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Introduction:

Aldosterone producing adenomas (APA) and bilateral adrenal hyperplasia are the main causes of primary aldosteronism (PA) [START_REF] Funder | The Management of Primary Aldosteronism: Case Detection, Diagnosis, and Treatment: An Endocrine Society Clinical Practice Guideline[END_REF]. PA is the most frequent form of secondary arterial hypertension with a prevalence of 5% of hypertensive patients in primary care and up to 10% of those seen in reference centers [START_REF] Monticone | Prevalence and Clinical Manifestations of Primary Aldosteronism Encountered in Primary Care Practice[END_REF][START_REF] Hannemann | Prevalence of primary aldosteronism in patient's cohorts and in population-based studies--a review of the current literature[END_REF][START_REF] Brown | The Unrecognized Prevalence of Primary Aldosteronism[END_REF]. Hypertension, increased aldosterone levels with suppressed plasma renin, and in many cases hypokalemia are the main characteristics of the disease. Patients with PA are at excess risk for cardiovascular events when compared to patients with primary hypertension [START_REF] Savard | Cardiovascular complications associated with primary aldosteronism: a controlled cross-sectional study[END_REF][START_REF] Monticone | Cardiovascular events and target organ damage in primary aldosteronism compared with essential hypertension: a systematic review and meta-analysis[END_REF].

Different somatic mutations in APA and germline mutations in familial PA were discovered using whole exome sequencing approaches. These mutations affect genes coding for ion channels (KCNJ5, CACNA1D, CACNA1H, CLCN2) or ATPases (ATP1A1, ATP2B3) [START_REF] Fernandes-Rosa | Genetic and Genomic Mechanisms of Primary Aldosteronism[END_REF]. They lead to autonomous aldosterone production by increasing the expression of CYP11B2, coding for aldosterone synthase. The prevalence of somatic mutations is estimated between 88 and 96% by immunohistochemistry-guided next-generation sequencing (NGS) [START_REF] Nanba | Targeted Molecular Characterization of Aldosterone-Producing Adenomas in White Americans[END_REF][START_REF] Nanba | Genetic Characteristics of Aldosterone-Producing Adenomas in Blacks[END_REF][START_REF] Sousa | Genetic, Cellular, and Molecular Heterogeneity in Adrenals With Aldosterone-Producing Adenoma[END_REF][START_REF] Ono | Histological Characterization of Aldosteroneproducing Adrenocortical Adenomas with Different Somatic Mutations[END_REF][START_REF] Nanba | Prevalence of Somatic Mutations in Aldosterone-Producing Adenomas in Japanese Patients[END_REF]. Other autonomous aldosterone producing lesions were described in normal adrenals as well as in peritumoral tissue in adrenals with APA. Indeed, somatic mutations in CACNA1D, ATP1A1 and KCNJ5 have been described in APCC (aldosterone producing cell clusters, also called aldosterone producing nodules [START_REF] Williams | International Histopathology Consensus for Unilateral Primary Aldosteronism[END_REF]) and pAATL (possible APCC to APA translational lesions) [START_REF] Sousa | Genetic, Cellular, and Molecular Heterogeneity in Adrenals With Aldosterone-Producing Adenoma[END_REF][START_REF] Nishimoto | Aldosterone-stimulating somatic gene mutations are common in normal adrenal glands[END_REF][START_REF] Nishimoto | Case Report: Nodule Development From Subcapsular Aldosterone-Producing Cell Clusters Causes Hyperaldosteronism[END_REF]. The recurrence of somatic mutations in APA driver genes and the metabolic profile of APCC suggested that they may induce APA development [START_REF] Nishimoto | Aldosterone-stimulating somatic gene mutations are common in normal adrenal glands[END_REF].

In addition to genes coding for ion channels and pumps, mutations in genes related to adrenal development, maintenance of the zona glomerulosa (ZG) and steroidogenesis were also described in APA. Particularly, somatic mutations in CTNNB1 coding for β-catenin are found in 2% to 5% of cases [START_REF] Scholl | Novel somatic mutations in primary hyperaldosteronism are related to the clinical, radiological and pathological phenotype[END_REF][START_REF] Akerstrom | Activating mutations in CTNNB1 in aldosterone producing adenomas[END_REF], possibly causing a proliferative advantage in adrenal cells and an abnormal activation of WNT signaling pathway. More recently, somatic mutations in GNAQ/GNA11 were identified in APA carrying somatic CTNNB1 mutations in patients presenting with PA in puberty, pregnancy or menopause [START_REF] Zhou | Somatic mutations of GNA11 and GNAQ in CTNNB1-mutant aldosterone-producing adenomas presenting in puberty, pregnancy or menopause[END_REF]. Somatic mutations in PRKACA (catalytic subunit of protein kinase A) are rare findings in APAs and their direct involvement in APA development is still unclear [START_REF] Rhayem | PRKACA Somatic Mutations Are Rare Findings in Aldosterone-Producing Adenomas[END_REF]. The Wnt/β-catenin pathway plays a role in the identity and function of ZG cells, whereas the ACTH/cAMP pathway is involved in the differentiation of ZG cells into zona fasciculata (ZF) cells by inhibiting the Wnt/β-catenin pathway [START_REF] Drelon | Adrenal cortex tissue homeostasis and zonation: A WNT perspective[END_REF] as well as in regulating glucocorticoid biosynthesis. We have previously reported that in APA the Wnt/β-catenin pathway was activated mainly in areas expressing aldosterone synthase [START_REF] Sousa | Genetic, Cellular, and Molecular Heterogeneity in Adrenals With Aldosterone-Producing Adenoma[END_REF], supporting its role in maintaining ZG cell identity and function [START_REF] Pignatti | Beta-Catenin Causes Adrenal Hyperplasia by Blocking Zonal Transdifferentiation[END_REF]. The observed intratumoral heterogeneity in APA suggested that the interplay between ACTH/cAMP and Wnt/β-catenin pathways may be involved in the transdifferentiation of ZG cells into ZF cells within the APA.

