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The recent report of the International Union of Immunological Societies (IUIS) has provided the categorized list of 354 inborn errors of immunity. We performed a systematic analysis of genes and diseases from the IUIS report with the use of the OMIM, ORPHANET, and HPO resources. To measure phenotypic similarity we applied the Jaccard/Tanimoto (J/T) coefficient for HPO terms and top-level categories. Low J/T coefficients for HPO terms for OMIM or ORPHANET disease pairs associated with the same genes indicated high pleiotropy of these genes. Gene ORGANizer enrichment analysis demonstrated that gene sets related to HPO top-level categories were most often enriched in immune, lymphatic, and corresponding body systems (for example, genes from the category “Cardiovascular” were enriched in cardiovascular system). We presented available data on frequent and very frequent clinical signs and symptoms in inborn errors of immunity. With the use of DisGeNET, we generated the list of 25 IUIS/OMIM diseases with two or more relatively high score gene-disease associations, found for unrelated genes and/or for clusters of genes coding for interacting proteins. Our study showed the enrichment of gene sets related to several IUIS categories with neoplastic and autoimmune diseases from the GWAS Catalog and reported individual genes with phenotypic overlap between inborn errors of immunity and GWAS diseases/traits. We concluded that genetic background may play a role in phenotypic diversity of inborn errors of immunity.
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INTRODUCTION

Rare diseases, being individually rare, altogether affect millions of people. Different estimates exist: rare diseases affect 10% of Americans (1) or 6–8% of Europeans (in total, more than 30 million citizens) (2). The prevalence of primary immunodeficiencies (PIDs) is reported at about 1:2,000 live births (3). Patients with rare diseases encounter with diagnostic difficulties. In the report produced by EURORDIS in 2007, 40% of rare disease patients first received an erroneous diagnosis, of which 25% had to wait for the correct diagnosis between 5 and 30 years. The patient or family was not informed on the genetic origin of the disease in 25% of cases (4). Since this publication, an enormous progress has been achieved in the genetic characterization of known diseases, in the search for new phenotypes and in the progress in rare disease differential diagnosis, however, the problem continues to be relevant. With the information explosion, both new opportunities and challenges constantly arise. The recent report of the International Union of Immunological Societies (IUIS) on inborn errors of immunity (5) has provided the categorized list of 354 inborn errors of immunity (as of 2017). Preliminary estimates indicate that in the next decade the number of PIDs may be as high as 3000 (6). As information accelerates, there is a constant need for the development of resources, algorithms and approaches to capture, process and analyze all this information.

With the manifold possible manifestations of inborn errors of immunity, careful characterization of gene-phenotype relationships is clinically relevant. Detailed reviews on rare individual disorders are available for many PIDs, however, the complex analysis of these disorders with the use of modern resources might shed light on some regularities in gene-disease interactions. The IUIS report may serve as a starting point for different types of in depth analysis of genes, diseases, and categories of inborn errors of immunity.

The study was designed to perform a systematic analysis of genes and diseases from the IUIS report. We set out to characterize gene-disease categories and the whole gene-disease set with the use of several resources widely known in the rare disease community: OMIM (7), ORPHANET (8), and HPO (9). We aimed to provide some new results for gene-disease associations available from public data and to attract the attention of researchers to the possible influence of common genetic variants on the phenotypic variability of inborn errors of immunity.



