

  ijms-22-13667




ijms-22-13667







Int. J. Mol. Sci. 2021, 22(24), 13667; doi:10.3390/ijms222413667




Article



Autoimmunity to the Follicle-Stimulating Hormone Receptor (FSHR) and Luteinizing Hormone Receptor (LHR) in Polycystic Ovarian Syndrome



Hanna A. Schniewind 1, Lisa-Marie Sattler 1, Christoph W. Haudum 2[image: Orcid], Julia Münzker 2, Waldemar B. Minich 1, Barbara Obermayer-Pietsch 2,*[image: Orcid] and Lutz Schomburg 1,*[image: Orcid]





1



Institute for Experimental Endocrinology, Charité-Universitätsmedizin Berlin, Corporate Member of Freie Universität Berlin, Humboldt-Universität zu Berlin, and Berlin Institute of Health, 13353 Berlin, Germany






2



Endocrinology Lab Platform, Department of Internal Medicine and Gynecology and Obstetrics, Medical University Graz, A-8036 Graz, Austria









*



Correspondence: barbara.obermayer@medunigraz.at (B.O.-P.); lutz.schomburg@charite.de (L.S.)







Academic Editor: Seung-Yup Ku



Received: 26 November 2021 / Accepted: 19 December 2021 / Published: 20 December 2021



Abstract

:

Hyperandrogenemia and ovulatory dysfunction are hallmarks of polycystic ovary syndrome (PCOS), pointing to a deranged hypothalamus-pituitary-ovarian (HPO) axis. An autoimmune etiology of PCOS is suspected in a subset of patients due to the relatively high concordance of PCOS with common autoimmune diseases. For this reason, we tested the hypothesis that natural autoantibodies (aAb) to the follicle-stimulating hormone receptor (FSHR) or luteinizing hormone receptor (LHR) are prevalent in PCOS. To this end, new luminometric assays for quantifying aAb to the FSHR (FSHR-aAb) or LHR (LHR-aAb) were developed using full-length recombinant human receptors as fusion proteins with luciferase as reporter. Prevalence of FSHR-aAb and LHR-aAb was determined in serum samples from healthy controls and PCOS patients. Steroid hormone profiles were compared between patients with and without FSHR-aAb or LHR-aAb. Signal linearity and detection ranges were characterized and both methods passed basic performance quality checks. The analysis revealed a relatively low prevalence, with 4 out of 430 samples positive for FSHR-aAb in the control versus 11 out of 550 samples in the PCOS group, i.e., 0.9% versus 2.0%, respectively. Similarly, there were only 5 samples positive for LHR-aAb in the control versus 2 samples in the PCOS group, i.e., 1.2% versus 0.4%, respectively. Samples positive for FSHR-aAb displayed steroid hormones in the typical range of PCOS patients, whereas the two samples positive for LHR-aAb showed relatively elevated free testosterone in relation to total testosterone concentrations with unclear significance. We conclude that the FSHR and LHR constitute potential autoantigens in human subjects. However, the prevalence of specific autoantibodies to these receptors is relatively low, both in control subjects and in women with PCOS. It is therefore unlikely that autoimmunity to the LHR or FSHR constitutes a frequent cause of hyperandrogenemia or ovulatory dysfunction in PCOS.
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1. Introduction


Polycystic ovarian syndrome (PCOS) constitutes a common endocrine disorder affecting approximately 8–13% of adult European women, with the prevalence varying widely among different populations throughout the world [1]. Disease onset can often be observed already in adolescence [2]. The definition of PCOS includes morphological along with endocrine and symptomatic parameters, and the disease is currently diagnosed according to the Rotterdam criteria based on hyperandrogenemia, oligo-/anovulatory infertility, and/or polycystic ovary morphology [3]. A diagnosis of PCOS is made when two or three of these criteria are met, i.e., women without polycystic ovary morphology can also be diagnosed as PCOS patients [4]. This inconsistency highlights the complexity of the syndrome, the lack of understanding of its etiology, and the urgent need for refined criteria and additional diagnostic parameters [5].



Several lines of research are currently being pursued in the search for novel informative parameters to help identify the disease early, support treatment, and stratify the patients. These include molecular analyses testing for associated gene variants and genetic alterations, metabolome and proteome analyses from different matrices, immunological approaches to identify alterations in cells of the immune system and circulating autoantibodies, or microbiome analyses [6,7,8,9]. Based on the currently available results, a purely genetic or environmental origin of PCOS is unlikely, and no single genetic biomarkers, environmental triggers, or common circulating disease-specific autoantibodies have been identified so far [7]. This notion again underlines the complexity of the disease, despite the observation that PCOS often runs in families. Several generations of women are sometimes affected, and even some PCOS-like features can also be observed in the men from these families, including typical body shape, hair loss pattern, and high androgen levels, suggesting some common evolutionary advantages from the disease [10]. A second characteristic of PCOS suggests another important factor in disease etiology, namely the immune system. The risk for and prevalence of PCOS is elevated in women suffering from an autoimmune disease, especially in patients with Hashimoto’s thyroiditis [11], Graves’ disease [12], osteoarthritis [13], type 1 diabetes mellitus [14], systemic lupus erythematosus [15], or psoriasis [16]. Autoantibodies to thyroperoxidase (TPO-aAb), for example, were found in 26.7–26.9% of women with PCOS compared to 6.6–8.3% of healthy women in case-control studies in Turkey and Germany [17,18]. An increased TPO-aAb prevalence of 10–31% is generally found in adult women with subfertility and in 17–33% of women with recurrent pregnancy loss [19]. These numbers are considerably higher than the prevalence of 9.1–9.9% in the general female population [20], and further support the hypothesis of a relevant autoimmune component in a subgroup of patients with PCOS [21,22].



The hypothalamus-pituitary-ovary (HPO) axis controls ovarian development and function including follicle recruitment, oocyte selection, regular cycling, and steroid hormone biosynthesis [23]. The rhythmicity of hypothalamic gonadotropin-releasing hormone (GnRH) release into the portal blood system is the central coordinator from brain for the synthesis and release of the pituitary gonadotropins. The GnRH-receptor (GnRHR) on gonadotropic cells of the anterior pituitary translates circulating GnRH released from the neuroendocrine hypothalamic cells into the secretion of follicular-stimulating hormone (FSH) and luteinizing hormone (LH). Variation in GnRH pulse frequency and amplitude allows fine tuning of FSH versus LH release and controls the relative amounts of the circulating gonadotropins, resulting in different and dynamically changing FSH and LH concentrations (the so-called LH/FSH ratio, which is elevated in PCOS) [24]. Gonadotropin-specific receptors at the major target organ, i.e., the ovary in women and the testes in men, belong to the family of G-protein coupled receptors (GPCR) and translate the FSH and LH signals into endocrine effects. LH-receptors (LHR) are mainly located on theca cells in the ovary or Leydig cells in the testes and affect steroid hormone biosynthesis [25]. FSH-receptors (FSHR) on granulosa cells in the ovary or Sertoli cells in the testes control the recruitment and maturation of gonadal stem cells and the processing and transport of steroid hormones [26].