Aldosterone production is regulated by the renin-angiotensin system, potassium concentrations and, to a lesser extent, by the adrenocorticotropic hormone (ACTH) [START_REF] Connell | The new biology of aldosterone[END_REF]. When binding to its receptor (melanocortin type 2 receptor-MC2R), ACTH activates adenylate cyclase (AC) and protein kinase A (PKA), which phosphorylates CREB (cAMP response element binding protein) resulting in increased StAR (steroidogenic acute regulatory protein) expression [START_REF] Hattangady | Acute and chronic regulation of aldosterone production[END_REF].

In addition, paracrine regulation of aldosterone production is mediated by factors released by components of the APA microenvironment, i.e. chromaffin cells, endothelial cells, nerve fibers and immune cells [START_REF] Duparc | Mast cell hyperplasia is associated with aldosterone hypersecretion in a subset of aldosterone-producing adenomas[END_REF][START_REF] Ehrhart-Bornstein | Intraadrenal interactions in the regulation of adrenocortical steroidogenesis[END_REF][START_REF] Wils | The neuropeptide substance P regulates aldosterone secretion in human adrenals[END_REF][START_REF] Lopez | Role of Mast Cells in the Control of Aldosterone Secretion[END_REF]. Serotonin (5-HT) released by perivascular mast cells is known to induce aldosterone production. Different signals may stimulate mast cell degranulation such as neurotransmitters, neuropeptides and hormones [START_REF] Theoharides | Neuroendocrinology of mast cells: Challenges and controversies[END_REF]. However, the control of mast cell degranulation in the adrenal gland is not well clarified [START_REF] Duparc | Mast cell hyperplasia is associated with aldosterone hypersecretion in a subset of aldosterone-producing adenomas[END_REF][START_REF] Hinson | The relationship between adrenal vascular events and steroid secretion: the role of mast cells and endothelin[END_REF]. A peculiar feature of the adrenal gland is also the very high expression of VEGF, even in adulthood, despite the absence of active angiogenesis [START_REF] Thomas | Role of adrenocorticotropic hormone in the development and maintenance of the adrenal cortical vasculature[END_REF][START_REF] Feige | Angiogenesis in adrenocortical physiology and tumor development[END_REF]. ACTH controls the coordinated development of vessels and endocrine cells. In this context, the role of VEGFA, whose expression is controlled by ACTH, is to maintain a high density of stable fenestrated microvessels [START_REF] Thomas | Role of adrenocorticotropic hormone in the development and maintenance of the adrenal cortical vasculature[END_REF][START_REF] Feige | Angiogenesis in adrenocortical physiology and tumor development[END_REF]. The combined secretion of angiogenic factors by endocrine cells and trophic factors by endothelial cells allows the maintenance of a "symbiosis" between these cellular compartments.

The aim of this study was to investigate the relationship between different signaling pathways and components of the microenvironment in adrenals with APA to better understand the mechanisms driving the development of aldosterone producing structures and intratumoral heterogeneity. We performed detailed morphological investigations of 11 adrenals with APA and one with micronodular hyperplasia using multiplex immunofluorescence multispectral image analysis. In addition, CYP11B2 IHC guided RT-qPCR was performed on RNA extracted from formalin-fixed paraffin-embedded (FFPE) tissues in 7 adrenals. Results were correlated with the APA mutation status.

Materials and methods:

Patients

Patients included in this study underwent adrenalectomy between 2013 and 2016 at the Hôpital Européen Georges Pompidou and were recruited within the COMETE-HEGP protocol (authorization CPP 2012-A00508-35) and are described in [START_REF] Sousa | Genetic, Cellular, and Molecular Heterogeneity in Adrenals With Aldosterone-Producing Adenoma[END_REF]. Screening and subtype identification of PA were performed according to institutional and Endocrine Society guidelines [START_REF] Funder | Case detection, diagnosis, and treatment of patients with primary aldosteronism: an endocrine society clinical practice guideline[END_REF][START_REF] Amar | SFE/SFHTA/AFCE primary aldosteronism consensus: Introduction and handbook[END_REF][START_REF] Baron | Criteria for diagnosing primary aldosteronism on the basis of liquid chromatography-tandem mass spectrometry determinations of plasma aldosterone concentration[END_REF], 16 adrenals from patients with APA and two adrenal blocs from one patient with multinodular hyperplasia were investigated for a total of 18 samples from 17 patients (Table 1).

