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Proper definition of the set of autoantibody-targeted antigens relies on appropriate reference group selection
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Autoimmune diseases are frequently associated with autoantibodies. Recently, large sets of autoantibody-targeted antigens ("autoantigen-omes") of patient and control sera have been revealed, enabling autoantigen-omic approaches. However, statistical standards for defining such autoantigen-omes are lacking. The z-score indicates how many standard deviations an antigen reactivity of a given sample is from the mean reactivity of the corresponding antigen in a reference group. Hence, it is a common measure to define significantly positive reactivity in autoantigen profiling approaches. Here, we address the risk of biased analyses resulting from unbalanced selection of the reference group. Three study groups were selected. Patients-ofinterest were chronic inflammatory demyelinating polyneuropathy (CIDP); controls were other neuropathies (ONP); and healthy controls (HC). Each serum was screened for significant autoantigen reactivity using HuProt TM protein arrays. We compared three possible selections of reference groups for statistical z-score calculations: method#1, the control groups (ONP+HC); method #2, all groups together; method #3, the respective other groups (e.g., CIDP+HC for the ONP autoantigen-ome). The method selection seriously affected the size of the autoantigenomes. Method #1 introduced a bias favoring significantly more antigens per patient in the CIDP group (for z >4: 19±3 antigens) than in the control groups (ONP: 2±1; HC: 0±0). The more balanced methods #2 and #3 did not result in significant differences. This contribution may help to avoid interpretation biases and to develop guidelines for population studies revealing autoantigen-omes via high throughput studies such as protein microarrays, immunoprecipitation with mass spectrometry, or phage display assays.

Introduction

Autoimmune diseases are frequently associated with serum autoantibodies with diagnostic or prognostic value [START_REF] Ma | Development of autoantibodies precedes clinical manifestations of autoimmune diseases: A comprehensive review[END_REF][START_REF] Sirotti | Personalized medicine in rheumatology: the paradigm of serum autoantibodies[END_REF]. Apart from studies focusing on single autoantibodies accompanying a disease state [START_REF] Tholance | Clinical characterisation of sensory neuropathy with anti-FGFR3 autoantibodies[END_REF][START_REF] Spadaro | Autoantibodies to MOG in a distinct subgroup of adult multiple sclerosis[END_REF][START_REF] Pascual-Goñi | Autoantibodies in chronic inflammatory demyelinating polyradiculoneuropathy[END_REF][START_REF] Ohmura | Pathogenic roles of anti-C1q antibodies in recurrent pregnancy loss[END_REF][START_REF] Seluk | A large screen for paraneoplastic neurological autoantibodies; diagnosis and predictive values[END_REF], the "autoantigen-omics" approach analyzes the entire set of all antigens showing a significant reactivity with a given serum or group of sera (i.e., the set of autoantibodytargeted antigens or the "autoantigen-ome") systemically [START_REF] Moritz | Autoantigenomics: Holistic characterization of autoantigen repertoires for a better understanding of autoimmune diseases[END_REF]. The autoantigen-ome is an entity that is definable through the presence of the set of antibodies expressed. In this perspective, it is a snapshot of the immune status of the person or cohort, such as all "-omes" (e.g. genomes, proteomes) are snapshots of one organism's parameter under a certain condition -unless performed as longitudinal studies. Autoantigen-omic approaches comprise bioinformatical analyses, such as over-representation analyses via Gene Ontology or cluster analyses), and they are aimed at observing systemic patterns in the autoantigen-omes. Such autoantigen-omic analyses are gaining relevance, because recent research has revealed that multiple antigenssometimes organ-specific or multiple different proteins comprising a single subcellular complexcan be significantly targeted by patient sera, suggesting systematic differences in the autoantigen-omes [START_REF] Xu | Systematic autoantigen analysis identifies a distinct subtype of scleroderma with coincident cancer[END_REF][START_REF] Moritz | Systematic Characterization of the Autoantigenome in Chronic Inflammatory Demyelinating Polyneuropathy[END_REF][START_REF] Meyer | AIRE-Deficient Patients Harbor Unique High-Affinity Disease-Ameliorating Autoantibodies[END_REF][START_REF] Vazquez | Identification of novel, clinically correlated autoantigens in the monogenic autoimmune syndrome APS1 by proteome-wide phip-seq[END_REF][START_REF] Dubucquoi | Serological proteome analysis reveals new specific biases in the IgM and IgG autoantibody repertoires in autoimmune polyendocrine syndrome type 1[END_REF]. For example, one group reported [START_REF] Meyer | AIRE-Deficient Patients Harbor Unique High-Affinity Disease-Ameliorating Autoantibodies[END_REF] that a cohort of 81 autoimmune regulator-deficient (AIRE) patients collectively had antibodies toward >3,700 human proteins (mean: 82 per patient). The autoantigen-ome comprised a subset of apparently protective autoantibodies against type I interferons [START_REF] Meyer | AIRE-Deficient Patients Harbor Unique High-Affinity Disease-Ameliorating Autoantibodies[END_REF], showing that systematic analyses permit a more comprehensive understanding of autoimmune situations. At the same time, it becomes evident that apparently healthy control groups also have large sets of naturally occurring autoantibodies [START_REF] Nagele | Natural IgG autoantibodies are abundant and ubiquitous in human sera, and their number is influenced by age, gender, and disease[END_REF][START_REF] Neiman | Individual and stable autoantibody repertoires in healthy individuals[END_REF], which might play roles as protective [START_REF] Meyer | AIRE-Deficient Patients Harbor Unique High-Affinity Disease-Ameliorating Autoantibodies[END_REF] and/or idiotypic antibodies (i.e. antibodies that bind to the antigen-binding site of other autoantibodies) [START_REF] Hampe | Protective role of anti-idiotypic antibodies in autoimmunity -Lessons for type 1 diabetes[END_REF][START_REF] Tzioufas | Idiotype, anti-idiotype network of autoantibodies. Pathogenetic considerations and clinical application[END_REF]. These trends are leading to the need to compare systematically the autoantigen-omes of disease and control groups [START_REF] Moritz | Autoantigenomics: Holistic characterization of autoantigen repertoires for a better understanding of autoimmune diseases[END_REF].