MATERIALS AND METHODS


The OMIM, ORPHANET, and HPO Resources

OMIM and ORPHANET are the two largest rare disease public resources. OMIM is a continuously updated catalog of human genes and genetic phenotypes of all known Mendelian disorders (7). OMIM content is generated with the use of published peer-reviewed biomedical literature. It includes over 25,000 entries with approximately 9,000 of them related to phenotypes (as of 28 June 2019). OMIM information is provided as free text; genes and phenotypes are described in separate entries and have unique digit identifiers (MIM numbers). Orphanet is a European initiative aimed at collecting expert-vetted data on rare diseases and their associated genes from multiple information resources (8). ORPHANET provides data for 21,566 diseases with all available synonyms (as of 18 February 2019). ORPHANET contains rare diseases ontology (ORDO) with a systematic vocabulary for rare diseases, relationships between diseases, genes associated with these diseases and other relevant features. The Human Phenotype Ontology (HPO) is organized as a standardized vocabulary integrating data on phenotypic abnormalities from literature and rare disease resources (9). It currently contains over 13,000 terms and over 156,000 annotations to hereditary diseases (release date June 16, 2019). The HPO data may be queried for genes, HPO terms and diseases (separately for OMIM diseases and ORPHANET diseases).

We searched OMIM and ORPHANET for genes from the IUIS report and assessed the compliance of associated diseases and phenotypes with those presented in the IUIS report. The HPO database was first queried for genes and then for associated HPO terms and diseases (separately for OMIM diseases and ORPHANET diseases). For further analysis we exported disease-associated HPO term names together with their top-level categories.



The DisGeNET Resource

DisGeNET is one of the largest and comprehensive repositories of human gene-disease associations (10). It comprises data on 628,685 gene-disease associations between 17,549 genes and 24,166 diseases/traits (as of January 2019). DisGeNET includes associations for Mendelian, complex, environmental and rare diseases, and disease-related traits.

We queried DisGeNET separately for genes and OMIM and/or ORPHANET diseases for summaries of all gene-disease and variant-disease associations, which included, in particular, original metrics describing scores for these associations, disease specificity and pleiotropy indexes. To improve reliability, we mainly focused on records with gene-disease association score ≥ 0.3. The metrics were used to evaluate genotype-phenotype relationships.



Jaccard/Tanimoto Similarity Test

The Jaccard/Tanimoto coefficient is the ratio of intersection to union used to measure similarity between binary data (11). It estimates the ratio of the numbers of the elements in the intersecting and union sets as the measure of similarity (it equals to zero in the absence of intersecting elements and equals to one when all elements overlap). The Jaccard/Tanimoto coefficient was calculated by the equation
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(Na- number of elements in set A; Nb- number of elements in set B; Nc- number of elements in intersecting set) for pairwise testing of means. Jaccard/Tanimoto coefficients significance was calculated with a CRAN R package (12). To correct for multiplicity we applied Benjamini and Hochberg false discovery rate (FDR) with a threshold < 0.05.



Gene Set Enrichment Analysis

Enrichment analysis is a leading computational method for analyzing gene sets in the context of prior biological knowledge. We implemented a phenotype-based tool Gene ORGANizer for the enrichment analysis focused on body systems (13). Gene ORGANizer comprises HPO and DisGeNET phenotype associations for more than 7,000 genes. For the IUIS/OMIM diseases with more than one high-score gene-disease association in the DisGeNET database we applied enrichment for protein-protein interactions (PPI) conducted with the Search Tool for the Retrieval of Interacting Genes (STRING) database (14). We analyzed human PPI dataset taking the combined score > 0.4 as the cut-off criterion. Overlap with gene set library from the NHGRI-EBI GWAS Catalog (GWAS Catalog 2019) was assessed with the Enrichr tool (15). We set Benjamini and Hochberg false discovery rate (FDR) to 5% (corrected for multiplicity P value < 0.05).