All patients gave written informed consent for genetic and clinical investigation. Procedures were in accordance with institutional guidelines. APA mutational status has been described in [START_REF] Sousa | Genetic, Cellular, and Molecular Heterogeneity in Adrenals With Aldosterone-Producing Adenoma[END_REF].

Multiplex immunofluorescence

Multiplex immunofluorescence staining was performed with the Opal 7-color Manual IHC Kit (PerkinElmer) in two separate sets of experiments. Sections were deparaffinised in xylene and rehydrated through graded ethanol before washing with distilled water and TBST (0.1 M Tris-HCl, pH 7.5, 0.15 M NaCl, 0.05 % Tween 20). Sections were re-fixed by 20 min incubation in 4% paraformaldehyde followed by a distilled water wash. The slides were incubated in AR6 buffer (1/10; PerkinElmer) and subjected to microwave treatment for 15 minutes at 20% power for antigen unmasking. Nonspecific staining was blocked with blocking solution (PerkinElmer) for 10 minutes. Given the complexity of the setup of multiplex immunofluorescence either CYP11B1 or CYP17A1 were used to identify ZF cells.

For a first multiplex immunofluorescence, the slides were incubated with a mouse monoclonal antibody against aldosterone-synthase (1/100, hCYP11B2, clone 41-13C, kindly provided by Dr C Gomez-Sanchez, RRID: AB_2650562), rabbit polyclonal antibody against 17α-hydroxylase (1/1000, LSBio #LS-B14227, RRID: AB_2857939), mouse monoclonal antibody against β-catenin (1/400 ; BD Biosciences #610153, RRID: AB_397554), rabbit polyclonal antibody against MC2R (1/200, Abgent #AP5540b, RRID: AB_10820209), and a rabbit monoclonal antibody against pCREB (Ser133) (1/500, Cell signaling technology #9198, RRID: AB_2561044). For a second multiplex immunofluorescence, the slides were incubated with a mouse monoclonal antibody against mast cell tryptase (1/10000, BIO-RAD #MCA1438, RRID: AB_2206190), rabbit monoclonal antibody against S100 protein (1/2, Agilent #GA50461-2, RRID: AB_2811056), antibody against 11β-hydroxylase (1/100, hCYP11B1-80-2-2, kindly provided by Dr C Gomez-Sanchez, RRID: AB_2650563), and a mouse monoclonal antibody against CD34 (1/5000, ThermoFisher #MA1-10202, RRID: AB_11156010) during 1h at room temperature. Sections were washed and incubated with secondary antibody working solution (PerkinElmer) during 10 minutes; for CYP11B1 the slides were incubated with an anti-rat secondary antibody (1/400, ImmPRESS Anti-Rat IgG, Vector Laboratories #MP-7404, RRID: AB_2336531) during 1h at room temperature. Then, slides were incubated for 10 minutes in TSA plus solution (included in the Opal 7-color manual IHC kit to detect antibody staining), prepared according to the manufacturer's instructions: Opal 570 (1/100), Opal 650 (1/100 -1/200 for S100), Opal 690 (1/50), Opal 540 (1/50 -1/100 for CYP11B1), Opal 520 (1/50), Opal 620 (1/200). Microwave treatment was performed to remove primary and secondary antibodies while retaining an intact fluorescent signal. This process was repeated until all targets of interest were detected, using the respective Opal fluorophore for each one. The slides were counterstained with DAPI (PerkinElmer) for 5 minutes.

