densitometric analysis of β-Catenin and VE-Cadherin. Next to the bar graphs are reported the percentage of coprecipitate proteins at 24, 48 and 72 h. The samples treated with sorafenib and marked on top of the bar are considered statistically significant (*p<0.05;**p<0.01) (B). The values of flow cytometry analysis and coimmunoprecipitations are expressed as the mean ± SE (standard error) from three independent experiments.



Then, we investigated whether VE-cadherin and β-catenin, whose action is mediated by the establishment of cadherin-based junctions, could be involved in the anti-proliferative and anti-angiogenic effects of sorafenib (20). As highlighted in Figure 2A the expression level of both VE-cadherin and β-catenin is similar to the levels observed for each in untreated cells. These results demonstrate that the effects of sorafenib on cell proliferation did not interfere with the expression levels of VEGFR2, VE-cadherin and β-catenin.



Sorafenib Interfered With Intercellular Junctions

Although we did not observe a change in VEGFR2, VE-cadherin and β-catenin protein expression following sorafenib treatment, we wanted to test whether the drug interfered with the formation of the protein complex, which is involved in the proliferative and angiogenetic processes. Thus coimmunoprecipitation experiments were performed using H295R cells to determine the effects of sorafenib on intercellular junctions.

As shown in Figure 2B, VE-cadherin did not coprecipitate with VEGFR2 at 24 and 48 h. Moreover, we observed that 33% of the protein was in complex after 72 h of sorafenib treatment (p<0.05). In contrast changes in protein-protein interactions after sorafenib treatment were evidenced for β-catenin, in fact a 31% and 57% of the protein was in complex with VEGFR2 at 48 h (p<0.05) and 72 h (p<0.01) respectively. These data could indicate that sorafenib destabilizes the protein-protein interactions of a complex that is implicated in intercellular junctions.



Sorafenib Affected the Ability of H295R Cultures to Grow as Tight Spheroids

To analyze the 3D morphology and assess the morphometric parameters of H295R spheroids grown in sphere medium with or without sorafenib, DIC microscopy and digital image analysis techniques were performed as described in the Materials and Methods. Untreated H295R cultures (control) displayed a typical spheroid pattern of growth with densely packed spheres; in contrast, the H295R cell growth in the presence of sorafenib was characterized by a higher number of irregular multicellular aggregates (Figures 3A, B). In fact, the sphericity index of multicellular structures was significantly higher in untreated cultures with a shape factor of φ = 0.90 vs 0.85 in treated H295R cultures cells; also the percentage of tight spheroids was higher in untreated cultures (16.7% vs 6.7%; p<0.001) with fewer irregular aggregate compared with those of H295R cultures cells treated with sorafenib (3.1% vs 15.2%; p<0.01) (Figure 3C and Table 1).




Figure 3 | Three-dimensional and morphometric analysis of H295R spheroid growth in sphere medium with or without sorafenib. Differential interference contrast microscopy of H295R cell cultures: typical spheroid pattern of growth in untreated H295R cultures (A) and multicellular aggregates in H295R cultures cell growth treated with sorafenib (B). Morphometric analysis of all multicellular structures from treated or untreated H295R cells: the box-and-whisker plot of shape factor shows a higher sphericity index for the spheroids derived from H295R untreated cultures (control) than for those from the treated cultures. The central box represents the interquartile ranges, the middle line represents the median and the horizontal lines represent the minimum and the maximum value of the observation range (Mann-Whitney test: *p<0.001). The results reported in the graph represent the mean values ± standard error (chi-squared test: **p<0.01) (C). Morphometric analysis of tight spheroids from treated or untreated H295R cells: the box-and-whisker plots of size and SFC volume show a significant difference in untreated and treated cultures H295R cells (Mann-Whitney test: *p<0.001) (D).




Table 1 | Morphological characterization and morphometric analysis of three-dimensional multicellular structures obtained from H295R cells cultured in sphere medium with or without sorafenib.



Morphometric analysis of tight spheroids revealed that size and SFC volume in untreated cultures were characterized by a higher size and volume of tight spheroids compared to what was observed in the treated H295R cells (p<0.001) (Figure 3D and Table 1).



Sorafenib Induced Cellular Damage in H295R Cells

To further characterize the morphological changes related to the sorafenib 5 µM treatment, the ultrastructural features of H295R monolayer and spheroid cultures were analyzed by TEM analysis at 72 h. The untreated H295R monolayers (Figures 4A–C) and spheroids (Figures 4D, E) had nuclei that were rounded or occasionally lobulated, and finely dispersed chromatin and prominent nucleoli. The cytoplasm displayed numerous rod-shaped or elongated mitochondria, variable amounts of organelles, a prominent Golgi apparatus, many cytoplasmic vesicles and a well-developed rough endoplasmic reticulum. Areas similar to tight junctions, as well as intermediate junctions and some tight junction-like regions were visible.




Figure 4 | Analysis of ultrastructural features of cellular damage induced by sorafenib 5 µM at 72 h in H295R cultures. The H295R untreated monolayers (A–C) and spheroids (D, E) show nuclei with finely dispersed chromatin and prominent nucleoli, and cytoplasms with numerous mitochondria, a variable number of organelles, a prominent Golgi apparatus, many vesicles and a well-developed rough endoplasmic reticulum. Areas similar to tight junctions (white arrow), intermediate junctions (black arrows) and some tight junction-like regions (black arrowheads) are visible. Sorafenib treated H295R monolayers (F–H) and spheroid (I–K) cultures displayed apoptotic nuclei with areas of marginal and dense stained chromatin (J, asterisk) and nuclear and cellular fragmentation. The mitochondria are swollen and exhibit a loss of internal cristae. Cytoplasmatic vacuolization, swelling of rough endoplasmic reticulum cisternae and myelinic bodies were observed. H295R-treated spheroids show only a few intermediate-like junctions. Legend: NM, Nuclear membrane, M, Mitochondrion; ER, Endoplasmic reticulum; G, Golgi complex; MB, Myelinic body (considered as histological artifact).



In contrast, the sorafenib-treated H295R monolayers (Figures 4F–H) and spheroids (Figures 4I–K) exhibited several ultrastructural characteristics of cellular damage. Apoptotic nuclei with areas of marginal, dense stained chromatin and nuclear fragmentation were visible. Most of the mitochondrial structures appeared swollen with a subtotal loss of internal cristae, while large vacuoles, swollen cisternae of endoplasmic reticulum and myelinic bodies (histological artefact) were also noticeable. Treated H295R spheroids did not exhibit classical junctional complexes and even exhibited few intermediate-like junctions.



Sorafenib Treatment Promoted Tumor Progression and Invasiveness in the H295R Cell Line

Surprisingly, our study demonstrated an increase in p-VEGFR2 after 72 h of sorafenib treatment (approximately 50% vs untreated cells) (Figures 2A and 5A). These results prompted us to verify whether sorafenib could paradoxically promote tumor progression. Thus, we determined the expression level of N-cadherin and vimentin, which are prognostic markers of tumor progression. As evidenced in Figure 5B the N-cadherin expression level, measured by immunofluorescence staining, showed an upregulation of approximately 10% compared to untreated cells. A similar increase was also observed for the level of vimentin (10% vs untreated cells) analyzed by Western blot (Figure 5C). Both of these results were observed after 72 h of sorafenib treatment. Finally, to evaluate the involvement of drug treatment on tumor invasiveness, we performed Western blot analyses of MMP-9 protein. As shown in Figure 6A sorafenib treatment induced an increase in the protein level of approximately 10% over the levels observed in the untreated cells. A similar result was obtained by zymographyc analysis, confirming up-regulation of the protein expression level of by approximately 10% (Figure 6B). All these data demonstrated that sorafenib failed to have an antiproliferative effect on a small population of tumor cells with tumor aggressiveness features.




Figure 5 | Cells were analyzed at 72 h after sorafenib treatment. Indirect immunofluorescence was analyzed by flow cytometric histograms for pVEGFR2 (particular of Figure 2A) (*p<0.05) (A) and by dot plot for N-cadherin in sorafenib-treated and untreated cells (B). Western blot analyses of Vimentin and Vinculin were performed with 50 µg of protein from untreated and treated cells (**p<0.01) (C). Proteins were resolved by 10% SDS-PAGE to anable analyses with the anti-vimentin or anti-vinculin antibodies.






Figure 6 | Role of sorafenib treatment in tumor invasiveness. MMP9 protein levels were detected by Western blot (A). Zymographyc analysis confirmed the protein activity (B). Below are shown bar graphs expressing the protein expression of MMP9 (on the left) and MMP9 activity (on the right). The results reported in the graph represent the mean values ± standard error. Densitometry summarizes the results obtained in three independent experiments.






Discussion

Sorafenib is an inhibitor of several receptor tyrosine kinases involved in neovascularization, including VEGFR2, VEGFR3, and platelet-derived growth factor (5); it has shown efficacy against a wide variety of tumors in preclinical models, such as breast, colon, and pancreas carcinoma, and it has been approved for the treatment of hepatocellular carcinoma (9, 21). The mechanism of antineoplastic action of sorafenib lies primarily in its induction of apoptosis (7). Since sorafenib showed a broad spectrum of antitumor activity in preclinical studies (10–12), multiple clinical trials have been undertaken to further investigate its role, either alone or in combination with different chemotherapies for the treatment of several neoplasms (4, 6, 8, 10). Because of its activities, sorafenib has been approved by the FDA for the treatment of patients with advanced renal cell carcinoma, unresectable hepatocellular carcinoma and locally recurrent or metastatic, progressive differentiated thyroid carcinoma refractory to radioactive iodine treatment.

Despite the antineoplastic effects described for sorafenib, some patients may exhibit neoplastic progression during therapy with this drug as demonstrated by the comparison of the progression-free survival curves between treated patients and controls (22, 23).

Finally, numerous animal studies have also suggested that antiangiogenesis drugs may, in certain situations, actually accelerate metastatic spread which is recognized as a new form of adaptive resistance used by cancer cells (23, 24).

ACC is a highly vascularized neoplasia (1, 11) and metronomic chemotherapy is thought to be effective against ACC mainly by inhibiting tumor angiogenesis. Moreover, the antiangiogenic activity of metronomic chemotherapy can be theoretically increased by the concomitant administration of an antiangiogenetic drug (25). Therefore, there is a strong rationale for testing the combination of a metronomic chemotherapy with antiangiogenetic drugs in the management of ACC.

Berruti et al. tested the combination of daily sorafenib and weekly paclitaxel therapy in patients with progressive metastatic ACC in progression following treatment with mitotane in combination with one or two chemotherapy lines (13); the test was carried out as a multicenter, prospective phase II trial. The results of this study documented a progressive disease in nine consecutive patients at the first restaging dose after 2 months, which led to the interruption of the clinical trial. Furthermore in many patients, the tumor progression was dramatic, and the increase in the size of the tumor lesions was faster than it was in the months before the trial. These data suggest that this combination therapy may have paradoxically favored tumor progression. Although the data regarding the progression of tumors during treatment with sorafenib can be found in the literature (22–24) there is little data available regarding the mechanism by which sorafenib can elicit a malignant phenotype. In this regard the primary objective of our study was to determine whether sorafenib was able to induce a malignant phenotype in ACC in vitro.

For this purpose we conducted experiments in both 2D monolayer and 3D models. We chose a new approach, in vitro 3D cultures, since it represents an additional step that can bridge the gap between conventional 2D monolayer cultures and animal models. Additionally, this approach is especially useful for studying the invasive proprieties and metastatic potential of tumor cells, thus facilitating the development and screening of new drugs (17, 18, 26).

The results obtained from our study demonstrated that sorafenib induces cell growth inhibition due to a significant increase in apoptosis. The treatment also caused a destabilization of intercellular junctions by altering the formation of the protein scaffold; this alteration was revealed by coimmunoprecipitation experiments, in which an absence of the complex formation between VE-cadherin and β-catenin was evident after sorafenib exposure. Furthermore, we used ultrastructure analysis to demonstrate the disaggregation of the spheres into single cells after sorafenib treatment.

However, following treatment, we noticed an increase in the amount of the phosphorylated form of VEGFR2. This result contrasts with a well-known effects of sorafenib, which is interference with the angiogenetic process, leading to a reduction in VEGFR expression. These steps are crucial for tumor growth, progression, and metastasis. These apparently contradictory results have been observed by other authors and support both the resistance to sorafenib that occurs in some cancers and the lack of long-term response to sorafenib treatment (27–29).

This prompted us to investigate the molecular processes and the angiogenetic factors associated with tumor progression.

Tumor spheroid cell culture models have been used to study the responses of ACC to sorafenib treatment. H295R cells have the capacity to form spheroids, as reported by Lichtenauer and colleagues (30). The ability to form spheroid colonies is a recognized method used to identify cancer stem cells displaying an enhanced tumorigenic ability (31). This specific cell population is thought to be closely linked to the epithelium-mesenchymal transition (EMT), which is defined as crucial in metastatic spread and in tumor recurrence (32, 33). In cancer, EMT is associated with poor survival for the patients and seems to be a key step in the development of metastasis (32), since cells lose their polarity and cell-to-cell contacts and therefore become more motile (33, 34).

Evidence that exposure to sorafenib leads to EMT in ACC neoplasms come from analyzing some of the markers involved in this transition, such as N-cadherin and vimentin. Our results showed an increased expression level of both of these proteins. We noticed that only a small percentage of cells (approximately 10%) revealed disregulation of this protein as revealed by FACS analysis and by densitometric analysis of the proteins.

Furthermore, in our study, we observed that although sorafenib induced apoptosis, a small percentage of cells appeared to be resistant to treatment and exhibited the features of invasive phenotype, as evidenced by increased levels of MMP-9 after sorafenib treatment. MMP-9 is recognized as an enhancer protein in the metastatic process. Therefore it is clear that this population of cells is resistant to treatment and shows features of invasiveness and malignancy. Our results were in agreement with those described by van Malenstein et al. (35) who reported a direct effect of sorafenib on the epithelial cells by inducing a malignant phenotype. It was also demonstrated that sorafenib targets cofilin, which negatively regulates the polymerization of actin to disrupt the cytoskeleton, and cause cells detachment (36). Our results, which are in accordance with previous studies performed and are confirmed by Berruti’s clinical trial could explain why sorafenib treatment elicits a malignant phenotype, in patients with ACC to cause poor and devastating results. Based on these data, we warn against the clinical use of sorafenib as a therapeutic strategy for the treatment of ACC.
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Despite progress in understanding the biology of adrenocortical carcinoma (ACC), treatment options have not dramatically changed in the last three decades, nor have we learned how to avoid some of its long-term side effects. Our goal was to improve the understanding of immune pathways that may include druggable targets to enhance immune responses of patients with ACC, focusing on immune evasion and the activation of immune cells against ACC. Our strategy was aimed at improving insight regarding gene expression without steroid interference. Using approaches based on high and low steroid phenotypes (HSP and LSP, respectively), we characterized immune pathways using The Cancer Genome Atlas (TCGA) ACC cohort data. Although previous studies have suggested that patients with ACC receive minimal benefit from immunotherapy, high expression of immune modulators was noted in patients with LSP, suggesting the activation of these biomarkers may be an important adjuvant therapy target after clearance of excess glucocorticoids. In addition, patients with LSP ACC had higher immune cell infiltration than patients with HSP ACC and other cancer subtypes. Our findings can be summarized as follows (1): we confirmed and improved the definition of two immune response pathways to ACC (HSP and LSP) based on in silico transcriptome analysis (2), we demonstrated the steroid profile should be considered, otherwise analyses of ACC immune characteristics can generate confounding results (3), among the overexpressed immunotherapy targets, we demonstrated that LSP was rich in PDCD1LG2 (PD-L2) and both HSP and LSP overexpressed CD276 (B7-H3), which was associated with resistance to anti-PD1 therapy and may have accounted for the modest results of previous clinical trials, and (4) identification of patients with LSP or HSP ACC can be used to help determine whether immunotherapy should be used. In conclusion, we highlighted the differences between LSP and HSP, drawing attention to potential therapeutic targets (CD276, PDCD1, and PDCD1LG2). Treatments to reduce immune evasion, as well as the use of other natural and pharmacological immune activators, should include prior pharmacological inhibition of steroidogenesis. Attempts to combine these with tumor cell proliferation inhibitors, if they do not affect cells of the immune system, may produce interesting results.




Keywords: adrenocortical carcinoma, steroidogenesis, PD-1/PD-L1/PD-L2, PDCD1/CD274/PDCD1LG2, B7-H3, CD276, CD8+ T lymphocytes



Introduction

Adrenocortical carcinoma (ACC) is a rare highly aggressive malignancy ⁠of which >80% are steroidogenic (1–4)⁠⁠. Overt hypercortisolism is observed in 37.6% (197/524) of adults with ACC, excluding cases with elevated cortisol levels without clinical manifestations, which may also have some molecular impact (4)⁠. The phenotypes seen with molecular changes in ACC may be largely derived from the dominant co-secretion of cortisol and androgens. These differences in combinations of steroid underlie the importance of defining steroid phenotypes and identifying the relevant genetic alterations that characterize the various immune system profiles observed.

Pan-genomic and molecular characterizations of ACC have been the focus of diverse studies in an attempt to establish useful classifications for prognosis or therapy. Zheng et al. (5)⁠ suggested the differentiation of patients with ACC based on three CpG island hypermethylated phenotype (CIMP) statuses: high, intermediate, and low. To date, CIMP is the most robust biomarker for ACC pan-molecular subgroups (6)⁠. Despite providing meaningful prognosis, this classification cannot be translated into determining optimal target treatment options (6, 7)⁠. Besides DNA methylation status, other molecular strategies have been used to characterize ACC subtypes (5, 8, 9)⁠. Based on transcriptome profiling, de Reyniès et al. (8)⁠ and Giordano et al. (9)⁠ defined two ACC subgroups, C1A and C1B, while Zheng et al. (5)⁠ clustered ACC mRNA-seq data in two subgroups with a high steroid phenotype (HSP) and low steroid phenotype (LSP), separating the expression pattern of genes in the steroid synthesis pathway. This was further refined into four subgroups: HSP (n = 25), HSP + proliferation (n = 22), LSP (n = 27), and LSP + proliferation (n = 4). The proliferation profile was mainly associated with HSP, whereas the LSP + proliferation was restricted to only four cases in The Cancer Genome Atlas (TCGA) cohort (n = 78). These four subgroups demonstrated a high overlap of C1A and C1B subtypes, with most HSP patients classified as C1A and LSP patients classified as C1B (5)⁠. Zheng and colleagues found an immune signature associated with the LSP profile upon comparison of immune-suppressed ACC with strong steroidogenesis (5)⁠.

Landmark studies have extensively focused on profiling biomarkers and cells associated with cancer immunity with extensive immunogenomic analysis of tumors (10, 11)⁠. Thorsson et al. (11)⁠ provided new insights into the immune landscape of cancers using TCGA data. Assembling all ACC cases without consideration of more specific clinical or steroidal phenotypes, ACC was found to exhibit the second lowest leukocyte fraction among the cancer types studied (11). These investigators analyzed over 10,000 TCGA tumors and using cluster analysis of a robust list of immune expression signatures reported by other studies proposed six immune subtypes with specific features and prognoses: C1, wound healing; C2, IFN-γ dominant; C3, inflammatory; C4, lymphocyte depleted; C5, immunologically quiet; and C6, TGF-ß dominant (11). Based on the dominant sample characteristics, they proposed the ACCs in the TCGA database (patient ages ranging from 14 to 77 years) fit better within the C4 immune subtype, with a more prominent macrophage signature, suppression of T helper type 1 (Th1) cells, and a high M2 response (11). These cancers are among those with the least favorable outcome. This immunosuppressed profile is associated with hypercortisolism and low survival in the majority of adult patients with ACC (12)⁠, while younger children with a dominant androgen steroid phenotype have a better prognosis (13, 14)⁠.

As tumors grow, they acquire mutations. These mutations may impair the function of the immune system in ACC subtypes (with both low and high steroidogenesis). These genetic changes include mutations in driver genes, DNA damage, copy number variation, aneuploidy, loss of heterozygosity, intratumor heterogeneity, and decreased telomere length (5, 15)⁠. Consequently, overall survival (OS) analyses are frequently less accurate in ACC cases because of the complex interactions between these changes in the tumor and the immune system (16)⁠. The worse prognosis for adults with ACC is explained by molecular differences and the higher frequency of elevated glucocorticoids (17–19)⁠. After C4 (49 of the 78 ACC cases), the second most common immune subtype was C3, found in 23 of the 78 ACC cases, predominantly in LSP (16/31). The C3 immune subtype is represented by an inflammatory response with higher presence of Th1 and Th17 responses and a balanced presence of macrophages and lymphocytes. In a pan-cancer analysis, the C3 immune subtype presented the best prognosis. The other six ACC cases were C5 (n = 3) and one each of subtypes C1, C2, and C6.

Lymphocyte expression signature, high number of unique T-cell receptor clonotypes, cytokines produced by activated CD4+ Th1 and Th17 lymphocytes, and M1 macrophages, which secrete pro-inflammatory cytokines and chemokines, are associated with improved OS in some cancer subtypes (11). The ability to kill transformed cells is essential for an effective anti-tumor response by the immune system. This ability relies on the cytotoxic activity of natural killer (NK) cells and CD8+ T lymphocytes (CD8+TL) (20)⁠. Activated NK cells are able to recruit dendritic cells and elicit an antitumor T-cell response (21)⁠. The presence of activated tumor-infiltrating CD8+TL in human cancers is associated with improved prognosis, expression of specific antigens, and increased immune-cancer interactions (10)⁠. For example, there is a positive correlation between melanoma-associated antigen 3 (MAGEA3) expression and CD8+TL infiltration in melanoma, explaining the success of the MAGEA3-based vaccine (22)⁠. Another successful example of immunomodulation is the stimulation of blood cells with bacille Calmette-Guérin (BCG) or recombinant BCG to enhance the expression of CD25 and CD69 on human CD4+ T cells, a highly effective immunotherapeutic agent against bladder cancer (23, 24)⁠. Interestingly, most patients with bladder cancer are diagnosed in their seventies when the immune system may be impaired (25)⁠. Similarly, more than 50% of adults with ACC are diagnosed in patients 50 years or older (26)⁠. As CD8+TL are crucial for protective immunity, it is vital to identify candidate activators of the host immune response to cancer. Specific driver mutations (e.g., TP53) are correlated with higher leukocyte levels across all cancers (11). This is not the case in pediatric ACC with the germline TP53 R337H variant, where higher CD8+TL infiltration is associated with other factors, such as stage 1 and diagnosis at a younger age (14)⁠. This is in line with the observed changes in the immune infiltrate composition at each tumor stage, where there is a decrease in T-cell density and an increase in T-follicular helper cells and innate immune cells with tumor progression (27)⁠.

T-cell activation requires two distinct signaling pathways, one mediated by the binding of T-cell receptor (TCR) with an antigen bound major histocompatibility complex (MHC) and the second by the binding of CD28 to T cells with B7-1 (CD80) or B7-2 (CD86) of antigen-presenting cells (28)⁠. In addition to B7-1 and B7-2, other B7 family proteins interact with other T-cell membrane molecules and may act as co-inhibitors, such as B7-H1, which is well known as programmed cell death ligand 1 (PD-L1), B7-DC, which is known as programmed cell death ligand 2 (PD-L2), and B7-H3 (CD276), among others (29)⁠. Blockade of immune checkpoint evasion was expected to provide a more effective treatment for patients with ACC. However, the use of antibodies targeting programmed cell death 1 (PD-1) expressed by T cells (30–32)⁠ or PD-L1 (33)⁠ is associated with poor efficacy. In the latter study (33)⁠, 50% of patients were under concomitant treatment with mitotane to block immunosuppressive glucocorticoids. However, this study did not consider the possibility of evasion through PD-1/PD-L2. Despite these setbacks, other approaches have been suggested to overcome the reported modest responses (7, 34)⁠.

The impact of excess steroids on the immune system interaction with ACC tumors, including a complete understanding of the related molecular profiles, has not been fully evaluated. Our aim was to perform a comprehensive and translational analysis of ACC immune biomarkers to identify those that could predict a favorable outcome with and without steroid interference. We evaluated possible modifiers of immune evasion (CD274 that encodes PD-L1 and PDCD1LG2 that encodes PD-L2), and investigated how these ligands correlate with CD8B expression in ACC, revisiting TCGA cohort data and the molecular steroidogenic classification established by Zheng et al. (5). Considering the hypothesis that HSP has a worse prognosis because of its effect on the immune system, we discuss strategies, supported by prior studies, for downregulating steroid biosynthesis before using possible immune activators.



Materials and Methods


Data Sources

Data sources used in this study were obtained from the ACC cohort in TCGA (5). Inclusion criteria, quality control, and characterization of these participants were previously described (5). The data are available on the National Cancer Institute (NCI) Genomic Data Commons (GDC) Data Portal (https://gdc.cancer.gov/about-data/publications/acc_2016). The transcriptome profiles of 78 patients with ACC for whom the steroid phenotype was available were used for the subsequent analysis. This group included 31 men and 47 women with a mean age of 46.7 years (range, 14–77 years). Based on mRNA data, the patients were classified as HSP (n = 25), HSP + Proliferation (n = 22), LSP (n = 27), and LSP + Proliferation (n = 4) (5). For the current study, we used only the steroid phenotype classification, HSP (n = 47) and LSP (n = 31). Clinical data were obtained using the R/Bioconductor package TCGABiolinks v 2.18.0 (35–37)⁠ from the GDC Data Portal. History of excessive hormone expression was downloaded from the GDC Data Portal and classified as (i) Cortisol Excess (n = 32) for patients with a history of excess Cortisol (n = 15), Mineralocorticoids|Cortisol (n = 1), and Androgen|Cortisol (n = 16); (ii) Mineralocorticoids Excess (n = 4) for patients with a history of Mineralocorticoids (n = 3) and Mineralocorticoids|Cortisol (n = 1); and (iii) Sexual Hormone Excess (n = 28) for patients with a history of excess Androgen (n = 8), Androgen|Cortisol (n = 16), Androgen|Estrogen (n = 2), and Estrogen (n = 2). There were no notations on hormone levels for 5 patients.

The data on immune characteristics were obtained from Thorsson et al. (11) (https://www.cell.com/cms/10.1016/j.immuni.2018.03.023/attachment/1b63d4bc-af31-4a23-99bb-7ca23c7b4e0a/mmc2) and xCell immune infiltrate cell scores were downloaded from TIMER2.0 (http://timer.cistrome.org/infiltration_estimation_for_tcga.csv.gz) (10, 38, 39)⁠. For comparison between two steroid groups, data were filtered using the patients’ barcodes.

The study was approved by the Ethics Committee of Pequeno Príncipe Hospital and National Research Ethics Committee (CAAE number 50622315.0.0000.0097), without use of a consent form as it involved only anonymous public data from the original cohorts deposited at TCGA.



Leukocyte Fraction and Immune Infiltrate Comparison

Leukocyte fractions data for pan-cancer analysis were extracted from Thorsson et al. (11). The study included 11,080 patients from TCGA of which 10,448 were annotated with a leukocyte fraction. TCGA studies were used and were arranged by median leukocyte fraction values. For grouping based on the ACC steroid phenotype, patients from this cohort were selected according to their barcode identifiers.

Previous studies used two methods to estimate immune cell infiltration in the ACC cohort: xCell (38)⁠ scores using a marker-gene-based approach, inferred by Sturm et al. (39)⁠, and Cibersort using a deconvolution-based approach (40)⁠, calculated by Thorsson et al. (11). A more detailed evaluation on the limitations and characteristics of these approaches has been reviewed by Sturm et al. (39)⁠.

The immune cell proportions based on Cibersort estimations were multiplied by the leukocyte fraction, resulting in a final score that could be used for intra- and inter-sample comparisons, as previously described (11). For the ACC cohort analysis, scores of CD8+TL and activated NK cells were used for pan-cancer comparisons, while the scores for all 22 cell types were used for intra-cohort analysis. For pan-cancer comparisons, the barcodes were merged with the Thorsson dataset, and xCell results for CD8+TL and NK cells of the TCGA study and were grouped and ordered by median values. For comparisons within the ACC cohort, samples were filtered for all xCell infiltrate estimates by patient barcodes. Beyond cell estimations, xCell offers microenvironment, immune, and stroma scores. However, the enrichment scores do not allow for a comparison between different cell types of the same sample, but does allow for comparison of the same cell type between different samples. Accordingly, the two groups of patients could be compared using this method, but the relative abundance of each cell type within a patient could not be compared.

The Wilcoxon test was used to compare the xCell and Cibersort immune infiltrate scores between the HSP and LSP groups. The R package ComplexHeatmap v 2.6.2 (41)⁠ was used for heatmap construction. Column-wise z-scores were calculated for the immune cell scores, and maximum and minimum values were limited to +2 and −2, respectively. Samples were clustered for immune characteristics and cell scores scaled data in a semi-supervised manner using the McQuitty and Euclidean distance methods.



RNA-seq Filtering, Processing, and Differential Expression (DE)

High-throughput sequencing (HTSeq) mRNA data were obtained for the 78 ACC patients with steroid phenotype characterization using the R package TCGAbiolinks v 2.18.0 (35–37)⁠ and SummarizedExperiment v 1.20.0 (42)⁠. The 56,457 transcripts were filtered for protein-coding genes using EnsembleDb version 101 and notated using AnnotationHub R package v 2.22.0 (43)⁠. The genes with a sum of zero counts were excluded, resulting in the inclusion of 19,169 genes. The two steroid phenotype groups underwent DE analysis using the R package DESeq2 v 1.30.0 as previously described (44)⁠. P-values were calculated using Wald’s test and adjusted with Benjamini–Hochberg estimation. The gene count expression matrix was normalized by variance-stabilizing transformation using the DESeq2 package. Three genes had duplicated symbol names (PINX1, TMSB15B, and MATR3). To differentiate these three genes, we added an underscore after the first entry in the DE results.



