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            Abstract
Primary immunodeficiency (PID) is characterized by recurrent and often life-threatening infections, autoimmunity and cancer, and it poses major diagnostic and therapeutic challenges. Although the most severe forms of PID are identified in early childhood, most patients present in adulthood, typically with no apparent family history and a variable clinical phenotype of widespread immune dysregulation: about 25% of patients have autoimmune disease, allergy is prevalent and up to 10% develop lymphoid malignancies1,2,3. Consequently, in sporadic (or non-familial) PID genetic diagnosis is difficult and the role of genetics is not well defined. Here we address these challenges by performing whole-genome sequencing in a large PID cohort of 1,318 participants. An analysis of the coding regions of the genome in 886 index cases of PID found that disease-causing mutations in known genes that are implicated in monogenic PID occurred in 10.3% of these patients, and a Bayesian approach (BeviMed4) identified multiple new candidate PID-associated genes, including IVNS1ABP. We also examined the noncoding genome, and found deletions in regulatory regions that contribute to disease causation. In addition, we used a genome-wide association study to identify loci that are associated with PID, and found evidence for the colocalization of—and interplay between—novel high-penetrance monogenic variants and common variants (at the PTPN2 and SOCS1 loci). This begins to explain the contribution of common variants to the variable penetrance and phenotypic complexity that are observed in PID. Thus, using a cohort-based whole-genome-sequencing approach in the diagnosis of PID can increase diagnostic yield and further our understanding of the key pathways that influence immune responsiveness in humans.
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                    Fig. 1: Description of the immunodeficiency cohort and disease associations in coding regions.[image: ]


Fig. 2: Discovery of novel PID-associated genes in a large-cohort WGS analysis.[image: ]


Fig. 3: Using the WGS data to detect regulatory region deletions that are implicated in PID.[image: ]


Fig. 4: AD-PID GWAS identifies common variants that mediate disease risk and suggests monogenic candidate genes.[image: ]
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                Data availability

              
              WGS and phenotype data from participants are available from one of three data repositories, determined by the informed consent of the participant. (1) Data from participants enrolled in the NIHR BioResource for the 100,000 Genomes Project–Rare Diseases Pilot can be accessed via Genomics England (https://www.genomicsengland.co.uk/about-gecip/joining-research-community/); (2) data from the UK Biobank samples are available through a data release process overseen by UK Biobank (https://www.ukbiobank.ac.uk/); (3) data from the remaining NIHR BioResource participants are available from the European Genome-phenome Archive (EGA; https://www.ebi.ac.uk/ega/) at the EMBL European Bioinformatics Institute (accession code EGAD00001004523). Patients all fall into group 3 and controls into groups 1–3. Variants listed in Supplementary Table 1 (diagnostic findings) have been submitted to ClinVar and are accessible under NIHR_Bioresource_Rare_Diseases_PID (https://www.ncbi.nlm.nih.gov/clinvar/?term=NIHR_Bioresource_Rare_Diseases_PID). Summary statistics will be made available through the NHGRI-EBI GWAS Catalog (https://www.ebi.ac.uk/gwas/downloads/summary-statistics).

            

Code availability

              
              The R code for running major analyses is available at https://github.com/ollyburren/pid_thaventhiran_et_al.
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Extended data figures and tables

Extended Data Fig. 1 Graphical abstract.
Summary of the WGS analysis approach and findings.


Extended Data Fig. 2 Genetic testing in the PID cohort before WGS recruitment, in sporadic versus familial cases.
Any type of genetic test is included; for example, single-exon or gene sequencing, MLPA, or targeted gene-panel or exome sequencing. The information was supplied on the referral form and is probably an underestimate of the number of patients who had additional genetic testing.