Systemically approaching the autoantigen-omes may lead to more comprehensive insights into the pathobiology of autoimmune-related diseases, which may at the same time enable novel diagnostic options. However, statistical procedures for defining the autoantigen-omes have not been standardized.

The z-score is a common measure to define significantly positive reactivity in autoantigen profiling approaches. It indicates how many standard deviations (SD) an antigen reactivity of a given sample is from the arithmetic mean of the reactivity of the corresponding antigen in a reference group. Each antigen with a reactivity above a defined z-score cut-off value would add up to the autoantigen-ome. Recent discussions about potential interpretation biases [START_REF] Hertel | Response to comment on "AIRE-deficient patients harbor unique high-affinity disease-ameliorating autoantibodies[END_REF][START_REF] Landegren | Comment on "AIRE-deficient patients harbor unique high-affinity disease-ameliorating autoantibodies[END_REF] mainly concerned the selection of the control group as the general reference used for calculating the arithmetic mean and SD for z-score statistics [START_REF] Landegren | Comment on "AIRE-deficient patients harbor unique high-affinity disease-ameliorating autoantibodies[END_REF].

Here, we address how the choice of the reference group impacts the number of antigens judged as "significantly targeted", which together define the autoantigen-ome of one individual sample and cumulate to the autoantigen-ome of the study group. The analysis was based on an experiment for which the sera of three study groups were selected. The patient-of-interest group comprised 22 patients with Chronic Inflammatory Demyelinating Polyneuropathy (CIDP), a rare autoimmune-related disease of the peripheral nerve system [START_REF] Rodríguez | Chronic inflammatory demyelinating polyneuropathy as an autoimmune disease[END_REF]. The control groups comprised a cohort of 12 patients with other neuropathies (ONP) with a dysimmune context and 9 healthy blood donors (HC). HuProt TM 3.1 human proteome microarrays with 15,798 distinct bait antigens were used as a common means of detecting sets of autoantibodies [START_REF] Sjöberg | Exploration of high-density protein microarrays for antibody validation and autoimmunity profiling[END_REF].