Enrichment Analysis

After ordering based on adjusted p-values, the ranked genes list underwent gene set enrichment analysis (GSEA) with the Coincident Extreme Ranks in Numerical Observations (CERNO) test (45, 46)⁠ using the R package tmod v 0.46.2, as previously described (46, 47)⁠. The CERNO test is an application of modified Fisher p-value integration for creating a GSEA ranked list, which avoids the arbitrary choice of a p-value or log-fold change threshold (46)⁠. Two gene sets were used for the enrichment analysis. Hallmark gene sets were obtained from MSigDb v7.1 (https://data.broadinstitute.org/gsea-msigdb/msigdb/release/7.1/msigdb_v7.1.xml) (48, 49)⁠ and blood transcriptional modules (BTM) (50)⁠ were obtained from the tmod R package. The hallmark gene set is comprised of 50 modules summarizing the molecular signature database gene sets and reducing redundancy (49)⁠. These modules are divided into eight categories: cellular component, development, DNA damage, immune, metabolic, pathway, proliferation, and signaling. The other gene set consists of 334 BTMs combining information about adaptive and innate immune responses.



Expression of Immune Modulators and Immune Checkpoints

Expression profiles of the immunomodulatory genes listed by Thorsson et al. (11) (https://www.cell.com/cms/10.1016/j.immuni.2018.03.023/attachment/8d3ffc74-4db4-4531-a4ad-389dfc8bb7ec/mmc7.xlsx) were obtained from a variance stabilizing transformation gene expression matrix. Of the 75 immune modulators, only one (C10orf54) was not found in the expression matrix. CSF2 expression was added based on the study by Wang et al. (51)⁠, which showed its importance for dendritic cell recruitment in poorly immunogenic tumors. Adjusted p-values for the findings from the DE analysis were used for comparison between groups. The R package ComplexHeatmap v 2.6.2 (41)⁠ was used for heatmap construction, column-wise z-scores were calculated for immune modulator gene expressions, and maximum and minimum values were limited to +2 and −2, respectively. Columns were arranged following the order of the semi-supervised clusters of immune characteristics and cell scores determined previously. For expression of immune checkpoint genes CD8B, CD274 (PD-L1), and PDCD1LG2 (PD-L2), Pearson’s correlation coefficients and p-values were calculated and the confidence interval was inferred based on Fisher’s Z transformation.



Leukocyte Fractions and Mutations in the ACC Cohort

Pan-Cancer Atlas data from TCGA regarding ACC patients with mutations in TP53 (n = 16), CTNNB1 (n = 13), and MEN1 (n = 7) were obtained from the cBioPortal (https://www.cbioportal.org/) and merged with the leukocyte fraction information. Comparison between patients with and without mutations in these driver genes was performed using the Wilcoxon test.



Extracellular Communication Networks in Immune Subtypes

Extracellular communication networks were inferred based on the study by Thorsson et al. (11) and the data for the TCGA ACC cohort were obtained from iAtlas (https://isb-cgc.shinyapps.io/shiny-iatlas/). The networks involved ligand-receptor, cell-receptor, and cell-ligand pairs described by Ramilowski et al. (52)⁠ and enhanced by Thorsson et al. (11). Nodes with more than 50% abundance and concordance interaction greater than 2.5 were chosen as the C3 and C4 immune subtypes. The networks were reconstructed using R packages igraph v 1.2.6 and RedeR v 1.38.0 (53)⁠. The node line width varies proportionally to the abundance score and the edge width varies proportionally to the concordance.

A batch corrected and normalized gene expression matrix for the 11,060 TCGA samples was downloaded from the Supplemental Data of Hoadley et al. (54)⁠ (https://api.gdc.cancer.gov/data/9a4679c3-855d-4055-8be9-3577ce10f66e). The matrix was filtered for the 25 ligands and receptors present in the C3 and C4 networks. Samples were selected from primary tumors only and duplicate entries were removed. The matrix was merged with the Thorsson dataset according to the participant barcode. Gene expression data were ranked from lowest to highest counts for each gene, and patients were divided into terciles (low, intermediate, and high) and filtered for the ACC patients’ barcodes.



Survival Analysis

The prognostic impact of LSP (n = 31) versus HSP (n = 47), immune subtype C3 (n = 23) versus C4 (n = 49), and LSP + Immune Subtype C3 (n = 16) versus other configurations (n = 62) were evaluated using Kaplan-Meier analysis for OS and progression-free interval (PFI) using R packages survival v3.2-7 (55, 56)⁠ and survminer v0.4.8. P-values were calculated using the log-rank test.



Statistical Analysis

Q values and false discovery rate (FDR) quantities were calculated using R package qvalue v2.20.0 (57)⁠. For DE results, q-values were calculated based on π estimation. Due to the small number of p-values available for π estimation, the q-value was determined using Benjamini-Hochberg estimation for enrichment analysis.




Results


Pan-Cancer Comparison Showed Significant Immune Infiltrates in Patients With LSP ACC

ACC had one of the lowest immune infiltrate profiles in the TCGA pan-cancer comparison (Figure 1A). However, when distinguishing by steroid profiles, patients with LSP ACC had considerable leukocyte infiltration, placing them in the top 40% of tumor types (Figure 1B). This was also seen with CD8+TL and NK cells infiltrates, as measured by the Cibersort and xCell scores (Figures 2A–D).




Figure 1 | Boxplot of the leukocyte fraction in the tumor microenvironment of 30 TCGA solid tumors. The leukocyte fraction was inferred by Thorsson et al. (11) for 10,448 participants included in The Cancer Genome Atlas (TCGA) database using molecular methods and compared with hematoxylin and eosin stained images, which demonstrated good correlation. Participants were grouped by TCGA cohort. The boxplot shows the median and interquartile range (IQR) for the leukocyte fraction of each cohort. Whiskers are set at 1.5 IQR and outliers (above and below the 1.5 IQR) are presented as points. TCGA cohorts were ordered by median values. (A) Patients with adrenocortical carcinoma (ACC) are represented as one group. (B) Patients with ACC are divided according to steroid phenotypes.






Figure 2 | TCGA pan-cancer comparison of immune infiltrates. Immune infiltrate scores (y-axis) were rescaled to range from 0 to 1. The maximum on the y-axis is independently set for each plot for better visualization. Participants were grouped by TCGA cohort and the boxplot shows median and IQR for immune cell infiltrate scores of each cohort. Whiskers are set at 1.5 IQR and outliers (above and below the 1.5 IQR) are not shown. TCGA cohorts were ordered by median values. Patients with ACC were divided according to steroid phenotypes (A, B) xCell scores for CD8+ T cells and T natural killer (NK) cells inferred by Sturm et al. (39). (C, D) Cibersort scores for activated CD8+ T cells and NK cells as inferred by Thorsson et al. (11) and multiplied by the leukocyte fraction as described by these authors.



The main clinical characteristics of HSP and LSP are shown in Table 1. Cortisol was the most frequently elevated hormone (57.4% in HSP and 16.1% in LSP) compared to less frequently observed sex steroids, mineralocorticoids, and others, as described by Zheng et al. (5). The prognostic differences were remarkable, with only 3 death events (9.7%) in patients with LSP versus 24 (51.1%) in patients with HSP. This was in addition to a higher proportion of advanced cancer stages observed in the HSP group, which may have been associated with a higher proliferation rate.


Table 1 | Clinical data.





Immune Activation Was Enriched in Patients With LSP ACC

The results from the DE analysis of LSP versus HSP are presented in Figure 3. The order is based on LSP versus HSP and is used in all analyses presented in this study. Opposite values for the log-fold change would have been determined if HSP versus LSP was used. The full DE results are available in Supplementary Table 1.




Figure 3 | LSP versus HSP DE in TCGA ACC cohort (n = 78). After filtering for protein-coding genes and excluding those with sums of zero counts, a total of 19,169 genes were used for a LSP versus HSP differential expression (DE) analysis. P-values were calculated using the Wald’s test and adjusted using Benjamini-Hochberg estimation. Genes with absolute log2 fold change lower than 0.5 and adjusted p-value greater than 0.05 are colored in gray. Above these cut-offs, genes upregulated in LSP and downregulated in HSP are indicated in red and genes downregulated in LSP and upregulated in HSP are indicated in blue.



Enrichment analysis using the hallmark gene sets is presented in Figure 4A and Supplementary Table 2. Most gene sets were enriched for genes related mainly to the immune response and were upregulated in LSP and downregulated in HSP. The gene sets significantly enriched with genes downregulated in LSP and upregulated in HSP were associated with estrogen response, cholesterol homeostasis, and hedgehog signaling (Figure 4A), which was consistent with the steroidogenic profile used for the DE analysis.




Figure 4 | Enrichment analysis for differentially expressed genes using the CERNO test. The CERNO test was applied to the differentially expressed genes using the hallmark gene sets (A) and blood transcriptome modules (BTMs) (B). The modules are ordered according to the adjusted p-values and are considered non-significant based on a false discovery rate (FDR) of 0.05. The number of genes in each module is presented before the module names in brackets. The charts are colored based on the DE results: red for module genes upregulated in low steroid phenotype (LSP) and downregulated in high steroid phenotype (HSP), gray for module genes with no significant p-value, and blue for module genes down-regulated in LSP and upregulated in HSP.



As the immune response was strongly associated with the different steroid phenotypes, we conducted GSEA with the BTMs described by Li et al. (50)⁠. In general, modules associated with T lymphocytes and NK cells, monocytes, and antigen presentation displayed the strongest association with ranked genes, especially those upregulated in LSP. With exception of the “Cell Cycle and Transcription” module, most immune modules were markedly enriched with genes up-regulated in LSP and down-regulated in HSP, with some modules such as “Enriched in Antigen Presentation (II)” and “Leukocyte Activation and Migration” fully represented by DE genes up-regulated in LSP (Figure 4B).



Enrichment of T Cells, Monocytes, and Cytolytic Activity in LSP ACC

The column-wise z-scores for the xCell and Cibersort results for TCGA ACC patients are presented in Figure 5A. Both methods found a higher immune cell presence in patients with LSP compared to those in patients with HSP, which appeared immunosuppressed. Not all cell types identified using one method were present in the results obtained using the other method, indicating differences in some specificities. Consistent with the BTM enrichment analysis (Figure 4B), the presence of monocytes and T cells differed significantly between the two steroid phenotypes (Figures 5A, B). As xCell detected NK cells in only a few samples and Cibersort differentiated resting NK cells from activated NK cells but did not distinguish between subtypes of CD8+ T cells, the last two panels of Figure 5B show a boxplot comparison of the xCell T NK cells and the Cibersort activated NK cells. Because xCell generates arbitrary scores, y values were rescaled to a range of 0 to 1. Most discrepancies between the xCell and Cibersort scores were observed for B cells, plasma cells, naive CD4+ T cells, and eosinophils, which may have been a result of the spillover effect from the methods (39).




Figure 5 | Immune infiltrate comparison. (A) Heatmap with column-wise z-scores for TCGA ACC immune infiltrates as inferred by Sturm et al. (39) using xCell and by Thorsson et al. (11) using Cibersort. Maximum and minimum z-scores for the color gradient were set at +2 and −2 standard deviations from the mean. Each column represents a patient and columns were subjected to semi-supervised clustering. In addition to the immune infiltrate, Thorsson et al. (11) presented a classification of six immune subtypes (C1–C6) and inferred the leukocyte fraction and a molecular signature associated with the lymphocyte infiltrate score. xCell provides a stroma, immune, and microenvironment score in addition to the immune cell infiltrate. Lymphocyte infiltrate, immune, stroma, and microenvironment scores were rescaled to a range of 0 to 1. The clinical information was provided by Zheng et al. (5) and appears in the top annotation rows. The p-value calculated using the Wilcoxon test comparing LSP and HSP for each cell type is represented in the right as a color gradient ranging from 2 to 10 for −log10 (p-value), values lesser than 2 are set as white. (B) Boxplot comparing LSP and HSP in terms of monocytes, CD8+ T cells (xCell and Cibersort), T natural killer (NK) cells (xCell), and activated NK cells (Cibersort). All scores (y-axis) are rescaled from 0 to 1. The density plot shows the distribution according to the immune subtypes: C3 (green) and C4 (cyan). Each sample is shown in a rug plot and colored according to the HSP and LSP classification. The p-value calculated using the Wilcoxon test comparing both phenotypes is shown above each pair of boxplots.





LSP Was Associated With an Inflammatory Immune Response and HSP With a Lymphocyte Depleted Microenvironment

According to the classification by Thorsson et al. (11), ACC patients fit mainly into the C4 subtype (n = 46), with a subset of patients in C3 subtype (n = 23), where C3 seemed to be associated with LSP (n = 16) and C4 with HSP (n = 37) (Table 1 and Figure 5A). Only one participant each fit into the C1, C2, and C6 subtypes, and three patients presented with a C5 subtype profile. Density plots show the distribution of C3 and C4 ACC patients separated into the steroid phenotypes based on monocyte, CD8+TL, and NK cell scores (Figure 5B).

The higher immune activation of patients with LSP ACC was also seen in the expression of immunomodulator genes (Figure 6A). Patients with LSP had a higher expression pattern of immune activators and inhibitors compared to patients with HSP. From the immune characteristics analyzed by Thorsson et al. (11), the differences between LSP and HSP were significant for leukocyte fraction, lymphocyte infiltration score, and macrophage regulation (Figure 6B), which demonstrates immune activation and recruitment in patients with LSP, in contrast with the immunosuppressed tumor microenvironment (TME) seen in patients with HSP.




Figure 6 | Gene expression of immune modulators and Thorsson and colleagues’ immune signatures. (A) Heatmap with column-wise z-scores for expression of immune modulator genes. The maximum and minimum z-scores for the color gradient is set at +2 and −2 standard deviations from the mean. Each column represents a patient. The order from Figure 5A was maintained. The p-value for the DE analysis for each gene determined using the Wald’s test is represented in the right. The −log10 (p-value) color gradient is set as white up to the minimum value of 2 and the maximum is set to 10; however, its range exceeds 20 for GZMA, CCL5, and CD40LG. The absolute p-values for all differentially expressed genes can be found in Supplementary Table 1. *Clinical cortisol excess and the molecular classification were described by Zheng et al. (5) and presented in the top annotation. **Immune subtype classification and the five molecular immune signatures rescaled to a range of 0 to 1 were according to Thorsson et al. (11) and are shown in the top annotation. (B) Boxplot comparing LSP and HSP for leukocyte fractions and the five immune signatures associated with lymphocyte infiltrate scores, macrophage regulation, wound healing, IFN-γ response, and TGF-ß response according to Thorsson et al. (11). The scores for each of the five signatures are rescaled to a range of 0 to 1 (y-axis). The density plot shows the distribution according to the immune subtypes C3 (green) and C4 (cyan). Each sample is shown in a rug plot and colored according to HSP and LSP classification. The p-value calculated using Wilcoxon test comparing both phenotypes is shown above each pair of boxplots.



Thorsson et al. (11) also evaluated the T-cell receptor (TCR) and B-cell receptor (BCR) repertoire. However, this information for most patients with ACC unfortunately could not be retrieved from bulk mRNA sequencing, probably due to the small numbers of these cell fractions in the TME. For instance, only 5 of 78 patients had information regarding BCR (3 LSP and 2 HSP) and 37 regarding TCR (21 LSP and 16 HSP) of which 16 had a 0 score on TCR Shannon entropy (3 LSP and 13 HSP).



Steroid Phenotype Generated a Confounding Effect on the Correlation Between Leukocyte Fraction and Driver Gene Mutations

Thorsson et al. (11) reported that mutations in driver genes are significantly correlated with the leukocyte fraction. Among driver genes, the most common mutations found in the ACC cohort were in TP53 (n = 16), CTNNB1 (n = 13), and MEN1 (n = 7); however, these mutations were mainly present in patients with HSP (n = 13 of 16, n = 13 of 13, and n = 6 of 7, respectively). It was not possible to determine whether differences in the leukocyte fraction were caused by the mutations or due to the steroid phenotype. Using the Wilcoxon test to evaluate the differences in the leukocyte fraction based on the presence or absence of these mutations resulted in p-values of 1.8 × 10-1, 3.8 × 10-2, and 4.8 × 10-1 for TP53, CTNNB1, and MEN1, respectively.



Extracellular Communication Networks and Possible Immunotherapy Targets Associated With Steroid Phenotypes

Based on the study by Thorsson et al. (11), two extracellular communication networks were reconstructed for ACC subtypes C3 and C4 with 50% abundance and 2.5 concordance thresholds (Figure 7A). A small network was also obtained for the C5 subtype with these parameters centered on macrophages; however, as it contained only 3 patients and was not further considered in the current study. The abundance was representative of the prevalence of the node in the samples (%), while concordance was relative to the concordance to discordance ratio (a pair with concordant high or low expression versus a pair with distinct expression patterns in each sample).




Figure 7 | iAtlas explorer-extracellular communication network. (A) The extracellular communication network according to Thorsson et al. (11) and available on CRI Atlas (https://isb-cgc.shinyapps.io/shiny-iatlas/) was reconstructed for the C3 and C4 patients of TCGA ACC cohort. Nodes with greater than 50% abundance and a concordance interaction larger than 2.5 were selected. The node line width varies proportionally to abundance and the edge width varies proportionally to concordance. Green arrows represent interactions of C3 patients and cyan arrows represent interactions of C4 patients. Node colors represent immune cells (light green), receptors (pink), and ligands (yellow). (B) The receptors and ligands present in the network were evaluated based on gene expression levels in a pan-cancer comparison. Gene expression of the 25 nodes in the network were ranked among 9,361 primary tumor samples available in the TCGA database and classified as low (grey), intermediate (yellow), or high (green) expression level based on ranking terciles. Each column represents a patient with ACC. Column order is maintained from Figures 5A and 6A heatmaps. Steroid phenotype and immune subtype classifications are indicated in the top annotation.



The nodes in the C3 and C4 networks were used to compare all TCGA participants. The ACC patient classification is shown in Figure 7B. Most ACC patients, despite phenotype distinction, were in the top third group for expression of CD276 (B7-H3), GPC1, vascular endothelial growth factor A (VEGFA), vascular endothelial growth factor B (VEGFB), and vascular endothelial growth factor receptor 1 (VEGFR1) FLT1 (Figure 7B).

Despite its greater representativity in the ACC cohort (49 of 78 patients), C4 formed a smaller network (Figure 7A) with generally lower abundance and weaker connections. Curiously, a high abundance of TNFSF9 (4-1BB-L), commonly expressed by antigen-presenting cells, was found to be related to the C4 network, but not its receptor TNFRSF9 (4-1BB), which is normally expressed in CD8+ T cells.

In the C3 network, which was mainly associated with patients with LSP (Figure 7A), antigen presentation molecules and some of their receptors were prominently present. It is noteworthy that PDCD1LG2 (PD-L2), but not CD274 (PD-L1), appeared in good concordance with its receptor PDCD1 (PD-1). Interestingly, a relative positive correlation was observed between CD8B and CD274 expression, but it was more evident between CD8B and PDCD1LG2 expression (Figure 8).




Figure 8 | Correlation between CD274/PDCD1LG2 and CD8B expression. Gene expression levels for CD274, PDCD1LG2 and CD8B were normalized using a variance-stabilizing transformation from DESeq2 R package. Pearson’s correlation coefficients and p-values are shown in the scatter plots, as well as the regression line. The confidence interval was inferred using Fisher’s Z transform. Point colors are set according to the steroid phenotype: salmon for HSP and blue for LSP. Point shapes are set according to the patient’s vital status: triangles for dead and circles for alive. In the rug plot, navy blue indicates the presence of cortisol excess, gray indicates absence, and white indicates non-annotated patients regarding cortisol levels. In the density plot, p-values determined using Wald’s test for DE analysis between LSP and HSP is shown.



Finally, CD276 (B7-H3) and FLT1 (VEGFR1) were present in abundance in both networks. CD276 was in concordance with CD8+ T cells in C3 and in concordance with dendritic cells in C4, while FLT1 was in concordance with VEGFA in C4 and in concordance with VEGFB in C3.



Steroid Phenotype Was More Predictable of Outcome Than Immune Subtype Alone

Based on Kaplan-Meier analysis, LSP presented better outcomes, both in OS (p = 2 × 10-4) and PFI (p-value < 1 × 10–4) (Figure 9A). When comparing the C3 and C4 immune subtypes, a slightly better prognosis was seen for C3 (p = 3.2 × 10-2 for OS and p = 4.7 × 10-2 for PFI) (Figure 9B). The separation between C3 and patients with LSP from the other configurations showed a significant difference in survival analysis (p = 4.5 × 10-3 for OS and p = 7.1 × 10-3 for PFI) (Figure 9C).




Figure 9 | Survival analysis. Kaplan-Meier analysis for overall survival (OS) and progression free interval (PFI) of ACC profiles. The p-value was calculated using a log-rank test and the confidence interval is shown. Below each plot a survival table with the absolute number of participants over time. (A) OS and PFI for LSP (n = 31) versus HSP (n = 47). (B) OS and PFI for immune subtype C3 (n = 23) versus immune subtype C4 (n = 49). (C) OS and PFI for LSP and C3 patients (n = 16) versus other combinations (LSP C2, C4, C5, and C6, or HSP C1, C3, C4, and C5; total n = 62).






Discussion

We present a complementary approach to the analyses of the pioneering studies by Zheng et al. (5) and Thorsson et al. (11) and revisit the potential biomarkers underlying the immunological processes in ACC, considering important contributions from previous studies (7–9, 12)⁠. The interplay between steroid production and the immune response in ACC has been a topic of recent studies (5, 12, 14, 18, 19)⁠. We have uncovered further interesting findings from the ACC datasets, deepened the investigation of immune pathways, and revealed possible druggable targets that may guide the selection criteria for ACC-targeted immunotherapy.

We demonstrated the immune system capabilities were dramatically better in patients with LSP (Figures 1 and 2), which is in agreement with studies describing the immune suppression caused by excess glucocorticoids (12)⁠. This higher immune activation seen in a subset of patients with ACC was in contrast with worst outcomes previously demonstrated for ACC in a pan-cancer analysis of solid tumors, which considered all patients with ACC without distinction of subtypes (5, 11). Our analyses, which considered steroid phenotype, improved our understanding of how the immune system reacts to ACC.

The immune cell composition in the TME is associated with important prognostic and therapeutic characteristics (14, 39)⁠. Our analysis of TME was based on scores inferred by previous studies (11, 39)⁠ and used two different methods, xCell and Cibersort, to detect immune cells according to bulk RNA-seq data. Some observed divergences (e.g., native CD4+ T cells) may be explained by limitation of the methods, such as background prediction or the spillover effect, as discussed by Sturm et al. (39)⁠. However, a higher immune cell infiltrate was observed in general for patients with LSP compared with that for patients with HSP (Figures 5A, B). Furthermore, both methods showed a significantly higher presence of cells associated with cytotoxic activity (Figure 5B), such as CD8+ T cells (p = 4.3 × 10−8 for xCell and p = 7 × 10−8 for Cibersort scores), T NK cells (p = 1.1 × 10−5 for xCell scores), and activated NK cells (p = 3.8 × 10−6 for Cibersort scores).

Notably, we observed an activation of immune system-related genes (Figure 6A), as well as expression of immune evasion-related genes in patients with LSP (Figures 6A and 8). We also demonstrated a positive correlation between CD8B and CD274 (PD-L1) expression (R = 0.61, p = 1 × 10−11) and CD8B and PDCD1LG2 (PD-L2) (R = 0.77, p = 8.6 × 10−18) (Figure 8). This may indicate that selective pressure induced enhanced immune evasion by tumor cells, which is in agreement with recent studies (51)⁠. PD-1/PD-L1-related and PD-1/PD-L2-related immune escape mechanisms are known to downregulate the CD8+ T-cell activation process. CD274 is expressed by other immune cells in greater a proportion than that of PDCD1LG2 expression (58)⁠, which may help explain why the dispersion seen in scatter plots was more evident for CD274. In addition, patients with HSP ACC overall presented lower levels of CD8B and CD274/PDCD1LG2 expression compared to those of patients with LSP ACC. However, the positive correlation observed between CD8B and CD274/PDCD1LG2 expression may imply that following glucocorticoid suppression, mechanisms of immune evasion may be induced in patients with HSP ACC. The correlation between CD8+TL and PD-L1 expression levels cannot be determined using immunohistochemistry (14, 59)⁠. However, findings from a previous study (59)⁠ and our current study suggest that PD-L2 plays a greater role than that of PD-L1 in ACC cells (Figure 6A). Nevertheless, this hypothesis has not been assessed in a clinical trial. Anti-PD-1 clinical trials conducted without inhibiting steroidogenesis (30–32)⁠ may have had modest results due to the immune suppression caused by hormone production in the TME. On the other hand, Le Tourneau et al. (33)⁠ evaluated the concomitant suppression of steroidogenesis with and without mitotane administration. However, only anti-PD-L1 was used in their study and they did not consider the possibility of PD-L2 being an important immune checkpoint in ACC.

In agreement with recent findings showing that 90% of ACC samples (n = 48) were positive for B7-H3 (CD276) in immunohistochemical assays (60)⁠, our analysis demonstrated that CD276 overexpression was detected in both LSP and HSP. Remarkably, its expression was considered high in a pan-cancer comparison of most ACC patients (Figure 7B). Moreover, CD276 overexpression has been implicated in resistance to anti-PD1 therapies (61–63)⁠. B7-H3 is a member of the B7 ligand family and is a recent and attractive target for antibody-based immunotherapy. B7-H3 is differentially overexpressed in malignant cells at high frequency (60% of 25,000 tumor samples), is detected at low levels in normal tissues, and probably has an inhibitory role in adaptive immunity, suppressing T-cell activation and proliferation (60–62)⁠. B7-H3 modulates T-cell responses, but unlike PD-1 and CTLA-4, may inhibit T-cell activation, possibly by interacting with tumor necrosis family receptors (64)⁠. However, other investigators believe the B7-H3 receptor remains unknown (61). Recent studies have shown that blocking B7-H3 results in a response of tumor resistance to treatments with anti-PD1/PD-L1 antibodies (61)⁠. Yonesaka et al. (63)⁠ demonstrated the dual blockade of B7-H3 and PD-L1 enhances the antitumor reaction compared to that of PD-L1 blockade alone, which may indicate a role of B7-H3 overexpression in immune evasion. These findings suggest that anti-B7-H3 combined with anti-PD-1/PD-L1 antibody therapy is a promising approach for B7-H3-expressing cancers, such as ACC. In addition to CD276 (B7-H3), FLT1 (VEGFR1) appeared in both C3 and C4 networks (Figure 7A) and was highly expressed in ACC compared with that in other cancers (Figure 7B). This may imply a role in angiogenesis, which has been described as an important pathway in ACC (65, 66)⁠. However, clinical trials to date using VEGFR inhibitors for ACC have demonstrated limited results (67, 68)⁠.

In contrast to CD276 (B7-H3) and FLT1 (VEGFR1), BTLA, interleukin 10 (IL10), IL10 receptor subunit alpha (IL10RA), integrin beta chain-2 (ITGB2), CD274 (PD-L1), and PDCD1LG2 (PD-L2) are significantly downregulated in HSP (Supplementary Table 1, Figures 6A and 7B). Similar to PD-1 and CTLA-4, BTLA is an immune checkpoint associated with suppression of the immune response and its blockade has been related to a reduction of ovarian carcinoma via the regulation of IL6 and IL10 (69)⁠. IL10 mediates immunosuppressive signals through its interaction with IL10 receptors, leading to inhibition of synthesis of proinflammatory cytokines (70)⁠. Integrins, such as ITGB2, play significant roles in cellular adhesion and cell surface signaling, and also participate in leukocyte adhesion and extravasation to inflame tissues, and mediate the formation of immunological synapses (71)⁠.

Curiously, TNFSF9 (4-1BB-L) was present at a surprisingly high abundance in ACC when compared to that of other TCGA tumor types, but not its receptor TNFRSF9 (4-1BB), which was present mainly on CD8+ T cells, (Figure 7B). In the C4 network, TNFSF9 appeared in concordance with dendritic and NK cells (Figure 7A). TNFSF9 is commonly expressed by antigen-presenting cells and its interaction with its receptor TNFRSF9 tends to stimulate T cells and cytotoxic activity, demonstrating strong anti-tumor activity (72)⁠. Although the use of TNFSF9 analogues as an immunotherapy strategy has been considered (73)⁠, the relatively low level expression of its receptor TNFRSF9 on T cells may limit the efficacy of this type of treatment. Understanding the role of TNFSF9 overexpression in ACC may be a subject of future studies.

Classification of ACC into subgroups based on methylation profiles, which was also proposed by Zheng et al. (5), appears to be robust as reviewed by Crona and Beuschlein (6). However, despite providing good clinical prognostic indications, this classification has not resulted in novel treatment possibilities for each of the groups (6, 7, 74)⁠. One strong point of our current study using the molecular classification of steroidal profiles was the possibility of separating the immune activation profile of tumor subtypes. This is in agreement with the suggestion by Fiorentini et al. (7)⁠ that patients who may benefit from immunotherapies should be selected based on some type of molecular classification. We believe that separation based on steroid profiles may provide useful information regarding this criterion. Furthermore, the LSP classification successfully grouped all patients with higher expression of immune modulator genes, in addition to higher leukocyte fractions. Remarkably, the immune activation distinction was not clear when using the classification of cases based solely on clinical parameters, that is, hypercortisolism versus non-hypercortisolism (data not shown). This was despite its good correlation with HSP (Fisher’s exact test, p = 2.55 × 10−4). In addition, the available HSP data are associated with downregulation of the immune system, higher tumor proliferation, and worst prognosis (75)⁠.

Genomic and epigenetic changes frequently occur in ACC, in both childhood (15, 76)⁠ and adulthood (5, 75, 77) cases. However, the TCGA ACC cohort is mainly limited to adults (median age, 46 years). The accumulation of these alterations may alter lymphocyte recruitment (11) and drive a higher proliferation profile, which would consequently result in a worse prognosis. It is currently not clear if the anti-tumor immune response is not strong enough to surpass tumor proliferation or if there is a surge in proliferation due to the immunosuppressed TME.