Extended Data Fig. 3 BeviMed simulation study of positive predictive value with increasing size of the disease cohort.
We simulated genotypes at 25 rare-variant sites in a hypothetical locus among 20,000 controls and a further 1,000, 2,000, 3,000, 4,000 or 5,000 cases. We simulated that 0.2%, 0.3%, 0.4% or 0.5% of the cases had the hypothetical locus as their causal locus. We distinguish between cases that are caused by the hypothetical locus (CHLs) and cases that are caused by other loci (COLs). The allele frequency of 20 variants was set to 1/10,000 in the cases and COLs. The allele frequency of the remaining five variants was set to zero in the controls and COLs. One of the five variants was assigned a heterozygous genotype among the CHLs at random. Thus, we represent a dominant disorder caused by variants with full penetrance. As inference is typically performed across thousands of loci, with only a small number being causal, we assumed a mixture of 100 to 1 non-causal to causal loci. To compute the positive predictive value (PPV) for a given threshold on the PPA, we computed PPAs for 10,000 datasets without permutation of the case or control labels and 10,000 more datasets with a permutation of the case or control labels. We then sampled 1,000 PPAs from the permuted set and 10 PPAs from the non-permuted set to compute the PPV obtained when the posterior probability threshold was set to achieve 100% power. The mean over 2,000 repetitions of this procedure is shown on the y axis. The x axis shows the number of cases in a hypothetical cohort. As the number of cases increases from 1,000 to 5,000, the PPV increases above 87.5% irrespective of the proportion of cases with the same genetic aetiology. This demonstrates the utility of expanding the size of the PID case collection for detecting even very rare aetiologies that result in the same broad phenotype as cases with different aetiologies. In practice, the PPV–power relationship may be much better, as the wealth of phenotypic information of the cases can allow subcategorization of cases to better approximate shared genetic aetiologies.


Extended Data Fig. 4 Candidate cHET filtering strategy and patient with LRBA variants.
a, Filtering strategy to identify cHET pathogenic variants that consist of a rare coding variant in a PID-associated gene and a deletion of a CRE for the same gene. b, Regional plot of the cHET variants. Gene annotations are taken from Ensembl release 75, and the transcripts shown are those with mRNA identifiers in RefSeq (ENST00000357115 and ENST00000510413). The position of each variant relative to the gene transcript is shown by a red bar, with the longer bar indicating the extent of the deleted region. Variant coordinates are shown for the GRCh37 genome build. c, Pedigree of the patient with LRBA variants, showing the phase of the causal variants. d, FACS dot plot of CTLA-4 and FOXP3 expression in the patient with LRBA cHET variants and in a healthy control individual (representative of two independent experiments). Numbers in black are the percentage in each quadrant; numbers in red are the MFI of CTLA-4 staining in FOXP-negative and FOXP3-positive cells. e, Normalized CTLA-4 expression, assessed as previously described54, in the patient with LRBA cHET variants (n = 1), in healthy control individuals (n = 8) and in patients deficient in CTLA-4 (n = 4) or LRBA (n = 3) (positive controls). Data are mean ± s.e.m.


Extended Data Fig. 5 Patient with DOCK8 cHET variants.
a, Regional plot of the cHET variants. Gene annotations are taken from Ensembl release 75, and the transcripts shown are those with mRNA identifiers in RefSeq (ENST00000432829 and ENST00000469391). The position of each variant relative to the gene transcript is shown by a red bar, with the longer bar indicating the extent of the deleted region. Variant coordinates are shown for the GRCh37 genome build. b, Photographs of the extensive human papilloma virus (HPV)-associated wart infection in the patient with DOCK8 cHET variants. c, cHET variant phasing. Top, cartoon representation of phasing using high-quality heterozygous calls from short-read WGS data and long-read nanopore sequencing data. Bottom, WGS and nanopore data from the patient with DOCK8 variants. The two variants (large deletion and missense substitution) are shown in the bottom track (orange), and a single phase block (green) that spans the entire region between the two variants confirmed them to be in trans. d, Dye-dilution proliferation assessment in response to phytohaemagglutinin (PHA) and anti-CD3/anti-CD28 beads in CD4+ T cells and CD8+ T cells in cells from the patient and from a control individual (representative of two independent experiments). Staining was performed with carboxyfluorescein succinimidyl ester (CFSE) dye (Invitrogen) with the same additional fluorochrome markers as described in ‘Flow cytometry’ in the Methods.


