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                                                                                                                        Abstract

                                                            Common variable immunodeficiency and other late-onset immunodeficiencies often co-manifest with autoimmunity and lymphoproliferation. The pathogenesis of most cases is elusive, as only a minor subset harbors known monogenic germline causes. The involvement of both B and T cells is however implicated. To study whether somatic mutations in CD4+ and CD8+ T cells associate with immunodeficiency, we recruited 17 patients and 21 healthy controls. Eight patients had late-onset common variable immunodeficiency and nine patients other immunodeficiency and/or severe autoimmunity. In total, autoimmunity occurred in 94% and lymphoproliferation in 65%. We performed deep sequencing of 2533 immune-associated genes from CD4+ and CD8+ cells. Deep T-cell receptor beta sequencing was used to characterize CD4+ and CD8+ T-cell receptor repertoires. The prevalence of somatic mutations was 65% in all immunodeficiency patients, 75% in common variable immunodeficiency and 48% in controls. Clonal hematopoiesis-associated variants in both CD4+ and CD8+ cells occurred in 24% of immunodeficiency patients. Results demonstrated mutations in known tumor suppressors, oncogenes, and genes that are critical for immune- and proliferative functions, such as STAT5B (two patients), C5AR1 (two patients), KRAS (one patient), and NOD2 (one patient). Additionally, as a marker of T-cell receptor repertoire perturbation, common variable immunodeficiency patients harbored increased frequencies of clones with identical complementarity determining region 3 sequences despite unique nucleotide sequences when compared to controls. In conclusion, somatic mutations in genes implicated for autoimmunity and lymphoproliferation are common in CD4+ and CD8+ cells of patients with immunodeficiency. They may contribute to immune dysregulation in a subset of immunodeficiency patients.

                                                            
                                                            Introduction
Immunodeficiencies often manifest with autoimmune disease, as shown in the most common primary immunodeficiency in the adult population: common variable immunodeficiency (CVID).1 Although the main manifestations of CVID are recurrent infections and low levels of plasma immunoglobulins, patients often present with immune-mediated blood-cell cytopenias, enteropathy, arthritis, lymphoproliferation, and/or granulomatous disease.1 Currently known monogenic causes account for 2-10% of CVID cases.2 In the absence of disease-associated germline variants, the etiology of CVID and other delayed-onset immunodeficiency remains largely elusive.
Although a B-cell defect apparently causes hypogammaglobulinemia, T-cell abnormalities also occur in CVID patients. Decreased levels of regulatory T cells and naïve CD4+ T cells, an increase in CD8+ expansion, disturbed cytokine secretion, and large granular lymphocyte expansions have all been described.1,3,4 Altered immune homeostasis may promote both immunodeficiency and infections. In CVID, the prevalence of autoimmune disease is 30%,1,3,5 lymphoproliferation 50%,3 and patients also have an increased risk for malignant diseases. The standardized incidence ratio for lymphomas and stomach cancer is 10-12.1,6
Somatic mutations play a key role in malignant transformation, while recent discoveries have highlighted associations between somatic mutations and non-malignant disease. 7,8 Somatic STAT3 mutations occur in diseases with autoimmune manifestations, such as large granular lymphocyte (LGL) leukemia and aplastic anemia.9-12 In LGL leukemia, patients present with immune-mediated cytopenias and rheumatoid arthritis, and LGL leukemia patients with multiple STAT3 mutations more often have RA (46%) than patients without mutations (6%).13 Somatic, activating STAT3 mutations have also been discovered in intraepithelial lymphocytes of refractory celiac disease patients14 and in patients with Felty syndrome (long-lasting RA and neutropenia).15 Recent reports by us and others have shown that somatic mutations in genes other than STAT3 occur in mature T cells.16,17 For example, patients with untreated RA have somatic mutations in mature CD8+ T cells in 20% of cases.16
In addition to mutations in mature T cells, hematopoietic progenitor cells may also harbor mutations: somatic mutations originating from hematopoietic progenitor cells occur in 10% of elderly individuals, and these mutations confer a risk for blood cancer and cardiovascular disease.18-20
These stem-cell-derived mutations have effects beyond malignant transformation. For example, somatic loss-offunction Tet2 mutations in myeloid cells lead to proinflammatory cytokine production and increased atherosclerosis in mice.21 As another example, somatic mutations in the FAS gene in hematopoietic precursors can lead to autoimmune lymphoproliferative syndrome (ALPS).22
Thus, somatic events in blood cells have the potential to modulate immune-mediated diseases. To study whether patients with late-onset CVID and other immunodeficiency and/or severe autoimmunity have somatic mutations in CD4+ and CD8+ cells, and whether they associate with disease phenotype, we used a customized deep sequencing panel covering 2,533 genes. In addition, to characterize the CD4+and CD8+ T-cell repertoire in more detail, we investigated the T-cell clone size, clonality, and characteristics by deep T-cell receptor -chain (TCRB) sequencing.