Immunohistochemistry

Sections were deparaffinised in xylene and rehydrated through graded ethanol. For antigen unmasking, the slides were incubated 30 min at 98°C in Trilogy solution (1/20) (Sigma-Aldrich; St Louis, MO USA) for aldosterone-synthase (CYP11B2) and 11β-hydroxylase (CYP11B1) immunohistochemistry, or in a citrate solution (0.935%, Vector Laboratories; Burlingame, USA) for immunostaining against CD34, mast cell tryptase, pCREB, MC2R and β-catenin. No antigen unmasking was performed for S100 immunostaining. Endogenous peroxidases were inhibited by incubation in 3% hydrogen peroxide (Sigma-Aldrich) for 10 min. Nonspecific staining was blocked with filtered Tris 0.1 M pH 7.4, 10% normal goat serum, 10% bovine serum albumin, and 0.1% SDS for 90 min (for 11 β-hydroxylase staining); filtered Tris 0.1 M pH 7.4, 10% horse serum and 0.5% SDS for 60 min (for aldosterone-synthase staining) or with PBS 1x and 10% normal goat serum for 30 mins (for CD34, mast cell tryptase, S100, β-catenin, MC2R, and pCREB stainings). The slides were incubated overnight at 4°C (aldosteronesynthase, 11β-hydroxylase, and pCREB stainings) or during 1h at room temperature (β-catenin MC2R, mast cell tryptase, S100 protein and CD34 stainings), using the same antibodies and same dilutions described for multiplex immunofluorescence experiments. Sections were washed, incubated 30 min with affinity purified horse anti mouse secondary antibody for aldosterone-synthase, β-catenin, CD34 and mast cell tryptase stainings (1/400, Vector Laboratories #BP-2000, RRID: AB_2687893), rabbit anti rat antibody for 11β-hydroxylase antibody (1/400, Vector Laboratories #BA-4001, RRID: AB_10015300), or an anti-rabbit secondary antibody for MC2R, S100 and pCREB stainings (1/400, Vector Laboratories #BA-1000, RRID: AB_2313606). Slides were washed and incubated with an avidin-biotinperoxydase complex (Vectastain ABC Elite; Vector Laboratories) for 30 min. The slides were developed using diaminobenzidin (Vector Laboratories; Burlingame, USA) and counterstained with hematoxilin (Sigma-Aldrich; St Louis, MO USA).

Analysis and quantification of histological features

Multiplex immunofluoresence and immunohistochemistry images were acquired using a Vectra® automated imaging system and automatically quantified with the InForm® image analysis package (both Perkin Elmer; Waltham, USA). Each monoplex biomarker was used to generate the spectral library required for multispectral analysis. Tryptase positive cells and S100 positive fibers were counted as objects, and CD34 positive vessels as area based on their staining in CYP11B2 expressing and non expressing areas. The quantification of these markers was automatically performed with inForm. Areas in 11 APA were selected to allow the determination of colocalization of aldosterone-synthase (CYP11B2), 17α-hydroxylase (CYP17A1), MC2R, pCREB and cytoplasmic and nuclear staining for β-catenin, which was automatically quantified using InForm® (Perkin Elmer; Waltham, USA).

The distance between mast cells and nerve fibers was measured using the Icy software (http://icy.bioimageanalysis.org/).

RNA extraction and RT-qPCR

RNA was co-extracted with DNA from formalin-fixed paraffin-embedded (FFPE) sections using AllPrep DNA/RNA FFPE kit (Qiagen). Before extraction, APA and aldosterone producing cell clusters (APCC) were identified by CYP11B2 immunohistochemistry (IHC) as described in [START_REF] Sousa | Genetic, Cellular, and Molecular Heterogeneity in Adrenals With Aldosterone-Producing Adenoma[END_REF]. Based on the CYP11B2 IHC, the areas of interest were delineated and isolated for DNA and RNA extraction by scraping unstained FFPE sections guided by the CYP11B2 IHC slide using a scalpel under a Wild Heerbrugg microscope. 250 ng of total RNA were retrotranscribed (iScript reverse transcriptase, Biorad, Hercules, CA).

Primers used for amplification of MC2R (qHsaCEP0054989) and MRAP (qHsaCID0022591) were purchased from BioRad. The sequence of primers used for MRAP2, VEGFA, 18S, and GAPDH can be provided upon request. Quantitative PCR was performed using SYBRgreen (Sso advanced universal SyBr Green supermix, Biorad, Hercules, CA) on a C1000 touch thermal cycler (Biorad CFX96 Real Time System), according to the manufacturer's instructions. Controls without template were included to exclude primer dimer formation or PCR contaminations. RT-qPCR products were analyzed in a post amplification fusion curve to ensure that a single amplicon was obtained. Normalization for RNA quantity, and reverse transcriptase efficiency was performed against two reference genes (geometric mean of the expression of Ribosomal 18S and GAPDH RNA). Quantification was performed using the standard curve method. Standard curves were generated using serial dilutions from a cDNA pool of all samples of each experiment, yielding a correlation coefficient of at least 0.98 in all experiments.

Statistical Analyses

Quantitative variables are reported as mean +/-SEM. Comparisons between groups were done with unpaired t-test when Gaussian distribution or the Mann-Whitney test when no Gaussian distribution. A p value < 0.05 was considered significant for comparisons between 2 groups.

Results

Elements of paracrine regulation of aldosterone biosynthesis in APA

11 adrenals with APA were analysed by multiplex immunofluorescence to study the cellular environment and markers of paracrine regulation: mast cells were labelled with tryptase, nerve cells with S100, and vascular endothelial cells were labelled with CD34. In addition, the Wnt/βcatenin and ACTH/cAMP/PKA pathways involved in the maintenance and function of the adrenal cortex were investigated (Figure 1). These APA carry somatic mutations previously identified by Sanger sequencing and IHC-guided targeted NGS, including 2 KCNJ5 mutations, 3 CACNA1D mutations, 3 ATP1A1 mutations, and 3 ATP2B3 mutations (Table 1).