Endocrine receptors of the GPCR family are established targets in autoimmune diseases, with the receptor for thyrotropin (TSHR) taking center stage in autoimmune thyroid diseases, particularly Graves’ disease, where activating autoantibodies not only serve as diagnostic parameters but also represent the cause and a major therapeutic target of the disease [27]. Both the anterior pituitary glycoprotein hormones (FSH, LH, and TSH) and their receptors (FSHR, LHR, and TSHR) share a high degree of homology and belong to the same ancestral families [28,29]. It is therefore conceivable that the FSHR and the LHR represent disease-relevant autoantigens in human subjects, as the TSHR does in Graves’ disease. Some case reports or small case-control studies support this notion in premature ovarian failure, using radiolabeled ligands in displacement experiments or FSH-binding inhibition assays to investigate the presence of potentially interfering autoantibodies [30,31,32]. However, the results have not been verified by larger analyses, none of the assays received a wider application, and no indications for autoantibodies interfering with FSH action were observed in male infertility [33]. Nevertheless, to test this appealing hypothesis more systematically, we developed and validated novel non-radioactive in vitro assays capable of quantifying autoantibodies to these two GPCR directly and evaluated the prevalence of FSHR-aAb and LHR-aAb in a large cohort of PCOS patients and controls.




2. Results


Using the newly developed assays, a few positive serum samples were identified. Two serum samples positive for the FSHR-aAb were used in dilution experiments with negative samples to test for matrix effects. The mixtures of equal volumes of a negative sample (blue) with a positive sample (violet) yielded the expected mean signals (red) of both samples (Figure 1A). No deviation from this prediction was seen with the sample slightly positive (sample #1) or highly positive (#2). Unfortunately, no commercial antibody specifically binding the human FSHR was identified as an additional and independent positive control.



Specificity and linearity of the LHR-aAb assay was tested by dilution of a commercial antibody in binding buffer. A concentration-dependent decline of luciferase activity in the precipitate according to the applied amount of antiserum was observed (Figure 1B). Linearity of the signal extended over almost two orders of magnitude. The LHR-specific antibody showed no cross-reaction to the recombinant human FSHR.



The analysis of our cohort of serum samples for FSHR-aAb or LHR-aAb yielded a dataset of skewed signals and showed no normal distribution, indicative of positive samples exceeding the range that can be caused by technical noise alone. By applying the criterion for extreme outliers (P75 + 3xIQR), a small number of positive samples were identified with both assays. However, the signals were not exceedingly high. The prevalence of positive samples was similar in both cohorts, i.e., there was no obvious quantitative difference in autoimmunity against the FSHR and LHR in controls and PCOS patients (Figure 2). According to the cut-off criterion, there were four samples positive for FSHR-aAb in the control group (prevalence of 0.9%), and 11 positive samples in the PCOS cohort (prevalence of 2.0%) (Figure 2A). The prevalence for positivity to the LHR was similar, with five positive samples in the controls, and two in the PCOS group (prevalence of 1.2% and 0.4%, respectively) (Figure 2B). Notably, the positive samples did not overlap, i.e., the samples positive for LHR-aAb were from different subjects than those positive for FSHR-aAb.



Anthropometric and clinical parameters were compared between the full cohort of PCOS patients and the autoantibody-positive patients (Figure 3). No obvious differences were observed for age (Figure 3A), BMI (Figure 3B), systolic blood pressure (Figure 3C), TSH (Figure 3D), CRP (Figure 3E), or fasted glucose concentrations (Figure 3F).



Next, the steroid hormone patterns of the patients identified as positive for FSHR-aAb and LHR-aAb, respectively, were compared to the full cohort of PCOS patients (Figure 4). The concentrations of total testosterone (Figure 4A), free testosterone (Figure 4B), dehydroepiandrosterone (DHEAS) (Figure 4C), or androstenedione (Figure 4D) were similar between the three groups of patients. The only notable difference relates to free testosterone, where the two subjects positive for LHR-aAb seemed to display slightly elevated values.



A detailed analysis of the free and total testosterone concentrations indicated that the two positive samples for LHR-aAb (denoted as #39 and #156) were located outside the 90% confidence interval, and even outside the 95% confidence interval of the full group of patients (Figure 5). The latter is indicated as broken lines in the figure.




3. Discussion


This study describes two newly developed autoantibody assays for two human GPCR, a first characterization of their key performance parameters, and a parallel application of these assays to test their potential suitability to aid PCOS diagnosis and improve our understanding of the disease. The research was based on the assumption of an autoimmune etiology in a subgroup of PCOS patients, mainly due to the known elevated association of PCOS with other autoimmune diseases [34]. Both newly generated assays were found to be reliable in dilution experiments, and the performance of the LHR-aAb assay was successfully tested with a commercially available LHR antiserum. Unfortunately, no suitable commercial source was identified for specific antibodies to the FSHR. This limitation is a well-known and common problem when working with GPCR and looking for receptor-specific commercial antibodies [35,36,37]. The parallel development of both assays with the same strategies and tools supports the comparability of the measurements. The analysis of a relatively large cohort of PCOS patients and controls failed to reveal a particularly high prevalence of FSHR-aAb or LHR-aAb in the patients. A small number of positive samples were identified in both groups, indicating that both receptors can indeed be recognized as specific autoantigens in humans. However, the prevalence was low, the signals were not exceptionally high questioning pathophysiological relevance, and there was no obvious association with PCOS. From these data, we conclude that autoimmunity to the gonadotropin receptors is a rare finding that has no obvious relevance to routine diagnosis of PCOS. Whether the apparent deviation of testosterone concentrations in the two samples identified as positive for LHR-aAb is of pathophysiological relevance is doubtful and requires an independent verification in additional analytical studies, ideally of even greater size.