Interestingly, it was not possible to determine a clear correlation between leukocyte fraction and mutations in driver gene known to impact the immune response. This could have been due to the small number of patients with these mutations, as well as the fact that most of these patients were from the immunosuppressed HSP group. In analysis of the whole cohort (LSP + HSP patients) CTNNB1 mutations were noted only in patients of the HSP group and they demonstrated a weak negative correlation with leukocyte fraction (p = 3.8 × 10−2 on Wilcoxon test). However, when analyzing only the HSP group, the presence of CTNNB1 mutations did not demonstrate any significant impact on leukocyte fraction (p = 9.9 × 10−1 on Wilcoxon test), indicating the weak correlation observed was mainly due to the steroid phenotype. This indicates the steroid phenotype should be taken into account during immune response analysis of ACC. Failing to do so may generate confounding effects.

When comparing the inflammatory C3 and lymphocyte-depleted C4 immune signatures, we found a slightly better survival for C3 (p = 3.2 × 10−2 for OS and p = 4.7 × 10−2 for PFI; log-rank test) (Figure 9B). In the pan-cancer analysis performed by Thorsson and colleagues, C3 had a significantly better outcome than that of C4; however, the steroid phenotype provides more characteristics regarding tumor aggressiveness and outcome prognosis in ACC than that of the C3-C4 signatures. For example, there were no death events among the 16 patients with C3 LSP, whereas there were 3 deaths among the 7 patients with C3 HSP (42.9%). Furthermore, among the 12 patients with C4 LSP, only 1 died (8.33%) compared with 19 deaths in the group of 37 patients with C4 HSP (51,35%). When distinguishing C3 and C4 patients within the steroid phenotypes (density plots in Figures 5B, 6B), differences were observed in LSP C3 versus C4, especially in the leukocyte fraction and lymphocyte infiltration scores; however, HSP C3 versus C4 does not in general present great distinction. Considering there were only seven patients with HSP C3, the steroid phenotype distinguished some immune features better than that of the C1–C6 subtype classification alone.

In addition to differences in the targeted immune checkpoints, a crucial difference affecting the success of immunotherapies for other tumors (22–24, 78)⁠ and the modest results of immunotherapy in ACC, such as less than 15% of patients with ACC benefiting from PD-1 or PD-L1 inhibition (30–33)⁠, seems to be the immunosuppressive and anti-inflammatory effects of intratumoral glucocorticoids (12)⁠. Among potential prognostic factors, CD3+ and CD8+ cytotoxic T lymphocytes were found in 84% of 146 patients with ACC and were associated with overall and recurrence-free survival (12)⁠. This parameter could be further improved by blocking steroidogenesis in combination with different immune checkpoint inhibitors. Patients with tumor progression and mitotane-resistance may still benefit from a reduction in the dose aiming for steroidogenesis blockade. One important feature of mitotane treatment is the ability to block steroid biosynthesis at lower daily doses and with less toxic side effects (approximately <10 µg/mL of plasma) (79)⁠. Future studies may investigate if this blockade is adequate to induce an efficient immune response.

Despite the reduced number of cases, we found evidence of considerable immune cell infiltrates within LSP and sought to characterize the interactions and networks in order to identify transcriptomic biomarkers associated with significant immune activation. Our analysis also exploited target immune modulators that may regulate potential pathways associated with the anti-tumor response. Our analysis framework had limitations as it relied on a small number of accessible profiles and a simple binary change (LSP and HSP) where HSP combined different steroid subtypes that could not be identified using only the clinical manifestations of hypercortisolism. It is important to note that the activation of steroid biosynthesis pathways seen in HSP was based on a transcriptome profile, which may imply a possible hormone excess in the TME had not been related to clinical manifestations. Our experimental design using a probabilistic approach to identify potential targets for immunotherapy was restricted to in silico findings. Despite the rationale, this may not be translatable to in vivo assays. Further work is needed to fully understand the possibility of changing the outcome of ACC immunotherapy, which may start with the selection of patients with LSP ACC and the inhibition of steroidogenesis in patients with HSP ACC. Despite significant progress in identifying immunogenic biomarkers in ACC through evaluation of the TCGA cohort (5), there are still many limitations and puzzles to be solved. Additional efforts beyond RNAseq analyses are needed to validate functional studies to define the key pathways in a larger number of patients with LSP ACC. Considering we are still in the early stage of understanding the B7-H3 network, it is important to define the actual B7-H3 receptor in order to fully understand this pathway in ACC.



Conclusions

An important frontier of ACC therapeutics to improve the anti-tumor activity of the immune system starts explicitly by modeling steroidogenic differences. The analytical approach we describe herein requires further studies to ascertain the possible druggable role of B7-H3 in relation to PD1-PDL1/PDL2 in ACC. Our present approach was unable to predict improved outcomes of immunotherapy; however, it points to possible selection criteria and potential targets. Future work should confirm these findings using a larger cohort, in addition to including pre-clinical or clinical trials.
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Fascin-1 (FSCN1) is an actin-bundling protein associated with an invasive and aggressive phenotype of several solid carcinomas, as it is involved in cell cytoskeleton rearrangement and filopodia formation. Adrenocortical carcinoma (ACC) is a rare endocrine malignancy characterized by poor prognosis, particularly when metastatic at diagnosis. Radical resection is the only therapeutic option for ACC patients in addition to the adjuvant treatment with mitotane. Novel specific biomarkers suggestive of tumor progression to refine diagnosis and prognosis of patients with advanced ACC are urgently needed. ACC intratumoral FSCN1 has previously been suggested as a valid prognostic marker. In the present study, we identified FSCN1 in the bloodstream of a small cohort of ACC patients (n = 27), through a specific ELISA assay for human FSCN1. FSCN1 can be detected in the serum, and its circulating levels were evaluated in pre-surgery samples, which resulted to be significantly higher in ACC patients from stage I/II and stage III/IV compared with nontumoral healthy controls (HC, n = 4, FI: 5.5 ± 0.8, P<0.001, and 8.0 ± 0.5, P < 0.001 for stage I/II and stage III/IV group vs HC, respectively). In particular, FSCN1 levels were significantly higher in advanced stage versus stage I/II (22.8 ± 1.1 vs 15.8 ± 1.8 ng/ml, P < 0.005, respectively). Interestingly, circulating levels of pre-surgical FSCN1 can significantly predict tumor progression/recurrence (Log rank = 0.013), but not the overall survival (Log rank=0.317), in patients stratified in high/low PreS FSCN1. In conclusion, these findings—though very preliminary—suggest that circulating FSCN1 may represent a new minimally-invasive prognostic marker in advanced ACC, in particular when measured before surgery enables histological diagnosis.
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Introduction

Adrenocortical carcinoma (ACC) is a rare, heterogeneous endocrine tumor often characterized by poor prognosis and aggressive behavior when metastatic at diagnosis. Unfortunately, selective and effective therapies are not available, making the radical resection of the tumor mass (R0) and adjuvant administration of the adrenolytic drug mitotane (MTT) the only therapeutic strategy for ACC patients (1, 2). It has been shown that treatment with MTT improves the overall survival (OS) both in adjuvant regimen and in particular in advanced stages in association with cytotoxic agents (etoposide, doxorubicin, and cisplatinum) (1, 2). Characterization of specific and sensitive tumor markers capable of anticipating the diagnosis and also displaying a prognostic power is urgently needed, in particular for those cancers that, such as ACC, are often difficult to be studied because of their rarity.

Over the last 5 years, fascin-1 (FSCN1), a globular actin-binding protein, has emerged as an interesting novel biomarker for the most aggressive human carcinomas (3). Immunohistochemical studies have demonstrated that FSCN1 overexpression in the tumor correlates with a decreased OS and with different aspects of carcinoma invasiveness (3–7). Our previous findings have shown that FSCN1 is differentially expressed between normal adrenals and ACCs (6). More recently, we have demonstrated that the quantitative FSCN1 expression, detected by immunohistochemistry and quantitative RT-PCR in the tumor mass, may also represent a prognostic biomarker able to implement the predictive power of the current ACC histological classification (7), as high expression levels of FSCN1 positively associated with the invasive characteristics of ACC (7).

In the present study, we went further in the validation of FSCN1 biomarker in ACC, assessing whether FSCN1 was also detectable in the bloodstream of ACC patients and maintained its prognostic value, as in the tumor.



Materials and Methods


Patients and Ethical Approval

The study includes 27 patients affected by ACC, enrolled and evaluated at Careggi University Hospital in Florence, whose clinical characteristics are detailed in Table 1. All patients underwent surgical removal of the tumor mass at our hospital, and a repository of tissue specimen and blood samples has been created. Tumor samples were snap-frozen and stored at −80°C until protein extraction (7). All patients gave their written informed consent to the study, which was approved by the local ethical committee (Prot.2017-277 BIO 59/11, 27/09/2017). Matched or unmatched blood samples were selected—where available—from 9 and 26 ACC patients before (PreS) and after surgery (PostS), respectively, and stored at −20°C until the ELISA assay was performed. Two different control groups were used in the study: obese subjects with type 2 diabetes (T2D) (n = 8; mean age, 42 ± 10; mean BMI, 40.5 ± 3.1; 12.5% male) and healthy non-tumoral non-obese/T2D subjects (n = 4; mean age, 52 ± 10; mean BMI, 23.5 ± 2.3; 25% male).


Table 1 | Clinical characteristics of the ACC cohort.



The histopathological parameters (KI-67-LI, Weiss score) reported in Table 1 have been evaluated by the referent pathologist (GN) at our center (8), whereas the clinical data of the ACC patients were provided by the referent endocrinologists (MM, LC, GDF).



Tumor Lysates

Tumor samples were homogenized by mechanical disruption with Ultraturrax T10 basic IKA (Werke Gmbh & Co, Staufen, Germany) in radioimmunoprecipitation assay lysis buffer [RIPA: 20 mM Tris, pH 7.4, 150 mM NaCl, 0.5% Triton-100, 1 mM Na3VO4, 1 mM phenylmethylsulfonylfluoride (PMSF)]. After protein measurement using the Bradford method, equal amounts of proteins for each tissue sample (50 µg) were loaded onto the ELISA plate as detailed below.



Blood Sample Collection and Separation

For each subject, blood was collected, and serum was obtained after centrifugation at 3000 rpm for 10 min at 4°C.



ELISA Assay

FSCN1 was measured in the serum of the three groups: healthy non-tumoral non-obese/nondiabetic subjects, obese/diabetic subjects, and ACC patients using Human Fascin-1 ELISA kit (#MBS764737, MyBioSource Inc, Southern California, San Diego, USA). The sensitivity (0.469 ng/ml), the detection range (0.78-50 ng/ml), and specificity are according to the manufacturer. The intra-assay and inter-assay coefficients of variation were <8% and <10%, respectively. The obtained results were expressed as ng/ml, except for FSCN1 measured in tissue lysates, which is reported as pg/µg.

Briefly, all the buffers and reagents were equilibrated at room temperature (RT), and standard curve has been prepared and aliquoted into the plate together with the control. Blood samples previously centrifuged at 4,000 rpm at 4°C for 10 min to avoid debris, or 50 µg of tissue lysates were diluted in the specific buffer supplied in the kit and incubated in the pre-coated plate containing the anti-FSCN1 antibody for 90 min at a temperature of 37°C. After performing a series of washes with washing buffer, standards, controls, and samples were incubated with the biotinylated antibody for 60 min at 37°C. After washing, streptavidin conjugated to HRP was added for 30 min at 37°C. Following incubation in the dark with the TMB substrate for 15 to 30 min at 37°C and after adding the Stop Solution, the optical density (OD) was measured at 450 nm using a spectrophotometer (VICTOR multilabel plate reader; Perkin-Elmer). The absorbance values of the sample were interpolated on a standard curve to obtain the relative concentrations.



Statistical Analysis

Statistical analysis was performed using SPSS software 27.0 (Statistical Package for the Social Sciences, Chicago, US) for Windows. The Kolmogorov-Smirnov’s test was used to verify normal distribution of data. Results are expressed as mean ± SE, unless otherwise stated. One-way analysis of variance (ANOVA) followed by the Dunnett’s post hoc test was applied for multiple comparison, whereas Student’s t-test was used for comparison of two classes of data. A P value <0.05 was considered statistically significant.

Correlation analyses were carried out Pearson’s/Spearman’s test for parametric/nonparametric continuous variables, respectively. Overall survival (OS) and disease-free survival (DFS) are defined as the probability (ranging from 0 to 1) that a patient diagnosed with the disease is still alive (OS) or is free from the disease (DFS) at a time point from surgery. Survival analysis was estimated through the Kaplan-Meier method, and differences between groups were assessed by Log rank test. Univariate and multivariate Cox regression analyses of DFS in patients stratified for the indicated factors in high and low classes for PreS FSCN1 levels and PostS FSCN1 levels were performed by SPSS.




Results


FSCN1 Detection in Blood Samples of ACC Patients

FSCN1 levels were measured in the serum samples of 27 ACC patients and compared with measurements obtained in the serum samples of non-tumoral obese/T2D patients (n=8) and non-tumoral/non-obese/non-T2D subjects (n=4). Clinical characteristics of ACC patients are reported in Table 1. Metastasis and relapse were present in 10 (37%) of 27 patients, whereas death occurred in 4 (15%) of 27 patients. Circulating FSCN1 levels in blood samples collected before surgery of ACC patients (stage I/II and stage III/IV) were significantly higher than those in the serum samples of the two cohorts of non-tumoral control subjects (fold increase, FI: 5.5 ± 0.5, P<0.0001 and 8.0 ± 0.5, P<0.0001 for stage I/II and stage III/IV group vs healthy controls, respectively; FI: 2.4 ± 0.4, P<0.01 and 3.5 ± 0.2, P<0.001 for stage I/II and stage III/IV group vs obese/T2D subjects, respectively; Figure 1A). A statistically significant positive correlation was found between serum concentration of FSCN1 and FSCN1 levels in tumor tissues of the 10 ACC patients analyzed by ELISA technique (Figure 1B). When compared between stages in ACC patients, FSCN1 levels resulted significantly elevated in serum samples collected before surgery from stage III/IV patients compared with those measured for stage I/II (Figure 1C). Interestingly, after the surgical resection of the tumor mass, FSCN1 concentration in serum samples collected close to the surgery (PostS < 12 months from surgery) was significantly decreased in stage III/IV group only, and was raised again toward pre-surgery levels at a longer follow up (PostS ≥ 12 months from surgery). No differences in FSCN1 levels between pre- and post-surgery samples were evident in stage I/II group. The mean follow-up time interval at which serum samples were taken after surgery in ACC patients stratified in low/high stages is shown in Figure 1D.




Figure 1 | FSCN1 detection in blood samples of ACC patients. (A) Quantitative evaluation of FSCN1 concentrations in pre-operative serum samples of ACC patients compared to obese/diabetic and healthy controls (HC). Data are expressed as mean ± SE of circulating FSCN1 levels measured in at least n=3 independent measurements. Statistical significance obtained by One-way ANOVA followed by Dunnett’s Post-hoc test: *P < 0.01, **P < 0.0001 vs HC, °P<0.01, °°P<0.001 vs Obese/T2D. (B) A statistically significant positive linear correlation was found between FSCN1 detected in serum samples and in tumor tissue samples, r=0.835, R2 = 0.698, p=0.002, n=10. (C) Circulating FSCN1 levels were measured in patients with stage III/IV compared to stage I/II in pre-surgery (PreS) samples and after surgery at early (PostS <12 months) and long term (PostS ≥12 months) follow-up. Data are expressed as mean ± SE of protein levels in at least n= 3 independent measurements. Statistical significance obtained by One-way ANOVA followed by Dunnett’s Post-hoc: *P < 0.005 stage I/II vs III/IV; §P < 0.001 PreS vs PostS. (D) The table shows the number of patients with PreS, PostS<12, and PostS≥12 samples and their follow-up time for post-surgery sampling (mean ± SE). In stage I/II group all patients had a R=0 resection status, while for stage III/IV group n=4 patients had R>0 in the PreS and PostS groups.





Clinical Significance of Circulating FSCN1 in ACC Patients

To investigate the predictive power of circulating levels of FSCN1 in the tumor progression, we evaluated any association between pre-surgery FSCN1 concentrations and clinical characteristics of ACC patients (see Table 1). A statistically significant positive association was found between pre-surgery levels of FSCN1 and stage (r=0.784, p=0.012, Figure 2A), whereas pre-surgery FSCN1 negatively correlated with DFS time (r=-0.695, p=0.038, Figure 2B).




Figure 2 | Association between FSCN1 levels and ACC parameters. A statistically significant positive linear correlation was found between pre-surgery FSCN1 concentrations (PreS) and stage - r=0.784, R2 = 0.567, p=0.012, n=9 (A), and a statistically significant negative linear correlation with the disease-free survival time - r=- 0.695, R2 = 0.327, p=0.038, n=9 (B).



We analyzed the prognostic power of circulating FSCN1 levels for DFS and OS by applying Kaplan-Meier analysis to ACC patients stratified by PreS FSCN1 levels. When patients were dichotomized in low (≤ 21.49 ng/ml) and high (>21.49 ng/ml) FSCN1 levels in PreS serum samples, according to the median value of pre-surgery FSCN1, FSCN1 levels significantly predicted DFS (Log-rank=0.013, Figure 3A), but not OS (Log-rank=0.317, Figure 3B). Metastasis and relapse were present in 4 (44%) of 9 patients, whereas death occurred in 2 (22%) of 9 patients. Both DFS time (49.6 ± 18.2 vs. 5.25 ± 5.25 months, p=0.070, Student’s t test) and OS time (59.2 ± 17.4 vs. 23.5 ± 5.6 months, p=0.111) were longer in the low compared to the high PreS FSCN1 level groups, although the differences were not statistically significant. PostS FSCN1 levels showed no significant predictive power for either DFS or OS when patients were stratified in high and low PostS FSCN1 levels (on the median value of PostS FSCN1 level distribution). Multivariate Cox regression analysis of DFS indicated that PreS FSCN1 remained the only statistically significant predictive factor when adjusted for PostS FSCN1 and resection status (Table 2).




Figure 3 | Survival predictive power of pre-surgery serum FSCN1 levels in ACC. Kaplan Meier analysis of DFS (A) and OS (B) in n=9 ACC patients stratified in two classes according to low and high FSCN1 preS serum concentrations (cut off=21.49 ng/ml, pre-surgery FSCN1 median value). Statistical significance is indicated by Log-rank.




Table 2 | PreS levels are the best predictor of DFS.






Discussion

Circulating tumor markers represent a potential clue of the tumor presence obtained with minimally invasive procedures, such as blood drawn compared with intratumor markers obtained by invasive biopsies or tumor removal and, therefore, may constitute a valuable tool for patient diagnosis, prognosis, and monitoring. The most recent ACC guidelines suggest the importance of potential integration of the classical clinical parameters defined for this cancer with the molecular analysis to improve the management of this rare and aggressive endocrine tumor (9). However, despite the significant advances in characterizing the molecular intratumor landscape of ACC (10, 11), there is still a great need of developing biomarkers for early diagnosis, as the tumor histological assessment remains, until now, the gold standard for ACC diagnosis (12).

In the present paper, we demonstrated that FSCN1 levels are measurable in the bloodstream of ACC patients and are significantly higher than those measured in healthy non-tumoral subjects, reflecting the higher intratumoral levels of FSCN1 compared with normal adrenals (6, 7). Furthermore, we found a positive correlation between FSCN1 levels measured in serum and in the primary ACC mass. The levels found in non-tumoral patients in our studies are in agreement with those reported in similar studies performed in healthy subjects (13) and in other cancers (14) and lower than 10 ng/ml. Moreover, serum FSCN1 levels were significantly higher in ACC patients compared with obese/T2D patients, who have higher levels of FSCN1, probably due to kidney overload/damage associated to diabetes, as already demonstrated in renal injury associated with renal transplantation (15). These findings suggest that the high levels of FSCN1 may be indicative of an adrenal tumor, although a differential diagnostic power cannot be claimed, as circulating FSCN1 levels have not been measured in different types of adrenal tumors, such as pheochromocytoma and adrenocortical adenoma.

It is still unclear if FSCN1 release in the bloodstream is an active or a passive process from the tumor mass; and its potential role in the bloodstream is still unknown. FSCN1 was discovered as an actin-bundling protein responsible of promoting migration through its localization in cell microspikes, filopodia, and actin-based protrusions (5). Although this protein can also be expressed in normal tissues, recent studies have shown that FSCN1 is up-regulated in many types of metastatic tumors, and its expression correlates with enhanced aggressiveness, poor prognosis, and reduced survival (4, 5, 7, 16). Selective block of FSCN1 in the tumor has been recently described to inhibit the metastatic process and stimulate anti-tumor immune responses in several mouse models of solid tumors (17).

Significantly elevated concentrations of serum FSCN1 have been described in head and neck cancer (HNC) patients (18) and in non-small cell lung cancer (NSCLC) patients (14, 19) compared with healthy controls. In addition, similar to what has been found in NSCLC patients (14, 19), we showed here that serum FSCN1 levels in pre-surgery samples are significantly higher in advanced stage-patients. This is the first study also assessing serum levels of FSCN1 after the removal of the tumor mass. Although in stage I/II patients, FSCN1 levels did not significantly differ before and after surgery, in stage III/IV patients, also including R>0 masses, there was a significant drop in FSCN1 soon after the surgery followed by a return back to the levels similar to presurgery. Of note, the decrease observed did not reach FSCN1 levels as low as those in nontumoral conditions, but resembled the levels found in stage I/II. This behavior might be explained by a reduction in the active release of FSCN1 from the primary mass after its removal, which might characterize advanced ACC, followed by a return to the pre-surgery levels once the tumor progresses or relapses. The low but stable levels found in stage I/II, which, nevertheless, are higher than those found in nontumoral subjects, might be a marker of the condition of the adrenal tumor, which also remains after the mass removal. A passive leakage from the remaining epithelia or the damaged kidney may be hypothesized, as suggested by the rather high levels of circulating FSCN1 found in obese/diabetic subjects with kidney sufferance.

In our analysis, we found a positive correlation between Pre-S serum FSCN1 levels and stage, as well as a negative relationship with the DFS time, reflecting our previous findings (7) that FSCN1 expression in the tumor mass is associated with disease progression and worse prognosis. These results suggest that circulating pre-surgery FSCN1, as found in liquid biopsy, may represent a valid prognostic marker of advanced ACC.

Circulating FSCN1 may be somehow involved in tumor progression, namely in the metastatic process, as well as in tumor relapse, supported by the evidence that FSCN1 in pre-surgery samples is predictive of DFS but not of the OS. Of note, this information is obtained through a minimally invasive procedure, such as a blood sample before surgery, thus allowing the histopathological diagnosis of ACC on the removed tumor mass.

We acknowledge some limitations in our study, such as the small number of patients for PreS FSCN1 analysis, as this study was retrospectively performed, and PreS samples were not available for all the 27 patients who were tested for FSCN1 following surgery. Therefore, a different number of PreS and PostS measurements were available, and it was not always possible to evaluate FSCN1 levels in pre- and post-surgery paired serum for each patient. Other factors that might affect the analysis are the heterogeneity of ACC patients’ adjuvant treatments, which were not only limited to mitotane alone but also included EDP chemotherapy and radiotherapy (20).

Serum tumor markers have been widely used in diagnosis, prognosis, and treatment monitoring of several solid cancers (19, 21), although they might not be always sensitive enough for early diagnosis of the disease or for monitoring tumor evolution (21). A different approach reported in the literature involves the research of circulating autoantibodies against FSCN1 instead of measuring serum FSCN1 levels, even though this alternative strategy might lack sensitivity (21). However, this approach might be of a potential value in ACC, as previously demonstrated for another potential marker of ACC, FATE-1 (22).

Blood samples are a rich source of tumor material and the liquid biopsy is rapidly emerging as a minimal-invasive and powerful tool for diagnosis and prognosis of solid cancers.

In conclusion, our preliminary findings suggest that the measurements of circulating FSCN1 may represent an innovative minimally invasive marker of advanced ACC, in particular when measured before surgery can provide material for the histological diagnosis. The proposed marker can provide additional information to be used to refine ACC patients’ management. Validation of the data of our preliminary study in extended cohorts of ACC patients is mandatory.
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Given the increasing incidence of neuroendocrine neoplasms (NENs) over the past few decades, a more comprehensive knowledge of their pathophysiological bases and the identification of innovative NEN biomarkers represents an urgent unmet need. There is still little advance in the early diagnosis and management of these tumors, due to the lack of sensible and specific markers with prognostic value and ability to early detect the response to treatment. Chronic systemic inflammation is a predisposing factor for multiple cancer hallmarks, as cancer proliferation, progression and immune-evading. Therefore, the relevance of inflammatory biomarkers has been identified as critical in several types of tumours, including NENs. A bidirectional relationship between chronic inflammation and development of NENs has been reported. Neuroendocrine cells can be over-stimulated by chronic inflammation, leading to hyperplasia and neoplastic transformation. As the modulation of inflammatory response represents a therapeutic target, inflammatory markers could represent a promising new key tool to be applied in the diagnosis, the prediction of response to treatment and also as prognostic biomarkers in NENs field. The present review provides an overview of the pre-clinical and clinical data relating the potentially usefulness of circulating inflammatory markers: neutrophil-lymphocyte ratio (NLR), platelet-lymphocyte ratio (PLR), cytokines and tissue inflammatory markers (PD-1/PD-L1), in the management of NENs. (1) NLR and PLR have both demonstrated to be promising and simple to acquire biomarkers in patients with advanced cancer, including NEN. To date, in the context of NENs, the prognostic role of NLR and PLR has been confirmed in 15 and 4 studies, respectively. However, the threshold value, both for NLR and PLR, still remains not defined. (2) Cytokines seem to play a central role in NENs tumorigenesis. In particular, IL-8 levels seems to be a good predictive marker of response to anti-angiogenic treatments. (3) PD-1 and PD-L1 expression on tumour cells and on TILs, have demonstrated to be promising predictive and prognostic biomarkers in NENs. Unfortunately, these two markers have not been validated so far and further studies are needed to establish their indications and utility.
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Introduction

The physiopathological association between chronic inflammation and cancer has been established for a long time (1–3). Although chronic inflammatory milieu could contribute to the development of cancer, several studies reported that tumor itself could begin and keep an inflammatory process up. A change in a set of cytokines and chemokines has been reported in studies regarding stomach (4), liver (5, 6), lung (7), esophagus (8), breast (9), and prostate cancer (10). These findings could be of interest to identify not only potential pathogenetic mechanisms but also novel diagnostic/prognostic markers (11). In this view, recent studies analyzed the immunophenotypes of cancer cells and cancer stromal cells in terms of usefulness as prognostic factors, showing the prognostic values of podoplanin-positive cancer-associated fibroblasts (CAFs) for patients with high-grade neuroendocrine carcinomas (HG-NEC) of the lung (12).

An important hallmark of cancer is that it can escape immune attack; therefore, chronic cancer-related inflammation could be considered as an attempt of immunosuppression mechanisms mediated primarily by immature myeloid-derived suppressor cells to block the development of cancer (13, 14). The fascinating link between inflammation and the field of neuroendocrinology has also been evaluated (15, 16). A bidirectional action between neuroendocrine stimuli and macrophage function in the development of innate and adaptive immune responses was described (17), suggesting a potential involvement of inflammation in the development of neuroendocrine neoplasms (NENs).

Neuroendocrine cells can be over-stimulated by chronic inflammation, which leads to hyperplasia and neoplastic transformation (18).

Research efforts have shown that NENs of gastroentero- pancreatic tract (GEP-NENs) occur more frequently in the settings of chronic inflammation. Indeed, it was shown that enteroendocrine cells can be hyperstimulated by chronic inflammation, which leads to their hyperplasia and neoplastic transformation (19–21).

Despite the progress in the understanding of NEN molecular biology, we are still far from the identification of markers able to detect the tumor at an early stage as well as to predict disease relapse after treatments.

As the modulation of inflammatory response represents a therapeutic target, changes of inflammatory markers may potentially represent in the future new biomarkers, which beyond the RECIST criteria, could eventually be helpful in the follow up of patient with NENs treated with targeted therapies.

This review investigated a panel of inflammatory response markers apparently heterogeneous but sharing the feature to be readily available and inexpensive diagnostic and prognostic factors in NENs.



Prognostic Value of Neutrophil-to-Lymphocyte Ratio and Platelet-to-Lymphocyte Ratio for patients with NEN

The recent advent of detecting systemic inflammation levels through non-invasive blood tests, has opened the possibility of studying inflammatory processes at baseline and monitoring the course of cancer disease, in order to stratify patients according to their prognosis and to achieve a personalized approach (22). In this context, two ratios, neutrophil-lymphocyte ratio (NLR, calculated as the neutrophil count divided by the lymphocyte count) and platelet-lymphocyte ratio (PLR, obtained by dividing the platelet count by the absolute number of lymphocytes), have demonstrated to be powerful biomarkers for patients with cancer (23, 24). Notably, both NLR and PLR, are non-invasive, rapid, simple to acquire and inexpensive markers, thus, they could have a potential for widespread clinical use.

High NLR has been associated with poor clinical outcome in several tumor types (25). The underlying mechanism has not completely been elucidated, so far. Preclinical studies have shown that neutrophilia, which is a direct expression of systemic inflammation, represses the cytolytic activity of immune cells, such as lymphocytes, activated T cells, and natural killer cells (26). Additionally, tumor-associated neutrophils (TANs) have been demonstrated to promote tumor progression acting as pro-angiogenic agents (27), by a high expression of different pro-angiogenic factors as vascular endothelial growth factor (VEGF), Interleukin 1 beta (IL-1β) and Integrin Subunit Beta 1 (ITGB1) (28). Several studies have also reported that TANs are associated with an elevated expression of matrix metallopeptidase-9 (MMP-9), favoring angiogenesis through the MMP-9-VEGF axis (28).