RESULTS


Disease Matching in the IUIS, OMIM, and ORPHANET Databases

We defined a total of 331 unique genes (further IUIS genes) linked to 300 unique diseases (further IUIS diseases) from eight of nine IUIS categories (5). One category “Phenocopies of inborn errors of immunity,” which includes non-inborn errors of immunity was not covered by our analysis. For disease matching, we used gene and disease names and associated features from the IUIS tables, and the OMIM and ORPHANET information. ORPHANET differs from OMIM and IUIS by the level of granularity. In the ORPHANET database, individual gene-linked disorders may be related to parent diseases associated with a group of genes. For example, seven OMIM Aicardi-Goutieres syndrome phenotypes (Aicardi-Goutieres syndrome 1–7) are merged into one ORPHANET disease “Aicardi-Goutières syndrome.” OMIM-ORPHANET matching was facilitated by the fact, that ORPHANET diseases have a link to the relevant phenotype in the OMIM database. Although the IUIS report also contains OMIM numbers for gene-disease pairs, these numbers are often related to gene, not phenotype descriptors. One gene may be associated with several clinical phenotypes indicated by Phenotype MIM number. For example, the IUIS disease “β actin deficiency” (gene ACTB) corresponds to MIM phenotypes “Baraitser-Winter syndrome 1” (243310) and “Dystonia, juvenile-onset” (607371), or “Adenosine deaminase (ADA) deficiency” (gene ADA) in the IUIS Report is related to “Omenn Syndrome” (603554) and “Severe Combined Immunodeficiency, Autosomal Recessive, T Cell-negative, B Cell-negative, NK Cell-negative, Due To Adenosine Deaminase Deficiency” (102700). In some cases, the IUIS-OMIM disease matching was a judgment call based on the analysis of literature and OMIM full text descriptions. All IUIS gene-disease pairs were matched with corresponding OMIM and/or ORPHANET gene-disease pairs (in total 300 gene-disease pairs in one or both databases). Matching of the IUIS diseases provided 329 MIM phenotypes and 262 ORPHANET diseases (Supplementary Table 1, Sheet “IUIS_Diseases”). The IUIS genes were also associated with some other rare diseases (Supplementary Table 1, Sheet “non-IUIS_Diseases”).



Representation and Characterization of the IUIS Diseases in the ORPHANET Database

ORPHANET annotations for the diseases associated with the IUIS genes are presented in Figure 1. These annotations were generated using information from Supplementary Table 1. ORPHANET level of granularity determines the association of one disease with one or several genes. This feature is reflected in Figures 1A,B displaying age of onset and mode of inheritance of the IUIS and non-IUIS diseases as indicated exactly and indicated among others (for multigene associations). The IUIS diseases predominantly manifest in neonatal age, infancy and childhood, while non-IUIS diseases may manifest throughout life (Figure 1A). Autosomal recessive (AR) and autosomal dominant (AD) modes of inheritance are prevalent among the IUIS diseases. AR, AD, and muligenic/multifactorial modes of inheritance are similar in frequency among non-IUIS diseases (Figure 1B). As expected, such ORPHANET classifications as rare genetic diseases, rare immunological diseases and rare disorders potentially indicated for transplant are related to the vast majority of the IUIS diseases. Among non-IUIS diseases, neurological and neoplastic diseases are relatively numerous (Figure 1C). The most rare disease prevalence (< 1/1,000,000) is typical for the IUIS diseases and not strongly prevails among non-IUIS diseases (Figure 1D). In contrast to non-IUIS diseases, the IUIS diseases are mainly associated with a single gene (Figure 1F). The distribution of the number of ORPHANET classifications for the IUIS and non-IUIS diseases is reflected in Figure 1G. A small overlap between the IUIS and non-IUIS diseases (Figure 1G) is explained by the ORPHANET level of granularity.
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FIGURE 1. ORPHANET annotations for IUIS/non-IUIS diseases. The distribution of the diseases associated with the IUIS genes by (A) age of onset of the IUIS diseases (left) and non-IUIS diseases (right), (B) mode of inheritance for the IUIS diseases (left) and non-IUIS diseases (right), (C) ORPHANET classifications for rare diseases (classifications including 10 or more diseases are presented), (D) prevalence, (E) number of associated genes, (F) number of classifications per disease, (G) gene-centered Venn diagram for the IUIS- and non-IUIS diseases in the ORPHANET database. (A,B) Since many diseases were associated with more than one gene, we characterized found associations (Y-axis) as indicated among others (different genes are linked to several variants of disease manifestation) and indicated exactly (corresponds to the axis labels). AD, Autosomal dominant; AR, Autosomal recessive; Mt, Mitochondrial inheritance; XLR, X-linked recessive; Mg/mf, Multigenic/mulifactorial; XLD, X-linked dominant.