The reliability of the obviously disappointing main result of this study depends primarily on the quality of the novel analytical assays used and patient samples analyzed. The detection and reliable quantification of protein-specific autoantibodies is a critical and sensitive issue, and various methods and protocols have been developed [38,39]. From a technical point of view, the use of small antigenic peptides is most straightforward, as they can be commercially produced in the desired quantities and with high purity, immobilized on various surfaces or directly labeled with a range of different detection tags with good efficiency. This approach also allows a thorough characterization of the antigenic epitopes by screening a series of overlapping peptides covering the entire primary sequence of the antigen by high-throughput approaches, [40]. Alternatively, phage display libraries of sufficiently high complexity may be used [41]. However, several disadvantages can arise when using peptide-based approaches; (i) three dimensional or conformational epitopes consisting of distant residues are not represented by linear peptides, (ii) posttranslational modifications are difficult to be recapitulated by synthetic peptides, and (iii) signal strength may be considerably lower with a single short peptide than with the full-length protein, in view that the autoimmune response in a given individual is usually polyclonal and several antigenic determinants are simultaneously recognized by different immunoglobulins. From these considerations, the use of full-length recombinant proteins, preferably expressed in mammalian cells to allow the typical posttranslational modifications, seems advantageous [42].



However, the use of full-length recombinant antigens brings other challenges. The purity of the recombinant proteins is of utmost importance for immobilization or direct labelling to achieve high specificity in the analytical assays. Detection of autoantibodies bound to immobilized full-length proteins can be reliably achieved by anti-immunoglobulin antibodies with suitable labels or tags for detection and signal amplification. Careful optimization of the coating process in such indirect ELISA tests, along with sufficient blocking of unspecific signals, are prerequisites for achieving the desired high signal to noise ratio [43]. The same challenge arises in the quantitative labelling of purified proteins, in order to avoid high background noise. While these approaches are straightforward and promising techniques when working with soluble proteins of limited size, it seems to be extremely difficult with large or even membrane proteins, as their purification is most challenging, costly, and only possible with some loss of material, protein quality, and integrity. A labor-intensive but reliable alternative is the generation of fusion proteins of the desired autoantigen with a sensitive reporter enzyme [44]. In this process, all recombinant antigens are reliably labeled by the reporter moiety exactly once, and no other protein that is co-purified during the preparation of the antigen receives the enzymatic label during assay set-up. In this way, the development of highly sensitive and specific assays seems possible, regardless of the size or subcellular localization of the antigen.



Several examples, where this approach has been successfully used for difficult-to-handle antigens, confirm this strategy. Human TSHR was expressed as a fusion protein with luciferase, allowing a highly sensitive and reliable assay for the diagnosis of TSHR-aAb in Graves’ disease [45]. The results obtained were in good agreement with the clinical features of the thyroid patients. However, the TSHR is a relatively atypical member of the GPCR family of endocrine receptors as it contains a very large N-terminal extracellular domain [29]. Other transmembrane proteins with only small portions extending into the extracellular space have also recently been targeted with this approach, including the two major thyroid iodide transporters, i.e., the sodium iodide symporter (NIS) and pendrin (PDS) [46]. Previous studies had shown that peptide-based assays gave incongruent results for NIS-aAb or PDS-aAb prevalence, ranging from 0–10% in controls, to 0–84% in Graves’ disease, and up to 0–97.5% in Hashimoto’s thyroiditis [46]. The results obtained with luciferase fusion proteins were better in line with the more sophisticated and elaborate assays that used radioactively labelled full-length transporters in precipitation assays, with prevalence of 1.8% to 5% in controls, 11.0–12.3% in Graves’ disease, and 4.7–7.5% in Hashimoto’s thyroiditis. The mandatory use of isotopes clearly posed a problem for the radioactive assays in terms of costs, general suitability in routine labs, and stability of the components used in the assays [47,48]. The development of similarly sensitive methods using recombinant full-length proteins fused to luciferase provides a promising alternative, in view of the equivalent results obtained by these two assay principles.



A similar discrepancy between peptide sequences and full-length proteins or biological assays also exists with other GPCR, e.g., in the field of cardiac receptors, where no consensus has been reached yet, as biological and peptide-based ELISA assays give very incongruent results [49,50]. The issue of excessive noise due to the nature of the antigens as GPCR questioned early findings that lacked appropriate negative and positive controls [51]. In PCOS, the hypothesis of a primary role for another centrally important GPCR, i.e., the GnRHR, was tested by different techniques [52,53]. The assays were based on an indirect measure of the biological activity of GnRHR-aAb [52], either on a peptide-based ELISA [52], or on a precipitation assay like in this study, quantifying the direct binding of GnRHR-aAb to the full-length receptor as luciferase fusion protein [53]. The results were incongruent, and an independent evaluation of these approaches is still required, but the latter study conducted by us questions the initial enthusiasm for this appealing hypothesis as specific autoantibodies binding the human GnRHR were observed in a tiny fraction of samples, only similar to the results of the present study. Notably, the positive samples identified in this study and presented here do not overlap to the positive patients in our former study on autoimmunity to the GnRHR [53].



The second important prerequisite for a sound analysis of our research hypothesis relates to the quality of the samples studied and the clinical characterization of the PCOS patients. Enrolment into the study and serum processing were performed in a standardized manner according to the highest principles of clinical research [54]. Blood collection and serum processing, as well as entry into the study database and as biological aliquots into the Graz Biobank, were performed strictly according to the agreed standard operating procedures as described [55]. Samples were sent on dry ice to the remote analytical laboratory in Berlin, Germany, and analyzed by personnel blinded to clinical characteristics. Samples were thawed and frozen only once prior to analysis, and serum quality tests routinely performed in Berlin using three different biomarkers for selenium status (total selenium, selenoprotein P concentration, and glutathione peroxidase-3 activity) yielded consistent results by spectroscopic, ELISA and enzyme activity assays, as described [56]. For these reasons, poor quality of samples, loss of immunoglobulins, or degradation of antibodies in the samples tested is not a likely explanation for the low number of positive samples identified. We are left with the notion that natural autoimmunity to the FSHR and LHR is a very rare event in PCOS, but may be of relevance in other conditions associated with subfertility or other hormonal imbalance.