Multiplex immunofluorescence revealed abundance of tryptase positive mast cells and a dense vascular component in APA independently of the mutational status. Remarkably, in all APA analysed, the majority of mast cells were found in areas expressing CYP11B2, in contrast to areas not expressing CYP11B2 or areas expressing CYP11B1 (p<0.0001) (Figure 2A-B). There was no difference of vascular surface between CYP11B2 expressing and non-expressing areas (p=0.1214) (Figure 2C). APA also contained nerve fibers whose localisation was independent of the expression of CYP11B2 (p=0.6614) (Figure 2D). Remarkably, colocalization of mast cells and nerve fibers, which would suggest innervation of mast cells, was rarely observed (Figure 3A). Indeed, measurement of the distance between mast cells and nerve fibers in the 11 APA included in our study showed a mean distance between immune cells and nerve fibers of 80.27 µm, with important intratumoral heterogeneity (Figure 3B). Multiplex immunofluorescence on selected areas revealed cellular co-expression of CYP11B2 with activated i.e. nuclear and/or cytoplasmic staining of β-catenin in the majority of cells, in contrast to areas expressing CYP17A1, independently of the mutational status of APA, as previously described (10) (Figure 1). Finally, mast cells were found both within the APA and in the adjacent adrenal cortex, often in close proximity to vascular cells (Figure 4).

Expression of components of ACTH signaling and vascularization

Expression of MC2R was more frequently observed in CYP11B2 positive areas in comparison to areas expressing CYP17A1. Among cells expressing CYP11B2, 68% coexpress MC2R; in contrast, only 15% of CYP17A1 positive cells express also MC2R and this pattern is independent of the mutation status (Figure 5A-B). Expression of pCREB in APA was observed in ≈11% of cells and mainly observed in APA with CACNA1D mutations. pCREB does not appear to be co-localized with CYP11B2 nor CYP17A1 in any of the mutational groups (Figure 5C-D). Co-expression of pCREB in cells expressing MC2R was also low (Figure 5E) suggesting that MC2R expression is not correlated to PKA signaling in those cells.

For a better understanding of the control of the ACTH/cAMP signaling pathway in APA and its interaction with the vascular component, the expression of MC2R, MRAP, MRAP2 and VEGFA was investigated by RT-qPCR in five APA included in the multiplex immunofluorescence study. Three APA carried a CACNA1D mutation, one carried an ATP2B3 mutation and in one APA no mutation had been identified; in addition, a nodule not expressing CYP11B2 and not carrying somatic mutations in any of the APA driver genes was included (Table 1, Figure 6A-B). In addition, different areas expressing or not CYP11B2 from two APA carrying KCNJ5 mutations were also analysed by RT-qPCR (Figure 7A).

MC2R mRNA was expressed in three out of four APA included in our study, although at different levels (Figure 6C). Interestingly, in one adrenal gland presenting a small APA and a large nodule not expressing CYP11B2, MC2R was expressed only in the APA, but not in the CYP11B2 negative nodule (Figure 6C). MRAP and MRAP2 are accessory proteins for MC2R signaling [START_REF] Webb | Minireview: the melanocortin 2 receptor accessory proteins[END_REF]. MRAP expression was observed in APA from patients 25 (non-mutated), 42 (CACNA1D mutated) and 56 (ATP2B3 mutated) (Figure 6D), but not in APA from patients 10 and 34 (CACNA1D mutated); MRAP2 was not expressed in any of the samples (data not shown).

Within heterogeneous APA carrying KCNJ5 mutations (Figure 7A), the expression of the MC2R gene was higher in areas expressing CYP11B2 in comparison to areas not expressing CYP11B2 (Figure 7B). MRAP was expressed heterogeneously in APA but independently of CYP11B2 expression (Figure 7C), while again MRAP2 expression was not found (data not shown).

The expression of VEGFA was found in all APA as well as in the CYP11B2 negative nodule of patient 56, independently of the APA mutation status (Figure 6E). Within heterogeneous APA, expression of VEGFA was higher in areas expressing CYP11B2 in comparison to areas not expressing CYP11B2, and grossly followed the pattern of MC2R expression in the majority of zones investigated (Figure 7D).

ACTH and β-catenin signaling pathways and paracrine regulation in other aldosterone

producing lesions from adrenals with APA Within our adrenal samples, several APCC and secondary nodules not expressing CYP11B2 were present, including multiple APCC in one adrenal with micronodular hyperplasia. The mutational status of 13 APCC from three adrenals carrying an APA, and four APCC and one pAATL from one adrenal with micronodular hyperplasia had previously been assessed by CYP11B2 immunohistochemistry-guided NGS [START_REF] Sousa | Genetic, Cellular, and Molecular Heterogeneity in Adrenals With Aldosterone-Producing Adenoma[END_REF]. Three APCC carried KCNJ5 mutations, seven carried CACNA1D mutations and in seven APCC no mutations were identified (Table 1).