Summarizing ORPHANET data, we may state that inborn errors of immunity were mainly represented by immunological diseases with autosomal recessive or autosomal dominant inheritance, very rare prevalence (< 1/1,000,000) and early age of disease manifestation. The majority of diseases were related to more than two classifications.



HPO Terms and Top-Level Categories for the Genes Associated With Inborn Errors of Immunity

The HPO data on phenotypic abnormalities, associated with the IUIS genes, are presented in Figure 2. In total, there were 10,506 HPO terms, among them, 2,229 terms were unique. Ten top-level HPO categories (blood and blood-forming tissues; cardiovascular; digestive system; eye; genitourinary system; head and neck; immunology; nervous system; skeletal system; skin, hair, and nails) included the largest numbers of HPO terms (in total, and unique terms) (Figure 2A). The distribution of the top ten HPO terms mapped to these HPO categories is presented in Supplementary Figure 1. The greatest number and variety of HPO terms is related to three top-level categories (nervous system, head and neck, and immunology) (Figure 2A). The enrichment analysis focused on 12 body systems showed that gene sets related to HPO categories were most often enriched in immune, lymphatic and corresponding body systems (for example, genes from the category “Cardiovascular” were enriched in cardiovascular system). The unexpected exclusion was “Nervous system” (Figure 2B). The genetic similarity between pairs of 11 HPO categories assessed by the Jaccard/Tanimoto coefficient was relatively high and significant (with one exception) (Figure 2C). The Jaccard/Tanimoto coefficient was used to measure the phenotypic similarity of diseases associated with the same gene. In the OMIM and ORPHANET databases, 99 and 43 genes related to ≥ 2 diseases were linked to 236 and 110 unique disease pairs, respectively. This gene-based approach revealed a weak similarity at the HPO term level and a rather high similarity at the HPO category level (Figure 2D). The Jaccared/Tanimoto coefficients were relatively high for the OMIM-ORPHANET matched disease pairs (n = 136) (Figure 2E). The Jaccared/Tanimoto coefficients for the HPO terms and categories are presented in Figure 2F. At the level of HPO terms, significant differences were revealed between the Jaccared/Tanimoto coefficients related to OMIM (gene-based comparison) and OMIM-ORPHANET (disease-based comparison) (Mann-Whitney test: P = 3.185E−11) and ORPHANET (gene-based comparison) and OMIM-ORPHANET (disease-based comparison) (Mann-Whitney test: P = 5.98E−12). At the level of HPO categories, the differences were less pronounced (OMIM and OMIM-ORPHANET P = 5.75E-04; ORPHANET; and OMIM-ORPHANET P = 6.10E-02, non-significant). Despite the differences in the OMIM and ORPHANET hierarchy for disease classification, the comparison yielded higher Jaccared/Tanimoto coefficients for the matched OMIM-ORPHANET diseases than for the disease pairs associated with the same genes.


[image: Figure 2]
FIGURE 2. HPO annotations for the genes associated with inborn errors of immunity. (A) Multiple heat-map matrix for HPO terms related to top-level HPO categories (Y-axis) in the diseases grouped by the IUIS categories (X-axis). Since many HPO terms were associated with several genes, the data are presented as sum of their occurrences, i.e., the total number (red) and unique number (green) of HPO terms. For the IUIS categories all heat-maps are independent to each other. (B) Heat-map matrix for the results of Gene ORGANizer enrichment analysis. Gene lists related to top-level HPO categories (Y-axis) were analyzed for their overrepresentation in body systems (X-axis). FDR adjusted enrichment P values (threshold < 0.05) represented as –Log10 (threshold > 1.30) are plotted against HPO categories. Cells with P values for body systems matched with HPO categories are highlighted with black boundaries. (C) Heat-map matrix for the genetic similarity between selected top-level HPO categories. Jaccard/Tanimoto coefficient values are colored in red; their FDR adjusted P values represented as –Log10 are colored in green. (D) The Jaccard/ Tanimoto coefficient distribution for HPO terms and top-level HPO-categories for OMIM and ORPHANET diseases associated with the same genes. (E) The Jaccard/Tanimoto coefficient distribution for HPO terms and top-level HPO-categories for matched OMIM-ORPHANET disease pairs. (F) Summary statistics for the overlap measures. CI, cellular immunity; FDR, false discovery rate; HI, humoral immunity; J/T, Jaccard/Tanimoto; ns, non-significant; ORPHA, ORPHANET. *Combined immunodeficiencies with associated or syndromic features; **Congenital defects of phagocyte number or function.