PLR has arisen as a useful marker of systemic inflammation, metabolic syndrome and prothrombotic state and it is regarded as a promising biomarker in cancer patients (24, 29). Alterations in PLR have also been associated with other markers of systemic inflammation, particularly with NLR. Even in this case, as for NLR, the molecular mechanism has not been fully understood yet. Platelets represent an essential storage for secreted growth factors (as VEGF or platelet-derived growth factor, PDGF). In that way, platelets play a key role in regulating tumor angiogenesis, cell proliferation, migration, and metastasis (30, 31).

Therefore, despite the encouraging data about the clinical relevance and prognostic implication of NLR and PLR as biomarkers in cancer patients, some limitations still exist. For instance, a unique cut-off value of these two inflammatory ratios has not been established. Another open issue is to determine the best timing for dosing NLR and PLR, given the dynamic nature of this measures that change over times and that could be altered in relation to the administration of systemic treatments or because of other clinical conditions (as sepsis and septic shock) (32).


Clinical Evidence in NENs

To date, several studies have been published about the role of the two ratios, NLR and PLR, in NENs. The available data are summarized in Table 1.


Table 1 | Prognostic values of Neutrophil-Lymphocyte Ratio (NLR) and Platelet-to-Lymphocyte Ratio (PLR) in NENs patients.



In 2016 the Izmir Oncology Group Study retrospectively investigated the prognostic role of baseline NLR and PLR in 132 GEP-NENs patients. The included patients were equally distributed according to grading (31.1% G1, 33.3% G2, 35.6% G3). Embryonic origin was foregut in 87 cases, midgut in 20 cases and hindgut in 25. Primary site was pancreas in 50 cases and gastro-enteric tract in 82. 62 were metastatic patients. NLR and PLR were significantly higher in high grade NENs (0.0001), in metastatic patients (0.0001) and in those of foregut origin (0.0001). Patients with pancreatic NENs had higher NLR and PLR compared to those with gastrointestinal NENs (0.0001). Finally, higher NLR and PLR were negatively associated to progression-free survival (PFS) (0.0001), while no overall survival (OS) data were provided (13).

Another study, by Cao et al., evaluated the prognostic role of preoperative NLR in 147 gastric NENs (g-NENs) patients that underwent to radical surgery. Of them, 27 (18.4%) patients were gastric neuroendocrine tumors (g-NETs), 48 (32.7%) with gastric neuroendocrine carcinoma (g-NEC), and 72 (48.9%) with gastric mixed adenoneuroendocrine carcinoma (g-MANEC). Among these patients, 97 (66.0%) received adjuvant chemotherapy. Moreover, 147 healthy controls were enrolled. Significantly higher value of NLR was detected in patients with g-NENs compared to controls (P < 0.001). Furthermore, the NLR was an independent prognostic factor of relapse free survival (RFS) and OS (p<0.05 for both outcome measures), and, along with Ki67, positively correlated with liver metastases and negatively correlated with recurrence time (16).

One year later, a retrospective study aimed to evaluate the role of preoperative NLR as prognostic marker, was performed by Arima et al. (15). All the 58 pancreatic NENs patients included in the analysis, underwent curative pancreatic resection. Among these 58 patients, 46 were well differentiated G1 pancreatic neuroendocrine tumors (pNETs) and 31 were no-functioning tumors. The median NLR of all pNENs 58 patients was 2.18. A high preoperative NLR was significantly associated with higher tumor size (p= 0.0015) and grade 3 (p< 0.0001). In this analysis, the authors were able to identify a cut off value of NLR ≥2.4, that resulted associated to a worst OS (P = 0.0481) and RFS (P < 0.0001) and to an increased risk of postoperative recurrence (p= 0.0035).

In the same year, other three similar retrospective analysis were performed. All these three studies included G1, G2 and G3 pNENs. The first, included a population of 95 operated pancreatic NENs (33). Among these patients, 52 (54.7%) were G1 NET, 32 (33.7%) G2 NET, and 11 (11.6%) G3 NEC. A significant association was found between high NLR and advanced T stage, nodal metastasis, and advanced grade (p< 0.05 for all variables). High NLR value was confirmed as an independent prognostic factor for lymph-node metastasis by multivariate logistic regression (Hazard ratio (HR) 6.74; p=0.02)). NLR higher than 1.4 correlated with decreased RFS (p < 0.05). A second study, by Zhou B et al., evaluated both NLR and PLR in 172 patients with pNENs (34). 73 (42.4%) were G1 pNETs, 76 (44.2%) G2, and 23 (13.4%) G3 pancreatic NEC. 150 cases (87.2%) had stage I-II disease. 166 patients (96.5%), underwent R0 resection and 6 cases received palliative surgery (3.5%). In the study were enrolled also 172 healthy volunteers. A cut-off for NLR was identified as 2.31, for PLR was 151.4. NLR and PLR were significantly higher in the patients than in controls (all p<0.001). At univariate analysis an increased NLR and PLR correlated with advanced stage, high grade, and R1 resection (all p<0.05). High NLR or PLR had shorter OS (HR=4.907, p<0.001 and HR=3.307, p=0.003, respectively) and disease-free survival, DFS (HR=4.143, p<0.001 and HR=2.617, p=0.001, respectively) than patients with a low NLR or PLR). However, at multivariant analysis, only NRL remained significant as independent prognostic factor in terms of OS (HR=4.47, p=0.006) and DFS (HR=2.531, p=0.015). The third study, by Zhou et al., analyzed preoperative NLR and PLR in a population of 101 surgically removed pNENs (35). In this study, cutoff values were 1.80 for NLR and 168.25 for PLR. PLR and NLR were significantly higher in those patients with lymph-nodes metastases (p<0.05). At multivariable analysis, NLR (p= 0.017) correlated with lymph-nodes metastases. High NLR or PLR had shorter DFS (p=0.007 and p<0.001, respectively).

One year later, in 2018, a prospective study evaluating the role of NLR (calculated at baseline and preoperatively) and PLR (calculated at the time of enrollment for all patients, as well as preoperatively for patients who underwent resection with curative intent) in 97 pNENs, was published (37). The authors found that NLR higher than a cut-off values of 2.3 was a negative prognostic factor in terms PFS (HR 2.53, p = 0.038) and at multivariant analysis PLR > 160.9 resulted independently associated with reduced PFS (HR 5.86, p=0.023).

Another interesting retrospective study evaluated the role of NLR in a population of 26 completely resected large cells neuroendocrine carcinomas (LCNEC) (36). Notably, at multivariate analysis, a preoperative NLR value > 1.7 was confirmed as an independent prognostic factor for OS (HR 8.559, p = 0.011).

McDermott and colleagues, instead, investigated the prognostic value of NLR in 262 stage IV patients with liver metastases from different primary origins (GEP and pulmonary primary tumor), who were treated with transarterial chemoembolization (TACE) (38). As a result, pre-TACE NLR > 4 was associated with shorter OS (p=0.005). Additionally, pre-TACE NLR and 6-months post-TACE NLR resulted independently associated with OS on multivariant analysis (HR 1.4 p=0.030 and HR 1.7 0.007, respectively).

Another study focused on locally advanced and metastatic patients was performed in 2019 by the group of Zou and colleagues (39). In this case, were included 135 G1, G2 and G3 NENs of different primary origin. At univariate analysis, NLR > 2.8 correlated with OS (p=0.003), but the statistical significance was not confirmed at multivariant analysis.

Additionally, a year later in 2019, four retrospective analyses, which investigated the prognostic role of inflammatory markers in surgically removed pNENs patients were published. The first of them, included 620 non metastatic G1, 2 and 3 patients (40). With a cut-off of NLR of 3.7, the authors demonstrated a significative impact on RFS (HR 1.79, p=0.01) and OS (HR 2.04, p=0.01). The second study, by Harimoto N and colleagues, included 55 pNEN patients (41) and showed a negative prognostic role (in terms of RFS) for NLR>3.4, on univariate (HR 12.62, p<0.01) and multivariate analysis (HR 31.75, p=0.03). The third analysis was conducted on 64 operated pNENs (43). In this study, high NLR correlated with poor OS and DFS compared to patients with a low NLR score (p < 0.001). In the multivariate analysis, high NLR resulted an independent prognostic factor in terms of OS and DFS for pNENs of the head (p=0.002 and p<0.001, respectively). The fourth study, by Zhou W et al., included 174 pNENs (44). Even in this case, the prognostic role for NLR, with a cut-off of 1.9, was confirmed at univariant analysis, both in RFS (p=0.046) and in OS (p=0.032). However, multivariate analysis did not confirm that the NLR had an independent prognostic impact”.

Finally, a study on 48 G1, G2 and G3 NENs of different primary origins, but all surgically removed, was carried on by an Italian group (42). By a threshold value for NLR of 2.6, at the multivariable analysis high NLR was confirmed to have a significant impact on OS (HR 4.71, p = 0.02).



Future Directions

Proinflammatory signals promote tumorigenesis and neoplastic progression, but their origins and downstream effects remain unclear. Given the pooled data of these studies about NLR and PLR, that confirm their role, these two inflammatory biomarkers could potentially represent innovative prognostic factors for NENs. In fact, both NLR and PLR are rapid, easy to measure, and cheap to obtain from routinary blood tests. In the analyzed studies both of them have been demonstrated to correlate with RFS and OS. Additionally, their combination with other markers such as proliferation index (ki67) and for example lymph node ratio, in order to obtain nomograms, has demonstrated to have a higher power to predict clinical outcomes of NEN patients (45). Polymorphonuclear neutrophils (PMN) also represent critical innate immune effector cells that either protect the host or exacerbate organ dysfunction by migrating to injured or inflamed tissues. Pathways including neuroendocrine and innate and acquired immune systems regulates PMN mobilization. In this view there is still no evidence of an accumulation of PMN in the NENs, but this aspect deserves to be examined (46).

However, there are many limitations of these data and some open questions. First of all, almost all the studies considered are retrospective and the sample size is quite often little. Furthermore, both the cut-off value used, and the population included is highly heterogeneous. Unfortunately, considering these issues a strong recommendation to the direct application in the clinical practice of NLR or PLR, couldn’t be given. However, the data presented are promising and should be confirmed in further prospective study, given the striking need to find new biomarkers in the field of NENs in order to better stratify patients by prognosis and to improve the personalization of therapeutic strategy.




Circulating Cytokines as Possible Biomarkers of Therapeutic Response in Patients With NEN

The key molecular links between inflammation and cancer involve the canonical nuclear factor kappa-light-chain-enhancer of activated B cells (NF-kB) activation and Signal transducer and activator of transcription 3 (STAT3) pathways (47). NF-κB and STAT3 signaling pathways control genes necessary for angiogenesis (mainly VEGF) and influence the ability of tumor cells to invade and metastasize (48, 49). As a rule, most proinflammatory cytokines including tumor necrosis factor α (TNF-α), interleukin 6 (IL-6) and interleukin 17 (IL-17), produced by either the host immune system or the tumor cells themselves, promote tumor progression. In turn, pro-apoptotic TNF-related apoptosis-inducing ligand (TRAIL) and anti-inflammatory cytokines such as Interleukin 10 (IL-10) and transforming growth factor beta (TGF-β) usually lead to tumor suppression (50).


Clinical Evidences in NEN

The role of cytokines (such as IL-1) in NENs differentiation has been demonstrated (51). Furthermore, Interleukin 2 (IL-2) has an established role in the regulation of the neuroendocrine system and in gastrointestinal hormone synthesis and secretion (52). Although normal pancreatic cells do not express Interleukin 8 (IL-8), pNENs show increased expression of IL-8 and its receptors, especially C-X-C Motif Chemokine Receptor 2 (CXCR2) (53, 54). In low-grade pNENs, normal circulating Placental Growth Factor (PlGF) values are associated with better survival, while in low-grade small intestinal NENs (SI-NENs) is an independent prognostic factor for shorter time-to-progression (55). The overexpression of VEGF promotes the growth of human NENs in part through up-regulation of angiogenesis (56). Low-grade NENs can synthesize, store and secrete VEGF, while, in HG-NENs this process is inconstant and heterogeneous. This feature is part of the so-called “neuroendocrine paradox”: in pNENs the density of the vascular network reflects the rate of differentiation rather than of aggressiveness: most is the vascularization, less the aggressiveness, and more differentiated pNEN are the less angiogenic. In this view, a recent study analyzing 60 resected HG-NEC of the lung (37 LCNECs and 23 Small Cell Lung Carcinomas -SCLCs), revealed the presence of stromal cells within vascular invasion was not significant predictor for recurrence. This suggests that the roles of intravascular stromal cells in HG-NEC metastasis are less, raise an “alarm” against overemphasis of stromal cell-targeting therapy (57).

Then, there is a strong rationale for supporting the use of angiogenesis inhibitor in well differentiated rather than poorly differentiated NENs. By contrast HG-pNENs are particularly active in terms of angiogenesis, meaning endothelial cell proliferation and abnormal vasculature (58).

In this view, cytokines panel represents an interesting tool in NENs, needing for framing. Cigrovski Berkovic et al. proposed a model of different cytokine genotypes and corresponding high serum values that regulate GEP-NEN etiopathogenesis (19).

Finally, Pavel et al. (59) showed that the circulating levels of VEGF and IL-8 are associated with tumor progression in patients with advanced NEC and might qualify as markers of prognosis and therapy control. Angiogenin and basic fibroblast growth factor (bFGF) levels do not correlate with tumor growth and with patient survival.

The prognostic utility of systemic inflammatory markers in NENs’ patients after therapy is still debated. The first-in-human trial of sunitinib (SUN) (60) included an analysis of plasma levels of VEGF and its soluble receptor, sVEGFR-2, of twenty-eight cancer patients (among them 4 patients were NENs), both pretreatment and after 28 days of treatment. VEGF concentrations increased slightly during the first month of SUN, while the plasma mean sVEGFR-2 decreased, demonstrating a targeted effect of the drug. Comparable findings were observed in another study on patients with metastatic NENs (61). After 28 days of SUN administration, VEGF levels increased more than 3-fold over baseline in about half of all patients, while sVEGFR-2 and sVEGFR-3 levels decreased by ≥ 30% in about 60% and 70% of all patients, respectively. Levels returned to baseline after two weeks of therapy interruption. Furthermore, IL8 values raised 2.2-fold average by the end of SUN cycle 1, and a larger increase was proportional to the tumor size reduction. This increase in IL-8 levels during SUN treatment can represent a mechanism of drug resistance, as also reported by Huang (62) in renal clear-cell carcinomas (RCC) cell lines. In addition, Zurita et al. (63) report that, at four weeks of the first cycle, SUN treatment is associated with significant increases from baseline in VEGF, IL-8, and stromal cell-derived factor-1 (SDF-1a) (also known as C-X-C motif chemokine 12, CXCL12), and with reduction in sVEGFR-2 and sVEGFR-3 with no difference between 66 pNENs and 39 carcinoid tumors. No significant associations have been found between soluble protein levels and clinical benefit response or PFS in pNENs, while high sVEGFR-3 and IL-8 levels correlated with shorter PFS and shorter OS in carcinoid tumors. Additionally, recent data come from the Spanish prospective SALSUN clinical trial enrolling well-differentiated pancreatic neuroendocrine tumors treated with sunitinib (PMID: 30651923). In this study, two SNPs in the VEGFR-3 gene, rs307826 and rs307821, predicted lower OS, with HR 3.67 and with HR 3.84, respectively. IL-6 was associated with increased mortality: HR 1.06, and osteopontin was associated with shorter PFS: HR 1.087, independently of Ki-67 value. Furthermore, levels of osteopontin remained higher at the end of the study in patients considered non-responders: 38.5 ng/mL vs. responders: 18.7 ng/mL, p-value=0.039. Dynamic upward variations were also observed with respect to IL-8 levels in sunitinib-refractory individuals: 28.5 pg/mL at baseline vs. 38.3 pg/mL at 3 months, p-value=0.024. In the RADIANT-3 phase III randomized clinical trial (64), baseline and post-treatment VEGF, PIGF, bFGF, sVEGFR-1, and sVEGFR-2 values were investigated in advanced pNENs’ patients treated with everolimus (EVE) 10 mg/die. In relation to the placebo, EVE treatment leads a significant and progressive reduction in sVEGFR-2 and an early but not significant decrease in PIGF. No significant differences in circulating concentrations of VEGF or sVEGFR-1 were observed. These data suggest a possible antiangiogenic effect of EVE as consequence of mTOR inhibition.

With regard to somatostatin analogs and interferon, in 36 patients with metastatic or unresectable carcinoid tumors (65), treatment with PEG interferon + depot Octreotide was associated with a significant increase in plasma Interleukin 18 (IL-18) and a significant reduction in plasma bFGF. No significant changes in the same plasma cytokines were associated with bevacizumab + depot octreotide therapy. Bevacizumab therapy resulted in objective responses, reduction of tumor blood flow, and longer PFS in patients with carcinoid than PEG interferon treatment. Finally, eight patients with NENs present lower VEGF plasma levels and reduced VEGF mRNA levels and microvessel density in liver metastasis biopsy material after IFN-α treatment (66). Table 2 summarized circulating cytokine trend in response to different treatment approaches.


Table 2 | Circulating cytokines trend according to different treatments.





Future Perspectives

Cytokines seem to play a central role in NEN tumorigenesis. The observation that the modulation of IL-1 was positively related to a decrease in Chromogranin A (CgA) and a parallel increase in Carcinoembryonic antigen (CEA) secretion, suggest the key role of cytokines in NEN progression (51).

Together, the main results of the studies with large sample size suggest that the VEGF-pathway proteins and IL-8 are possible markers of prognosis and/or SUN treatment benefit in patients with GEP-NENs. Particularly, the IL-8 increase can represent a potential predictor of SUN response (61–63). VEGF, sVGEFR-2 and -3 changes can be new SUN’s biological activity biomarkers in NENs, confirming that SUN’s activity is mediated by the VEGF signaling pathway (60, 61, 63). Routine use of these circulating cytokines, in NEN patients’ clinical practice for SUN, is hopeful. Owing to the limited number of patients, further studies are needed to confirm the SDF-1α role in resistance to antiangiogenic SUN therapy.

A cross-talk between pro-inflammatory and angiogenic chemokines is described (67, 68). Interleukin-8 is an inflammatory cytokine upregulated in both cancer and chronic inflammatory diseases. Moreover, IL-8 is a chemokine that increases endothelial permeability during early stages of angiogenesis. IL-8 expression was inducible by hypoxia due to VEGF inhibition. In this view targeting both VEGF and IL8 it may be possible to achieve greater therapeutic efficacy.

As regard EVE treatment, except sVEGFR-2 and PIGF significant reduction, there are no significant differences in VEGF-pathway circulating proteins (64). These data suggest a possible antiangiogenic effect of EVE as a consequence of mTOR inhibition. Probably, other NENs biomarkers [such as Neuron-specific enolase (NSE) and CgA)] have a better prognostic value than the inflammatory cytokines in terms of survival and/or response to EVE treatment.

Given the strong rationale for using anti-angiogenic therapy for several tumors, basic and clinical research has shown a growing interest in investigating new related pathways (69). Tie2-expressing monocytes/macrophages (TEMs), Tie2 and VEGFR2 are highly expressed on stromal cells of the tumor microenvironment, especially on endothelial cells. Certain cancers, such as melanomas and gliomas, have been shown to lead to increased circulating Tie2+ monocytes and their recruitment to distal metastatic sites or anti-VEGF-treated gliomas (70). Recently an in vitro study proposed that modulation of Tie2+ proangiogenic macrophages through rebastinib, could possibly control tumor angiogenesis and lymphangiogenesis involved in cancer cell intravasation and metastasis in a model of pNENs (71). Our suggestion is that by identifying proinflammatory pathways in NENs we could extrapolate a set of prognostic markers useful in the management of NENs.




Predictive and Prognostic Value of PD1 and PD-L1 for Patients With NEN

A key role in the immune-escape process is related to the interaction between programmed cell death protein 1 receptor (PD1) present on the surface of T lymphocytes and its ligand (PD-L1) on the surface of tumoral cells. PD-L1, by binding to PD-1, activate an inhibitory signal that avoids the destruction of cancer cells by host immune system.

In oncology, several compounds have been developed that act on this mechanism, and they are defined as Immune Checkpoint Inhibitors (ICIs). ICIs are monoclonal antibodies that bind to PD-1 (as Nivolumab and Pembrolizumab) or PD-L1 (as Atezolizumab, Avelumab and Durvalumab), respectively. The outcome of both bonds is to prevent the interaction between PD-1 and PD-L1 from blocking the T lymphocytes capable of attacking and eliminating tumour cells.

Immunotherapy acting through inhibition of PD1 and PD-L1 was firstly introduced with encouraging results in melanoma and non-small cell lung carcinomas (NSCLC), by using nivolumab and pembrolizumab, and now its use is widening in many other malignant tumors (72). To date, tissue expression of PD-L1 is tested by immunohistochemistry (IHC) and evaluated by microscopic assessment in all non-operable NSCLC, where the rate of expression in neoplastic cells can predict treatment response and its efficacy, indicating the place of pembrolizumab in the therapeutic algorithm (73, 74).

In the context of NENs, the potential efficacy of ICIs was investigated, at first, in HG, poorly differentiated NEC. HG-NEC are aggressive tumors, associated with a dismal prognosis (of approximately 10-12 months). The standard of care for this subgroup, still remains chemotherapy, which is associated with rapid but not long-lasting responses. Unfortunately, no targeted agents nor innovative approaches have been validated for NEC, so far. However, a rationale for the use of PD1 and PD-L1 inhibitors in this setting exists and it is represented by their high tumor mutational burden (TMB) (above all of SCLC), if compared to other type of cancer. Therefore, different ICIs have been tested in HG-NEC, confirming their activity. Some key examples are represented by skin Merkel cell carcinoma and SCLC, which almost always do not achieve durable remission with chemo- and radiotherapy, while the introduction of new therapies showed excellent and more durable responses (75, 76). In both cases, Merkel carcinoma and SCLC, ICIs have been approved and are currently used in daily clinical practice (77, 78).

However, the optimal selection of patients with HG-NEC as candidate for PD1 and PD-L1 inhibitors is still debated and immunohistochemical evaluation may not be alone satisfactory (76, 79–81).

On the other hand, for well-differentiated, low-grade NET, given their nature of more indolent tumors, with a very low TMB, and considering their relative favorable prognosis in the majority of cases, the potential activity of immune-checkpoint inhibition has not been established, so far. The current guidelines recommend surgery as the only curative treatment for early stages. For locally advanced inoperable or metastatic patients, depending on some essential clinic-pathologic features of each case (primary tumor localization, expression of somatostatin receptors on cell surface, ki67 value, presence of symptoms and tumor burden), the therapeutic armamentarium includes a great variety of active treatments as SSA (Octreotide or Lanreotide), targeted agents (i.e. the mTOR inhibitor EVE and the anti-angiogenetic drug SUN), peptide receptor radionuclide therapy (PRRT) or chemotherapy (82). All these treatments could be used individually or combined, and their sequence is decided case per case within the multidisciplinary-NEN dedicated tumor boards. However, the potential activity of ICIs in NET is still an open and challenging issue and hopefully the results of the studies currently ongoing in this field, could allow to define a role for this strategy.


Clinical Evidence in NEN

As previously reported, a role for ICIs in HG-NEN is a promising therapeutic weapon. Unfortunately, no predictive biomarkers of response to anti-PD1/PDL1 therapy, have been established yet. It is well known that tissue expression and tissue localization (membrane of tumor cells or tumor-infiltrating immune cells, TILs) are both important for the access to the therapy (83). Therefore, the predictive value of PD-L1 expression in tumor cells and TILs by IHC has been investigated within several clinical trials for ICIs, for which different assays with specific IHC platforms were used. Of these, different PD-L1 IHC assays have been validated for the corresponding ICI. Not all laboratories, however, are equipped with dedicated platforms, and many laboratories are used to prepare house assays. Additionally, has been showed that the different available antibodies anti PD-L1 for IHC use are highly heterogeneous in their sensitivity to tumor cells expression or to TILs (83).

In this context, several authors have published results of PD-L1 tissue expression in lung NENs in the last years. The available data are summarized in Table 3. We will comment some of the most relevant papers, on lung NENs (84–90, 95, 96) as well as in Merkel cell carcinoma (92). In 2015, Schultheis and colleagues, were the first who investigated PD-1 and PD-L1 IHC expression in 61 SCLC. No expression in cancer cells was detected.


Table 3 | Prognostic values of programmed cell death protein 1 receptor (PD1) and programmed death-ligand 1 (PD-L1) in NENs patients.



In 2017, Inamura reported a PD-L1 positivity in 25 cases (21%) of a population of 74 SCLC and 41 LCNEC. The multivariant analysis confirmed PD-L1 expression on tumoral cells as an independent positive prognostic factor (HR=0.29; p=0.0006) in lung HG-NENs. In 2018, Eichhorn and colleagues performed a retrospective analysis of PD-L1 expression by IHC in tumoral cells and microenvironment, in a population of 76 LCNECs. The authors found positivity for PD-L1 (positivity was defined as the presence of PD-L1 in >1% of cells) only in tumor cells in 17 cases and only in the tumor microenvironment in 16 cases, while in 12 cases PD-L1 was positive in both cell types. A statistically significant difference in survival was observed comparing the cases with PD- L1 positive tumor/negative immune-cell infiltrate and PD- L1 negative tumor/positive immune-cell infiltrate, being the first associated with a worse prognosis (5-year Tumor-specific survival, TSS: 0% vs. 60%; p < 0.017). This observation was confirmed in 2019, by Xu Y, who reported that PD-L1 expression on tumoral cells was as an independent prognostic factor for OS (HR=2.55, p =0.017) in a population of 60 SCLC patients. The same conclusions came from a more recent study, published in 2020 by Sun C and his colleagues. This analysis included 102 surgically removed stage I, II and III SCLC.”. 40.2% and 37.3% of cases were detected to present a positivity on TILs for PD-1 and PD-L1, respectively. Only 3.9% of tumor cells resulted positive for PD-L1. TILs positive cases for PD-L1 presented better RFS (p=0.004). In the same direction, Fan Y. et al. demonstrated that the expression of PD1 in TILs remained independently associated with survival (HR, 0.367; p=0.001) in a population of 80 lung NENs (22 NET, 48 SCLC and 10 LCNEC).

Figure 1 shows a case of SCLC, followed at the Department of Advanced Diagnostic-therapeutic technologies and health services Section of Anatomic Pathology (A. Cardarelli Hospital, Naples, Italy), where PD-L1 positivity was limited to TIL, while tumor cells were negative (Figure 1).




Figure 1 | Immunohistochemistry stain, antibody anti PD-L1, SP263 VENTANA 200X MAGNIFICATION in a case of Small Cell Lung Carcinoma. PD-L1 positivity is limited to tumor infiltrating lymphocytes that lie between the nest of tumor cells, that are negative to PD-L1.



Among Merkel cell carcinoma, in a very interesting study 39 patients were analyzed for immunohistochemical PD-1, PD-L1 and nerve growth factor (NGF) expression. These variables were correlated with clinic and pathological features, showing that PD-L1 and NGF are co-expressed on spindle cells in the microenvironment. Authors suggested that this co-expression might be a link of the microenvironment to the tropomyosin receptor kinase A (TrkA)-positive tumor cells, representing a critical mechanism for tumor growth and lack of response to anti-PD-1/L1 treatment, requiring to be investigated in further studies (91). Another study, by Giraldo et al, included 26 advanced Merkel cell carcinomas and investigated PD-1 and PD-L1 expression in order to determine their role as predictive biomarkers of response to ICIs. In this case, all the patients received treatment with Pembrolizumab. Higher density of expression on tumoral cells for PD-1 and PD-L1 were detected in responders versus not responders to the therapy (median cells/mm2, 70.7 vs. 6.7, p=0.03; and 855.4 vs. 245.0, p=0.02, respectively).

Additionally, PD-L1 expression has been also related to TMB (85) and tumor inflammation (86). Kim H.S. et al. found that the PD-1/PD-L1 pathway is activated in the microenvironment of pulmonary HG-NEN and correlated with a higher TMB, both in SCLC and LCNEC. Moreover, Kasajima et al. found an increased PD-L1 expression in TIL both in SCLC and LCNEC with a higher tumor associated inflammation and T cell CD8+.

Furthermore, in other HG NEN, beyond SCLC and Merkel cell carcinoma (that are the two fields in which ICIs have demonstrated their activity), PD-1 and PD-L1 are also under evaluation as potentially useful biomarkers.

Among GEP-NEN, only few studies about the evaluation of PD-L1 by IHC have been published so far. In 2017, Cavalcanti and colleagues, studied the expression of this tissue marker in 57 G1, G2 and G3 extrapulmonary-NENs (85, 97, 98). The authors found a significant correlation between PD-L1 expression by tumor cells and immune infiltrates and G3 of WHO classification (p=0.001), while it was not associated with gender, primary site, or number of metastatic sites. The next year, Lamarca et al., evaluated PD-L1 expression in 62 well-differentiated, G1 or G2 Si-NETs. PD-L1 was studied in tumoral cells as well as in TILs (85, 97, 98). PD-L1 expression was positive in 12.8% of cases and in 24.3% of TILs. PD-1 was expressed in 22.8% of TILs. Furthermore, the results obtained by IHC were confirmed with RT-qPCR. This technique detected higher expression levels of PD-L1 (p=0.007) and PD-1 (p=0.001) in samples positive by IHC compared to negative by IHC. In 2019, Wang and colleagues (93), investigated the positivity for PD-1/PD-L1 in 120 GEP-NENs. In this study, PD-L1 was expressed in 52.5% of the tumor cells, while PD-L1 was positive in 55.8% of TILs. At multivariate analysis, PD-L1 resulted an independent prognostic factor in this population. Additionally, Bösch and colleagues, included 244 pancreatic and G1, G2 and G3 SI-NEN patients (94). In this study, PD-1/PD-L1 were analysed on TILs, where a high PD-1 expression was demonstrated in 35 samples (16.1%), and a high PD-L1 expression was evidenced in 20 cases (8.7%). A significant negative impact on OS for PD-1 and PD-L1 positivity was demonstrated (p< 0.05, in both cases).