The particular strengths of this study include the relatively large cohort sizes analyzed, the choice of detection principle, a successful parallel establishment of the analytical assays used, and the high quality of the clinical samples examined. Notable limitations include the lack of characterization of the FSHR-aAb assay by a commonly available antiserum (for our unsuccessful attempts to identify a suitable commercial product), the nature of the assays relying solely on binding without providing information on the potential biological activity of the aAb as agonistic, antagonistic, or merely neutral, and the lack of clinical information on the control samples other than sex, age and personal assessment as healthy. Moreover, only few positive samples were identified, and no consistent correlation to a relevant clinical parameter was observed due to the low frequency of positivity, rendering it impossible to determine relevant cut-offs for the binding index as measure of autoantibody concentrations in contrast to other similar studies [57]. Especially in view that the diagnosis of PCOS is difficult and often takes years to be done [58], we can moreover not exclude that the positive samples identified in the control cohort are just un-diagnosed cases of PCOS or display other signs of subfertility.




4. Materials and Methods


4.1. Human Samples


The cohort of PCOS patients consisted of n = 550 individual serum samples, collected in Graz, Austria, under highest quality standards, and stored at Biobank Graz [55]. The Rotterdam criteria for PCOS diagnosis were applied according to the literature [59,60]. Blood sampling was performed in the morning after an overnight fast. Standard anthropometric data, blood pressure, and other clinical parameters were measured as described [61]. All patients included had provided written informed consent prior to enrollment, and the investigation was conducted in accordance with the Declaration of Helsinki. An ethical approval had been issued by the review committee of Graz University (Ethikkommission der Medizinischen Universität Graz, Universitätsklinikum, Austria EC18-066 ex 06-07). Steroid hormones were determined in the samples routinely by ELISA (ADVIA Centaur® Immunoassay, Siemens Healthcare Diagnostics Inc., Tarrytown, NY, USA), or liquid chromatography followed by mass spectrometry, as described earlier [53,62]. Control serum samples from subjects with a self-reported status as “healthy” (n = 400, 50% female) were obtained from a commercial supplier (In.Vent Diagnostica GmbH, Hennigsdorf, Germany). These samples were complemented by several control samples (female) from the biobank in Graz, collectively forming our cohort of controls.




4.2. Construction and Expression of GPCR-Luciferase Fusion Proteins


The fusion proteins of the two GPCR were constructed by the same principle as described before for the human GnRHR [53]. Briefly, the open reading frame of human FSHR was amplified by PCR using the forward primer FSHR-fwd (atggccctgctcctggtctctttg) in combination with FSHR-rev (atagaattcgttttgggctaaatgacttagagg), introducing an EcoR1 site (gaattc) in the reverse primer for allowing directed cloning into the expression vector. Similarly, the open reading frame of human LHR was amplified by using primers LHR-fwd (atgaagcagcggttctcggcgctg) and LHR-rev (atagaattcacactctgtgtagcgagtctt), also introducing an EcoR1 site (gaattc) in the reverse primer for enabling a directed insertion of the reading frame into the expression vector. Generation of the fusion proteins was achieved by assembling a reading frame encompassing the information for the GPCR coding sequence in front of a firefly luciferase cDNA. To this end, the reading frame of firefly luciferase was amplified with pSP-Luc+NF vector as template (Promega, Mannheim, Germany), as described [53]. The amplicon was inserted into the IRES-containing bicistronic vector pIRESneo (Addgene, Teddington, UK). The two newly generated expression vectors encoding for either FSHR-Luc or LHR-Luc (plasmid pIRESneo-FSHR-Luc) and plasmid pIRESneo-LHR-Luc, respectively) were sequence verified by a service provider (LGC Genomics GmbH, Berlin, Germany).



Recombinant expression of the fusion proteins was achieved in human embryonic kidney cells (HEK 293 cells). After transfection of plasmids using (FuGENE HD) reagent (Promega), cells were grown in DMEM containing 10% fetal bovine serum (FBS). Selection of clones having stably integrated the plasmid into their genomes was achieved by providing selection media containing the antibiotic geneticin (G418; 0.8 mg/mL, Sigma-Aldrich/Merck KGaA, Darmstadt, Germany). Clones expressing recombinant fusion proteins were selected by luciferase activity measurements and expanded in G418-containing media until reaching confluency. Aliquots of the stable clones were harvested and frozen to secure the most productive cell clones. Protein was prepared by scraping into PBS, centrifugation, and washing in PBS as described earlier [53]. Cell pellets were finally resuspended in 50 mM Tris, pH 7.4, 100 mM NaCl, 10% glycerol, and 10% Triton X-100 to lyse the cells and liberate soluble intracellular material. The membrane preparation was further washed, precipitated, resuspended, and aliquots were prepared and stored at −80 °C for the new analytical tests on autoimmunity to the human receptors.




4.3. Quantitative Analysis of FSH-R-aAb and LH-R-aAb in Human Serum Samples


The fusion protein preparations were diluted in 50 mM Tris, pH 7.5, 0.1 M NaCl, 10% glycerol, 5% glucose, 1% Triton X-100, and 5% milk powder (w/v), and activity of luciferase was determined as described [53]. Measurements were prepared on ice by providing 40 µL of diluted fusion protein in 96-well-plates. Serum samples were diluted with an equal volume of 50 mM Tris, pH 7.4, 100 mM NaCl, and 50% glycerol, and 10 µL of this dilution was used per measurement. Immune complexes between the luciferase fusion proteins and autoantibodies were allowed to form overnight at 4 °C and were bound to protein A (POROS-A, 10% (vol/vol), ASKA Biotech GmbH, Berlin) at room temperature and precipitated by centrifugation (500× g, 5 min, 4 °C). The pellets were washed three times with 50 mM Tris, pH 7.5, 100 mM NaCl, and 0.5% Triton X-100, and measured for luciferase activity in a luminometer (Mitras, Berthold Technologies GmbH, Bad Wildbad, Germany). The signals from precipitated autoantibody-fusion protein complexes were recorded as relative light units (RLU), using luciferin as substrate (Promega). A commercial antibody preparation (ThermoFischer Scientific, PA5-21271) for human LHR was identified and used to verify the LHR-aAb assay by dilution experiments.




4.4. Statistical Analyses


Statistical analyses were performed using GraphPad Prism v.9.1.2 (GraphPad Software Inc., San Diego, CA, USA). Relative binding indices (BI) were determined by building a ratio with the lower 50% of signals, assuming that more than half of the samples analyzed do not contain relevant amounts of GPCR-specific aAb. Hereby, the BI denotes the factor above background from negative samples. The threshold for positive autoimmunity was determined by applying the criterion for extreme mathematical outliers (P75 + 3xIQR).