Briefly, this part of our study presents an overview of HPO terms and their top-level categories associated with the IUIS genes. The enrichment analysis via Gene ORGANizer provided information on the overrepresentation of HPO terms at the level of 12 body systems assessed in a genomic context. Different HPO categories were represented by highly overlapped gene spectra. The analysis of phenotypic similarity measured by the Jaccard/Tanimoto coefficient showed that although diseases associated with the same genes are very different in their clinical signs and symptoms, the latter are related to the limited number of HPO top-level categories, i.e., mainly affect certain body systems.



Frequent and Very Frequent Clinical Signs and Symptoms in the Inborn Errors of Immunity

ORPHANET provides data on symptom frequency. Currently, these data are available for 110 inborn errors of immunity. The list of 110 diseases is given in Supplementary Table 2. Among the disease categories, the largest number of annotated diseases is related to “Combined immunodeficiencies with associated or syndromic features” (Figure 3A). All frequent and very frequent clinical signs and symptoms occurring in three or more diseases are provided in Figures 3B–S. Frequent symptoms occur in 79%−30% of patients; very frequent symptoms are typical for 80%−99% of patients. The greatest symptom variety is revealed for the following top-level HPO categories: “immunology,” n = 38; “head and neck,” n = 33; and “nervous system,” n = 20.
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FIGURE 3. Frequent and very frequent clinical signs and symptoms in diseases matched between IUIS and ORPHANET. (A) The distribution of diseases within the IUIS categories (for 110 diseases with available annotations on symptom frequency). (B–S) The frequency of occurrence (X-axis) of frequent (dark red) and very frequent (blue) clinical signs and symptoms (Y-axis) is mapped to HPO term names within top-level HPO categories: (B) Metabolism/Laboratory abnormality, (C) Digestive System, (D) Nervous System, (E) Blood and blood-forming tissues, (F) Skeletal system, (G) Constitutional Symptom, (H) Musculature, (I) Growth, (J) Neoplasm, (K) Immunology, (L) Skin, Hair, and Nails, (M) Cardiovascular, (N) Head and neck, (O) Ear, (P) Limbs, (Q) Eye, (R) Miscellaneous: Genitourinary system (Cryptorchidism), Prenatal and Birth (Polyhydramnios) and Cellular phenotype (Abnormality of chromosome stability), (S) Respiratory System. *Combined immunodeficiencies with associated or syndromic features; **Congenital defects of phagocyte number or function. CI, cellular immunity; HI, humoral immunity.




Gene-Disease Association Score and IUIS/OMIM Diseases With More Than One High-Score Association

The DisGeNET resource collects data on gene-disease associations for a wide range of diseases, including rare diseases. It ranges gene-disease associations by score, which depends on the number and type of sources and the number of publications in support of the association. We divided all gene-disease associations found for inborn errors of immunity in the DisGeNET resource (in total, 179 diseases) into three groups: S1, with gene-disease association score ≥ 0.3; S2, with gene-disease association score 0.1– 0.29; S3 with gene-disease association score < 0.1. The full list of the genetic associations and their scores is presented in Supplementary Table 3. Inborn errors of immunity (n = 25) with more than one high-score association in the DisGeNET database are listed in Table 1. The PPI enrichment analysis showed that these high score gene-disease associations were found for both, clusters of encoded interacting proteins and unrelated proteins. The IUIS/OMIM gene-disease associations usually have the highest scores; however, other disease associations may also matter.