Methods
Patients
We recruited eight patients with late-onset CVID and nine patients with other types of immunodeficiency or severe autoimmunity from the Helsinki University Hospital infectious disease clinic (Table 1). CVID patients were included in a previously described CVID cohort.3 Five of the patient cases with other types of immune deficiency or severe autoimmunity have been previously described: patient 17 has a germline mutation in ADA2 (p.Arg169Gln/p.Arg169Gln) and somatic STAT3 D661V and N647I mutations in T cells;23 patients 9-11 have germline gain-of-function mutations in STAT3;24 and patient 12 has a compound immunodeficiency and arr11q24.2q25 (126,074,297-134,927,114) x 1 (Jacobsen syndrome).25 Blood donor buffy coat samples from the Red Cross Blood Service (Online Supplementary Table S1) served as healthy controls. This study was approved by the local ethics committee and was conducted according to the principles of the Declaration of Helsinki. All patients signed informed consent.
Sample preparation
CD4+ and CD8+ cells were purified via positive selection with magnetic beads (Miltenyi Biotech) from peripheral blood mononuclear cells. Sample material for patient 9 was bone marrow rather than peripheral blood.
Identification of somatic mutations
To discover somatic variants, we designed a custom sequencing panel that comprised the coding areas of 2,533 genes. The gene selection was based on the InnateDB database (http://www.innatedb.ca/) and on other genes important for hematopoietic cells, adaptive immune responses, and autoimmunity (Online Supplementary Table S2). All samples (CD4+ and CD8+ cells of 17 immunodeficiency patients and 21 healthy controls) were sequenced with HiSeq2500 (Illumina).
Somatic variants were identified with the GATK toolkit and MuTect2 using a panel of 21 healthy controls (Online Supplementary Methods). To discover variants occurring only in CD4+ or CD8+ cells, variant calling was performed as a pairedsample analysis, using CD4+ cells as a germline control and CD8+ as a 'tumor' sample, and vice versa. In addition, we performed variant calling without a germline control sample from the same patient to discover variants that occur in both CD4+ and CD8+ cells. Variants identified by single-sample calling method were required to occur in both CD4+ and CD8+ cells in a known hematopoietic tumor suppressor or oncogene.18-20 All variants were required to pass multiple quality filters (Online Supplementary Methods). Only mutations that altered the aminoacid coding sequence were reported, but non-coding mutations were included in mutation signature analyses. Signaling pathways were annotated using the Reactome public database and gene with Gene Ontology (GO) Consortium biological process terms (Online Supplementary Table S3).
T-cell receptor -chain sequencing
T-cell receptor -chain (TCRB) sequencing was performed from CD8+ and CD4+ cells’ genomic DNA with the human TCRB immunoSEQ assay (Adaptive Biotechnologies) according to the manufacturer’s instructions. The TCRB repertoires of seven CVID patients and 27 healthy controls were compared. Only productive T-cell receptor (TCR) sequences were analyzed. To search for public, previously reported TCR sequences associated with pathogens, autoimmunity, or cancer, we queried TCR against the manually curated McPAS database. “Convergent TCR” were defined as clones that share an amino-acid CDR3 sequence although they have distinct nucleotide CDR3 sequences. A T-cell clone was defined by a unique nucleotide sequence (Online Supplementary Figure S1).
Data sharing
Original sequencing data are available from the corresponding author upon reasonable request due to ethical permit constraints.