5. Conclusions


We conclude that our newly generated diagnostic assays were of high quality and suitable to identify samples with detectable concentrations of FSHR-aAb or LHR-aAb. However, our results do not support the hypothesis of a relevant role of FSHR-aAb or LHR-aAb as a frequent cause of PCOS, indicating that other autoantigens may be targets of relevant autoimmunity in PCOS.







Author Contributions


Conceptualization, J.M. and L.S.; Data curation, H.A.S., L.-M.S. and W.B.M.; Formal analysis, H.A.S., L.-M.S., C.W.H., J.M., W.B.M. and L.S.; Funding acquisition, B.O.-P. and L.S.; Investigation, H.A.S., L.-M.S., W.B.M. and B.O.-P.; Methodology, H.A.S., L.-M.S., C.W.H., J.M. and W.B.M.; Project administration, B.O.-P. and L.S.; Resources, J.M. and B.O.-P.; Software, C.W.H.; Supervision, B.O.-P. and L.S.; Writing—original draft, H.A.S., B.O.-P. and L.S.; Writing—review & editing, L.-M.S., C.W.H., J.M. and W.B.M. All authors have read and agreed to the published version of the manuscript.




Funding


The research was supported by Deutsche Forschungsgemeinschaft (DFG), research unit FOR-2558 “TraceAge” (Scho 849/6-2), and CRC/TR 296 “Local control of TH action” (LocoTact, P17).




Institutional Review Board Statement


The study was conducted according to the guidelines of the Declaration of Helsinki, and approved by the Ethics Committee of Graz University (Ethikkommission der Medizinischen Universität Graz, Universitätsklinikum, Austria EC18-066 ex 06-07).




Informed Consent Statement


Informed consent was obtained from all subjects involved in the study by the study authors, or by the commercial supplier providing the control samples.




Data Availability Statement


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




Acknowledgments


We thank our colleagues, namely Vartitér Seher, Gabriele Boehm, Anja Fischbach and Cornelia Missbrenner, for essential help and critical input into the study.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Deswal, R.; Narwal, V.; Dang, A.; Pundir, C.S. The prevalence of polycystic ovary syndrome: A brief systematic review. J. Hum. Reprod. Sci. 2020, 13, 261–271. [Google Scholar] [CrossRef] [PubMed]

	



Witchel, S.F.; Teede, H.J.; Pena, A.S. Curtailing PCOS. Pediatr. Res. 2020, 87, 353–361. [Google Scholar] [CrossRef] [PubMed]

	



Azziz, R.; Carmina, E.; Dewailly, D.; Diamanti-Kandarakis, E.; Escobar-Morreale, H.F.; Futterweit, W.; Janssen, O.E.; Legro, R.S.; Norman, R.J.; Taylor, A.E.; et al. The androgen excess and PCOS society criteria for the polycystic ovary syndrome: The complete task force report. Fertil. Steril. 2009, 91, 456–488. [Google Scholar] [CrossRef]

	



Sirmans, S.M.; Pate, K.A. Epidemiology, diagnosis, and management of polycystic ovary syndrome. Clin. Epidemiol. 2013, 6, 1–13. [Google Scholar] [CrossRef]

	



Rosenfield, R.L.; Ehrmann, D.A. The pathogenesis of polycystic ovary syndrome (PCOS): The hypothesis of PCOS as functional ovarian hyperandrogenism revisited. Endocr. Rev. 2016, 37, 467–520. [Google Scholar] [CrossRef] [PubMed]

	



Day, F.; Karaderi, T.; Jones, M.R.; Meun, C.; He, C.; Drong, A.; Kraft, P.; Lin, N.; Huang, H.; Broer, L.; et al. Large-scale genome-wide meta-analysis of polycystic ovary syndrome suggests shared genetic architecture for different diagnosis criteria. PLoS Genet. 2018, 14, e1007813. [Google Scholar] [CrossRef]

	



Singh, J.; Wong, H.; Ahluwalia, N.; Go, R.M.; Guerrero-Go, M.A. Metabolic, hormonal, immunologic, and genetic factors associated with the incidence of thyroid disorders in polycystic ovarian syndrome patients. Cureus 2020, 12, e11681. [Google Scholar] [CrossRef]

	



Giampaolino, P.; Foreste, V.; Di Filippo, C.; Gallo, A.; Mercorio, A.; Serafino, P.; Improda, F.P.; Verrazzo, P.; Zara, G.; Buonfantino, C.; et al. Microbiome and PCOS: State-of-art and future aspects. Int. J. Mol. Sci. 2021, 22, 2048. [Google Scholar] [CrossRef]

	



Duan, L.Y.; An, X.D.; Zhang, Y.H.; Jin, D.; Zhao, S.H.; Zhou, R.R.; Duan, Y.Y.; Zhang, Y.Q.; Liu, X.M.; Lian, F.M. Gut microbiota as the critical correlation of polycystic ovary syndrome and type 2 diabetes mellitus. Biomed. Pharmacother. 2021, 142, 12094. [Google Scholar] [CrossRef]

	



Trummer, C.; Pilz, S.; Schwetz, V.; Obermayer-Pietsch, B.; Lerchbaum, E. Vitamin D, PCOS and androgens in men: A systematic review. Endocr. Connect. 2018, 7, R95–R113. [Google Scholar] [CrossRef]

	



Zhao, H.; Zhang, Y.; Ye, J.; Wei, H.; Huang, Z.; Ning, X.; Fu, X. A comparative study on insulin secretion, insulin resistance and thyroid function in patients with polycystic ovary syndrome with and without Hashimoto’s thyroiditis. Diabetes Metab. Syndr. Obes. 2021, 14, 1817–1821. [Google Scholar] [CrossRef] [PubMed]

	



Chen, H.H.; Chen, C.C.; Hsieh, M.C.; Ho, C.W.; Hsu, S.P.; Yip, H.T.; Kao, C.H. Graves’ disease could increase polycystic ovary syndrome and comorbidities in Taiwan. Curr. Med. Res. Opin. 2020, 36, 1063–1067. [Google Scholar] [CrossRef]

	



Kluzek, S.; Rubin, K.H.; Sanchez-Santos, M.; O’Hanlon, M.S.; Andersen, M.; Glintborg, D.; Abrahamsen, B. Accelerated osteoarthritis in women with polycystic ovary syndrome: A prospective nationwide registry-based cohort study. Arthritis Res. Ther. 2021, 23, 225. [Google Scholar] [CrossRef]

	