Future Directions

The rationale of investigating PD-1 and PD-L1 expression in NENs is represented by the clinical need to find predictive biomarkers of response to ICIs. However, the role of PD-1 and PD-L1 tissue testing (in tumoral cells as well as in TILs) in defining the access to immunotherapy in NENs is still uncertain (87, 96).

The majority of the available supporting data are in the field of HG-NEN, as previously reported in detail. To date, skin Merkel cell carcinoma should be considered a paradigm for the efficacy of immunotherapy in NENs. However, PD-1 and PD-L1 tissue testing has not been validated as a fundamental predictive marker for patients selection (75). Also, in SCLC ICIs treatment has been approved, but even in this case the debate regarding predictive biomarkers of response is still an open issue (76). Among GEP-NEN, only a couple of studies have been carried on.Taking all the results together, PD-1 and PD-L1 expression appear to possibly have a role as negative prognostic biomarkers. However, further prospective studies, aimed to determine the epidemiology and the role as predictive or prognostic markers in NENs should be highly encouraged.




Conclusions

NENs are a complex family of tumors, extremely heterogeneous in terms of primary origin of the tumor, tumor morphology (from well differentiated to poorly differentiated forms), proliferation index, clinical presentation and prognosis. To date, several treatments are available for NENs, including SSA, PRRT, targeted agents, chemotherapy, surgery and locoregional approaches. However, despite a clear role for inflammation in cancer and in NENs, only few immunotherapy agents have been approved (mainly in Merkel cell carcinoma and in SCLC) and above all no specific biomarkers capable of early predicting response to these agents, have been validated so far.

NLR and PLR and pro-inflammatory cytokines could represent a new tool for the early management of NENs. However, future studies adopting a prospective and matched study design need to confirm the role of inflammatory markers in NENs diagnosis, response evaluation, prognosis, and follow-up.

In conclusion, this panel of circulating inflammatory markers, correlated where possible with tissue markers, may be of utility if integrated in a cluster as biomarkers for targeted therapies response in clinical practice.
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Background

Treatment options for poorly differentiated (PDTC) and anaplastic (ATC) thyroid carcinoma are unsatisfactory and prognosis is generally poor. Lenvatinib (LEN), a multi-tyrosine kinase inhibitor targeting fibroblast growth factor receptors (FGFR) 1-4 is approved for advanced radioiodine refractory thyroid carcinoma, but response to single agent is poor in ATC. Recent reports of combining LEN with PD-1 inhibitor pembrolizumab (PEM) are promising.



Materials and Methods

Primary ATC (n=93) and PDTC (n=47) tissue samples diagnosed 1997-2019 at five German tertiary care centers were assessed for PD-L1 expression by immunohistochemistry using Tumor Proportion Score (TPS). FGFR 1-4 mRNA was quantified in 31 ATC and 14 PDTC with RNAscope in-situ hybridization. Normal thyroid tissue (NT) and papillary thyroid carcinoma (PTC) served as controls. Disease specific survival (DSS) was the primary outcome variable.



Results

PD-L1 TPS≥50% was observed in 42% of ATC and 26% of PDTC specimens. Mean PD-L1 expression was significantly higher in ATC (TPS 30%) than in PDTC (5%; p<0.01) and NT (0%, p<0.001). 53% of PDTC samples had PD-L1 expression ≤5%. FGFR mRNA expression was generally low in all samples but combined FGFR1-4 expression was significantly higher in PDTC and ATC compared to NT (each p<0.001). No impact of PD-L1 and FGFR 1-4 expression was observed on DSS.



Conclusion

High tumoral expression of PD-L1 in a large proportion of ATCs and a subgroup of PDTCs provides a rationale for immune checkpoint inhibition. FGFR expression is low thyroid tumor cells. The clinically observed synergism of PEM with LEN may be caused by immune modulation.
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Introduction

Anaplastic (ATC) and poorly differentiated thyroid carcinoma (PDTC) are orphan diseases which account for 1-2% and 2-15% % among all thyroid malignancies (1, 2). While treatment of DTC is well established and 5-year survival rates are above 90% (3), the management of PDTC and ATC is unsatisfactory and prognosis generally poor with a median overall survival of only six months for ATC patients (4, 5). Current guidelines recommend surgery in ATC cases (stage IVA and IVB) and a careful evaluation of surgical options in stage IVC cases (6). Surgery can be followed by additive chemoradiation therapy to improve locoregional control and overall outcome (7, 8). Nonsurgical treatment options include chemotherapy, palliative radiotherapy, systemic therapy or best supportive care (6). The combination of BRAF inhibitor dabrafenib and MEK inhibitor trametinib for BRAF V600E-mutated ATC poses a recent breakthrough with an overall response rate of 69% (9, 10). For stage IVC non-BRAF V600E-mutated cases guidelines recommend evaluation of PD-L1 status and treatment with checkpoint inhibitors as an alternative to chemotherapy and/or radiation (6). The prognosis of PDTC is more favorable with a 5-year survival rate of 66% because some PDTC are accessible to radioiodine treatment (11, 12). Secondary resistance to radioiodine therapy limit a curative approach in advanced cases (13). Lenvatinib (LEN) is a multi-tyrosine kinase inhibitor (TKI) of VEGFR1-3, FGFR1-4, PDGFR-α, RET and c-kit and approved for the treatment of progressive radioiodine refractory DTC and radioiodine refractory PDTC (14). Nevertheless, important practical issues in the use of tyrosine kinase inhibitors are still unsolved (15, 16).

In an observational study Iwasaki et al. compared treatment with LEN (n=16) and palliative therapy (n=16) in 32 stage IVC ATC patients. The median overall survival (OS) time of patients treated with LEN was 4.2 months while patients receiving palliative therapy had a median overall survival of only 2.0 months (17). In a very recent study of post-marketing registry data, LEN showed an objective response in 44% of ATC patients which was, however, short-lived with a median overall survival of 101 days (18).

Although many of the TKIs currently used in the treatment of thyroid carcinomas refractory to radioiodine share common, e.g., antiangiogenetic TKI activity it has been speculated that the superior clinical response of LEN in these rare thyroid carcinomas may be attributable to its ability to also target FGFR 1-4 (19).

A study that used immunohistochemistry to investigate FGFR4 expression in 12 ATC patients suggested that FGFR4 expression may predict response to LEN (20).

The immune checkpoint inhibitor (ICI) pembrolizumab (PEM) is a programmed death 1 (PD-1) inhibitor approved for numerous types of cancer such as non-small cell lung carcinoma (NSCLC), renal cell carcinoma (RCC), hepatocellular carcinoma (HCC) and head and neck squamous cell cancer (HNSCC) (21–24). Tumoral tissue expression of its ligand PD-L1 as assessed by immunohistochemistry has been proposed as a biomarker and for some tumor entities disease-specific cut-offs have been suggested (25). As part of a phase I/II study 42 ATC patients were treated with PD-1 inhibitor spartalizumab and showed higher response rates in PD-L1-positive versus PD-L1 negative ATC patients with highest rate of response in patients with PD-L1 ≥ 50% (26). In ATC, a phase II trial of single agent PEM or a combination with chemoradiotherapy was prematurely terminated due to rapid fatal outcome in the three patients investigated (27). Trials in multiple disease entities are ongoing including a trial in patients with radioiodine refractory thyroid carcinoma without prior TKI treatment from which preliminary positive results have been reported (NCT02973997).

Addition of PEM after prior failure to TKI therapy with LEN, dabrafenib alone or in combination with trametinib has been reported in a retrospective single center study. Partial response (PR) was seen in 43% but with a very short median PFS of 3 months and a median overall survival (OS) of 7 months only (8). In a recent series of metastatic ATC and PDTC negative for the BRAF V600E mutation, 8 patients received a combination therapy of LEN and PEM for a maximum of 40 months after failing chemotherapy, radiation or radioiodine therapy. The combination treatment was not only well tolerated with 50% (3/6) of ATC patients still on therapy at data cutoff but also led to complete response (CR) in 66% (4/6) of ATC patients after 7, 10 and 12 months and PR in 75% of patients after three to four months of treatment (28). Range of PD-L1 expression was 1%-90% and patients with a PD-L1 expression greater than 50% (5/8) responded best to combination therapy (28). There was no association of PD-1 expression or frequency of tumor infiltrating lymphocytes (TILs) with treatment response (28).

The primary aim of this study is to evaluate a potential molecular rationale for a treatment of ATC and PDTC patients with lenvatinib, pembrolizumab or a combination of both. Secondary aims were the investigation of FGFR and PD-L1 expression as prognostic markers and potential marker of treatment response. As an exploratory aim, we describe the clinical benefit of patients treated with these substances as a monotherapy or in a combined regimen.



Materials and Methods


Setting

This study was conducted as part of the German Study Group for rare malignant tumors of the thyroid and parathyroid glands. The study was approved by the ethics committee of the University of Würzburg (96/13) and subsequently by the ethics committees of all participating centers. All patients provided written informed consent. Prospectively and retrospectively collected data and formalin-fixed paraffin embedded (FFPE) tissue samples of patients diagnosed with ATC and PDTC between 1997 and 2019 were obtained from five German tertiary care centers.



Samples and Data Acquisition

Adult patients with local diagnosis of ATC or PDTC at histopathologic examination of sections or biopsy of the primary tumor were eligible. Archival anonymized papillary thyroid carcinoma (PTC) and normal thyroid (NT) tissue from the institute of pathology, University of Würzburg, served as control.

Clinical data such as the date of diagnosis, tumor stage at initial diagnosis, treatments including surgical interventions, radioiodine treatment and systemic therapies (e.g., cytotoxic chemotherapy, radiotherapy, TKI- and/or ICI-therapy), metastatic sites and number of treatment lines, were recorded by trained personnel at all sites. Tumor stage was recorded according to UICC classification (TNM Classification of Malignant Tumours, 8th edition, 2017) and determined for PDTC and ATC respectively.

Study endpoints were disease-related death or time interval from diagnosis to last follow-up alive. Treatment and follow-up of patients was done according to standard of care at participating centers.



Histopathological Review

The diagnosis of ATC and PDTC in archival FFPE tissue samples (n=140) was verified by a single endocrine pathologist (SK). According to the current WHO Classification of Tumours of Endocrine organs (4th edition, volume 10, 2017).



Immunohistochemistry

All specimens were processed by immunohistochemistry and RNAscope® in situ hybridization within two weeks after sectioning. Full FFPE sections of primary tumor tissue (n=93 ATC; n=47 PDTC) mounted on slides were deparaffinized, rehydrated and antigen retrieval was performed in target retrieval solution (Target Retrieval Solution, Citrate pH 6.1 [10x], Dako, CA, USA; 1:10 dilution) under pressure for 4 minutes. Following deparaffinization, steps were carried out with a Freedom EVO 200 base unit (TECAN Trading AG, Switzerland). Tissue sections were incubated with primary antibody (PD-L1 [28-8] rabbit monoclonal antibody 438R-15-ASR; Cell Marque, CA, USA; 1:100 dilution; Antibody Diluent, Dako REAL) for 1h at RT. Signal amplification was achieved by the HRP Kit (HPR HiDef 2-Step Polymer Detection Kit, medac GmbH, Germany) for 40 min and developed for 10 min with Histofine (Histofine DAB-2V, Nichirei Biosciences Inc., Japan). Nuclei were counterstained using Mayer’s hematoxylin for 3 min and blued for 10 min in running tap water. Following dehydration, slides were mounted by a Tissue-Tek (Sakura Finetek, Inc., CA, USA).



RNAscope In Situ Hybridization

Given the limited reliability of immunohistochemistry for FGFRs due to their high degree of homology, RNAscope was used to study expression of FGFR 1-4. Tumor samples (ATC: n=31; PDTC: n=14) were cut to 2-μm thickness, deparaffinized in xylene, and rehydrated in a graded alcohol series. Fixation, permeabilization and protease digestion were achieved by treatment with hydrogen peroxide (322335, Advanced Cell Diagnostics [ACDbio], CA, USA) at RT for 10 min, target retrieval reagent (322000, ACDbio) under pressure for 15 min and protease plus (322331, ACDbio) at 40°C for 20 min. FGFR 1-4 probes (Hs-FGFR1, 310071; Hs-FGFR2, 311171; Hs-FGFR3, 310791; Hs-FGFR4-CD5, 412301, ACDbio) were then hybridized at 40°C for 2h. Slides were treated with Amplifier 1 (322311, ACDbio) and Amplifier 3 (22313, ACDbio) at 40°C for 45 min, with Amplifier 2 (322312, ACDbio) and Amplifier 4 (322314, ACDbio) at 40°C for 20 min, and with Amplifier 5 (322315, ACDbio) for 1h and Amplifier 6 (322316, ACDbio) for 20 min at RT. In between the amplification steps, slides were washed in wash buffer (310091, ACDbio) for 4 min, each. Equal volumes of DAB-A (DAB-A, 320052, ACDbio) and DAB-B (DAB-B, 320053, ACDbio) were mixed and pipetted on the slides. After incubation at RT for 10 minutes slides were put in hematoxylin, dehydrated and mounted. 



Semi-Quantitative Analysis of PD-L1 and FGFR 1-4 Expression

PD-L1 slides were visually scored using an AxioScope.A1 microscope (Carl Zeiss AG, Germany). PD-L1 expression was evaluated using a semi-quantitative scoring system based on the proportion of stained tumor cells according to Tumor Proportion Score (TPS).

FGFR1-4 images were assessed with Aperio VERSA microscope (Leica Biosystems, Germany). Manual counting of cell nuclei and RNA was performed with ImageJ-win64 (Fiji, GitHub enterprise, CA, USA), and quantified as the number of FGFR 1-4 mRNA per cell.



Statistical Analysis

DSS from diagnosis was estimated using the Kaplan-Meier method and groups were compared by the log-rank test. For data with non-normal distribution we used Mann-Whitney U test. Kruskal-Wallis test was used for comparison among groups for non-nominal distributed variables. Assessment of risk factors was performed by using the Cox proportional hazard regression model (forward and backward step-up regression). P values <0.05 were considered statistically significant. Statistical analyses were performed with SPSS Version 26 (IBM, Chicago, IL, USA). GraphPad Prism 7.0 (GraphPad Software, San Diego, CA, USA) and Microsoft Office Excel 2010 were used for graphical presentation and additional analyses.




Results


Clinical Characteristics

93 patients (40 male, 53 female) with histological evidence of ATC and 47 patients (17 male, 30 female) with poorly differentiated thyroid carcinoma treated at five German tertiary care centers were included. Baseline clinical characteristics of the study population are shown in Table 1. In brief, median age at primary diagnosis of ATC patients was 69 years (range 29-95) and 63 years (range 16-86) for patients with PDTC. At the time of initial diagnosis 47 patients with ATC (51%) and 13 patients with PDTC (28%) had local regional lymph node metastases. Disease was restricted to the thyroid gland (stage IVA) at diagnosis in one single ATC patient whereas 52% had distant metastasis (stage IVC). 15 PDTC patients had distant metastases at first diagnosis, four of whom were <55 years (UICC stage II) and 11 aged ≥55 years (UICC stage IVB).


Table 1 | Patient characteristics of the study cohort.





Expression of PD-L1 in ATC and PDTC

The proportion of PD-L1 expression in tumor cells differed widely both in ATC and PDTC samples (Figure 1) and was heterogeneous within samples which is accounted for in the semiquantitative TPS. Median PD-L1 TPS was 30% (range 0-95) in ATC (n=93) compared to 5% (range 0-95) in PDTC (n=47, p<0.01, Figure 2) and was significantly higher in ATC (p<0.0001) and PDTC (p<0.001) compared to normal thyroid tissue samples (n=30). 39 (42%) of ATC samples and 12 (26%) of PDTC specimens expressed PD-L1 in ≥50% of tumor cells, while none of the PTC samples showed PD-L1 TPS of ≥50%. 27% of ATC samples and 53% of PDTC samples had PD-L1 TPS ≤5%. PD-L1 expression could not be detected in normal thyroid tissue (n=30). Differentiated PTC specimens (n=21) showed median PD-L1 expression of 10% (range 0-30).




Figure 1 | Representative PD-L1 immunohistochemistry staining of full ATC FFPE sections. Three different tissue samples stained with PD-L1 antibody are shown with an overview of the tissue sample (A, D, G; scale bars: 1mm), at 2x magnification (B, E, H; scale bars: 500μm) and 10x magnification (C, F, I; scale bars: 100μm). The PD-L1 TPS in (A–C) is 1% and 50% in D-F while 95% in (G–I).






Figure 2 | Comparison of PD-L1 expression in ATC or PDTC and PTC or NT. (A) PD-L1 expression as assessed by TPS was significantly higher in ATC compared to PDTC and tumor specimens compared to normal thyroid (NT). No significant differences (n. s. = not significant) could be observed in ATC and PTC and PDTC and PTC. (B) Proportion of PD-L1 TPS categories in PDTC and ATC. 42% of ATC and 26% of PDTC specimen show PD-L1 TPS ≥50%. **p < 0.01, ***p < 0.001, ****p < 0.0001.





Expression of FGFR 1-4 in ATC and PDTC

Expression of FGFR mRNA was generally low in all investigated samples (Figure 3). Median expression of FGFR 1 was 1.06 (range 0.16-5.42) mRNA/cell for ATC (n=31) tissue, 0.81 (range 0.18-1.87) mRNA/cell for PDTC (n=14) specimens, and 0.5 (range 0.15-0.97) mRNA/cell for PTC (n=5) tissue (Figure 4). Data on FGFR 2 and 3 are shown in Table 2. FGFR 4 exhibited the lowest median expression in all types of thyroid carcinoma (ATC: 0.14 mRNA/cell; PDTC: 0.24 mRNA/cell; PTC: 0.08 mRNA/cell). In comparison to normal thyroid tissue, panFGFR expression (sum of FGFR1–4) was significantly higher in ATC (p<0.001) and PDTC (p<0.0001) tissue (Figure 4). Median panFGFR expression was 2 mRNAs/cell in ATC and 3 mRNAs/cell in PDTC tissue. Normal thyroid tissue (n=8) expressed FGFR 1-4 at lowest levels with median expression of 0.0 mRNA/cell, respectively. FGFR 1-4 expression was not significantly different between ATC/PDTC and PTC tissue specimens.




Figure 3 | FGFR1 mRNA in situ hybridization staining of full ATC and PDTC FFPE sections. (A–C) FGFR1 RNAscope in situ hybridization in a PDTC tissue sample. FGFR1 expression is 1.9 mRNA/nucleus. (D–F) FGFR1 expression in an ATC tissue sample (5.4 mRNA/nucleus).






Figure 4 | FGFR expression in ATC, PDTC, PTC and NT. FGFR1 (A), FGFR2 (B), FGFR3 (C) and FGFR4 (D) was detected at low levels in all samples studied. Significant differences are indicated. Combined scoring of FGFR1-4 expression in ATC and PDTC (E) is significantly higher compared to normal thyroid (NT) tissue. *p < 0.1, **p < 0.01, ***p < 0.001, ****p < 0.0001.




Table 2 | Median expression of FGFR 1-4 in ATC, PDTC and PTC.





Disease-Specific Survival and Tumor-Specific Therapy

83 patients (89%) died due to ATC, 3 (3%) patients with ATC deceased due to causes other than ATC and 7 (8%) patients were still alive at last follow-up. 14 PDTC patients (30%) died from advanced PDTC. In 2 PDTC patients the cause of death was unknown and 31 (66%) were still alive at last follow-up. In 4 (4%) ATC and 4 (9%) PDTC patients, there was no evidence of disease at last follow-up indicating complete remission. Median overall survival was 6.4 months for patients diagnosed with ATC and 29.1 months for patients diagnosed with PDTC. Disease-specific survival was 5.4 (ATC) and 24.0 months (PDTC) in a median follow-up of 6 (ATC) and 28 (PDTC) months.



Therapy With TKI and/or ICI

Tumor-specific therapy was consistent with previous publications on ATC (4) and is summarized in Table 3. Targeted therapies with tyrosine kinase inhibitors (TKI) and/or immune checkpoint inhibitors (ICI) were administered in 15 (16%) of ATC and 13 (28%) of PDTC patients. Patients were treated with LEN (n=3 ATC, n=9 PDTC), PEM (n=2 ATC, n=1 PDTC), LEN + PEM (n=1 ATC, n=2 PDTC) and other TKIs (n=10 ATC; n=8 PDTC). Two PDTC patients received three different lines of targeted therapy, another two PDTC patients were treated with two different TKIs (LEN followed by sorafenib and LEN followed by cabozantinib), and one ATC and one PDTC patient received two lines of targeted therapy.


Table 3 | Therapeutic regimens in patients with ATC or PDTC.



ATC patient #1 (TPS: 10%, panFGFR expression: 2.8 mRNA/cell) patient received LEN (dose varying from 8 mg to 14 mg) after failure of RCT with partial remission (PR) as best overall response (BOR). LEN monotherapy was followed by LEN and PEM combination therapy (doses 4 mg and 200 mg respectively) with stable disease (SD) as BOR (PFS until after last-follow-up: 9.9 months).

ATC patient #2 (TPS: 10%) experienced SD by PEM monotherapy (dose: 200 mg every 3 weeks) with a PFS of 22.4 months. PEM treatment was followed by a combination of paclitaxel (80mg every week) and PEM for 3.0 months. The patient deceased one month after termination of treatment.

ATC patient #3 (TPS: 1%, panFGFR expression: 1.0 mRNA/cell) consecutively received LEN and PEM as single agents each with PD as BOR. The PFS for LEN and PEM treatment was 1.7 and 2.3 months, respectively.

In a fourth ATC patient (TPS: 95%, panFGFR expression: 3.1 mRNA/cell), treatment with LEN and PEM was started after failure of RCT five days before the patient deceased and hence is considered unevaluable.

ATC patient #5 (TPS: 70%, panFGFR expression: 1.0 mRNA/cell) received LEN (dose:24 mg) after failure of RCT with a PFS of 4.4 months with PD as BOR.

PDTC patient #6 (TPS: 50%, panFGFR expression not available) who was radioiodine refractory at diagnosis received LEN combined to PEM as first line treatment. Best response was SD and the patient received this combination for 21.5 months until progression occurred. Treatment was then switched to LEN and everolimus.

PDTC patient #7 (TPS: 30%, panFGFR expression 2.83 mRNA/cell) was treated with LEN, best response was SD and PFS 13.7 months. Everolimus was added to the therapy which resulted in SD for 9.7 months. Later, PEM was added to everolimus and LEN with PD after 1.8 months. The patient was still alive at last follow-up.

In a third (#8) PDTC patient (TPS: 90%, panFGFR expression not available) treatment was started with PEM as part of a clinical trial (Keynote 158) and discontinued 4 months later due to PD. Outside of the study, the patient received LEN and is still alive with SD as BOR after data cut-off (PFS until after last follow-up: 38.6 months).

PDTC patient #9 (TPS: 50%, panFGFR expression: 3.1 mRNA/cell) first received LEN (dose: 10 mg) with PR as BOR and PFS of 7.6 months followed by sorafenib (400 mg) for 3.0 months. Treatment was continued with LEN and PEM combination therapy with PR as BOR and a PFS of 6.6 months. Later the patient continued treatment with PEM monotherapy for 2.8 months.

PDTC patient #10 (TPS: 1%, panFGFR expression: 2.6 mRNA/cell) first received LEN (max. dose: 20 mg) with mixed response (MR) as BOR. Treatment was terminated due to adverse events with PFS of 5.7 months. LEN treatment was then followed by sorafenib (dose: 800 mg) for 1.7 months which was followed by chemotherapy.

Primary LEN monotherapy (max. dose: 14 mg) was also administered to PDTC patient #11 (TPS: 1%, panFGFR expression: 4.5 mRNA/cell) for 26.1 months. PEM was added shortly after imaging showed PD, but the patient deceased one month later.

The PFS and treatment response of the different patients treated with PEM alone in combination with LEN is depicted in Figure 5. Patients with moderate or high expression showed longer PFS.




Figure 5 | Swim lane plot demonstrating PFS on PEM or the combination of LEN and PEM: Figure shows data before and after data cut-off. Patients 6 and 1 are still alive with patient 1 still receiving LEN + PEM. Exact date of progress or exact treatment duration was not reported because PD was always followed by change of therapeutic regimen or death. Progressive disease was the best response in patients 9 and 3 while on PEM monotherapy and in patient 11 receiving LEN + PEM.



Four additional PDTC patients were treated with LEN monotherapy. One patient (TPS: 5%, panFGFR expression: 2.1 mRNA/cell) received LEN 24 mg (PFS: 10.5 months) with SD followed by cabozantinib. Another patient (TPS: 80%) received LEN (max. dose: 24 mg) after RCT treatment, but deceased one month after initiation. A third patient (TPS: 10%) was treated with LEN for 8.9 months and died 8 days later and a fourth patient (TPS: 10%) received LEN (max. dose: 24 mg) for 19.7 months at last follow-up after data cut-off and is still alive with SD.



Prognostic Factors of Disease Specific Survival in ATC and PDTC

The association of clinical factors with DSS in ATC and PDTC is summarized in Table 4, respectively. In PDTC where prognostic factors are ill described, UICC stage I, II or III compared to IV, and use of RIT were associated with a significantly longer DSS. Treatment with external beam radiation therapy (EBRT) or chemotherapy was associated with a significantly longer DSS in ATC while the opposite was observed in PDTC, where the use of EBRT and chemotherapy most likely indicate aggressive clinical course.


Table 4 | Impact of PD-L1 expression and clinical parameters on disease specific death from ATC.



Considering PD-L1 TPS ≤ 5% as low, 6-49% intermediate and 50-100% as high expression, we did not observe significant differences of DSS among patients with ATC (p=0.495) or PDTC (p=0.496) patients (Figure 6). Using established cut-offs associated with response to PEM in NSCLC (scores from 0-49%: low; scores from 50-100%: high) no significant differences in DSS were observed as well (Supplementary Figure 1). We likewise did not find a prognostic relevance of FGFR1-4 expression for DSS (Supplementary Figure 2).




Figure 6 | Kaplan-Meier plots of DSS in patients according to PD-L1 expression. Disease specific survival of ATC (A) and PDTC (B) patients with TPS categories ≤5%, 5-50%, ≥50%).






Discussion

In this large multicenter analysis of prospectively and retrospectively collected clinical data and tissue specimens we systematically investigated the expression of the immune checkpoint molecule PD-L1 in the orphan diseases PDTC and ATC. We found variable expression in both types of aggressive thyroid malignancies with a significantly higher expression in ATC vs. PDTC. Importantly, while more than half of the PDTC samples showed a TPS below 5%, only 21% of ATC had PD-L1 below that arbitrary threshold. Of note, TPS of at least 1% was observed in all PDTC and ATC. In normal thyroid tissue, PD-L1 was absent but it was present at low levels in differentiated papillary thyroid carcinoma.

While clinical observations and small published studies suggested the expression of PD-L1 in the majority of ATC, we are not aware of a similarly large study on this topic (29, 30). Further strengths of our analysis are the systematic staining and evaluation at a single institution by a specialized endocrine pathologist and the systematic verification of diagnoses which is not the case in other series or was not reported (8). Overall, the presence of high PD-L1 expression in a substantial proportion of ATC and PDTC indicates a rationale for treatment with immune checkpoint inhibitors targeting the PD-1/PD-L1 axis. Our study is unable to support, however, a specific cut-off that would govern treatment with immune checkpoint inhibitors such as PEM. The TPS has been established as a response marker primarily for non-small cell lung cancer (NSCLC) and treatment of squamous cell head and neck cancer. In a retrospective analysis of ATC patients treated with kinase inhibitors and PEM progressive disease was observed in patients with PD-L1 TPS of 5%, 30% and 80% while a partial response was demonstrated in five patients, four of whom had PD-L1 TPS available with scores of >95%, 90%, 20% and >10% (8). Our data showed higher median PD-L1 expression in PTC than in PDTC (TPS 30% and 5% respectively), but range of PD-L1 expression in PDTC was much broader compared to PTC samples. PD-L1 expression has been reported for PTC tissue with and without lymphoid thyroiditis. PTC specimens with lymphoid thyroiditis showed higher expression of PD-L1 (39,1%) in comparison to PTC tissue without lymphoid thyroiditis (6,9%) (31). A review on the expression of PD-L1 in PTC tissue demonstrated significant association of PD-L1 expression with reduced disease-free survival (DFS), but not OS (32). We did not find any impact of PD-L1 expression on DSS. This is not surprising since the vast majority of patients did not receive PD-1/PD-L1 directed therapy. Hence, PD-L1 is not a prognostic marker but possibly a marker of treatment response in ATC and PDTC. Accordingly, a recently published ATC cohort from a phase I/II trial treated with spartalizumab, a PD-1 inhibitor, demonstrated objective response exclusively in patients with detectable PD-L1 expression (26). Guidelines recommend the evaluation of PD-L1 status in stage IVC ATC cases with lack of BRAF V600E mutation (6). Detection of high PD-L1 expression can be followed by treatment with immune checkpoint inhibitors and can be an alternative to chemotherapy and/or radiation (6).