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Table 1.Patient phenotypes.
Results
Patients' characteristics
All patients but one included in the study had autoimmune disease manifestations, and 11 of 17 (65%) had lymphoproliferation (Table 1). All CVID patients (patients 1-8) suffered from recurrent infections. Lymphoproliferation, as defined by lymphadenopathy and/or splenomegaly, occurred in 75% of CVID patients, granulomatous disease in 12.5%, and enteropathy in 12.5%. Because we included only late-onset CVID in the study, the median age at diagnosis was 59 years for CVID patients.
According to the EUROClass classification system, 25% (2 of 8) of CVID patients did not have B cells (B-) (Online Supplementary Table S4). In the remaining B+ patients, switched memory-B cells (CD19+CD27+IgDnegIgMneg) were low in 50% (3 of 6) of cases. None had high frequencies of transitional B cells (CD19+CD38++IgM++), and 67% (4 of 6) had increased CD21low cells (CD19+CD21lowCD38low) according to the EUROClass system. Other patients were similarly classified, although they did not have CVID (Online Supplementary Table S4).
Somatic mutations in CD4+ and CD8+ cells
The custom gene panel covered the coding areas of 2,533 genes, spanning over approximately 5.2 million base-pairs. Immunodeficiency patients harbored 45 and healthy controls 28 somatic mutations that existed in either CD4+ or CD8+ cells, identified by paired-sample variant calling (Table 2, Figure 1 and Online Supplementary Table S5). In two cases, we had access to non-hematopoietic- tissue-derived DNA; the mutations did not exist in these samples (Online Supplementary Table S6). The prevalence of somatic mutations was 65% (11 of 17) in immunodeficiency patients, 75% (6 of 8) in CVID, and 48% (10 of 21) in healthy controls. The median ages of patients and controls were similar (Figure 2A and Online Supplementary Table S1). There was no statistically significant difference in the prevalence of mutations between patients and controls (Figure 2B) or in the number of identified mutations (Online Supplementary Figure S2). The median number of mapped bases was higher in immunodeficiency samples, but the number of mutations did not correlate with mapped bases in CD8+ cells, in which most mutations were discovered (Online Supplementary Table S7 and Online Supplementary Figure S3). The vertical and horizontal coverage of the assay is shown in Online Supplementary Figure S4.
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Table 2.Selected somatic mutations identified in CD4+ and CD8+ cells.
In immunodeficiency patients, the identified mutations comprised of 38 missense, 5 nonsense, and 2 frameshift mutations (Figure 2C). Immunodeficiency patients harbored a larger proportion of damaging mutations than healthy controls (56% vs. 21%, Fisher’s exact test P=0.0069) (Figure 2D). For CVID patients, the proportion of damaging mutations was even higher (70%; P=0.0007 when compared with healthy controls). Damaging mutations were defined as frameshift, nonsense and as mutations with damaging predictions by both Polyphen-2 and SIFT. Mutations in known tumor suppressors or oncogenes18– 20 occurred in six patients (35%) and two controls (9.5%) (Figure 1). Gene Ontology (GO) term annotations revealed that patients harbored variants in genes that associate with lymphocyte functions (5 patients, 29%), inflammation (7 patients, 41%), and proliferation (8 patients, 47%). Most genes that harbored mutations were expressed in healthy CD4+ and CD8+ cells (Figure 1), suggesting functional relevance. Mutational signature analysis revealed that the most dominant signature in immunodeficiency patients’ CD4+ and CD8+ cells was age-related signature 1. Mismatch-repair-associated signature 15 was more dominant in healthy controls’ CD4+ cells (Figure 2E).