Busiah, K.; Colmenares, A.; Bidet, M.; Tubiana-Rufi, N.; Levy-Marchal, C.; Delcroix, C.; Jacquin, P.; Martin, D.; Benadjaoud, L.; Jacqz-Aigrain, E.; et al. High prevalence of polycystic ovary syndrome in type 1 diabetes mellitus adolescents: Is there a difference depending on the NIH and rotterdam criteria? Horm. Res. Paediat. 2017, 87, 333–341. [Google Scholar] [CrossRef]

	



Ragab, A.; Barakat, R.; Ragheb, M.; State, O.; Badawy, A. Subfertility treatment in women with systemic lupus erythematosus. J. Obstet. Gynaecol. 2012, 32, 569–571. [Google Scholar] [CrossRef]

	



De Simone, C.; Caldarola, G.; Corbeddu, M.; Moro, F.; Tropea, A.; Moretta, G.; Apa, R. A possible role of polycystic ovary syndrome for pregnancy complications in women with psoriasis. Drug Dev. Res. 2014, 75, S64–S66. [Google Scholar] [CrossRef] [PubMed]

	



Arduc, A.; Dogan, B.A.; Bilmez, S.; Nasiroglu, N.I.; Tuna, M.M.; Isik, S.; Berker, D.; Guler, S. High prevalence of Hashimoto’s thyroiditis in patients with polycystic ovary syndrome: Does the imbalance between estradiol and progesterone play a role? Endocr. Res. 2015, 40, 204–210. [Google Scholar] [CrossRef]

	



Janssen, O.E.; Mehlmauer, N.; Hahn, S.; Offner, A.H.; Gartner, R. High prevalence of autoimmune thyroiditis in patients with polycystic ovary syndrome. Eur. J. Endocrinol. 2004, 150, 363–369. [Google Scholar] [CrossRef]

	



Thangaratinam, S.; Tan, A.; Knox, E.; Kilby, M.D.; Franklyn, J.; Coomarasamy, A. Association between thyroid autoantibodies and miscarriage and preterm birth: Meta-analysis of evidence. BMJ 2011, 342, d2616. [Google Scholar] [CrossRef]

	



Dhillon-Smith, R.K.; Tobias, A.; Smith, P.P.; Middleton, L.J.; Sunner, K.K.; Baker, K.; Farrell-Carver, S.; Bender-Atik, R.; Agrawal, R.; Bhatia, K.; et al. The prevalence of thyroid dysfunction and autoimmunity in women with history of miscarriage or subfertility. J. Clin. Endocrinol. Metab. 2020, 105, 2667–2677. [Google Scholar] [CrossRef] [PubMed]

	



Patel, S. Polycystic ovary syndrome (PCOS), an inflammatory, systemic, lifestyle endocrinopathy. J. Steroid Biochem. Mol. Biol 2018, 182, 27–36. [Google Scholar] [CrossRef]

	



Greenbaum, H.; Galper, B.L.; Decter, D.H.; Eisenberg, V.H. Endometriosis and autoimmunity: Can autoantibodies be used as a non-invasive early diagnostic tool? Autoimmun. Rev. 2021, 20, 102795. [Google Scholar] [CrossRef]

	



Seppa, S.; Kuiri-Hanninen, T.; Holopainen, E.; Voutilainen, R. Management of endocrine disease: Diagnosis and management of primary amenorrhea and female delayed puberty. Eur. J. Endocrinol. 2021, 184, R225–R242. [Google Scholar] [CrossRef]

	



Liao, B.; Qiao, J.; Pang, Y. Central regulation of PCOS: Abnormal neuronal-reproductive-metabolic circuits in PCOS pathophysiology. Front. Endocrinol. 2021, 12, 667422. [Google Scholar] [CrossRef] [PubMed]

	



Richards, J.S.; Ren, Y.A.; Candelaria, N.; Adams, J.E.; Rajkovic, A. Ovarian follicular theca cell recruitment, differentiation, and impact on fertility: 2017 update. Endocr. Rev. 2018, 39, 1–20. [Google Scholar] [CrossRef] [PubMed]

	



Recchia, K.; Jorge, A.S.; Pessoa, L.V.F.; Botigelli, R.C.; Zugaib, V.C.; de Souza, A.F.; Martins, D.D.S.; Ambrosio, C.E.; Bressan, F.F.; Pieri, N.C.G. Actions and roles of FSH in germinative cells. Int. J. Mol. Sci. 2021, 22, 10110. [Google Scholar] [CrossRef] [PubMed]

	



McLachlan, S.M.; Rapoport, B. Thyrotropin-blocking autoantibodies and thyroid-stimulating autoantibodies: Potential mechanisms involved in the pendulum swinging from hypothyroidism to hyperthyroidism or vice versa. Thyroid 2013, 23, 14–24. [Google Scholar] [CrossRef]

	



Querat, B.; Sellouk, A.; Salmon, C. Phylogenetic analysis of the vertebrate glycoprotein hormone family including new sequences of sturgeon (Acipenser baeri) beta subunits of the two gonadotropins and the thyroid-stimulating hormone. Biol. Reprod. 2000, 63, 222–228. [Google Scholar] [CrossRef]

	



Vassart, G.; Pardo, L.; Costagliola, S. A molecular dissection of the glycoprotein hormone receptors. Trends Biochem. Sci. 2004, 29, 119–126. [Google Scholar] [CrossRef]

	



Dias, J.A.; Gates, S.A.; Reichert, L.E. Evidence for the presence of follicle-stimulating-hormone receptor antibody in human-serum. Fertil. Steril. 1982, 38, 330–338. [Google Scholar] [CrossRef]

	



Tang, V.W.; Faiman, C. Premature ovarian failure—A search for circulating factors against gonadotropin receptors. Am. J. Obstet. Gynecol. 1983, 146, 816–821. [Google Scholar] [CrossRef]

	



Chiauzzi, V.A.; Bussmann, L.; Calvo, J.C.; Sundblad, V.; Charreau, E.H. Circulating immunoglobulins that inhibit the binding of follicle-stimulating hormone to its receptor: A putative diagnostic role in resistant ovary syndrome? Clin. Endocrinol. 2004, 61, 46–54. [Google Scholar] [CrossRef]

	



Simoni, M.; Paschke, R.; Nieschlag, E. A search for circulating immunoglobulins blocking follicle-stimulating hormone action in male idiopathic infertility. Int. J. Androl. 1993, 16, 129–135. [Google Scholar] [CrossRef]

	



Mobeen, H.; Afzal, N.; Kashif, M. Polycystic ovary syndrome may be an autoimmune disorder. Scientifica 2016, 2016, 4071735. [Google Scholar] [CrossRef]