The rationale to combine PD-L1 with LEN is supported by preclinical observations in an immunocompetent mouse model (33). The authors demonstrated profound changes of the immune microenvironment: LEN led to a pronounced increase in tumor-infiltrating immune cells, tumor-associated macrophages but also a pronounced increase of peripheral and tumoral polymorphonuclear myeloid derived suppressor cells (PMN-MDSC). The authors concluded that LEN exerts both pro-inflammatory and anti-inflammatory immune effects. By experimentally reducing the number of immunosuppressive PMN-MDSC the authors showed increased antitumoral efficacy of LEN alone and inhibition of the PD-1/PD-L1 axis was likewise associated with a decrease of immunosuppressive cell types. There is currently limited evidence of a direct immunomodulatory effect of LEN. Given the poor clinical response of ATC to VEGFR-directed TKI such as sorafenib, pazopanib and sunitinib, we reasoned that expression of the LEN targets FGFR1-4 on tumor cells may contribute to the specific antitumoral response of LEN monotherapy and in combination with immune checkpoint inhibitors. While immunohistochemistry of FGFR4 only has been used in one series (20) we consider our approach with RNAscope® in situ hybridization more reliable because it is not susceptible to cross-reactivity of FGFR antibodies in immunohistochemistry and permits the quantification of individual FGFRs. We found extremely low expression of all FGFR in the samples studied. FGFR1 was expressed at highest levels in PDTC and ATC compared to normal thyroid and PTC samples. Overall, we found significantly higher expression of the combination of FGFR1-4 in PDTC and ATC compared to normal thyroid but not to PTC. Tumor infiltrating leukocytes did not express FGFR1-4. Although we cannot exclude that the low expression of FGFR1-4 is still biologically relevant, we conclude that tumoral FGFRs are unlikely to be involved in the immunostimulatory action of LEN.

Our study of PD-L1 and FGFR1-4 expression in ATC and PDTC has some limitations: First, our study is – in part - retrospective in nature. Thus, selection bias confounds the association of treatment factors with prognosis and is the cause of the shorter DSS in PDTC patients receiving chemotherapy or EBRT. On the other hand, radioiodine positive PDTC have an inherently better prognosis.

Second, only few patients were treated with LEN or PEM (12 and 3 respectively) and even fewer patients were primarily treated with a combined regimen (n=3). It is therefore impossible to define cut-off values of response. Third, the tumor mutational burden and the LEN targets c-kit, RET, VEGFR 1-3 or PDGFR-α were not analyzed because we considered FGFR as the most relevant drug-specific target molecules. Indeed it has been suggested that beyond the actual tumoral angiogenesis, patient factors may contribute to the antitumoral effects observed with multi-kinase inhibitors such as LEN but also sorafenib (34, 35).

Finally, although relatively large for the rarity of the disease, the number of PDTC patients is still limited and no specific selection of PDTCs refractory to RIT was applied.

Together with the available preclinical data, our findings suggest that the immunostimulatory effect of LEN in ATC and the promising finding of clinical activity associated with this drug may be conferred by direct effects on circulating immune cells. It is noteworthy that the combination of LEN and PEM has been approved for the treatment of endometrial cancer and is under study in a broad spectrum of tumors (36). Markers of treatment response are yet to be discovered.



Conclusion

Our study of the expression of PD-L1 and FGFR 1-4 in ATC and PDTC supports the use of immune checkpoint inhibitors in the majority of ATC and some PDTC with high PD-L1 expression although the role of PD-L1 expression for treatment decisions remains to be established. Tumoral FGFR expression is similarly low in ATC and PDTC and likely not the principal target of lenvatinib. In the light of the clinical response of ATC to combined LEN and immune checkpoint inhibitor treatment, we suggest a yet unknown tumoral LEN target or a LEN target not expressed in the tumor to be relevant for the clinically observed drug synergism. We propose to study peripheral immune cells and tumor infiltrating leukocytes systematically in clinical trials to identify markers of treatment response and better understand the mechanistic basis of combination therapy.
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Context

Pheochromocytomas and paragangliomas (PPGL) cause catecholamine excess leading to a characteristic clinical phenotype. Intra-individual changes at metabolome level have been described after surgical PPGL removal. The value of metabolomics for the diagnosis of PPGL has not been studied yet.



Objective

Evaluation of quantitative metabolomics as a diagnostic tool for PPGL.



Design

Targeted metabolomics by liquid chromatography-tandem mass spectrometry of plasma specimens and statistical modeling using ML-based feature selection approaches in a clinically well characterized cohort study.



Patients

Prospectively enrolled patients (n=36, 17 female) from the Prospective Monoamine-producing Tumor Study (PMT) with hormonally active PPGL and 36 matched controls in whom PPGL was rigorously excluded.



Results

Among 188 measured metabolites, only without considering false discovery rate, 4 exhibited statistically significant differences between patients with PPGL and controls (histidine p=0.004, threonine p=0.008, lyso PC a C28:0 p=0.044, sum of hexoses p=0.018). Weak, but significant correlations for histidine, threonine and lyso PC a C28:0 with total urine catecholamine levels were identified. Only the sum of hexoses (reflecting glucose) showed significant correlations with plasma metanephrines.

By using ML-based feature selection approaches, we identified diagnostic signatures which all exhibited low accuracy and sensitivity. The best predictive value (sensitivity 87.5%, accuracy 67.3%) was obtained by using Gradient Boosting Machine Modelling.



Conclusions

The diabetogenic effect of catecholamine excess dominates the plasma metabolome in PPGL patients. While curative surgery for PPGL led to normalization of catecholamine-induced alterations of metabolomics in individual patients, plasma metabolomics are not useful for diagnostic purposes, most likely due to inter-individual variability.





Keywords: adrenal, pheochromocytoma, paraganglioma, targeted metabolomics, mass spectronomy, catecholamines, machine learning, feature selection



Introduction

Pheochromocytomas and paragangliomas (PPGL) are defined as catecholamine-producing tumors that arise from chromaffin cells (1). Pheochromocytomas represent more than 80% of all PPGL and are located in the adrenal medulla whereas paraganglioma arise from paravertebral sympathetic ganglia and are most frequently located in the abdomen, chest, and pelvis (2). Paragangliomas deriving from parasympathetic tissue in the head and neck rarely produce hormones (1–3). Predisposing germline mutations, extra-adrenal location, and dopaminergic phenotype are the most relevant risk factors for malignancy (4, 5). Current data suggest that germline mutations are present in up to 40% of all patients with PPGL, with 18 susceptibility genes identified so far. Mutations are most frequently found in genes encoding subunits of succinate dehydrogenase (SDH), von Hippel-Lindau gene (VHL) and rearranged during transfection (RET) gene. As the presence of a germ line mutation was found to be an important factor of prognosis of affected patients, testing is recommended (5–8).

Catecholamine excess leads to a variety of well-known but unspecific symptoms such as hypertension, palpitation, headache and pallor (1, 9) and causes cardio- and cerebrovascular complications. The measurement of plasma free metanephrine (MN), normetanephrine (NMN) and methoxytyramine (MTY) is now a cornerstone of diagnosis and follow-up in clinical practice, providing high diagnostic accuracy when adequate pre-analytics, analytics and reference ranges are applied (2, 10, 11). In recent years mass spectrometry has become the gold standard due to its high analytic sensitivity and specificity (12) not limited on quantification of established markers but showing additionally its usefulness to identify tissue metabolomic profiles via MALDI-MSI (13). Nevertheless, the diagnosis of PPGL remains challenging and is often delayed due to lack of consideration of PPGL (4). In addition there is a high risk of false positive test results when strict pre-analytical conditions are not followed.

Metabolomics is the screening for characteristic substances in body fluids and tissue, which serve as direct marker of biochemical activity because they are not exposed to epigenetic regulation and post-translational modifications like proteins or genes and therefore reflect the individual phenotype (14). Untargeted metabolomics allows the identification of numerous molecules without prior knowledge of their presence in predefined groups but has the disadvantage of generating mostly qualitative information on target molecules. On the other hand, quantitation of previously specified molecules is possible by targeted metabolomics. Still, the number of metabolites is typically limited to substances that are precisely characterized by their chemical structure and molecular mass.

In a targeted metabolomics approach, we recently identified significant intra-individual metabolic alterations in patients with PPGL before vs. after tumor removal and demonstrated that several of those are related to cardiovascular risk (15). Characterization of the metabolic profile in patients with PPGL might help to understand the metabolic effects of excessive catecholamine levels and harbor additional diagnostic potential.

The aim of our study was to characterize differences in plasma metabolic profile between patients with PPGL and controls with consideration of the secretory phenotype. We applied tandem mass spectrometry using a targeted metabolomics approach and logistic regression modeling to identify discriminative pattern potentially useful for diagnostic workup of PPGL.



Subjects and Methods


Subjects

Patients with suspected PPGL were recruited from a single center participating in the Prospective Monoamine-Producing tumor (PMT) study, which has been described in detail previously (2). The diagnosis of PPGL was based on biochemical assessment, imaging, and histology. Follow-up ruled out the presence of PPGLs in patients who served as controls. The latter were matched for sex and age at the date of sampling according to patient data. The study protocol was approved by the Ethics Committee of the University Hospital Würzburg (104/11). All patients provided written informed consent.



Sample Collection

Plasma samples were collected as described elsewhere (2). Briefly, blood was drawn in the morning after an overnight fast for at least 8h and in a supine position for at least 30 minutes. Patients were instructed to refrain from alcohol, nicotine, decaffeinated and caffeinated beverages for 12 hours as well as avoid acetaminophen five days before sample collection (16). Blood was collected into EDTA or heparinized tubes and placed on ice before centrifugation at 20°C for five minutes at 4000 rpm. Plasma was aliquoted and the samples were stored at -80°C until assayed. Urine collection was performed according to the PMT protocol.



Mass Spectrometry

Plasma free metanephrines and urine catecholamines were measured as previously described (17–19).

Targeted metabolomics was performed by using the AbsoluteIDQ™-p180 Kit (Biocrates Life Sciences AG, Innsbruck, Austria). The method has been described in detail previously (15, 20, 21) and complies with EMA “Guideline on bioanalytical method validation” (July 21st 2011).The measurement consists of a ultra-high performance liquid chromatography (UHPLC) separation step and a flow injection analysis (FIA) step, both followed by mass spectrometry analyses (LC-MS/MS and FIA-MS/MS). This method enables for measurement of a total of 188 metabolites, of which 42 are included in the LC-MS/MS part (21 amino acids, 21 biogenic amines) and 146 metabolites in the FIA-MS/MS protocol (40 acylcarnitines including free carnitine, 38 phosphatidylcholines with acyl/acyl side chains [PCaa], 38 phosphatidylcholines with acyl/alkyl side chains [PCae], 14 lysophosphatidylcholines [lysoPC], 15 sphingolipids [SM] and the sum of hexoses [H1]).

A volume of 10 µl plasma was used and prepared according to the manufacturer’s manual. Internal standards served as reference for quantification, human reference plasma was included into each batch to ensure quality control, comparability between batch measurements, and normalization of the data (20). Metabolite concentrations are given in µmol/l. LC-MS/MS and FIA-MS/MS were performed by using SCIEX QTRAP® 4500MD MS-system (SCIEX, Darmstadt, Germany) coupled to an Agilent 1290 Infinity UHPLC-system (Agilent, Santa Clara, USA). Analyst® software version 1.6.3 MD (SCIEX, Darmstadt, Germany) was used for data procession. Data was validated and processed with MetIDQ™ software version 5.5.4-DB100 Boron-2623 (Biocrates Life Sciences AG, Innsbruck, Austria).



Genetics

Genetic data were retrieved from patient records or provided by the CNIO institute in Madrid as a part of the PMT study. Targeted next generation sequencing assay, Sanger sequencing and multiplex ligation-dependent probe amplification or custom array comparative genomic hybridization for deletion detection (22, 23) were applied as appropriate.



Statistical Analysis

Baseline data are shown as frequencies for categorical variables and as medians with interquartile range (IQR) for numerical variables. Malignancy was defined as the presence of metastases in non-chromaffin organs. The secretory phenotype of PPGL was characterized as noradrenergic and adrenergic according to an established algorithm which has been descripted in detail elsewhere (24). Metabolites with more than 40% of concentrations below the lower limit of quantification (LLOQ) and samples with more than 40% of analytes lower than the lower limit of detection (LOD) were excluded from further analysis. In the remaining metabolites, the non-valid values measured below LLOQ and LOD were left unchanged and included in further analyses. Values with no detectable signal were replaced by (LOD/ √2) x (random number between 0.75-1.25) (25). To detect metabolic alterations associated with catecholamine excess, metabolite values in PPGL and controls were compared. Subgroups were analyzed after stratification for sex (males vs. females), BMI (≤ 25 kg/m2 vs > 25 kg/m2) and secretory phenotype (adrenergic vs. noradrenergic). Comparisons between groups were analyzed using the Mann-Whitney-U test, significance was defined as p-value <0.05. The calculation of false discovery rate (FDR) corrected p-values was performed according to the method of Benjamini and Hochberg (26). Spearman test was used for correlations between metabolite and catecholamine concentrations. Statistical analyses were performed by SPSS version 25 (IMP, New York, USA) and Prism 7.05 (GraphPad, San Diego, CA, USA), for principal component analysis, MetaboAnalyst (4.0) was used.



Logistic Regression Modelling

Feature selection models were developed by applying the machine learning methods Elastic net (ELA), Support Vector Machine (SVM) and Gradient Boosting Machine (GBM) using the caret package version 6.0.84. The analysis was done in R (version 3.5.3; script is given online). The data set was normalized using the PreProcess function of the caret package (version 6.0.84). We split the dataset in a training (80%) and validation/test (20%) dataset. We tested each model using repeated 10-fold cross-validation. The variables were selected using the impact that they had on the predictive power of the different models. The models were compared using the predictive values accuracy (correct classification) and kappa (inter-rater reliability; classification including random chance normalization). Identified variables were further analysed using a Wilcoxon test to determine if there is a systematic difference between the conditions (class: PPGL vs. control).




Results


Patients Characteristics

The study workflow is depicted in Figure 1. 36 patients with confirmed PPGL prior any specific treatment and controls matched for sex and age at date of sample were selected (Table 1). In controls, PPGL was suspected based on the incidental finding of an adrenal mass upon imaging for an unrelated condition (n=21), signs and symptoms suggestive for PPGL (n=9) or therapy resistant hypertension (n=6) but excluded by normal follow-up biochemistry, negative imaging, resolved signs and symptoms or an alternative diagnosis (17). Other endocrinological causes for resistant hypertension or adrenal incidentalomas such as hyperaldosteronism, acromegaly, hyperthyroidism, hyperparathyroidism, or Cushing’s syndrome were excluded in all subjects.




Figure 1 | Summary of the workflow leading to identification of significant metabolites via liquid chromatography tandem mass spectrometry (LC-MS/MS), in pheochromocytoma and paraganglioma (PPGL),The bioinformatic approach included Elastic net (ELA), Gradient Boosting Machine (GBM), Support Vector Machine (SVM) and Principal component analysis (PCA) approaches.




Table 1 | Patient characteristics stratified by patients and controls.



Complete urinary catecholamine data (31/36 controls, 27/36 PPGL) and genetic data (33/36 PPGL) were available in a subset of individuals. There were no statistically significant differences between groups concerning age and time between sampling and measurement of metabolomics while a statistically significant difference in Body mass index (in kg/m2) was present in PPGL (25.2 [23.6–26.7]) vs controls (28.6 [26.0–31.2], p=0.043). Plasma markers of catecholamine excess were significantly increased in PPGL.



Targeted Metabolomics PPGL vs. Controls

Overall, 130 of 188 measured metabolites were included in the statistical analysis (Supplemental Data). However, only when p-values were not corrected for FDR, four of them showed significantly different concentrations between the two groups. In PPGL vs. controls (Figure 2) the amino acids histidine (75.40 [61.03-87.05] vs. 86.40 [75.63-96.35] µmol/l, p=0.004) and threonine (105.00 [88.57-125.00] vs. 128.00 [93.32-147.50] µmol/l, p=0.008) were significantly lower, while lyso PC a C28:0 (0.11 [0.10-0.12] vs. 0.12 [0.11-0.14] µmol/l, p=0.044) was only slightly decreased. On the opposite, the sum of hexoses was significantly higher in PPGL patients compared to controls (4844.00 [4325.50-5364.50] vs. 4215.50 [3791.00-5086.00] µmol/l, p=0.018). The plasma concentrations of biogenic amines, acylcarnitines, and sphingolipids were comparable between PPGL and controls.




Figure 2 | Scatter plot of median plasma levels from metabolites measured by LC-MS/MS with significant differences between PPGL patients and controls. (Mann-Whitney-U-test, p < 0.05). H1, sum of hexoses; lysoPC, lysophosphatidylcholine; PPGL, pheochromocytoma and paraganglioma. *<0.05, **<0.01.





Correlation With Plasma Metanephrine and Urine Catecholamine Values

The association of metabolic changes with catecholamine excretion has already been demonstrated (15). Therefore, we correlated altered metabolites with urinary catecholamines, which represent the biologically active form, and MN, NMN and MTY in plasma as non-functional disease markers (Table 2 and Figure 3). Histidine showed a significant negative correlation with plasma NMN and plasma MTY, as well as with urine free epinephrine (EPI) and urine free dopamine (DA). Threonine was negatively correlated with plasma MTY, urine free norepinephrine (NE), and urine free EPI. LysoPC a C28:0 was negatively associated with urine free DA, whereas the sum of hexoses showed a positive correlation with all plasma metanephrines and with urine free NE. Furthermore, Histidine, threonine and lysoPC C:28 revealed a negative correlation with the total urinary catecholamines.


Table 2 | Plasma levels of significant altered metabolites (p ≤ 0.05) in patients with PPGL in comparison to controls including subgroup analysis and the correlation with free plasma metanephrines and 24h urinary free catecholamine excretion values.






Figure 3 | Correlation between plasma concentrations of metanephrine, normetanephrine, and methoxytyramine, 24h urine concentrations of catecholamines, and plasma concentrations of significantly altered metabolites in PPGL patients. Spearmen-coefficient rs is presented by color coding (positive correlation: red; negative correlation: blue). An Asterisk indicates a statistically significant correlation at the level of (p < 0.05). DA, dopamine; EPI, epinephrine; MN, metanephrine; MTY, methoxytyramine; NE, norepinephrine; TotalUrineCat, Total urine catecholamines.





Subgroup Analyses

Despite the small group sizes, we also explored differences in subgroups. However, these were significant only without FDR correction. If only males were taken into account (n=19), patients with PPGL had lower levels of threonine (102.00 [85.50-127.00] vs. 132.00 [104.00-156.00] µmol/l, p=0.008) and higher levels of H1 (4845.00 [4489.00-5285.00] vs. 4079.00 [3789.00-5131.00] µmol/l, p=0.050) than controls. In addition, alterations in three additional metabolites were present: Lyso PC a C16:1 showed lower levels in PPGL (1.68 [1.09-1.79] vs. 1.89 [1.54-2.16] µmol/l, p=0.025), whilst PC ae C30:2 and SM (OH) C14:1 had significantly higher levels compared to controls (0.07 [0.06-0.08] vs. 0.06 [0.06-0.07] µmol/l, p=0.040 and 4.77 [3.20-5.43] vs. 3.46 [2.59-4.38] µmol/l, p=0.040).

In the subgroup with BMI below or equal 25 kg/m2 the PPGL patients (n=22) exhibited lower level of histidine (75.20 [64.35-85.90] vs. 87.50 [82.40-103.00] μmol/l, p=0.006) and higher level of H1 (4773.00 [4357.00-5311.50] vs. 4146.00 [3789.00-4428.00] µmol/l, p=0.003) than controls (n=15). In the subgroup with BMI above 25 kg/m2 PPGL patients (n=12) had higher level of SM OH C22:1 (7.09 [5.49-8.29] vs. 5.88 [4.81-6.64] µmol/l, p=0.048) and SM OH C22:2 (5.66 [5.16-6.81] vs. 4.90 [3.94-5.51] µmol/l, p=0.036). Octadecenoylcarnitine (0.099 [0.088-0.131] vs. 0.135 [0.102-0.203] µmol/l, p=0.048), octadecadienylcarnitine 0.029 [0.023-0.034] vs. 0.035 [0.029-0.064] µmol/l, p=0.044) and histidine 71.10 [58.80-85.17] vs. 84.20 [71.50-93.80] µmol/l, p=0.036), were lower in PPGL patients than in controls (n=20), The same applies for ornithine (60.75 [54.10-71.30] vs. 92.60 [58.10-124.50] µmol/l, p=0.036) and threonine (98.85 [85.50-122.25] vs. 127.00 [93.33-153.50] µmol/l, p=0.036).

Female PPGL patients exhibited higher levels of lysoPC a C20:4 (3.95 [3.50-4.95] vs. 2.62 [2.44-3.54] µmol/l, p=0.006), PC aa C36:4 (203.00 [165.00-249.50] vs. 160.00 [124.00-211.00] µmol/l, p=0.041) and PC aa C38:4 (94.10 [77.35-107.00] vs. 82.60 [64.40-91.55] µmol/l, p=0.049) as well as lower values of PC ae C38:1 (0.37 [0.28-1.24] vs. 0.71 [0.47-1.69] µmol/l, p=0.022) and histidine (64.10 [56.70-78.30] vs. 85.90 [71.70-104.50] µmol/l, p=0.001).

Analyzing only the subgroup of adrenergic phenotypes, we found increased levels of glycin (221.00 [182.00-373.00] vs. 167.00 [145.00-192.00] µmol/l, p=0.007) and lysoPC a C20:4 (4.00 [3.37-5.18] vs. 3.10 [2.46-4.04] µmol/l, p=0.019] combined with decreased levels of lysoPC a C28:0 (0.11 [0.08-0.11] vs. 0.13 [0.11-0.14] µmol/l, p=0.026) in patients with PPGL compared to controls. Histidine, which had lower levels in the entire group as well as in females, showed also lower concentrations in adrenergic phenotypes (69.00 [58.40-76.10] vs. 85.10 [71.30-93.60] µmol/l, p=0.004). In PPGL with noradrenergic phenotype we found lower concentrations of C0 (35.60 [28.70-41.15] vs. 43.00 [34.05-48.70] µmol/l, p=0.042), asparagine (37.20 [32.00-41.95] vs. 42.00 [38.65-48.05] µmol/l, p=0.013), threonine (112.00 [96.20-127.50] vs. 133.00 [120.00-151.00] µmol/l, p=0.002) and ADMA (0.51 [0.39-0.80] vs. 0.62 [0.55-0.91] µmol/l, p=0.048).



Feature Selection Using Machine Learning Techniques and Principal Component Analysis

The machine learning models GBM, ELA, and SVM were run to determine features which are important to class prediction. Each of the models was run with 10-fold cross-validation on the training dataset, the features which contributed most to class prediction were obtained and the models were compared based on their estimated performance. The GBM, ELA and SVM had an estimated accuracy of 0.67, 0.53 and 0.53 respectively (Kappa: GBM 0.33, ELA 0.06 and SVM 0.08; Figure 4A). ELA and SVM selected 20 variables, whereas the GBM only selected 9 variables (Figure 4B). The GBM had the best estimated predictive value of which hexose showed the largest contribution to diagnosis, calculated using an out-of-bag estimate of the improvement in predictive performance. Comparing the selected variables, only H1 was shared between the 3 modelling algorithms. Furthermore, for GBM each of the selected variables was evaluated for difference (Supplemental Data), which found that only the H1 predictor has a significant difference between the two classes. Testing for the class prediction in the validation dataset showed limited predictive value for all models.




Figure 4 | Variable selection in the training dataset. (A) Accuracy and Kappa comparisons of the three models used in feature selection. (B) Importance of the variable selection and out-of-bag predictive performance estimation.



Similar analyses were also preformed to select predictors of catecholamine producing tumor types (pheo vs. PGL vs. control) phenotypes (adrenergic vs. noradrenergic vs. control) and malignancy (benign vs. malignant vs. control). The predictors that were selected in all these cases were the same as from the initial analysis, but further investigation of the distribution of the predictors showed a much weaker difference between the groups (diagnosis, phenotype and malignancy) when compared with the distribution between the difference classes (PPGL vs. control). GBM selected the same variables in each section (Supplemental Data). However, accuracy was always lower than 60%. The most commonly selected variable H1 showed difference between different analyses in phenotype p=0.10 between control and adrenergic/noradrenergic, but p=0.68 between the two states. In malignancy we calculated p=0.11 between benign and control and p=0.08 between benign and malignant, but p=0.76 between control and malignant.

The score plots obtained from principal component analysis models after logarithmic normalization of the entire dataset and subgroup (adrenergic, noradrenergic) demonstrated that the groups were not well discriminated (Supplemental Data).




Discussion

In our study 36 PPGL patients and matched controls were analyzed with targeted metabolomics. Despite the highly standardized sampling conditions and quantitative liquid chromatography-tandem mass spectrometry, we only found metabolites with significant differences between PPGL patients and matched controls when no correction for FDR was performed. After correction for multiple comparisons, the statistical significance was not retained for all metabolites. Classifying substances as significant without FDR-correction was reasonable in our preliminary setting as the focus was to identify potentially relevant metabolites, which have to be validated in further studies. In this approach it may be preferable to explore leads that may turn out to be wrong than loosing promising markers in early state by stringent statistical criteria, as has been argued by others (27). By using machine learning, we failed to establish metabolic signatures associated with PPGL diagnosis, indicating little value of such targeted metabolomics approach for diagnostic purposes in PPGL at variance to plasma metanephrin, normetanephrin and 3-methoxytyramin which have proven excellent sensitivity and specificity when performed with appropriate preanalytics, analytics and reference intervals.

It is well known that catecholamine excess leads to a diabetogenic state (15, 28–30) and we accordingly found higher levels of hexoses in PPGL patients. This reflects increased glycogen catabolism, glucagon release and gluconeogenesis finally leading to the high prevalence of diabetes mellitus (21-37%) in PPGL patients.

Erlic et al. compared the same metabolite spectrum in PPGL patients before and post-surgery and found lower histidine levels in preoperative samples (15). A low histidine level is linked to type 2 diabetes, increased inflammation and cardiovascular disease (31–33), potentially explaining (at least in part) such effects in PPGL patients (31–34).

The negative correlation of histidine with plasma NMN and MTY, urine free EPI and DA in our cohort suggests a catabolic phenotype which has been linked to proinflammatory mediators as well (35). In this regard it is noteworthy that BMI was significantly lower in patients compared to controls. While one may argue that this reflects an imbalance in the matching of base line characteristics, it may rather reflect the catabolic effect of PPGL.

Sex specific differences in metabolic pattern found by Erlic et al. by comparing intra-individual metabolite profiles prior and after surgical tumor removal were confirmed here even if the results should be treated with caution due to the small number of patients in the subgroups (15).

Significant changes between PPGL and controls observed in threonine and histidine are in accordance with other studies that focused on cancer (36, 37). For example, Miyagi et al. also showed decreased levels of histidine in patients with gastric, colorectal, lung and breast cancer, while threonine was lower in gastric as well as colorectal cancer and higher in bronchial carcinoma. The mechanistic background and clinical significance are still subject of discussion (37).

ML approaches imply the need for a substantial amount of data for the development of clinical useful diagnostic models, thus limits the application potential in rare diseases such as PPGL. We overcome this by combining statistical correlation analysis with 3 different feature selection algorithm and applied several validation steps such as data splitting and 10-fold cross-validation on a non-linear and large dimensional variable (130 metabolites) dataset (38). However, even the best performing model (GBM with 9 selected metabolites) showed low predictive values within the test dataset. The GBM model shows a higher sensitivity (87.5%) compared to the other models but was outperformed by ELA and SVM in terms of specificity. Given the low accuracy and no significant p-value, the models show low ability to distinguish between PPGL and control. Similarly, model selection based on diagnosis, phenotype and malignancy predictors showed a much weaker difference between the groups (accuracy always <60%). Given the small size of the disease subsets and the poor significance found in the distributions between each group subset, the confidence with which the features can be used to differentiate between the different group subsets was limited.

It might be argued that a larger study has enabled us to identify a distinct phenotype using ML-based selection approaches which then could possibly include a larger number of features under study. We do not share this point of view because any test applied in PPGL for diagnostic purposes requires a much higher sensitivity and specificity compared to that found in our pilot study to be clinically meaningful. This is particularly true when the generally low pre-test likelihood of a PPGL and the prevalence of diabetes and catabolism in an unselected population is considered. Consequently, a further analysis of the total cohort of the PMT study regarding this pilot study does not seem reasonable.

PPGL-associated mutations in genes involved in the Krebs cycle and electron transport chain have shown to translate into characteristic tumoral metabolic changes (39). Tumors caused by mutations in the SDH genes that belong to this cluster 1 tumors exhibit an increased succinate fumarate ratio in tumor tissue (23, 40, 41) which leads to a pseudo-hypoxic phenotype that downstream activates hypoxia induced factor signaling and angiogenesis.

Recently, Wallace et al. showed that assessment of Krebs cycle related metabolites by using LC-MS/MS in addition to immunohistochemistry improved the diagnosis of SDH impairment at a functional level (42). These tumoral metabolic pathway alterations translate into characteristic secretory pattern of catecholamine metabolites which contribute to the diagnosis of malignancy (39, 43–46). Of note, they also appear to have therapeutic relevance (39, 43–45).