[image: ]

Figure 1.Discovered somatic mutations in CD4+ and CD8+ cells in patients and controls. Selected somatic mutations in patients and healthy controls identified in paired-sample variant calling analyses are shown, with different colors representing different mutation types (missense, nonsense, frameshift, splicing; see color code). Mutations were grouped according to Reactome pathways, but one gene was grouped only to one pathway for visual clarity. For immunodeficiency patients, the patient phenotypes are also shown at the top of the figure. Patients 1-8 had common variable immunodeficiency (CVID). Oncogenes and tumor suppressors relevant for hematopoietic tissue were derived from previous publications.18-20 The mean RNA expression of the mutated genes in healthy individuals' CD4+ (n=3) and CD8+ (n=5) is shown as log2-transformed counts per million (cpm) values, and error bars represent standard deviation. B2M and ACTB are shown as highly-expressed housekeeping gene references for expression levels. HC: healthy control; ACTB: actin beta; B2M: beta-2-microglobulin; cpm: counts per million.
[image: ]

Figure 2.The prevalence and consequences of somatic mutations in immunodeficiency patients and healthy controls. (A) There was no statistically significant difference (Mann-Whitney test) in median age (years) between immunodeficiency patients and healthy controls. (B) The prevalence of somatic mutations in CD8+ cells, CD4+ cells, and in either CD4+ or CD8+ (overall) in patients and controls. (C) The percentages of different mutation types in immunodeficiency patients and healthy controls (see color code). (D) Immunodeficiency patients harbored a larger proportion of damaging mutations than healthy controls (Fisher exact test, P=0.0069). Damaging mutations were defined by being either a nonsense, frameshift, or missense mutations with damaging predictions by both PolyPhen2 and SIFT. (E) Mutational signatures in healthy controls’ and immunodeficiency patients’ CD4+ and CD8+ cells. Both non-coding and protein-altering mutations were included in the analyses. Signatures with significant weights (>0.06) are shown; others are classified as “Other”. (F) The number of mutations in paired analyses in CD4+ and CD8+ cells were compared between immunodeficiency patients who harbored clonal hematopoiesis variants in both CD4+ and CD8+ cells. The clonal hematopoiesis variants themselves were not included in the analyses, but their existence was used as a grouping factor. Patients with clonal hematopoiesis variants in both CD4+ and CD8+ cells (clonal hematopoiesis) harbored more somatic mutations in CD4+ cells than patients without clonal hematopoiesis variants (Mann-Whitney test, P=0.03439), but there was no statistically significant difference in CD8+ cells. CVID: common variable immunodeficiency.
Clonal hematopoiesis variants in CD4+ and CD8+ cells
To complement the findings in paired-sample analyses by discovering variants that occur in both CD4+ and CD8+ cells, we performed single-sample variant calling analysis in genes associated with clonal hematopoiesis.18-20 In the immunodeficiency cohort, 24% of patients (4 of 17) had in total seven clonal hematopoiesis-associated variants while none was observed in healthy controls (Table 3 and Figure 1). Patients who had clonal hematopoiesis variants harbored more mutations in CD4+ cells than patients without clonal hematopoiesis (Figure 2F). Deep sequencing from flow cytometry-sorted cells assessed the cellular lineage of these variants. Clonal hematopoiesis-associated variants were found in sorted, pure CD3+ T cells, and, in some cases, in CD19+ B cells. There were no mutations in CD14+ monocytes (Online Supplementary Table S8).
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Table 3.Clonal hematopoiesis variants occurring in both CD4+ and CD8+ cells.
Somatic mutations in key immunologic pathways
Overall, mutations occurred in genes that are linked with cell proliferation and hematologic malignancies. Patient 2 harbored the highest number of mutations: seven in CD4+ cells and two in CD8+ cells. This patient had a STAT5B (N418K) mutation in CD4+ cells with 3.3% variant allele frequency (VAF), but also a NOD2 and four different TET2 mutations in CD4+ cells (Tables 2 and 3, and Figure 1). The patient had late-onset CVID with multiple co-morbidities: infections, idiopathic thrombocytopenic purpura (ITP), granulomatous-lymphocytic interstitial lung disease (GLILD), splenomegaly, lymphadenopathy, and granulomas (Table 1).