	



Beermann, S.; Seifert, R.; Neumann, D. Commercially available antibodies against human and murine histamine H-4-receptor lack specificity. Naunyn-Schmiedeberg’s Arch. Pharmacol. 2012, 385, 125–135. [Google Scholar] [CrossRef]

	



Marchalant, Y.; Brownjohn, P.W.; Bonnet, A.; Kleffmann, T.; Ashton, J.C. Validating antibodies to the cannabinoid CB2 Receptor: Antibody sensitivity is not evidence of antibody specificity. J. Histochem. CytoChem. 2014, 62, 395–404. [Google Scholar] [CrossRef]

	



Ju, M.S.; Jung, S.T. Antigen design for successful isolation of highly challenging therapeutic anti-GPCR antibodies. Int. J. Mol. Sci. 2020, 21, 8240. [Google Scholar] [CrossRef] [PubMed]

	



Bizzaro, N. Autoantibodies as predictors of disease: The clinical and experimental evidence. Autoimmun. Rev. 2007, 6, 325–333. [Google Scholar] [CrossRef] [PubMed]

	



Adamus, G. Current techniques to accurately measure anti-retinal autoantibodies. Expert Rev. Ophthalmol 2020, 15, 111–118. [Google Scholar] [CrossRef] [PubMed]

	



Carmona, S.J.; Nielsen, M.; Schafer-Nielsen, C.; Mucci, J.; Altcheh, J.; Balouz, V.; Tekiel, V.; Frasch, A.C.; Campetella, O.; Buscaglia, C.A.; et al. Towards high-throughput immunomics for infectious diseases: Use of next-generation peptide microarrays for rapid discovery and mapping of antigenic determinants. Mol. Cell Proteom. 2015, 14, 1871–1884. [Google Scholar] [CrossRef]

	



Zambrano-Mila, M.S.; Blacio, K.E.S.; Vispo, N.S. Peptide phage display: Molecular principles and biomedical applications. Ther. Innov. Regul. Sci. 2020, 54, 308–317. [Google Scholar] [CrossRef] [PubMed]

	



Futami, J.; Nonomura, H.; Kido, M.; Niidoi, N.; Fujieda, N.; Hosoi, A.; Fujita, K.; Mandai, K.; Atago, Y.; Kinoshita, R.; et al. Sensitive multiplexed quantitative analysis of autoantibodies to cancer antigens with chemically s-cationized full-length and water-soluble denatured proteins. Bioconjug. Chem. 2015, 26, 2076–2084. [Google Scholar] [CrossRef]

	



Deutschmann, C.; Roggenbuck, D.; Schierack, P.; Rodiger, S. Autoantibody testing by enzyme-linked immunosorbent assay-a case in which the solid phase decides on success and failure. Heliyon 2020, 6, e03270. [Google Scholar] [CrossRef] [PubMed]

	



Burbelo, P.D.; Beck, L.H.; Waldman, M. Detection and monitoring PLA(2)R autoantibodies by LIPS in membranous nephropathy. J. Immunol. Methods 2017, 444, 17–23. [Google Scholar] [CrossRef] [PubMed]

	



Minich, W.B.; Loos, U. Detection of functionally different types of pathological autoantibodies against thyrotropin receptor in Graves’ patients sera by luminescent immunoprecipitation analysis. Exp. Clin. Endocr. Diab 2000, 108, 110–119. [Google Scholar] [CrossRef]

	



Eleftheriadou, A.M.; Mehl, S.; Renko, K.; Kasim, R.H.; Schaefer, J.A.; Minich, W.B.; Schomburg, L. Re-visiting autoimmunity to sodium-iodide symporter and pendrin in thyroid disease. Eur. J. Endocrinol. 2020, 183, 571–580. [Google Scholar] [CrossRef]

	



Ajjan, R.A.; Kemp, E.H.; Waterman, E.A.; Watson, P.F.; Endo, T.; Onaya, T.; Weetman, A.P. Detection of binding and blocking autoantibodies to the human sodium-iodide symporter in patients with autoimmune thyroid disease. J. Clin. Endocrinol. Metab. 2000, 85, 2020–2027. [Google Scholar] [CrossRef]

	



Seissler, J.; Wagner, S.; Schott, M.; Lettmann, M.; Feldkamp, J.; Scherbaum, W.A.; Morgenthaler, M.G. Low frequency of autoantibodies to the human Na+/I− symporter in patients with autoimmune thyroid disease. J. Clin. Endocr. Metab. 2000, 85, 4630–4634. [Google Scholar] [CrossRef]

	



Boege, F.; Westenfeld, R.; Jahns, R. β1AAb determined by peptide ELISA: A signal in the noise? J. Am. Coll. Cardiol. 2017, 70, 807–808. [Google Scholar] [CrossRef]

	



Bornholz, B.; Roggenbuck, D.; Jahns, R.; Boege, F. Diagnostic and therapeutic aspects of beta1-adrenergic receptor autoantibodies in human heart disease. Autoimmun. Rev. 2014, 13, 954–962. [Google Scholar] [CrossRef]

	



Haberland, A.; Muller, J.; Wallukat, G.; Wenzel, K. Antigen-free control wells in an ELISA set-up for the determination of autoantibodies against G protein-coupled receptors-a requisite for correct data evaluation. Anal. Bioanal. Chem. 2018, 410, 5101–5105. [Google Scholar] [CrossRef]

	



Kem, D.C.; Li, H.L.; Yu, X.C.; Weedin, E.; Reynolds, A.C.; Forsythe, E.; Beel, M.; Fischer, H.; Hines, B.; Guo, Y.K.; et al. The role of GnRH receptor autoantibodies in polycystic ovary syndrome. J. Endocr. Soc. 2020, 4, bvaa078. [Google Scholar] [CrossRef]

	



Sattler, L.M.; Schniewind, H.A.; Minich, W.B.; Haudum, C.W.; Niklowitz, P.; Munzker, J.; Kovacs, G.L.; Reinehr, T.; Obermayer-Pietsch, B.; Schomburg, L. Natural autoantibodies to the gonadotropin-releasing hormone receptor in polycystic ovarian syndrome. PLoS ONE 2021, 16, e0249639. [Google Scholar] [CrossRef] [PubMed]

	