Extended Data Fig. 6 Manhattan plots of GWAS results.
a–c, GWASs for the all-PID cohort with MAF > 0.05 (a), the AD-PID cohort with MAF > 0.05 (b) and the AD-PID cohort with 0.005 < MAF < 0.05 (c). Sample sizes: all-PID cases n = 886; AD-PID cases n = 733; control individuals n = 9,225. Each point represents an individual SNP association P value, adjusted for genomic inflation. Only signals with P < 1 × 10−2 are shown. None of the SNPs in c appear in the results of the common-variant GWAS in b, and are therefore additional signals gained from a GWAS that included variants of intermediate MAF. Red and blue lines represent genome-wide (P < 5 × 10−8) and suggestive (P < 1 × 10−5) associations, respectively. Note the additional signal of genome-wide significance that represents the TNFRSF13B locus, and several suggestive associations that only become apparent with variants in the 0.005–0.5 MAF range in c. Suggestive loci are indicated by the rsID of the lead SNP in each chromosome. Note that lead SNPs in the AD-PID GWAS (b) may differ from lead SNPs in the meta-analysis.


Extended Data Fig. 7 Analyses of the MHC locus in the AD-PID GWAS.
Sample sizes: n = 733 cases; n = 9,225 controls. a, LocusZoom association plots of the results of the initial (top) and conditional (middle, bottom) analyses of the MHC locus in the AD-PID GWAS. The x axis and the left y axis represent the chromosomal position and the −log10 of the association P value, respectively. Each point represents an analysed SNP, with the lead SNP indicated by a purple diamond and all other points coloured according to the strength of their linkage disequilibrium with the lead SNP. Purple lines represent HapMap CEU population recombination hotspots. A selection of genes in the region is shown at the very bottom, with over 150 genes omitted. Top, association plot of the most significant signal, rs1265053, which is in the class I region and close to the HLA-B and HLA-C genes. Middle, plot showing the association signal that remains after conditioning on rs1265053, with the strongest signal rs9273841 mapping to the class II region, close to the HLA-DRB1 and HLA-DQA1 genes. Bottom, plot showing the association signal that remains after conditioning on both rs1265053 and rs9273841. b, c, MHC locus conditional analyses of the classical HLA alleles (b) and amino acids of individual HLA genes (c). Each point represents a single imputed classical allele or amino acid, with those marked in red indicating those added as covariates to the logistic regression model: the class I signal (second row), the class II signal (third row) and both class I and class II signals (bottom row). The HLA allele and amino acid shown in the bottom plots are those with the lowest P value remaining after conditioning on both class I and class II signals; as there are no genome-wide-significant signals remaining, the results suggest that there are two independent signals at the MHC locus. d, Protein modelling of two independent MHC locus signals—HLA-DRB1 residue E71 and HLA-B residue N114—using PDB 1BX2 and PDB 4QRQ, respectively. The protein is depicted in white, the highlighted residue in red and the peptide in green.


Extended Data Table 1 ESID definition of PID subtypesFull size table


Extended Data Table 2 Description of the NIHR BioResource PID cohortFull size table


Extended Data Table 3 Genome-wide-significant and suggestive signals in our AD-PID GWAS and a previous CVID meta-analysisFull size table





Supplementary information
Supplementary Information
This file contains: Strategy Outline that provides the rationale for the prioritisation approaches undertaken within the study; Supplementary Methods that provide additional recruitment and ethics details; five Supplementary Notes clarifying clinical information and providing further details of some of the analytical strategies described in the manuscript; and Supplementary Figure 1, which contains the raw images of Western blots and gating strategies for B and T cell immunophenotyping experiments.


Reporting Summary

Supplementary Table 1
This table contains the list of PID genes and clinically relevant variants identified in the NBR-PID cohort, phenotypes of the patients with reported variants, and OMIM phenotypes associated with defects in the same genes.


Supplementary Table 2
This table is a comprehensively annotated list of variants that contribute to the BeviMed prioritisation of candidate genes as causes of PID.


Supplementary Table 3
This table lists candidate pathogenic non-coding deletions of a conserved regulatory element (CRE) of a known PID gene, in which the same patient also has a rare damaging exonic variant. Compound heterozygosity (cHET) for a non-coding CRE deletion and a coding variant could lead to effectively absent gene expression and a recessively inherited disease.


Supplementary Table 4
This table lists candidate PID genes within the AD-PID GWAS loci, prioritised through capture-HiC omnibus gene score (COGS) approach.


This file contains the full list of consortium members and working groups.
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