Methods

Subject selection and description of population

The study involves the use of sera from human subjects and has been carried out in accordance with the Code of Ethics of the World Medical Association (Declaration of Helsinki). Local ethical committee approval was received for the studies and informed consent was obtained from all individual participants included in the study. No animal experiments were conducted for this study.

Serum samples were collected from 22 patients with definite CIDP diagnosed with the European guidelines [START_REF]Joint Task Force of the EFNS and the PNS, European Federation of Neurological Societies/Peripheral Nerve Society Guideline on management of chronic inflammatory demyelinating polyradiculoneuropathy: report of a joint task force of the European Federation of Neurological Societies and the Peripheral Nerve Society--First Revision[END_REF] in a period from October 1998 to November 2016 (15 males and 7 females, median age 65.2 +/-15.8 SD; Suppl. Tab. 1).

As the same data set was applied as for our recent study, selection criteria and cohort composition are described in ref. [START_REF] Moritz | Systematic Characterization of the Autoantigenome in Chronic Inflammatory Demyelinating Polyneuropathy[END_REF].

Sera preparation

Sera were prepared as described recently [START_REF] Moritz | Reducing the risk of misdiagnosis of indirect ELISA by normalizing serum-specific background noise: The example of detecting anti-FGFR3 autoantibodies[END_REF]. Briefly, blood sampling was performed by trained clinical staff. Sera were obtained by coagulation and centrifugation of blood samples (15 min, 1000 xg, room temperature). All samples were pseudonymized at collection and sera were aliquoted and kept at -80°C until utilization.

Protein microarrays and definition of autoantigen-omes

Microarray procedure and definition of sets of targeted autoantigens were described recently [START_REF] Moritz | Systematic Characterization of the Autoantigenome in Chronic Inflammatory Demyelinating Polyneuropathy[END_REF]. In detail, sera were tested on HuProt™ 3.1 human proteome microarrays (CDI Laboratories Inc, Baltimore, USA). The arrays were blocked for 16 h at 4ºC in blocking buffer (2% bovine serum albumin in 0.05% Tween-20), and sera were incubated for 2 h at room temperature (RT) as a 1:1000 dilution in blocking buffer. Unbound immunoglobulin (Ig) was washed away with 0.05% Tween-20 in phosphate buffer saline. Bound IgG was revealed with Alexa546-labelled polyclonal goat anti-human IgG(H+L) antibodies (Invitrogen, Cat. A21089, Renfrew, UK) incubated for 2 h at RT. The slides were scanned with a Tecan LS400 microarray scanner and the images analyzed with GenePix Pro. Subsequent data analysis included local background subtraction (to normalize for serum-specific background noise) similar to improved ELISA approaches [START_REF] Moritz | Reducing the risk of misdiagnosis of indirect ELISA by normalizing serum-specific background noise: The example of detecting anti-FGFR3 autoantibodies[END_REF], deriving average and CV% of duplicate spots, and subtraction of unspecific signal resulting from secondary antibody (assessed by probing a control array without serum sample). Proteins with CV% >25% in their duplicate spots (technical replicates) were excluded from the analysis if the corresponding mean signal was above noise (≥1.5 SDs above the array total mean signal intensities; using the same CV% cut-off value of 25% for the vast majority of negligibly low signals, i.e. those <1.5 SD above the arrays total mean signal intensities, would have eliminated many of them, worsening the following statistical steps). An intra-sample standard normalization (intra-z-score) was used to normalize for systematic biases between the samples (e.g. systematic labelling efficiency differences). In detail, every signal intensity was expressed as the number of SDs above or below the arithmetical mean of each array, resulting in average intra-z-scores of zero for each single array. Inter-sample standard normalization (inter-zscore) was used to compare the reactivities of each antigen among the samples. In detail, for each antigen and for each sample an inter-z-score was expressed indicating how many SDs each intra-z-score lay above or below the arithmetical mean of the corresponding intra-z-scores of a reference group. The choice of samples comprising this reference group is the focus of this article. Three methods for compiling the reference group were compared: method #1, only the two control groups (ONP and HC); method #2, all three study groups together; method #3, the corresponding two study groups (ONP+HC for defining the CIDP autoantigen-ome, CIDP+HC for defining the ONP autoantigen-ome, CIDP+ONP for defining the HC autoantigen-ome). We hypothesize that the autoantigen-ome sizes differ significantly based in the respective reference group.