Table 1. IUIS/OMIM diseases with more than one high-score gene-disease association in the DisGeNET database.
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Given these results, the most prominent gene candidates for inborn errors of immunity with unidentified genetic abnormalities in known genes are often represented by other genes involved in the PPI network.



Specificity and Pleiotropy of Genes Associated With Inborn Errors of Immunity

DisGeNET comprises 6,780 disease associations for the IUIS genes with in total 36,169 gene-disease association pairs. To address the item on gene specificity and pleiotropy, we used DisGeNET metrics, which include, in particular, the Disease Sensitivity Index (DSI) and the Disease Pleiotropy index (DPI). DSI is inversely proportional to the number of diseases associated with the corresponding gene. DPI is calculated taking into account whether the diseases associated with the gene are similar or completely different and refer to different classes of diseases. DSI and DPI were available for 255 IUIS genes. The distribution of DSI and DPI for these genes is presented in Figures 4A,B. The scatterplot displaying the relationship between DSI and DPI is produced in Figure 4C. Ten top values are indicated for DSI (15 genes) and DPI (16 genes). The distribution of the number of associated diseases is shown in Figure 4D. Large numbers of associated diseases per gene are explained by the fact that all associations are taken into account regardless of their scores.
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FIGURE 4. Disease specificity and disease pleiotropy indexes of genes associated with inborn errors of immunity. (A) The distribution of the disease specificity index (DSI). (B) The distribution of the disease pleiotropy index (DPI). (C) Scatterplot of DSI and DPI. Ten top values are presented for DSI (15 genes) and DPI (16 genes). (D) The distribution of the number of associated diseases.


Besides gene-disease associations, DisGeNET also provides information on variant-disease associations. From the total of 11,884 variants in the IUIS genes, 5,084 variants had data on allele frequency. The minimum alternative allele frequency (AF) was 3.18E−05; 2,999 variants had AF > 0.05. Variant-disease association scores in the range of 0.65–1.0 were registered for 2,657 of 5,084 variants. These data are presented in Supplementary Figure 2.



Phenotypic and Genetic Overlap Between Inborn Errors of Immunity and Complex Traits

Given that all IUIS genes are associated with several or many diseases, and a lot of these associations have been found for common genetic variants, we searched the NHGRI-EBI GWAS Catalog (16) for the genes of inborn errors of immunity in order to see if there is phenotypic and genetic overlap between inborn errors of immunity and complex traits. A comparison of HPO terms and GWAS mapped traits yielded 35 genes with overlapping phenotypes, among them autoimmune and neoplastic phenotypes were highly represented (Table 2). The largest number of associations with neoplasms has been registered for the TERT gene (22 phenotypes).


Table 2. Overlap between HPO terms and GWAS mapped traits for the genes of inborn errors of immunity.
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Next, we performed the enrichment analysis with the GWAS Catalog 2019 gene set library within the Enrichr tool. The analysis was accomplished for eight IUIS categories and for the whole gene set (Figure 5, Supplementary Table 4). Disease classification was based on the Experimental Factor Ontology (EFO), the resource within the GWAS Catalog documentation. Two main results supporting previous findings are worthy of attention. First, enriched immune-related phenotypes were mainly represented by autoimmune conditions. Second, different combinations of ten genes (RTEL1, TERT, TERC, STN1, ATM, SP110, SEMA3E, TBX1, DNMT3B, CDCA7) related to the category “Combined immunodeficiencies with associated or syndromic features” were overrepresented in 11 neoplastic diseases/traits. “Other” mapped trait for this category was “telomere length.”
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FIGURE 5. Heat-map matrix for the GWAS Catalog 2019 gene-set enrichment analysis. The IUIS genes were analyzed for their overrepresentation in common diseases/traits. The diseases/traits were classified according the Experimental Factor Ontology (EFO).The number of overrepresented common diseases/traits was indicated for EFO top-level categories (X-axis) within the IUIS categories of diseases (Y-axis). In the group of immune diseases, the subgroup of autoimmune conditions is highlighted with gray boundaries. *Combined immunodeficiencies with associated or syndromic features; **Congenital defects of phagocyte number or function. CI, cellular immunity; HI, humoral immunity.