Taken together, we confirmed previous findings of metabolic alterations caused by PPGL related catecholamine excess by comparing PPGL patients and controls. We applied machine learning algorithms, but these failed to provide feature-selection signatures that may be useful for PPGL diagnosis in clinical routine. Still, our study broadens and complements the understanding of changes in the metabolic profile of patients with PPGL.
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Insulinomatosis is characterized by monohormonality of multiple macro-tumors and micro-tumors that arise synchronously and metachronously in all regions of the pancreas, and often recurring hypoglycemia. One of the main characteristics of insulinomatosis is the presence of insulin-expressing monohormonal endocrine cell clusters that are exclusively composed of proliferating insulin-positive cells, are less than 1 mm in size, and show solid islet-like structure. It is presumed that insulinomatosis affects the entire population of β-cells. With regards to molecular genetics, this phenomenon is not related to mutation in MEN1 gene and is more similar to sporadic benign insulinomas, however, at the moment molecular genetics of this disease remains poorly investigated. NGS sequencing was performed with a panel of 409 cancer-related genes. Results of sequencing were analyzed by bioinformatic algorithms for detecting point mutations and copy number variations. DNA copy number variations were detected that harbor a large number of genes in insulinoma and fewer genes in micro-tumors. qPCR was used to confirm copy number variations at ATRX, FOXL2, IRS2 and CEBPA genes. Copy number alterations involving FOXL2, IRS2, CEBPA and ATRX genes were observed in insulinoma as well as in micro-tumors samples, suggesting that alterations of these genes may promote malignization in the β-cells population.
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Introduction

Multiple insulinomas are most common in MEN1 syndrome, however, several studies show that they can also occur sporadically, albeit very rarely, and are referred to insulinomatosis (1–3). Term “insulinomatosis” was introduced and described by Anlauf et al. (1). It is characterized by monohormonality of multiple macrotumors and microtumors that arise synchronously and metachronously in all regions of the pancreas, rare of metastases, and often recurring hypoglycemia. In addition, one of the main characteristics of insulinomatosis is the presence of insulin-expressing monohormonal endocrine cell clusters that are exclusively composed of proliferating insulin-positive cells, are less than 1 mm in size, and show solid islet-like structure. Authors suggested that insulinomatosis affects the entire population of β-cells (1, 2). With regards to molecular genetics, this phenomenon is not related to mutation in MEN1 gene and is more similar to sporadic benign insulinomas, however, large-scale molecular genetic studies on this disease have not yet been carried out (1). Here we present a very rare case of insulinomatosis in a patient with hypoglycemia syndrome and without known hereditary syndromes.



Case Presentation

A male in his 60s with clinical signs of hypoglycemia was admitted to the surgical department of Sechenov University. The patient signed informed agreement to undergo diagnostic procedures and treatment, as well as to participate in the study, and for the presentation of clinical and molecular data in scientific and medical literature. This case report was approved by the local Ethics Committee at the Research Centre for Medical Genetics, Moscow, Russia.

The history of the disease is about 6 years with fasting serum glucose 2.7-3.7 mmol/l compensated by sugar intake. The 72-hour fasting test was negative. The past medical history is significant for combination treatment for laryngeal carcinoma T2N0M0, stage II. Currently there are no signs of recurrence. CT scan of the abdomen shows heterogeneous hypervascular soft tissue mass up to 26 mm suspicious for neuroendocrine tumor (NET), located within the tail of the pancreas, with a well-defined cystic component attached to the splenic artery and vein without invasion. Hypervascular lesions of up to 5 mm without clear borders are detected within the surrounding parenchyma of the pancreatic tail.


Treatment

Based on the obtained diagnostic data, the multidisciplinary board was held, implying the participation of surgical oncologist, medical oncologist, pathologist and radiation oncologist. Taking into account tumor size more than 2 cm and hypoglycemia syndrome radical pancreatic resection was planned. A distal spleen-preserving pancreatectomy was performed.



Outcome

Taking into account multiple microadenomas in the pancreatic parenchyma the recurrence rate of the hyperinsulinemic hypoglycemia is relatively high. Thus, patient is examined every 3-6 month. In our case there are no signs of hypoglycemia and no pancreatic tumors on imaging during 30 months of follow-up by CT and PET-CT scanning.



Microscopy and Immunohistochemistry

Microscopic examination showed well differentiated neuroendocrine tumor with 2 mitoses and no necrosis in 10 HPF. There are multiple large microadenomas in the surrounding pancreatic tissue. Tumor cells are positive for synaptophysin and chromogranin A, as well as for insulin (Figures 1A, B). There is no expression of glucagon, somatostatin and pancreatic polypeptide. Ki-67 is less than 1.5%, Grade 1. The cells of microadenomas express insulin and are negative for glucagon and somatostatin (Figures 1C, D).




Figure 1 | (A) Hematoxylin and eosin (H&E)-stained slide of insulinoma (x250 magnification). (B) Immunohistochemical reaction with antibodies to insulin in insulinoma (x125 magnification). (C) Hematoxylin and eosin (H&E)-stained slide of microtumors (x10 magnification). (D) Immunohistochemical reaction with antibodiesto insulin in microadenoma (x10 magnification). Red arrows point to insulin-producing microadenomas. Red stars indicate the microtumors.






Materials and Methods


DNA Extraction

Macrodissection of tumors was performed under guidance of pathologist. DNA was extracted from four formalin-fixed, paraffin-embedded (FFPE) tumor tissues by using GeneRead DNA FFPE kit (Qiagen, Germany), and from whole peripheral blood by using standard phenol-chloroform extraction protocol. One tumor sample was insulinoma, three others were small proliferative insulin-expressing monohormonal endocrine cell clusters (IMECCs).



NGS Sequencing

Next generation sequencing (NGS) was performed by using Ion AmpliSeq targeted amplification technology with AmpliSeq Comprehensive Cancer Panel (Thermo Fisher Scientific, United States) with exon coverage of 409 oncogenes and tumor suppressor genes.



Bioinformatic Analysis

The bioinformatic workflow for sequencing data analysis was based on Torrent Suite software (version 5.10.1). Annotation was performed by ANNOVAR (4). CNVs were called using CNVpanelizer R package (version 1.22.0) ran with default parameters (5). Putative CNV status is assigned when there is a significant difference between observed copy number and the one expected from the bootstrapped distribution. A reliable CNV is called when the upper bound of the copy number ratio is below the lower bound of background (noise) copy number for deletion or when the lower bound of the copy number ratio is above the upper bound of background (noise) copy number for amplification.



Sanger Sequencing

Sanger sequencing was performed for detection of the Trp372Arg mutation in YY1 gene. PCR was performed in 25 µl reactions. The reaction mixture for PCR consisted of the following reagents: 8% glycerol, 68 mM Tris-HCl with pH 8.3, 17 mM (NH4)2SO4, 0.01% Tween-20, 0.1 mg/ml BSA, 0.2 mM each dNTP, 1.5 units Taq polymerase, 0.12 pM each primer, 2.5 mM MgCl2. On top, 40-60 μl of mineral oil was layered. PCR reaction was performed with the following parameters: 95°C for 5 min, followed by 30 cycles of 95°C for 40 seconds, 61°C for 40 seconds and 72°C for 40 seconds. Final elongation was at 72°C for 5 minutes. Sanger sequencing was performed on ABI3500 according to the manufacturer’s protocol (Thermo Fisher, USA). Sequencing results were analyzed in Chromas software and compared to GenBank database using the BLAST algorithm. Primer sequences for Trp372Arg are listed in Table 1.


Table 1 | Primer sequences for Trp372Arg and qPCR confirmations (genome assembly GRCh37/hg19).





Quantitative PCR

Quantitative PCR (qPCR) is one of the methods that are widely used to detect copy number changes. This method is preferable due to its low consumable and instrumentation costs, high sensitivity and fast development time of assay (6–9). qPCR was performed to confirm the results of CNVPanelizer packages for CEBPA and FOXL2 gene, the first and the second exons of IRS2 gene and the first and the ninth exons of ATRX gene.

The qPCR mixes were prepared according to the GenPak PCR Core protocol (Isogene Lab ltd, Russia) in 20 µl reactions containing 1 ng genomic DNA and using SYBR green as a reporter and ROX as a reference dyes. All qPCR reactions were run in triplicate on a QuantStudio 5 Real-Time PCR System for Human Identification (Thermo Fisher Scientific, USA). The PCR conditions were as follows: 95°C for 5 min, followed by 40 cycles of 95°C for 20 seconds, 60°C for 20 seconds and 72°C for 20 seconds. Data were analyzed by the ΔΔCt method (10). The relative copy number was estimated by comparison with a normal blood control DNA sample. We used the B2M housekeeping gene as an endogenous control. Primer sequences for qPCR are shown in Table 1.




Results


Sanger Sequencing

Point mutation Trp372Arg (Chr14:100,743,807, hg19) in YY1 gene was not found in the tested samples.



Next Generation Sequencing

Median NGS read coverage was 486x, 461x, 471x, 454x for four tumor samples and 217x for a blood sample.


Single Nucleotide Variations

No pathogenic point mutations associated with any genetic syndrome including MEN1 were found in blood, neither pathogenic point mutations in tumor samples.



Copy Number Variations


CNVs in Tumors

CNVPanelizer in total has detected 54 genes within CNV regions, where 51, 14 and 4 genes were found in insulinoma, IMECCs #1 and #3, respectively (Figure 2). By using ONgene (11) and TSGgene (12) databases that aggregate information about oncogenes and tumor suppressor genes respectively, we identified several oncogenes and tumor suppressor genes with different CNV status in our tumor samples.




Figure 2 | Heatmap of the results of CNVPanelizer.



In insulinoma sample, ten oncogenes (BCL2, DDIT3, FGFR4, IRS2, KLF6, MAFB, MYCN, NTRK1, SOX2 and TLX1) were with either putative or reliable status of gain, and nine tumor suppressor genes (APC, ATM, ATR, BLM, FAS, HIF1A, LIFR, NBN and RB1) were with putative or reliable status of loss.

With regards to IMECCs, in IMECC #1 sample two oncogenes, SOX2 and IRS2, were with putative status of gain. In IMECC #3 four oncogenes, IRS2, MYCN, NTRK1, TLX1, were with putative status of gain and one tumor suppressor gene, BLM, with putative status of loss. In IMECC #2 according to CNVPanelizer no CNVs were detected.

With regards to the most common genes that mutate in pancreatic neuroendocrine neoplasms (panNENs) (MEN1, ATRX and DAXX) only loss of ATRX was detected in insulinoma sample. Visualizing the results of CNVPanelizer on genome coordinates (hg19) we have noticed that in the insulinoma sample the data for the first exon of ATRX was higher (shown in red rectangle) than the reference values, whereas the downstream exons were lower (Figure 3).




Figure 3 | Visualization of CNVPanelizer results on genomic coordinates (genome assembly GRCh37/hg19) of the genes ATRX, IRS2, FOXL2 and CEBPA.





Recurrent CNVs

According to the results of CNVPanelizer, amplifications of FOXL2, IRS2 and CEBPA genes were found in all samples except IMECC #2, (Figure 2). However, visualization of CNVPanelizer results (Figure 3) showed that in IRS2 gene the second exon was lower in all tested samples including IMECC #2 compared to reference data, suggesting its loss.





Quantitative PCR

Gain status was confirmed in all samples for FOXL2 gene. For CEBPA, only in insulinoma and IMECC #1 gain status was confirmed (p-value <0.001 and <0.01 respectively).

Amplification of the first exon of the IRS2 gene was also confirmed in all samples (p-value <0.001 for all samples). However, the data on the second exon was various. Results qPCR with CNVPanelizer matched only in insulinoma sample (p-value <0.01).

Amplification of the first exon of ATRX in insulinoma sample that we noticed on CNVPanelizer was confirmed with a statistical significance of p-value < 0.01. The downstream loss of ATRX which we checked in the ninth exon was also confirmed with statistical significance of p-value < 0.05. These results show that CNVPanelizer can reliably detect CNVs in separate exons.




Discussion

In this study, we describe genetic alterations in tumors that refer to such rare phenomenon as insulinomatosis in a patient without known hereditary syndromes.


Pancreatic Neuroendocrine Neoplasms

Pancreatic neuroendocrine neoplasms (panNENs or pNENs) are rare tumors of the pancreas that account for up to 2% of all pancreatic neoplasms. However, based on autopsy studies, prevalence of panNENs has been reported to be up to 10% (13). The 2017 World Health Organization classification divided panNENs into two categories, well-differentiated pancreatic neuroendocrine tumors (panNETs or PNETs) and poorly differentiated pancreatic neuroendocrine carcinomas (panNECs) (14). In the vast majority PNETs occur sporadically (~90%), but up to 5-10% are associated with genetic syndromes like multiple endocrine neoplasia type 1, neurofibromatosis type I, Von Hippel–Lindau syndrome and tuberous sclerosis complex (15). The most common functioning PNETs are insulinomas with an incidence of 4-7 per 100,000 persons per year (16–18). Most of insulinomas, more than 90%, are benign. Insulinomas are composed of producing beta cells that are actively secreting a large amount of insulin that results in episodic hyperinsulinemia and is the most frequent cause of persistent hyperinsulinemic hypoglycemia (1). In addition to Ki-67, which differentiates malignant and benign nature, tumor size is critical for survival rate prognosis. Thus, insulinomas >2 cm in diameter have a 10-year survival rate nearer to 30%, whereas for those <2 cm, the survival rate is close to 100% (19).



Molecular Genetics of Tumors in Insulinomatosis

The molecular genetic of insulinomatosis is yet to be understood. This phenomenon is not related to mutation in MEN1 gene and is more similar to sporadic benign insulinomas (1). In insulinomas, mutations in MEN1, ATRX and DAXX that are often mutated in all PNETs occur in no more than 10 percent: 3%, 8% and 3%, respectively (20). In addition many other genes were seen to be mutated in insulinomas (20, 21) and several regions with amplification (7p, 3p, 5q and 13q) were identified as early events and may be involved in tumorogenesis (22). However, the most common mutation in insulinoma is a gain of function mutation Trp372Arg in YY1 gene that occurs in 30% in Asian population and in 13% in Caucasian (German) population (23, 24). Mutation Trp372Arg increases the activity of YY1 as transcription factor, which results in greater transcription of IDH3A, UCP2 and increases the expression of ADCY1 and CACNA2D2 which regulate the insulin secretion (22). It is assumed that mutations in YY1 gene are driver mutations for insulinomas (25). In our case of insulinoma, we did not find Trp372Arg mutation in the YY1 gene nor mutations in MEN1 or DAXX, however, loss of ATRX was found and confirmed by qPCR (Figures 2–4).




Figure 4 | Results of qPCR in blood, insulinoma and IMECCs by using ΔΔCt method. *p-value < 0.05. **p-value < 0.01. ***p-value < 0.001. ns, not significant.



As for other CNVs, alterations were found in 13q34 (amplification of IRS2), 13q14.2 (loss of RB1) and 5q22.2 (loss of APC) (Figures 2, 3). With regards to the precursor lesions of PNETs, the information about their molecular genetic profile is very limited. Microadenomas are shown to harbor mutations in MEN1 (13, 14, 26, 27). Hadano et al. in their work showed that sporadic microadenomas have a significantly lower expression of ATRX and overexpression of cytokeratin-19 (CK19) compared to hyperplasia of pancreatic islet cells (13). In our studied samples of micro-tumors, we have not found alteration in MEN1, but gain status in IRS2, FOXL2 and CEBPA genes was found, suggesting that they can play a role in the development of micro- to macro-tumors, to wit insulinomas, and, accordingly, insulinomatosis.



Common Features and Filiation Between Micro- and Macro-Tumors

Besides the identity in monohormonality, our macro and micro-tumors samples share CNVs that harbor the same genes, CEBPA, FOXL2 and IRS2. CCAAT enhancer-binding protein alpha (CEBPA) and Forkhead Box L2 (FOXL2) are known for being able to arrest or suppress cell proliferation respectively (28–30). The IRS2 (Insulin receptor substrate 2) protein plays an important role in the response to stimuli for cytokines and growth factors, like insulin and insulin-like growth factor 1, and promotes proliferation and survival of normal and cancer cells by mediating signaling from INSR, IGF1R, EPOR, MPL, VEGFR, LEP, GH and IFNB1/IFNG proteins. The stimulation of insulin receptor results in IRS2 association with the p85 subunit of PI3K and GRB2, activating the PI3K/AKT/MTOR and MAPK pathways and leading to proliferation and differentiation (31, 32).

It was shown that increased expression of CEBPA is involved in apoptosis of pancreatic β-cells exposed to proinflammatory cytokines IL1β, IFNγ, and TNFα (33). Also it was shown that CEBPA induce the transdifferentiation of B cells into macrophages, and in co-expression with the transcription factors Oct4 (Pou5f1), Sox2, Klf4 and Myc enhances reprogramming into induced pluripotent stem cells (34).

Mohanty in his work showed that overexpression of IRS2 stimulates proliferation of β-cells and increases insulin secretion. It also protects β-cells from d-glucose-induced apoptosis. On the contrary, the repression of IRS2 in INS-1 cells leads to downregulation of proliferation (35).

As insulinomatosis seems to be a disease that affects the entire population of β-cells, we can assume that this triad of genes, CEBPA, FOXL2 and IRS2, participates in the disturbance of morphogenesis of β-cells, although of course, this statement requires more detailed investigations.




Conclusion

Despite the fact that detection of cancer associated CNVs has traditionally been performed by microarray techniques, NGS-based bioinformatic methods are actively developing and becoming increasingly popular due to cost-efficiency. However, the NGS-based bioinformatics results still need to be confirmed with other molecular approaches. On the other hand, molecular approaches such as qPCR are sensitive to the quality of material, which can be challenging when the samples are from FFPE tissues.

Here we described a rare case of insulinomatosis with novel CNVs that are seen in multiple micro-tumors and a macro-tumor and harbor CEBPA, FOXL2 and IRS2 genes that can be involved in pancreatic neuroendocrine tumor pathogenesis, specifically insulinomatosis, and can provide new insights into the disturbance of morphogenesis of β-cells.
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Treatment N° Tumor Tumor site Tumor stage Author, Year

pts types
VEGF 1 SUN 4 NEN digestive system advanced Faivre S. (60)
(1/4 rectum)
VEGFR-2 | SUN 4 NEN digestive system
(1/4 rectum)
VEGF 1 SUN 109 NEN pancreas advanced Bello CL. (61)
sVEGFR- | SUN 109 NEN pancreas
2
sVEGFR- | SUN 109 NEN pancreas
3
IL8 1 SUN 109 NEN pancreas
VEGF 1 SUN 65 NEN pancreas advanced Zurita AJ. (63)
35  carcinoid foregut, midgut, hindgut
IL-8 1 SUN 66  NEN pancreas
36  carcinoid foregut, midgut, hindgut
SDF-1a 1 SUN 1 NEN pancreas
10  carcinoid foregut, midgut, hindgut
sVEGFR- | SUN 65 NEN pancreas
2 37  carcinoid foregut, midgut, hindgut
sVEGFR- | SUN 64  NEN pancreas
3 34 carcinoid foregut, midgut, hindgut
PIGF 1 EVE 393 NEN pancreas low — intermediate; Yao JC. (64)
advanced (unresectable or
metastatic)
SVEGFR1 = EVE 393 NET pancreas
sVEGFR2 | EVE 390 NET pancreas
VEGF = BVE 393 NET pancreas
bFGF = BEVE 393 NET pancreas
IL18 1 PEG-IFN 22 carcinoid foregut (3/22); midgut (11/22); hindgut (4/22); unknown low — intermediate; Yao JC. (65)
+ (4/11). advanced (unresectable or
OCT-LAR metastatic)
bFGF | PEG-IFN 22 carcinoid foregut (3/22); midgut (11/22); hindgut (4/22); unknown
+ (4/11).
OCT-LAR
IL18 = BEV 22 carcinoid foregut (3/22); midgut (13/22); unknown (6/11). low — intermediate; Yao JC. (65)
+ advanced (unresectable or
OCT-LAR metastatic)
bFGF = BEV 22 carcinoid foregut (3/22); midgut (13/22); unknown (6/22).
+
OCT-LAR
VEGF 1 IFN-o 8 carcinoid midgut advanced (metastatic) von Marschall Z.

(66)

VEGF, vascular endothelial growth factor; SVEGFR, soluble vascular endothelial growth factor receptor; IL, interleukin; SDF-1a, stromal cell-derived factor 1; PIGF, placental growth factor;
bFGF, basic fibroblast growth factor; SUN, sunitinib; EVE, everolimus; IFN-a, interferon o; PEG-IFN, peglyated interferon; OCT-LAR, depot long-acting octreotide; BEV, bevacizumab;
NENSs, neuroendocrine neoplasms; NET, neuroendocrine tumors; pts, patients.
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Author, Number Diagnosis Tumor Metastasis PD1/PDL1 and patients outcome
year of Grade

patients
Lung origin
Fan et al. 80 22 NET, 1-2-3  Metastatic &  The expression of PD1 in TILs was independently associated with OS (HR 0.367, p=0.001)
(84) 48 SCLC, Non-
10 LCNEC metastatic
Kim et al. 192 120 SCLC, 3 Metastatic &  No relationship between PD-L1 expression on TCs and survival. Patients with PD-L1 expression on
(85) 72 LCNEC Non- TILs had longer PFS than those without PD-L1 expression on TILs (11.3 vs 7.0 months, p=0.02)
metastatic
Kasajima 242 57 NET, 127 1-2-3 Metastatic &  For SCLC/LCNEC patients: PD-L1 positivity in TILs correlated with prolonged OS (p<0.01, HR 0.4)
et al. (36) SCLC, Non-
58 LCNEC metastatic
Inamura 115 74 SCLC 3 Metastatic &  PD-L1 expression on TCs was an independent positive prognostic factor (p=0.0006, HR=0.29)
et al. (87) and 41 Non-
LCNEC metastatic
Eichhom 76 LCNEC 3 Metastatic &  PD-L1 expression on TCs and negative on TILs was associated with a worse prognosis (5-year TSS:
et al. (88) Non- 0% vs 60%; p<0.017)
metastatic
XuY. etal 60 SCLC 3 Non- PD-L1 expression on TCs was a negative independent prognostic factor for OS (HR=2.55,
(89) metastatic p =0.017)
Sun C. 102 SCLC 3 Non- PD-L1 positive on TILs was associated with better RFS (p=0.004)
et al. (90) metastatic
Merkel cell carcinoma
Wehkamp 39 NEC 3 Metastatic &  Shorter mOS for PD-1 positive patients (23.2 months vs 61.6 months, p=0.35); shorter mOS for PD-
et al. (91) Non- L1+ patients (PD-L1+ 24.7 vs PD-L1- 61.6 months, p = 0.86)
metastatic
Giraldo 26 NEC 3 Metastatic Higher density of expression on tumoral cells for PD-1 (median cells/mmz2, 70.7 vs 6.7, p=0.03) and
et al. (92) PD-L1 (855.4 vs 245.0, p=0.02) in responders vs not responders to pembrolizumab
GEP origin
Wang 120 NENs 1-2-3  Metastatic &  PD-L1 resulted an independent prognostic factor for OS
et al. (93) Non-
metastatic
Bésch 244 NENs 1-2-3  Metastatic & PD-1 positive vs negative (44.5 months vs 53.8) and PD-L1 positive vs negative (46 months vs 51.9)
et al. (94) Non- had a negative impact on OS (p< 0.05, in both cases)
metastatic

GEP, gastro-entero-pancreatic; HR, hazard ratio; LCNEC, large cell neuroendocrine lung carcinomas; NEC, neuroendocrine carcinomas; NENS, neuroendocrine neoplasms; NET,
neuroendocrine tumors; NS, not specified; mOS, median overall survival; OS, overall survival; PFS, progression free survival; SCLC, small cell lung carcinomas; RFS, relapse free survival;
TILs, tumor-infiltrating lymphocytes; TCs, tumor cells; TSS, tumor-specific survival; vs, versus.
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Study Patients  Type of tumor Progressive Drug Combination therapy Median 0S Response  Median Molecular markers References

metastic (months) rate Progression free  analyzed
disease survival (PFS,
months)

Phase-ll a7 Carcinoid 21 yes Temsirolimus 25 no Not 56% 6(TTP) PTEN, 53, Duran et al
islet cell carcinoma 15 mg/w reached PAKT, pSB, “5)

pmTOR.

Phase-I 56 Well or moderately yes Temsirolimus bevacizumab 30 4% 132 CoA Hobday et al.
differentiated 25 mg/week 25 mg/kg (once every 2 Circulating (@6)
pancreatic weeks) homones level
neuroendocine tumors

Phase-| 55 Neuroendocrine Yes Everoimus 20,50,  No - - - PAKT and AKT, Tabernero
neoplasms 70mg/w or 5,10 P4E-BP1 and etal. (48)

mg/d 4EBP1, pS6, and
s6

Phase-l 30 Low-to intermediate Ns Everoimus 5mg/d  octLAR 30mg every Not 20% 125 Ki-67 Yao et al. (52)
grade neuroendocrine 28d reached 18

30 neoplasms everolimus 10 mg/d

Phase-ll 50 Advanced Yes Everolimus 10mg/d  OctLAR30mg every 28 Not 18% - GoA Bajetta et al.
well-differentiated NETs d reached ©5)

RADIANT-1, 115 Low-to intermediate Yes Everolimus 10mg/d  No 249 9.6% 97 CoA Yao et al. (53)

Phase-l grade pancreatic No NSE
neuroendoctine notreached  4.4% 167

45 neoplasms everolimus 10mg/d  octLAR 30mg every 28 d
RADIANT-2, 216 Low-tointermediate Yes Everolimus 10 mg/d  octLAR 30mg every Not - 164 CoA Pavel et al. (54)
phase-lll grade neuroendocrine 28d reached

213 neoplasms placebo octLAR 30mg every 28 d 1.3
RADIANT-3, 207 Low-to intermediate yes Everoimus 10 mg/d  Best supportive care Not 5% 110 - Yaoetal. (49)
phase-Ill grade pancreatic reached

203 neuroendocrine tumors placebo 2% 46

RADIANT-4 205 Advanced, progressive,  yes Everolimus 10mg/d  Best supportive care 237 64% 110 - Yao et al. (50)

phase-lll well-differentiated,
non-functional lung or

or gastrointestinal Placebo 165 26% 39
neuroendocine tumors

Phase-| 21 Advanced ns Everolimus 5, 10 Pasireotide s.c. 600, - 81% - Aminotransferase Chan et al. (58)
neuroendocrine mg/d 900, 1,200 pg alanine-aminotransferase
tumors Pasirectide LAR serum creatinine

40,60,80mg monthly neutrophil count CgA.
Phase-l 160 Welldifferentiated yes Everolimus 10 mg/d ~ PasireotideLAR 226 20% 168 CoA Kulke et al. (57)
neuroendocrine tumors 60mg every 28 d NSE
IGF-1/2, IGFBP-2/3
Phase I 7phasel  Advanced pancreatic ns Everolimus 5mg/d  Temozolomide Notreached  40% 154 CoA Chan et al. (66)
36 phase  neuroendocrine tumors Everolimus 10mg/d 150 mg/m?
] Temozolomide
150 mg/m? (days 1 to
7 and days 15 t0 21
of a28-days cydle).

Phase | 13 Moderately or Yes Everolimus 25,5, Pasireotide 5.0.600 g 463 6% 186 Angiopoietin 1/2, Kim et al. (56)
well-differentiated 10 mg/d twice daily bigf, collagen V,
neuroendocrine tumors Along with SIRT IGF1/2, IGFBP,

yitrium-90 on days 9 L8, PGF,

and 37 VEGFR?,
CgA, prolactin,
HGF.