Remarkably, all APCC in adrenals with APA or with micronodular hyperplasia showed cytoplasmic and/or nuclear β-catenin coexpressed with CYP11B2, independently of the mutational status; nuclear pCREB expression was also observed, indicating an activation of both signaling pathways in APCC (Figure 8). For technical reasons, in these structures acquisition of MC2R labeling on Opal was not possible, thus MC2R expression in the same APCC was investigated by IHC. MC2R was strongly expressed at the membrane and in the cytoplasm of cells composing the APCC (Figure 9). Nuclear pCREB was also strongly expressed in the APCC, as well as in the ZG, similar to activated β-catenin (Figure 8).

Remarkably, accumulation of mast cells was observed around APCC with a reorganization of the vascular network, where the centripetal capillaries follow the CYP11B2 positive cells (Figure 8); in some cases, mast cells were observed in close proximity to vascular cells (Figure 4). Nerve fibers labeled by S100 were hardly detected in APCC.

Remarkably, in the pAATL the outer part expresses CYP11B2 and the inner part is CYP17A1 positive (Figure 10). Activated β-catenin, a reduced vascular network, nuclear pCREB expression and an abundant number of mast cells were observed in the external part of the structure coexpressed with CYP11B2 (Figure 10). In contrast, the inner part of the pAATL did not express activated β-catenin and pCREB, showed a more organised vascular network and less mast cells. MC2R expression was homogeneous in the pAATL (Figure 10). This differential pattern was observed, although the inner and outer part of the pAATL carry the same CACNA1D mutation (Table 1).

A secondary nodule non-expressing CYP11B2 from patient 56 was also analysed. This nodule, which does not carry a somatic mutation (Table 1), expresses CYP17A1, shows nuclear expression of pCREB and heterogeneous expression of activated β-catenin but no expression of MC2R (Figure 11).

Discussion

The Wnt/β-catenin, ACTH/cAMP/PKA signaling pathways and paracrine pathways play an important role in steroidogenesis and adrenal development [START_REF] Pignatti | Regulation of zonation and homeostasis in the adrenal cortex[END_REF], but their role in the development of APA and other aldosterone producing structures in the context of somatic mutations as well as their interactions remain unclear. Although previous studies have investigated individual components of this pathways independently, here we applied multiplex immunofluorescence and multispectral image analysis to investigate proteins involved in aldosterone (CYP11B2) and cortisol (CYP11B1/CYP17A1) biosynthesis, in addition to markers of Wnt/β-catenin (β-catenin) and ACTH/cAMP/PKA (MC2R, pCREB) signaling, as well as paracrine pathways of the tumor microenvironment (Tryptase, S100) and vascularisation (CD34), in adrenals with APA and with micronodular hyperplasia. Our results show a high abundance of mast cells and dense vascularisation in APA, which is independent of the mutation status. Mast cells were mainly localized in zones expressing aldosterone synthase within the tumour. In cells expressing aldosterone synthase, β-catenin is activated and MC2R is highly expressed and found at the cell membrane; VEGFA expression was more important in areas expressing CYP11B2 suggesting regulation by ACTH signaling. In APCC, β-catenin is activated and co-expressed with aldosterone synthase; a high number of mast cells are observed in these areas with a reorganisation of the blood vessels following the cellular arrangement of steroidogenic cells. Strong nuclear pCREB expression was also observed in these structures, together with MC2R expression.

Our results confirm that mast cells are abundant in APA [START_REF] Lopez | Role of Mast Cells in the Control of Aldosterone Secretion[END_REF]. In addition, our study shows that mast cells accumulate next to CYP11B2 positive cells in APA, supporting their specific contribution to aldosterone biosynthesis. Indeed, several studies have demonstrated that mast cells are able to stimulate aldosterone production through the secretion of serotonin and the activation of intracellular calcium signaling [START_REF] Lefebvre | Production and metabolism of serotonin (5-HT) by the human adrenal cortex: paracrine stimulation of aldosterone secretion by 5-HT[END_REF][START_REF] Boyer | Dysregulation of Aldosterone Secretion in Mast Cell-Deficient Mice[END_REF][START_REF] Hinson | Adrenal mast cells modulate vascular and secretory responses in the intact adrenal gland of the rat[END_REF]. It is well known that the adrenal cortex is richly innervated and contains vasoactive intestinal peptide, substance P and neuropeptide Y peptidergic fibers, which may influence aldosterone synthesis through a paracrine regulation [START_REF] Wils | The neuropeptide substance P regulates aldosterone secretion in human adrenals[END_REF]. Although it has been shown that neuronal mechanisms are involved in mast cell activation [START_REF] Duparc | Mast cell hyperplasia is associated with aldosterone hypersecretion in a subset of aldosterone-producing adenomas[END_REF], supporting the possibility that the sympathetic system can influence the function of a subgroup of APA, colocalization of mast cells and nerve fibers was rarely observed in APA in our study, suggesting that mast cell degranulation is not primarly stimulated by nerve fibers.