Findings presented in this section of our analysis are useful for understanding of phenotypic diversity of inborn errors of immunity. Gene sequencing techniques have become more widely available and will be soon routine methods. The analysis of genes whose genetic variants may influence clinical course of the genetic disease will be useful for management of patients with primary immunodeficiencies.




DISCUSSION

In this work, we provided some additional information on inborn errors of immunity summarized in the recent IUIS report (5). Using the ORPHANET resource we compared and characterized the IUIS and non-IUIS rare diseases associated with the IUIS genes. These genes were linked with a lot of phenotypes related to 29 top-level HPO categories in the HPO database. We estimated the phenotypic similarity between disease pairs associated with the same genes and between matched OMIM-ORPHANET disease pairs. Although the majority of inborn errors of immunity are considered monogenic, it is not always possible to identify damage in the corresponding gene. As far as medical and genomic data on rare diseases is progressively increasing, some of monogenic disorders may turn out to be associated with more than one gene. We reported additional relatively high score gene-disease associations for inborn errors of immunity. We found that all genes from the IUIS report were associated with several or many complex diseases. Genetic overlap between rare and common diseases is an important and clinically relevant problem, which is currently at the forefront of research (17, 18). We showed the enrichment of gene sets related to several IUIS categories with neoplastic and autoimmune diseases from the GWAS Catalog and reported individual genes with phenotypic overlap between inborn errors of immunity and GWAS diseases/traits. Our work was aimed not only at gaining new knowledge, but also at demonstrating the possibilities and the necessity of communication between clinicians and geneticists to ensure progress in the direction of precision medicine of primary immunodeficiencies. We conclude with highlighting several important aspects contributing to the overview of phenotypic diversity of inborn errors of immunity.

Linking genes of inborn errors of immunity with the HPO terms showed a huge variety of symptoms with the involvement of many organs and systems. With the use of a phenotype-based tool Gene ORGANizer, we demonstrated that gene sets related to HPO categories were most often enriched in immune, lymphatic, and corresponding body systems (cardiovascular genes in cardiovascular system, endocrine genes in endocrine system, etc.); however no enrichment was revealed for nervous system. The latter fact may be due to the nervous system related content of background information in Gene ORGANizer, which is discussed in the relevant paper (13). Besides, we assumed that certain nervous system abnormalities may be secondary relative abnormalities in other body systems. Neurological complications may occur as a result of infections (19), vascular problems (20), metabolic disturbances (21), treatment complications (22) and other health problems in inborn errors of immunity. The diagnostic and therapeutic delay in PIDs may lead to the development of irreversible organ damage (23–25). The diversity of symptoms complicates their diagnosis as features accompanying primary immunodeficiencies (26). The correct and quick diagnosis of a rare disease strongly depends on the associated clinical phenotypes and their recognition by physicians (1). We believe that our report on frequent and very frequent symptoms in inborn errors of immunity may be useful for accelerated and effective management of patients with primary immunodeficiencies.

An interesting finding in our work stems from the analysis of the phenotypic similarity between gene-related phenotypes. The Jaccard/Tanimoto coefficients for the HPO terms related to different rare diseases associated with the same gene were low, pointing to high pleiotropy. These results correlate with high genetic pleiotropy in diseases and traits from DisGeNET, however, pleiotropy due to rare alleles might be more pronounced (27). In contrast to the low Jaccard/Tanimoto coefficients for the HPO terms, the coefficients for the top-level HPO categories were relatively high. This observation supports a modular view of pleiotropy (28). A modular character of gene–trait relationships in particular means that mutations in a certain gene may lead to the development of different, partially overlapping combinations of clinical signs and symptoms with non-random clustering (29). Diseases associated with the same gene might share common biological pathways and affect the same anatomical systems.