Phase | 21 Locally urvesectable Yes Everolimus 10 mg/d  Sorafenib 400 mg/d - 62% P-6months 79%  CoA Chan etal. (59)
metastatic carcinoid
and pancreatic Sorafenib 600 mg/d
neuroendocrine tumors

NETTLE 16 Advanced unresectable  No Everolimus 5,75, PRRT 'Lu-octreotate 57 44% - Coh Claringbold

Phase| progressive 10 mg/d 240mg every 8 weeks urinary 5-HIAA etal. (67)
well-differentiated
GEP-NETs

Phase-ll 150 Advanced pancreatic Everolimus 10mg/d  Bevacizumab 10 mgkg 367 31% 16.7 - Kulke etal. (65)
neuroendocrine tumors every 15 days

and octreotide
acetate
20mg once

w, weekly; d, daily; ns, not specified; oct, octreotide; CgA, chromogranin A; NSE, neuron-specific enolase; bigf, basic fibroblast growth factor; IGF, insulin like growth factor; pgt, placental growth factor; VEGFR, endothelial growth factor
receptor; HGF, hepatocyte growth factor; 5-HIAA, 5-hydroxyindoleacetic acid.
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PPGL Controls P value

Subjects, n 36 36
Females, n (%) 17 (47) 17 (47)
Extra-adrenal tumor location, n (%) 7 (19
Malignant tumor, n (%) 11 (31)
Tumor size, d [cm] 4.1 (3.3-6.1)
BMI, [kg/m?] 25.2 (23.6-26.7) 28.6 (26.0-31.2) 0.043
AHT, n (%) 14 (39) 24 (67)
Diabetes meliitus, n (%) 6(17)
Adrenergic phenotype, n (%) 15 (42)
PHEO, n 15
PGL, n 0
Follow-up
6 months, n (%) 18 (50)
24 months, n (%) 11 (31)
Plasma data (n=72)
Time between sampling and metabolomics measurement (days) 1164 (922-1407) 1211 (976-1447) 0.971
Age at date of sample 50.7 (41.7-61.4) 50.9 (43.7-62.2) 0.884
MN [pg/ml] 66.7 (31.0-596.2) 28.4 (21.0-45.4) <0.001
NMN [pg/mi] 1144.4 (561.4-2327.8) 82.8 (62.3-121.7) <0.001
MTY [pg/mi] 14.1(7.8-111.6) 55 (3.4-8.8) <0.001
Urine data (n=58)]
Age at date of sample 53.7 (43.3-61.7) 52.5 (46.8-62.9) 0.953
Free NE [ug/day] 75.0 (38.0-160.9) 20.6 (15.0-37.9) <0.001
Free EPI [ug/day] 9.6 (2.8-34.6) 40 (2.36.9) 0.011
Free DA [ug/day] 217.1 (144.3-288.0) 218.5 (165.1-249.8) 0.767
Genetic screening (germiine) [N=33]
Unknown 3
Wild type 24
SDHB 2
NF1 3
VHL 1
Antihypertensive medication, n (%)
Alpha-blocker 14 (39) 10 27)
Beta-blocker 16 (44) 12 (33)
Diuretics 5(14) 5(14)
ACE-inhibitor/AT1-antagonist 10 (27) 8(22)
Calcium channel blocker 5(14) 10 (27)

Numerical variables data are represented as median with range (inter-quartile) in brackets. For categorical variables, absolute and percentage values are given.
AHT, arterial hypertension; BMI, body mass index; DA, dopamine; EPI, epinephrine; MN, metanephrine; MTY, 3-methoxytyramine; NE, norepinephrine; NMN, normetanephrine; PPGL,

pheochromocytoma/paraganglioma.
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Prognostic factors

ATC
Pretreatment factors
Sex
Male (n=40)
Female (n=53)
Age at diagnosis (years)
<69 (n=46)
>69 (n=47)
uicc
IVB (n=41)
IVC (n=48)
PD-L1
<5% (n=25)
5%-50% (n=29)
>50% (n=39)
Complete local resection
Yes (n=11)
No (n=71)
Treatment factors
External beam radiation
No (n=14)
Yes (n=79)
External beam radiation
<55 Gy (n=36)
=55 Gy (n=37)
Chemotherapy
No (n=43)
Yes (n=48)
PDTC
Pretreatment factors
Sex
Male (n=17)
Female (n=30)
Age at diagnosis (years)
<63 (n=23)
>63 (n=24)
uicc
I, Iland Il (n=33)
IVA and IVC (n=13)
PD-L1
<5% (n=25)
5%-50% (n=10)
>50% (n=12)
Complete local resection
Yes (n=12)
No (n=25)
Treatment factors
Radioiodine treatment
No (n=11)
Yes (n=36)
Radioiodine treatment
<6.65 GBq (n=18)
>6.65 GBq (n=18)
External beam radiation
No (n=31)
Yes (n=16)
External beam radiation
<60.5 Gy (n=7)
>60.5 Gy (N=8)
Chemotherapy
No (n=41)
Yes (n=6)

Univariate analysis

Multivariate analysis

HR 95% CI

1.689 1.091-2.614
1.886 1.200-2.966
0.503 0.277-0915
0.619 0.399-0.962
3.176 1.002-10.060
0.148 0.038-0.517
4.085 1.180-14.001
4.291 1.050-17.537

P (log rank)

0.82

0.017

0.005
0.495

0.392

0.021

0.117

0.031

0.338

0.48

0.04

0.496

0.119

0.001

0.601

0.016

0.531

0.027

HR

1.724

2.068

0.463

0.582

2.984

0.284

2.55

1.779

95% CI

0.958-3.104

1.244-3.438

0.228-0.941

0.335-1.011

0.907-9.819

0.07-2.177

0.512-12.702

0.367-8.626

P (cox regression)

0.069

0.005

0.033

0.055

0.072

0.284

0.253

0.475

*n-values of Bonferroni testing for pairwise comparisons between ATC and PDTC are indicated.
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Patient characteristics

No. of patients No. of patients
ATC (%) PDTC (%)
Number of patients 93 47
Male sex 40 (43) 17 (36)
Median age at diagnosis (range), in 69 (29-95) 63 (16-86)
years
Median size of primary tumor (range), 55 (8-105) 46.5 (12-95)
in mm
Not reported 18 (19) 5(11)
Initial tumor stage
T
pT1 1(1) 2(4)
pT2 1(1) 10 (21)
pT3 112 24 (51)
pT4 78 (84) 10 (21)
pTx 2(2 1@
N
pNO 19 (20) 19 (40)
pN1 47 (51) 13 (28)
PNx 27 (29) 15 (32)
M
MO 32 (34) 26 (55)
cM1 48 (52) 156 (32)
cMx 13 (14) 6(13)
uicC
| - 13 (28)
1 —~ 17 (36)
I = 3(6)
IVA 101 2(4)
VB 41 (44) 11(23)
IVC 48 (52) =
Not available 3(3) 1(2)
Sites of metastases at baseline
local regional lymph nodes 47 (51) 13 (28)
mediastinal lymph nodes 112 0(0)
lung 41 (44) 13 (28)
liver 5 (5) 0 (0)
bone 9(10) 3(6)
pleura 2(2) 3()
heart 1( 0(0)
adrenal gland 1(1) 0(0)
thymus 0(0) 12
brain 0(0) 0(0)
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FGFR expression (mRNA/cell)

FGFR 1 (range)

P (Kruskal-Wallis*)
FGFR 2 (range)

P (Kruskal-Wallis*)
FGFR 3 (range)

P (Kruskal-Wallis*)
FGFR 4 (range)

P (Kruskal-Wallis*)
panFGFR (range)
P (Kruskal-Wallis*)

ATC
(n=31)

1.06 (0.16-5.32)
0.38 (0.0-3.3)
0.31(0.0-2.75)

0.14 (0.0-1.62)

2.03 (0.47-10.03)

P=1.0

P=0.001

P=0.168

P=0.296

P=0.532

PDTC
(n=14)

0.81(0.18-1.87)
0.96 (0.64-2.65)
0.58 (0.14-1.36)
0.24 (0.06-0.49)

3.02(1.52-4.5)

*n-values of Bonferroni testing for pairwise comparisons between ATC and PDTC are indicated.

PTC
(n=8)

0.5(0.15-0.97)
0.43 (0.25-0.97)
0.71(0.09-1.0)
0.08 (0.02-0.65)

1.72 (0.61-3.6)

P
(Kruskal-Wallis)

0.079
<0.0001
0.042
0.169

0.058
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Therapeutic regimen

No. of patients No. of patients

ATC (%) PDTC (%)
Primary surgery
One-stage thyroidectomy 39 (42) 21 (45)
Two-stage thyroidectomy 78 12 (26)
Hemithyroidectomy 21 (23) 9(19)
debulking surgery 13 (14) 0(0)
biopsy 8(9 0(0)
only explorative surgery 5(5) 3(6)
Not reported 0(0) 2(4)
Resection status
RO 11 (12) 25 (53)
R1 37 (40) 10 (21)
R2 34 (37) 2(4)
Rx 112 10 (21)
Radioiodine treatment (RIT) 6(7) 36 (77)
Median number of RIT (range) 1(1-1) 1(1-11)
Median cum. Dose (GBq) (range) 3.36 (2.7-7.4)  6.65(1.2-74.2)
Dose not available 1(1) 0(0)
Radiochemotherapy (RCT) 38 (42) 4(9)
not available 2(2) 0(0)
External beam radiation
Neck region 79 (85) 16 (34)
Local paliative 52 (56) 7(15)
Median cum. Dose (Gy) (range) 55.0 (4-105.6)  60.5 (50.4-120)
Dose not available 6(7) 1@
Distant metastases 17 (18) 12 (26)
Chemotherapy* 48 (53) 6 (13)
Not reported 22 0(0)
Doxorubicin weekly 10 (11) 1)
Paclitaxel weekly 8(9) 0(0)
Cisplatin 31 0(0)
Paclitaxel + carboplatin 22 (24) 5(11)
Paclitaxel + pemetrexed 6(7) 2(4)
Doxorubicin based* 10 (11) 0(0)
Other 4(0) 0(0)
unknown 2(2) 0(0)
More than one chemotherapeutic regimen 13 (14) 2(4)
Tyrosine kinase inhibitor (TKI) and/or 15 (16) 13 (28)
immune checkpoint inhibitor (ICI) therapy
Lenvatinib 3@ 9(19)
Pembrolizumab 22 1@
Lenvatinib + pembrolizumab 1(1) 2(4)
Other" 10 (11) 8(17)
more than one therapy 1(1) 5(11)

*Chemotherapy other than monotherapy with doxorubicin weekly.
*Vemurafenib, Sunitinib, Cabozantinib, Pazopanib, Imatinib, Nivolumab.
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Sex.

Male, n (%) 62(33)
Age at diagnosis, y (mean=SD} 49215
ENSAT stage. n (%)

' 126

] 85 (45)

" 40(21)

v 53(28)
Unkoown 5@
Tumor size (cm), mean=SD 12154
Hormone secreion, n ()

Yes 98(52)
Cortsol 7507
Androgens/estrogensprogestercne 54055
Mineralocoricoids )

No 33(18)

Unknown 56 (30)
KI67 (%6). n (%)

Low (<10) .0

Hon (10) 125(67)

Unkonn 24019
Weiss score”, n (%)

Low(<6) 100(59)

High (>6) 52 (28)

Unknown 35(19)
Resection satus, n ()

o %60

A1 160

R 2509

R 20(11)

Unknonn 2006)

‘Surgically not removed 2(n
Mitotane, n (%)

Yes 183.62)

No 21(11)

Unknown 130
Chemotherapy. n (%)

No 4826

Unknon 140

Yes 125 67)
0P %009
™ 1E
Gencitabine/Capecitabine 60 (48)
Streptozotocin 68 (54)
Other 61(49)

Ractherapy (rimary umor andor metastases). ()

Yes 5229

No 121 68)

Unknonn um
Adtonal surgey. (4

Yes 7168

No 103 (55)

Unknonn 130

“Divided nto ow and high according to mean.
%, otoposide D, doxonubich; P, platinum compound (Cisplati/ Carboplat)
€. eloposide; £, platinum compound (Cisplatin/Carboolatiny.
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Author, year Mean

age
Salman T. 56.7
et al. (13)

Cao L-L. et al. 58
(16)

Arima K.et al. 58
(15)

Tong Z et al. 54.4
(33)

Zhou B. et al. 52.9
(34)

Zhou B. et al. 53
(35)

Okui M. et al. 68.8
(36)

Gaitanidis A. 52
et al. (37)

McDermott 57
SM. et al. (38)

Zou J. et al. 65
(39

Panni RZ. 57.5
et al. (40)

Harimoto N. et 61
al. (41)

Pozza A. et al.
42)

70, 66,
63.5

Zhou B. et al. 60
(43)

Zhou W. et al. 53
(44)

Primary site

GEP-NENs

Gastric NENs

Pancreatic-NENs

Pancreatic-NENs

Pancreatic-NENs

Non- functioning
Pancreatic-NENs

LCNEC

Pancreatic-NENs

GEP, colorectal and
lung NENs
GEP, colorectal and
other NENs

Pancreatic-NENs

Pancreatic-NENs

Foregut, Midgut

and hindgut NEN

Pancreatic-NENs

Pancreatic-NENs

Grade TNM

stage

1-23 1-23-
4

1-2-3  1-2-3-
4
1-2-3 /

1-2-3  1-2-3-
4

1-23 1-2-3-
4

1-2-3  1-2-3-
4

3 1-2-3
1-2-3 /
1-2-3 4
1-2-3 4

1-2-3  1-2-8

1-2-3  1-2-3

1-2-3 1-2-3-
4

1-2-3  1-2-3-
4

1-2-3  1-2-3-
4

Metastasis

Metastatic &
Non-metastatic

Metastatic &
Non-metastatic

Metastatic &
Non-metastatic

Metastatic &

Non-metastatic

Metastatic &
Non-metastatic

Metastatic &
Non-metastatic

Non metastatic

Metastatic &

Non-metastati

Metastatic

Metastatic &
Non-metastatic

Non-metastatic

Non-metastatic

Metastatic &

Non-metastatic

Metastatic &
Non-metastatic

Metastatic &
Non-metastatic

NLR cut-off

217

Pretreatment

NLR >2.17->shorter

median PFS

(11.1 months)

NLR < 2.17

->longer median PFS (22.2 months)

p =0.001

220

Preoperative NLR>2.20 correlates with a shorter
reccurence time, RFS and OS (p<0.01)

NLR >2.20

associated with both liver metastasis and peritoneal
metastasis (P < 0.05)

2.40

Preoperative NLR>2.40 ->

shorter RFS (<0.05) shorter OS (<0.0001) and
postoperative liver metastasis (p<0.0001)

1.40

Preoperative

NLR > 1.4-> shorter RFS (p < 0.05).

231

NLR > 2.31-> shorter OS (HR=4.907, p<0.001)

NLR > 2.31-> shorter DFS (HR=4.143, p<0.001)

1.80

NLR > 1.80->

shorter DFS (p=0.007)

1.7

NLR value > 1.7 -> shorter OS (HR 8.559, p =
0.011).

23

NLR> 2.3 -> shorter PFS

(HR 2.53, p = 0.038)

4

NLR>4-> shorter OS (p=0.005).

28

NLR> 2.8 ->

shorter OS (p = 0.03)

3.7

NLR> 3.7 ->

shorter RFS (HR 1.79, p=0.01) and shorter OS (HR
2.04, p=0.01)

3.4

NLR> 3.4 ->

shorter RFS (HR 31.75, p=0.03)

26

NLR> 2,6 ->

shorter OS (HR 4.71, p=0.02)

3.1

NLR> 3.1 ->

shorter DFS (p<0.001) and OS (p=0.002)
1.9

NLR> 1.9 ->

shorter RFS (p=0.046) and in OS (p=0.032).

PLR

1815

Pretreatment

PLR >181.5

->shorter median

PFS (11.2 months)

PLR <1815

-> longer median PFS (21.9
months)

p =0.001
/

/

/

151.4

PLR> 151.4 -> shorter OS
(HR=3.307, p=0.003)

PLR > 151.4 -> shorter DFS
(HR=2.617, p=0.001)
168.25

PLR > 168.25->

shorter DFS (p<0.001)

/

160.9

PLR > 160.9 -> shorter PFS
(HR 5.86, p=0.023).

/

Not significant association
with OS

GEP, gastro-entero-pancreatic; HR, hazard ratio; NEC, neuroendocrine carcinomas; NENS, neuroendocrine neoplasms; PFS, progression free survival; RFS, recurrence free survival; OS,

overall survival.
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ACC PATIENT COHORT (N=27)

AGE (ys) 502 12(19:67)
SEX (% male) 14(52)

BMI (ko/m?) 259258 (19.4-449)
SECRETION

Non-secreting 716
Glucocorticoids 10(67)

Sex steroids. 78
Mineralcorticoids 16

NA 20
DIAMETER (cm) 94253218
STAGE

] 62

" 10@7)

m 800

w 3011
WEISS score. 601939
KI-67 LI (%) 210+ 182(1-70)
Resection status RO 235

R>0 409
Disease froe survival time (months) 4392366 0-116)
Overall survival time (months) 5392209 (9-116)

Anihropometsic data and cicalfeatures are reported fo the anayzed cohart of ACC
patents. Data are expressect as mean = SD for parametic Cntinuous variabls (age, BV
tomor diamete, K67 L %) and for Weiss, and as absobte number and parcentago of
patients or the other non-continuous varables (sex, stages, secretion type, resecton
satus). Data intova (min-max) are nccated i Halcs n bvachets.

NA. not sualbble.
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Univariate Multivariate
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HSP Lsp

Total (Dead) 47(24) 310
Mean Age = SO 65217 1852143
Males 160) 150
Mean age = SD 62146 529211
Fomales. ) 16(1)
Mean age = SD 682183 432161
High Prolferation 22019 )
Tumor Stage

stage | 30) 60
Stage Il 18(6) 19()
Stage Il 126 )
Stage IV 12(10) 2()
Hormone Excoss

Cortisol 27(14) 50)
Mineralocorticoids 30) 10
Sexual 20(14) 80)
immune Subtype

c1 10) 00
c2 00 1
c3 70 160
o4 a7(19) 12()
cs 20) 10
cs 00 1

Thototalnumborofpatients oreach clnialcatogoryfo the Low Sterotd Phenotype (LSF)
and High Stercid Phenotype (HSP) & shown with the number of dead patents i
parenihs:s. The mean age of paricpants with he standard deviaton (SD) is shown fo
both groups and subcvided nto males and femals. Al inical ala were retrved from
Zheng et al. (5) and the immuno sublype classifcation from Thorsson et al. (1),
Proffeation s bipartite as presented by Zneng et al. (5 based on transcrptomic
R e s B
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Somatostatin analog.

Octeotdo
Lanveotide
Pasieotice
nOTPA octeorde
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Tumor type

ssTR1
mANA  Protein
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Functioring p-NET
Gastinoma 0%
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A%

ssTR2
mANA  Protein

o) 78%(69)
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100%/33)
13%(16)
s8%0%6)

SSTR subtype
ssTRY
mANA  Protein
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mANA Protein
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Protein
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Imaging modaity Sensitvity (%)

Gastrinoma Insulinoma PNET <t.5 cm PNET>25 cm Liver motastasis
OT scan 547 2068 34 5094 75100
VRl 1044 1085 B 095 67-100
us o021 250 e 3076 1577
pogiography. 1551 5060 060 090 -85
Us 068 7184 090 82-100 WA
i penteroctie 2032 60 2050 5296 90-100
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NFt

Pheachromocytomal Mecian ago 40-45 years
Paraglangioma
Biaterlin 75% of cases, synctvonous in
20% of cases
Malgnant forms in 10% of cases
Night bs asymptomati, which dos not
provent ackenalcriss
Gastrointostinal  Mcian 290 48 yoars
neurcendocrine
wmors
Locaton: amputa of Vater > duodenum >
pancreas.
‘Secreton: somatostatin 7% of cases).
‘gastin (5%), s (3%)

Metastass in 145% of cases

Troament does not aer.
nmetastaic forms, possbity o using
targeted heapy (e, MEK invdiors)

primary 9 cases of sng adenoma, 1 caseof
hyperparathyroidism  carcinoma, 1 case of mufipe adenomas.
Nedan ago 52 years

Piitary adenoma 20 cases of excess GH, iciuding 15 patients
‘associated wih sporadc optic panay
groma

Mecan age 13 years

Macian age 25-30 years
Blateal i 16-40% of cases

Magnant foms n 6% of cases

Location: pancreas.
Mutfocal n 40% of cases

Metastasi n 15-20% of cases; malgnancy associated wi fumor
smeter abovo 28 mm

‘Surgcal voatment for locaized fons (enucieaton,
pancreatcoduodenectomy)

Treatment of metastatc orms does not e fom sporaci tumors,
ossiity of using targted herapy (6.9, MEK Ihbiors, antangiogenic
agents)

TsC

Only a fow cases.

Median age 20
years

Rarey associated
Secretng (GH.
ACTH o
pontunctonal
Medianage 35
years

L. skl now T VI wirt Pt LIt Chioese T b et SChmos CoToR G SOt oatonsr ACTI. SomaceorioortEk: Mo,
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Pathognomonic features.
Adult Lhermitte-Ducios disease (LDD, rare tumor of cerebelum)
Mucocutaneous lesions

Facil tichlemmomas?

Acral keratosis

Papllomatous papues

Mucosal lesions

Major criteria

Breast carcinoma

Thyroid carcinoma (non-medulry), especily folicuar thyrod carcinoma
Macrocephaly (occipial fronta Gircumference > 97th percentie)

Endometal carcinoma

Minor criteria

Other thyroid esions (e.g. adenoma, mulinoduar gote)

itelectual Disabilty 6., 1Q 5 75)

Gastrointestina harmartomas

Fiorooystic breast disease

Lipomas

Fibromas

Gervtourinary tumors (especialy renal cal carcinoma)

Gentournary maformations

Uterine iorcids

Operational diagnosis in an individual (any of the following)
Mucocutaneous lesions alone, f > sx acial papues (iree of which must be
wichlemmomas)

Cutaneous facal papuies and oral mucosal papilomatosis

Oral mucosal papilomatos's and acral keratosis

> Six palmoplantar keratoses.

> Two major critera (ono of which must be macrocephaly o LDD)

One major and > thvee minor criteria

> Four minor crteria

Operational diagnosis in a family where one individual has a diagnosis of
Cowden syndrome

Any one pathognomonic criterion

Any one major Crterion and minor criteron

Two minor crteria

Bannayan-Riey-Auvaicaba syndrome (overgronth and hamartomatous disorder
with muiple subcutaneous fpomas, macrocephaly and hemangiomas)
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Biological investigations Paraclinical investigations.

Pheochromocytoma/ Plasmatc o inary catechoamine melaboltes (metaneshvine, Imaging:
Paraganglioma  nometanepivine, S-methoxyamine) Morphoogica: CT or MR, advenal-

speciic
Functiona: DG PET.CT or -
DOPAPET-CTor
TLMBG scntgraphy or “6a-SSA
PET.CT
Gastrointostinal - Crvomogrnn A imagg:
neurcendocrine - Homonss (gasin, pancreati poypeptide, nsun, gucagon. -G ifoced vith contrast agent
tmors ‘somatostatn, WP, etc) ~Abdominat-petic MRl rjcted wih
- In caso of carcnoid syncrome: 24-h urnary SHIAA, plateet serclonin Gadolniu 10 research metasases
Nucear magog:
©GaSSA PET-CTor
19D PET-CT or
"#.00PA PET-CT
 pancreate tumor
-endoscopy
- endoscopic uirasound 1o perom
biopsies

primary - Biood calckam, phosphate, 25 hycroxy viamin D, paraihyroid Imaging:
hyperparathyroidism hormone E Canical US and CT
-+ Urinary cacum Funcional: “Tc MBI
scinigraphy, F-choine PET
Pituitary adenoma  Plasma hormones; corsol and ACTH at 8am, 4, 12 am; IGF-1, LM, Imaging:

FSH. estradl (women):tstosterons, SHBG (man; proactn, TSH. FT4  Morphologiat Pty MA!
Dy ost accordng to esuls mainy Neuro-ophinaimologica

-8 am cortisol measurement aftr 1 mg dexamethasons tostat 12am  eaminalon: o4 viual s,
# suspicon of mypercortsolsm) Lancaste test

- OGIT with GH measurement n case of acromegaly suspicon
- Intravenous inuintost with GH and cortisl measurement i case of
suspicon of Pypopiuitaism (1 no cardiac or newroogeal mpaiment)

Treatment
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structures floating
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Shape Frequency Shape Volume* (IR)  Size® (IR) Frequency Shape Volume* (IR) Size’ (IR) Frequency
Factor® (% + SE) Factor® (%= SE) Factor” (% + SE)
(IR) (IR) (IR)
H295R 0.90 ® 16.7 + 3.8 093 ® 3.7x10° um® 194 um 31+39 0.83 ® 7.2x10% um® 111.5um  80.2+6.2
untreated (0.9-22.7x109) (0.3- 7.4x10°%)
(0.83-0.92) (0.91-0.95) (121-312) (0.79-0.89) (80-236.8)
H295R 0.85 ® 6.7 £ 1.4 0.91 1.3x10° um® 63um  152+31* 081 ® 2.3x10° um® 765um 781 35"
sorafenib (1.1-4.5x10%* (1.3- 5.2x10%*
treated 0.79- (0.90- (59-95)" ©0.77- (65-100.5)"
0.90) 0.93)" 0.86)*

fShape Factor for spherical shape = 1; *Volume: parameter based on project area and correct for Shape Factor ®; °Size: parameter based on geometric mean diameter of the multicellular

structures (see Materials and Methods).
Statistics (vs H295R untreated):
Np=Not Significant (Mann-Whitney test);p<0.001 (Mann-Whitney test); *'p<0.01 (chi-square test).

The sphericity index of multicellular structures was significantly higher in untreated vs treated cultures (p<0.01); the percentage of tight spheroids was higher in untreated cultures (p<0.001)
with fewer irregular aggregate compared with those of H295R cultures cells treated with sorafenib (p<0.01). Size and SFC volume in untreated cultures showed a higher size and volume of

tight spheroids compared to treated H295R cells (p<0.001).
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Amplicon name

Y1_372

B2M
ATRXex1
ATRXex9
CEBPA
IRS2ex1
IRS2ex2
FOXL2

Forward primer

Primers for Trp372Arg in YY1 gene
GGGTCTGGTCAGAGTTGCTG

Primers for gPCR
TGCTGTCTCCATGTTTGATGTATCT
TGTCGGCTTCTGTGATTGCT
CTTTCCCCGCCTGAGTCTTT
ACAAACAAGGCTGAGGGTCC
GTTGAGGTAGTCCCCGTTGG
CGACAGCCCTCCAATCAAGT
ACACACGTATTGGTCCGTCC

Reverse primer

CCATCGAAGGGGCACACATA

TCTCTGCTCCCCACCTCTAAGT
TTTGAGCTGTGGGGAGGTTC
GGTGAGCAGGATGAGTCACA
GTGGGTCAGCTCTGAGGATG
GAGGACAGTGGGTACATGCG
ACCAGTGTGTGGCAGTTCTC
GTGCAGTCCATGGCTAGACG
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PPGL Controls P value Correlations (Spearman rg)

Plasma Urine
NMN MN MTY NE EPI DA total
catecholamine
All patients
Histidine 75.40 (61.03-87.05) 86.40 (75.63-96.35) 0.004 -0.287 -0.219 -0.242 -0.239 -0.408 -0.300 -0.407
Threonine 105.00 (88.57-125.00) 128.00 (93.32-147.50) 0.008 -0.229 -0.054 -0.266 -0.255 -0.304 -0.161 -0.275
lysoPC a C28:0 0.11 (0.10-0.12) 0.12 (0.11-0.14) 0.044 -0.169 -0.147 -0.144 -0.212 -0.219 -0.260 -0.269
Hexose 484400 (4325.50- 4215.50 (3791.00- 0.018 0.337 0.276 0.339 0.437 0.145 -0.046 0.221
5364.50) 5086.00)
Males
Threonine 102.00 (85.50-127.00) 182.00 (104.00-156.00) 0.008 -0.328 -0.206 -0.226 -0.269 -0.345 -0.085 -0.212
lysoPC a C16:1 1.68 (1.09-1.79) 1.89 (1.54-2.16) 0.025 -0.295 0.163 -0.147 -0.329 0.042 -0.102 -0.184
PC ae C30:2 0.07 (0.06-0.08) 0.06 (0.06-0.07) 0.040 0244 -0.168 0.071 0.185 -0.181 -0.208 -0.040
SM (OH) C14:1 4.77 (3.20-5.43) 3.46 (2.59-4.38) 0.040 0266 -0.157 -0.060 0.071 -0.151 -0.253 -0.084
Hexose 484500 (4489.00- 4079.00 (3789.00-5131.00) 0.050 0.381 0,068 0.306 0.425 -0.020 -0.097 0.206
5285.00)
Females
Histidine 64.10 (66.70-78.30) 85.90 (71.70-104.50) 0.001 -0.428 -0.339 -0.301 -0.364 -0.434 0.294 -0.479
lysoPC a C20:4 395 (3.50-4.95) 262 (2.44-3.54) 0.006 0.471 0.273 0.438 0.537 0412 0.302 0.538
PC aa C36:4 203.00 (165.00-249.50) 160.00 (124.00-211.00) 0.041 0.356 0.514 0525 0.117 0.022 -0.256 -0.123
PC aa C38:4 94.10 (77.35-107.00) 82.60 (64.40-91.55) 0.049 0.325 0.535 0.508 0.120 0.197 -0.093 0.002
PC ae C38:1 0.37 (0.28-1.24) 0.71  (0.47-1.69) 0.022 -0.368 -0.474 -0.137 -0.353 -0.531 -0.048 -0.048
Adrenergic
Glycin 221.00 (182.00-373.00) 167.00 (145.00-192.00) 0.007 0.464 0.490 0258 0.280 0376 0.108 0.297
Histidine 69.00 (58.40-76.10) 85.10 (71.30-93.60) 0.004 -0.597 -0.494 -0.535 -0.412 -0.499 -0.315 -0.459
lysoPC a C20:4 399 (3.37-5.18) 3.10 (2.46-4.04) 0019 0353 0.317 0082 0461 0477 0.087 0.283
LysoPC a 0.11  (0.08-0.11) 0.13  (0.11-0.14) 0.026 -0.371 -0.236 -0.336 -0.345 -0.327 -0.211 -0.297
C28:0
Noradrenergic
co 35.60 (28.70-41.15) 43.00 (34.05-48.70) 0.042 -0.226 0.201 -0.234 -0.114 -0.089 -0.342 -0.290
Asparagine 37.20 (32.00-41.95) 42.00 (38.65-48.05) 0.013 -0.252 0.129 -0.124 -0.254 -0.060 -0.116 -0.193
Threonine 112.00 (96.20-127.50) 133.00 (120.00-151.00) 0.002 -0.344 0.064 -0.351 -0.472 -0.199 -0.307 -0.494
ADMA 051 (0.39-0.80) 0.62 (0.55-0.91) 0.048 -0.258 -0.041 -0.132 -0.399 -0.029 -0.001 -0.195

Plasma levels of significant altered metabolites are given in umol/l. Metabolomics data is expressed as median with range (inter-quartile) in brackets. Mann-Whitney-U test was performed,
and p-values (two-tailed) are reported. The rs-value represents the Spearman correlation coefficient. Significant correlations are marked bold.

DA, dopamine; EPI, epinephrine; MN, metanephrine; MTY, 3-methoxytyramine; NE, norepinephrine; NMIN, normetanephrine; PHEQ, pheochromocytoma; PGL, paraganglioma; PPGL,
pheochromocytoma/paraganglioma.
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Genetic diagnostic criteria
The identfication of either a TSCH or TSC2 pathogeric mutation in DNA fom
normal fissue is sufficent

for making a definte ciagnos's of tuberous scleros's complex (TSC).

Clinical diagnostic criteria

Major features.

Hypomelanotic macuies (3, at least 5-mm ciameter)

Angofiromas (3)or flbxous cephaic plaque

Ungual ioromas (2)

Shagreen patch

Mutiple retinal hamartomas

Cortcal dysplasia

Subependymal nodues

Subependymal giant cel astrocytoma

Cardiac fhabdomyoma

Lymphangolsiomyomatosis (LAM)

Angomyoipomas.

Minor features.

“Confett” skin esions.

Dental enamel pits (> 3)

intraoral foromas (2)

Retinal actromic patch

Mutiple renal cysts.

Norenal hamartomas

Definite diagnosis: Two major features or one major feature with 2 minor
features.

Possible diagnosis: Either one major feature or 2 minor features
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Clinical criteria

Two or more of the following:
Atleast sx café-au-lait macuies (> 5 mm diameter in pre-pubertal indiduals
and > 15 mm in post-pubertal indviduals)

Frecking in axilry or inguinal regions

Optic nerve gioma

Atleast two Lisch noduies (s hamartomas)

Atleast two neurofibromas of any type, or one plexform neurofibroma

A distinctive osseous lesion (sphenoid dysplasia or ial pseudarthrosis)

A frst-dogree relative with NF1





OPS/images/fendo.2021.678869/table2.jpg
cii

l diagnosis

Family history of VHL and:
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-or lear cel renal carcinoma

NO family history of VHL and:
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