These results are in accordance with previous work showing only occasionally contacts between mast cells and nerve terms in APA tissues [START_REF] Duparc | Mast cell hyperplasia is associated with aldosterone hypersecretion in a subset of aldosterone-producing adenomas[END_REF]. However, although we have quantified between 50-100% of the surface of each APA, we cannot exclude that some interactions may have been missed; also local concentrations of neurotransmitters may signal to mast cells at distance.

The Wnt/β-catenin and ACTH/cAMP/PKA signaling pathways are both involved in cell differentiation and function of the ZG and ZF. Although only ≈5% of APA carry CTNNB1 mutations, β-catenin is activated in a majority of them [START_REF] Berthon | WNT/beta-catenin signalling is activated in aldosterone-producing adenomas and controls aldosterone production[END_REF]. In certain cases, CTNNB1 mutations alone, arising in the ZG, may suffice to induce development of APA maintaining the ZG phenotype of the tumor. In other cases, CTNNB1 may contribute to tumor formation in APA carrying other types of mutations, by promoting cell proliferation or nodule formation either as a first hit due to somatic mutations or because of its activation due to mechanisms that need to be identified. The two hit model is supported by the identification of somatic GNAQ/GNA11 mutations in CTNNB1 mutated APA in patients with PA presenting at puberty, pregnancy or menopause [START_REF] Zhou | Somatic mutations of GNA11 and GNAQ in CTNNB1-mutant aldosterone-producing adenomas presenting in puberty, pregnancy or menopause[END_REF], as well as the occurrence of KCNJ5 mutations in adrenals from patients with FAP carrying germline APC mutations [START_REF] Vouillarmet | Aldosterone-Producing Adenoma With a Somatic KCNJ5 Mutation Revealing APC-Dependent Familial Adenomatous Polyposis[END_REF].

Previous studies have shown that the expression of MC2R is higher in APA compared to the normal adrenal gland [START_REF] Ye | G-protein-coupled receptors in aldosterone-producing adenomas: a potential cause of hyperaldosteronism[END_REF]. Our results showed that MC2R was highly expressed in areas expressing CYP11B2 in APA, a result which was confirmed by MC2R gene expression studies of different regions of APA expressing or not CYP11B2. In contrast, expression of pCREB in APA was low and did not show any particular colocalization with either CYP11B2, CYP17A1 or MC2R, suggesting that CREB phosphorylation is independent of MC2R activation in APA.

We further investigated the activity of the ACTH signaling pathway by studying two accessory proteins MRAP and MRAP2 known to initiate or inhibit MC2R activation respectively [START_REF] Novoselova | Melanocortin receptor accessory proteins in adrenal gland physiology and beyond[END_REF].

While we did not observe any expression of MRAP2, the expression of MRAP was heterogeneous and independent of CYP11B2 expression, both across APA and within heterogeneous APA carrying KCNJ5 mutations. Altogether, these results suggest that in APA, ACTH may be involved in the regulation of aldosterone production by signaling through MC2R/MRAP and activation of calcium rather than CREB signaling. Indeed, activation of calcium signaling by ACTH has been previously shown, involving activation, through phosphorylation via PKA, of voltage gated calcium channels [START_REF] Hattangady | Acute and chronic regulation of aldosterone production[END_REF][START_REF] El Ghorayeb | Role of ACTH and Other Hormones in the Regulation of Aldosterone Production in Primary Aldosteronism[END_REF][START_REF] Gallo-Payet | YEARS OF POMC: Adrenal and extra-adrenal functions of ACTH[END_REF].

APA are highly vascularized structures. Although we did not observe intratumoral heterogeneity in vascularization by multiplex immunofluorescence, VEGFA expression was more important in areas expressing CYP11B2 in contrast to areas not expressing CYP11B2.

The increase of VEGFA expression in these areas may be explained by the presence of perivascular mast cells, which are involved in the maintenance of angiogenesis, as shown in pancreatic islet tumors [START_REF] Soucek | Mast cells are required for angiogenesis and macroscopic expansion of Myc-induced pancreatic islet tumors[END_REF], or alternatively by the activation of the ACTH/cAMP pathway via MC2R, as MC2R is highly expressed in these same regions. Indeed, in the adrenal gland, ACTH stimulates the release of VEGF and the stabilisation of its mRNA [START_REF] Lefebvre | Role of ACTH in the Interactive/Paracrine Regulation of Adrenal Steroid Secretion in Physiological and Pathophysiological Conditions[END_REF]. Furthermore, it has been suggested that changes in the vascular supply of the adrenal cortex, due to phenomena of atherosclerosis or high blood pressure, may influence the function of the adrenal cortex, resulting in compensatory adrenal cortex hyperplasia and eventually nodulation [START_REF] Sasano | Adrenal Cortex[END_REF].