The set of all antigens above the z-score cutoff was defined as the set of antibody-targeted autoantigens or briefly "autoantigen-ome". In detail, for each patient, the number of targeted antigens was counted using different inter-z-score stringencies. The antigens had to fulfil both of the following criteria: 1) signals must be well above-noise, i.e., intra-z-score >2.5; 2) inter-z-score >0, >1, >2, >3, >4, >5, or >6. The number of antigens above the respective z-score cutoff was counted for each subject.

Statistics

For comparison of numbers of targeted antigens per patient, the two-sided Wilcoxon-Mann-Whitney test was used via the online tool available on https://ccb-compute2.cs.unisaarland.de/wtest/ (comparison performed on 2018-10-19) [START_REF] Marx | Exact Dynamic Programing Solution of the Wilcoxon-Mann-Whitney Test[END_REF]. P-values ≤ 0.05 were considered positive after Benjamini-Hochberg correction at level 0.01 [START_REF] Benjamini | Controlling the False Discovery Rate: A Practical and Powerful Approach to Multiple Testing[END_REF].

Results and Discussion

The number of "significantly targeted" antigens per subject as a function of different z-score cutoff stringencies by using method #1 (applying the two control groups as the fixed reference) is quantified in Figure 1. As expected, when increasing the stringency of the z-score cutoff, the number of significantly targeted antigens per subject decreased (Figure 1A-G). Similar to the results of ref. [START_REF] Meyer | AIRE-Deficient Patients Harbor Unique High-Affinity Disease-Ameliorating Autoantibodies[END_REF] the experimental group of interest (CIDP) started to differ significantly from the two control groups from a cutoff of z >3 (Figure 1D-G; Figure 2A summarizes these findings). However, it was not possible to conclude that "high-level reactivity toward multiple self-proteins was a disease-defining property" (cf. [START_REF] Meyer | AIRE-Deficient Patients Harbor Unique High-Affinity Disease-Ameliorating Autoantibodies[END_REF]) for CIDP. By extending the analysis, evidence was found that selecting the control groups as the reference for z-score calculations in all three groups can cause a statistical bias (Figure 2A-C). Applying the control sera as the z-score reference reduced the probability of detecting a reactive antigen in those same control sera but not in CIDP sera (Figure 2A+D). This arose because the enhanced signal for an antigen of a control serum would increase the SD and therefore reduce the z-score (Figure 2D,Ag2).

To avoid this unbalanced selection probability of antigens, the same analysis was performed using method #2, i.e., choosing the signals of all three groups for z-score calculation (Figure 1L).

In this case significant differences in the numbers of reactive antigens among the experimental groups were no longer found (Figure 1I).

In order to avoid the counter-intuitive effect that a set of strongly reactive antigens reduces their probability of lying above the z-score cutoff by increasing the SD, in method #3 the respective other two groups were always used for z-score calculation (i.e., ONP+HC for the CIDP autoantigen-ome; CIDP+HC for ONP; CIDP+ONP for HC). As with method #2, no significant differences were found between the groups (panel C). However, the number of highly reactive antigens was higher, especially for the two control groups (z >4: method #3: 19 ± 3 (CIDP), 14 ± 2 (ONP), 13 ± 3 (HC); method #2: 9 ± 1, 8 ± 2, 6 ± 2; method #1: 19 ± 3, 2 ± 1, 0 ± 0, respectively). This was expected because, in method #3, highly reactive antigens did not reduce their own zscore. Therefore, when cumulatively enumerating the autoantigen-omes per study group, method #3 clearly resulted in larger numbers for the three study groups than the other methods (Figure 2G; exception: note that the CIDP autoantigen-ome is by definition the same in methods #1 and #3).