Mora, M.; Angelini, C.; Bignami, F.; Bodin, A.M.; Crimi, M.; Di Donato, J.H.; Felice, A.; Jaeger, C.; Karcagi, V.; LeCam, Y.; et al. The EuroBioBank Network: 10 years of hands-on experience of collaborative, transnational biobanking for rare diseases. Eur. J. Hum. Genet. 2015, 23, 1116–1123. [Google Scholar] [CrossRef] [PubMed]

	



Sargsyan, K.; Macheiner, T.; Story, P.; Strahlhofer-Augsten, M.; Plattner, K.; Riegler, S.; Granitz, G.; Bayer, M.; Huppertz, B. Sustainability in biobanking: Model of biobank graz. Biopreserv. Biobank. 2015, 13, 410–420. [Google Scholar] [CrossRef]

	



Demircan, K.; Bengtsson, Y.; Sun, Q.; Brange, A.; Vallon-Christersson, J.; Rijntjes, E.; Malmberg, M.; Saal, L.H.; Ryden, L.; Borg, A.; et al. Serum selenium, selenoprotein P and glutathione peroxidase 3 as predictors of mortality and recurrence following breast cancer diagnosis: A multicentre cohort study. Redox. Biol. 2021, 47, 102145. [Google Scholar] [CrossRef]

	



Sun, Q.; Mehl, S.; Renko, K.; Seemann, P.; Gorlich, C.L.; Hackler, J.; Minich, W.B.; Kahaly, G.J.; Schomburg, L. Natural autoimmunity to selenoprotein P impairs selenium transport in Hashimoto’s thyroiditis. Int. J. Mol. Sci. 2021, 22, 13088. [Google Scholar] [CrossRef] [PubMed]

	



Gibson-Helm, M.; Teede, H.; Dunaif, A.; Dokras, A. Delayed diagnosis and a lack of information associated with dissatisfaction in women with polycystic ovary syndrome. J. Clin. Endocrinol. Metab. 2017, 102, 604–612. [Google Scholar] [CrossRef]

	



Franks, S. Controversy in clinical endocrinology: Diagnosis of polycystic ovarian syndrome: In defense of the Rotterdam criteria. J. Clin. Endocrinol. Metab. 2006, 91, 786–789. [Google Scholar] [CrossRef] [PubMed]

	



Borzan, V.; Lerchbaum, E.; Missbrenner, C.; Heijboer, A.C.; Goschnik, M.; Trummer, C.; Theiler-Schwetz, V.; Haudum, C.; Gumpold, R.; Schweighofer, N.; et al. Risk of insulin resistance and metabolic syndrome in women with hyperandrogenemia: A comparison between PCOS phenotypes and beyond. J. Clin. Med. 2021, 10, 829. [Google Scholar] [CrossRef]

	



Munzker, J.; Lindheim, L.; Adaway, J.; Trummer, C.; Lerchbaum, E.; Pieber, T.R.; Keevil, B.; Obermayer-Pietsch, B. High salivary testosterone-to-androstenedione ratio and adverse metabolic phenotypes in women with polycystic ovary syndrome. Clin. Endocrinol. 2017, 86, 567–575. [Google Scholar] [CrossRef] [PubMed]

	



Munzker, J.; Hofer, D.; Trummer, C.; Ulbing, M.; Harger, A.; Pieber, T.; Owen, L.; Keevil, B.; Brabant, G.; Lerchbaum, E.; et al. Testosterone to dihydrotestosterone ratio as a new biomarker for an adverse metabolic phenotype in the polycystic ovary syndrome. J. Clin. Endocr. Metab. 2015, 100, 653–660. [Google Scholar] [CrossRef] [PubMed]








[image: Ijms 22 13667 g001 550] 





Figure 1. Performance test of the newly generated assays for quantifying autoantibodies to the FSHR and LHR. Recombinant full-length proteins of the human FSHR and LHR were expressed as fusion proteins with firefly luciferase in HEK293 cells and was used to detect and quantify receptor-binding antibodies. (A) Two samples positive for binding to the FSHR-luciferase fusion protein were identified in the serum samples analyzed; sample #1; slightly positive, and sample #2; highly positive. The positive samples were mixed (1:1, v/v) with negative control serum. The assay signal of the mixture was close to the expected arithmetic mean of the positive and negative samples, indicating the absence of matrix effects. (B) A commercial antiserum to human LHR was identified and tested in linear dilution with the newly generated LHR-aAb assay. The signals increased with antibody concentrations and indicated a dynamic and sufficiently wide measurement range. 
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Figure 2. Comparison of control and PCOS samples for autoantibody prevalence to the human FSHR (FSHR-aAb) or LHR (LHR-aAb). A set of serum samples from control subjects (n = 430) and patients with PCOS (n = 550) was assessed for autoantibodies to (A) human FSHR (FSHR-aAb), and (B) human LHR (LHR-aAb), respectively. The signals obtained showed a skewed distribution with few samples only exceeding the threshold of positivity, i.e., showed signals above P75 + 3xIQR (criterion for extreme outliers), indicated by the red broken line. No obvious difference in prevalence of positive samples for FSHR-aAb or LHR-aAb was observed in controls versus PCOS patients. 
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Figure 3. Comparison of anthropometric and clinical parameters of PCOS patients in relation to autoimmunity to the human FSHR or LHR. Patients were compared in terms of (A) age, (B) body mass index, and (C) systolic blood pressure, as well as (D) TSH, (E) C-reactive protein, and (F) fasted glucose concentrations. No pattern of consistent differences was observed in this analysis. 
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Figure 4. Comparison of steroid hormones in PCOS samples in relation to reference ranges and autoimmunity to the human FSHR or LHR. The serum samples from the PCOS patients were characterized for (A) total testosterone, (B) free testosterone, (C) dehydroepiandrosterone (DHEAS), and (D) androstenedione concentrations. The direct comparison of the full set of data from the PCOS samples (PCOS-all) to the reference ranges (indicated by green squares) and to the samples positive for autoantibodies to the human FSHR (FSHR-aAb) or LHR (LHR-aAb) is presented. No striking differences between within the groups of PCOS patients is observed, except for a seemingly elevated level of free testosterone in the two subjects positive for LHR-aAb. 
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Figure 5. Testosterone and free testosterone concentrations in PCOS patients in relation to LHR-aAb. Two samples were identified as positive for autoantibodies to human LHR (samples #39 and #156, indicated by the red crosses in the xy-plot). In the full cohort of samples, the two steroid parameters show a strong linear correlation (Y = 4.251 × X, p < 0.0001). Testosterone and free testosterone concentrations of the two positive samples positive were outside the 95% and outside the 90% confidence interval, making an incidental finding not very likely. 
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