Remarkably, investigation of APCC revealed similar patterns of expression as observed in APA, although with some peculiar features. We observed abundant mast cells in APCC, supporting a role for paracrine regulation of autonomous aldosterone production in these structures. The localization of mast cells close to blood vessels and within CYP11B2 positive areas suggest that they may influence mineralocorticoid production directly and/or via the blood flow. Furthermore, all APCC in adrenals with APA or with micronodular hyperplasia showed nuclear and/or cytoplasmic β-catenin coexpressed with CYP11B2, independently of the mutational status. In contrast to APA, strong nuclear pCREB expression was also observed, together with MC2R expression, suggesting ACTH signaling via PKA/pCREB in APCC.

MC2R was previously identified as a highly expressed gene in APCC [START_REF] Nishimoto | Aldosterone-stimulating somatic gene mutations are common in normal adrenal glands[END_REF]. These results indicate that in APCC both ACTH/cAMP as well as Wnt/β-catenin signaling are activated, suggesting that APCC may be intermediary structures in terms of cell lineage between the ZG and the ZF. This hypothesis is supported by previous work showing characteristics of both ZG and ZF within the same structures [START_REF] Boulkroun | Aldosterone-producing adenoma formation in the adrenal cortex involves expression of stem/progenitor cell markers[END_REF]. The presence of mast cells in these structures may contribute to the activation of PKA signaling pathway via serotonin/5HT4 signaling (50) and be involved in the autonomous aldosterone production. The additional activity of the calcium signaling pathway in regulating CYP11B2 expression and aldosterone production in APCC is supported by the presence of somatic mutations in APA-driver genes that have been previously shown to activate calcium signaling. These finding suggests that different signalling pathways are involved in the development and maintenance of APCC.

Remarkably, in a nodule non expressing CYP11B2 from an adrenal with APA, mast cells were present but localized to the areas not expressing CYP11B1 either. This is consistent with previous studies showing that mast cell proliferation is observed in a deoxycorticosteronesecreting tumor and APA but not in cortisol-secreting adenomas (51), suggesting that mast cells may preferentially favour proliferation of glomerulosa cells [START_REF] Duparc | Mast cell hyperplasia is associated with aldosterone hypersecretion in a subset of aldosterone-producing adenomas[END_REF] and mineralocorticoid secretion.

In conclusion, our results show that aldosterone producing structures in adrenals with APA share common molecular characteristics and cellular environment, despite different mutation status, suggesting common developmental mechanisms. In particular, mast cells appear to be closely associated with cells expressing aldosterone synthase, both in APA and APCC, and their degranulation seems not to be regulated by innervation. In these same areas, activation of ßcatenin indicates a zona glomerulosa cell identity. Activation of PKA signalling was heterogeneous in aldosterone producing structures, suggesting different signalling pathways activated by ACTH and serotonin to drive aldosterone biosynthesis. 
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Table 1 . Samples analyzed in this study.
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	559					
	Patient ID	Structure	CYP11B2 staining	Mutation	Multiplex Immunofluorescence study	Gene expression study
	1	APA	Yes	ATP2B3	Yes	
	4	APA	Yes	CACNA1D	Yes	
		APCC3	Yes	CACNA1D	Yes	
		APCC4	Yes	KCNJ5	Yes	
		APCC5	Yes	Neg	Yes	
		APCC6	Yes	Neg	Yes	
		APCC7	Yes	Neg	Yes	
	8	APA	Yes	CACNA1D	Yes	
		APA	Yes	CACNA1D		Yes
		APA	Yes	ATP1A1	Yes	
		APA	Yes	Neg		Yes
		APA	Yes	ATP1A1	Yes	
		APA	Yes	CACNA1D		Yes
		APA	Yes	ATP2B3	Yes	
		APA	Yes	KCNJ5		
		APA zone 1	No	KCNJ5		Yes
		APA zone 2	Yes	KCNJ5		Yes
		APA zone 3	Yes	KCNJ5		Yes
		APA zone 4	No	KCNJ5		Yes
		APA	Yes	CACNA1D	Yes	
		APCC1	Yes	Neg	Yes	
		APCC2	Yes	CACNA1D	Yes	
		APCC4	Yes	CACNA1D	Yes	
				CACNA1D	Yes	
				CACNA1H	Yes	
		APCC5	Yes	KCNJ5	Yes	
		APA	Yes	CACNA1D		Yes
		APA	Yes	KCNJ5	Yes	
		APA zone 1	No	KCNJ5		Yes
		APA zone 2	Yes	KCNJ5		Yes
		APA	Yes	KCNJ5	Yes	
		APCC2	Yes	CACNA1D	Yes	
		APCC4	Yes	KCNJ5	Yes	
		APCC1	Yes	Neg	Yes	
		APCC3	Yes	Neg	Yes	
		APA	Yes	ATP1A1	Yes	
		APA	Yes	ATP2B3	Yes	Yes
		Nodule	No	Neg	Yes	Yes
	48 bloc1	APCC1	Yes	CACNA1D	Yes	
		APCC2	Yes	Neg	Yes	
		APCC3	Yes	CACNA1D	Yes	
		APCC6	Yes	CACNA1D	Yes	
	48 bloc4	pAATL B2+	Yes	CACNA1D	Yes	
		pAATL B2-	No	CACNA1D	Yes	
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