With both methods #2 and #3, the CIDP autoantigen-ome was still 2-4 times larger than that of the control groups (Figure 2G). As the analysis of antigen numbers per patient did not show any significant differences among the study groups (Figure 2B,C), we conclude that these differences most likely resulted from the higher CIDP sample size (22 vs. 12 and 9). Using method #1, in contrast, resulted in 13-96 times smaller autoantigen-omes for ONP and HC. While the CIDP autoantigen-ome is by definition the same in methods #1 and #3, we conclude that the autoantigen-omes of ONP and HC must be much smaller with method #1 due to statistical discrimination against highly reactive antigens.

This study shows that the statistical study design (i.e. the choice of the particular reference group) affected the results, as is most dramatically demonstrated for the size of the autoantigenome of the control groups. As systematic autoantigen-omics approaches should always be performed likewise for study and control groups [START_REF] Moritz | Autoantigenomics: Holistic characterization of autoantigen repertoires for a better understanding of autoimmune diseases[END_REF], the z-score calculation method can impact the results and should therefore be taken into consideration. On the search of an alternative for the unbalanced method #1, the potential loss of interesting candidates by counter-intuitively reducing their own z-score is a drawback of method #2 compared to method #3. Compellingly, the most interesting autoantigen of our study, targeted by 8 (z >3) or 6 (z >4) CIDP patients but none of the controls when applying method #3, was below the z-score cutoff when applying method #2.This is because such a highly reactive antigen in a large proportion of a study group dramatically increases the SD and hence the cutoff threshold; an aspect that strongly favors method #3. However, the sample sizes of the "other groups" can differ, such as in our study or in ref. [START_REF] Meyer | AIRE-Deficient Patients Harbor Unique High-Affinity Disease-Ameliorating Autoantibodies[END_REF], which might introduce another bias.

Our findings are in line with the recent criticism of ref. [START_REF] Landegren | Comment on "AIRE-deficient patients harbor unique high-affinity disease-ameliorating autoantibodies[END_REF]. When using more balanced ways of zscore calculations, the differences between the study groups regarding the numbers of targeted antigens per sample are no longer seen.

As our approach addresses the statistical selection of the autoantigen-ome, our conclusions apply not only for protein microarrays, but also for similar means such as immunoprecipitation + mass spectrometry and phage display. Due to the focus of this manuscript on considerations regarding the study design and statistical analyses, the identity of the specific antigens in the autoantigen-omes is beyond the scope of this manuscript. Nevertheless, analyzing the composition of the autoantigen-omes is of high scientific interest and therefore addressed in a parallel manuscript [START_REF] Moritz | Systematic Characterization of the Autoantigenome in Chronic Inflammatory Demyelinating Polyneuropathy[END_REF].

Conclusion

In autoantigen-omic approaches that aim at systematically analyzing autoantigen-omes of both disease and control groups [START_REF] Moritz | Autoantigenomics: Holistic characterization of autoantigen repertoires for a better understanding of autoimmune diseases[END_REF], the z-score calculation should be performed in a way that does not counter-intuitively discriminate against highly reactive antigens and that is balanced among the study groups. This study may help defining common standards to properly detect autoantigen-omes of disease and control groups. It may be of use to homogenize procedures among laboratories and to avoid interpretation biases in population studies addressing autoantigen-omes resulting from high throughput studies such as protein microarrays, immunoprecipitation with mass spectrometry, or phage display assays. calculation based on ONP and HC (d) and despite identical reactivities, the reactivity would be considered significant (z>4, Ag1, green checkmark) when appearing in a CIDP patient but not significant (z<4, Ag2, red "X") when appearing in the ONP or HC group. For the other two ways of calculating the z-scores, the z-score of the outlying subject does not depend on which study group it belongs to (e,f). g, Cumulative autoantigen-ome sizes of the three study groups for the 386 cutoffs z>3 and z>4.
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 1 Fig. 1. Numbers of significantly reacting antigens as a function of the z-score cutoff
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 2 Fig. 2. Numbers of significantly reacting antigens using three different z-score calculation methods
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