Our study reported 25 inborn errors of immunity associated with more than one gene. These inborn errors of immunity were associated with two or more unrelated genes, gene clusters or unrelated genes along with gene clusters (20 gene clusters of 2 to 16 genes). Gene clusters were retrieved from protein-protein interaction (PPI) information, which is increasingly used for the identification of new disease-related proteins since the disease-related genes tend to form closely interconnected clusters in the protein network (30, 31). Some “monogenic” diseases (e.g., Aicardi-Goutieres syndrome 2 (AGS2), Bare lymphocyte syndrome, type II, complementation group A/C/D/E) were associated with one top gene and several else genes more closely linked to another disorder from a given phenotypic spectrum. According DisGeNET, genes TREX1, ADAR, IFIH1, and SAMHD1 associated with AGS1, AGS6, AGS7, and AGS5, respectively, may be also implicated in AGS2. These genes are interconnected within a biological network including also USP18 and the top associated gene RNASEH2B.

Investigations of phenotypic and genetic overlap between monogenic and common diseases are focused on expanding knowledge on both common and rare diseases. Genes associated with rare diseases are usually functionally related to disease-relevant pathways. It has been recently hypothesized that phenotypic overlap might be a general trend for rare and common diseases associated with the same gene (17). Phenotypic overlap between rare and common diseases linked by genomic location indirectly supports the common variant association with the common disease. Genes with common variants associated with a common trait might also carry large-effect variants at the extremes of the trait (32). For most traits, an inverse relationship between the effect size and the allele frequency has been shown (33), however, many small-effect genetic variants in sum may play a greater role than rare large-effect mutations (34). Given these observations, we speculate that common variants in relevant genes and relevant metabolic pathways might modify monogenic diseases in terms of their clinical course and response to treatment. The influence of genetic background on the “monogenic” disease phenotype has been shown for several diseases (35). We reported here that common variants in three genes with gene function related to telomere maintenance (RTEL1, Regulator of Telomere Elongation Helicase 1; TERC, Telomerase RNA Component; TERT, Telomerase Reverse Transcriptase) have been associated with telomere length and multiple neoplasms in GWAS. Both HPO terms and ORPHANET classifications for rare diseases associated with these genes include neoplasms. The second example from our study is related to autoimmune conditions. Four genes CTLA4, IL2RA, ICOS, and IL7R have been associated with a group of autoimmune diseases in GWAS and with autoimmunity in the HPO database. We assume that mutations, rare large-effect variants and polymorphisms influencing the same pathogenic processes might cooperate in determining the severity of the rare disease phenotype.

The main findings of the study and their possible implications are as follows: (i) Genes associated with inborn errors of immunity are pleiotropic being involved in a broad, however non-random spectrum of phenotypic abnormalities. (ii) Summary of frequent and very frequent clinical signs and symptoms may be useful for diagnosis in non-obvious cases and for early detection of possible complications. (iii) Some, if not many inborn errors of immunity can actually be associated with more than one gene. If genetic damage is unknown, the search for causal genes can first start among those encoding interacting proteins. (iv) Phenotypic diversity of inborn errors of immunity depends not only on time of diagnosis and treatment characteristics, but also on mutation penetrance and expressivity, the latter being linked, in particular, to genetic background. Common genetic variants in certain genes might contribute to even greater risk of the development of autoimmune and neoplastic diseases in inborn errors of immunity.

In summary, based on the analysis of gene-disease data from the recent IUIS report (5) we presented some additional knowledge on the relevant genes and phenotypes of inborn errors of immunity. The rapid development of genomic technologies is making possible promotion of personalized medicine. We exemplified the possibilities of using of genomic technologies in the field of inborn errors of immunity. This information and instances may be useful for clinical differential diagnostics and for the development of translational and basic research of primary immunodeficiencies.
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