Patient 13 also harbored a STAT5B T628S mutation with 3.2% variant allele frequency (VAF) in CD4+ cells (Table 2 and Figure 1). In addition, she had a truncating clonal hematopoiesis-associated DNMT3A variant in both CD4+ and CD8+ cells (Table 3). Her disease phenotype comprised of hypogammaglobulinemia and recurrent, non-infectious stomatitis. Patient 16 harbored seven mutations in CD8+ cells and one in CD4+ cells, occurring in genes involved in RAF/MAPK and GPCR signaling, TP53 regulation and inflammasome activity (KRAS T58I, C5AR1, PRKAA2 and MEFV) (Figure 1). In addition, this patient had two clonal hematopoiesis-associated variants in both CD4+ and CD8+ cells (Table 3). This patient's immunodeficiency presented as Good syndrome with LGL lymphoproliferation, bronchiectasis, sicca, seronegative RA/tenosynovitis, hypogammaglobulinemia, and infections (Table 1).
Patient 12 harbored five mutations in CD4+ cells and three in CD8+ cells. Mutations included a C5AR1 mutation, and two mutations in RAF/MAPK signaling cascade genes (CNKSR2 and CSF2RB) (Table 2 and Figure 1). The patient had Jacobsen syndrome with infections, hypogammaglobulinemia, lymphoproliferation, and multiple autoimmune manifestations (Table 1).
To validate a subset of mutation findings, we performed Amplicon re-sequencing of interesting mutations (23 different positions in patients) and negative control positions (Online Supplementary Methods and Online Supplementary Table S9) with a multiplexed customized amplicon panel. All mutation positions covered by sufficient coverage (20 of 23, 87%) were successfully validated (20 of 20, 100%). As expected, mutations were only detected in the original patient and not in other individuals. All control positions yielded negative results. Mutations presented with similar VAF in re-sequencing as in the original sequencing assay (Online Supplementary Table S10).
CD4+ clonality correlates with CD8+ clonality and B-cell phenotypes
There was no difference in clonality indices of either CD4+ or CD8+ cells between patients and controls (Figure 3A). Overall, CD8+ cells showed higher clonality than CD4+ cells (P<0.0001 in healthy controls; P=0.0135 in CVID) (Figure 3A). The size of the largest T-cell clone (as frequency of all productive rearrangements) and the proportion of productive sequences of all TCRB rearrangements were similar in patients and controls (Online Supplementary Figure S5).
CD4+ and CD8+ clonality showed a positive non-linear correlation in both CVID and healthy controls (Figure 3B; Spearman correlation P=0.0019 and P=0.0234, respectively). An increased proportion of CD8+ cells was associated with higher clonality in CD4+ and CD8+ cells (Figure 3C; Spearman correlation P=0.0238 CD4+ clonality and 0.0341 CD8+ clonality). The largest T-cell clone size was greater in individuals with mutations than in individuals without mutations (Online Supplementary Figure S6). Due to the importance of helper T cells in B-cell maturation, we correlated CD4+ clonality indices with the frequencies of different B-cell subsets in CVID patients. Higher CD4+ clonality correlated with lower frequencies of memory and switched memory B cells (P=0.008 and P=0.0238) (Figure 3D and E). CD4+ clonality did not associate with the frequency of total B cells, marginal-zone, activated, or transitional B cells (Online Supplementary Figure S7).
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Figure 3.T-cell repertoire characteristics in common variable immunodeficiency (CVID) patients. (A) Clonality indices of CD4- and CD8-cell productive T-cell receptor (TCR) rearrangements. No statistically significant differences were seen between patients and healthy controls, but CD8+ cells were more clonal than CD4+ cells. Other: immunodeficiency patients other than CVID. Statistical testing comprised a Kruskall-Wallis test as an omnibus test and Dunn multiple comparison tests as post-hoc tests. Medians and interquartile ranges are shown. (B) CD4+ and CD8+ clonality indices correlate with each other, but not in a linear fashion. (C) Low CD4/CD8 ratios are associated with higher CD8 clonality. (D) Increased CD4+ clonality is associated with decreased frequency of memory B cells in CVID patients (Spearman correlation, P=0.0008). (E) Increased CD4+ clonality is associated with decreased frequency of switched memory B cells in CVID patients (P=0.0238). (F) CVID patients show a higher frequency of convergent TCR of all TCR amino-acid rearrangements (Mann-Whitney test, P=0.013 for CD4+ and P=0.021for CD8+ ). Vertical lines: median; box hinges: interquartile ranges; whiskers: reasonable extremes of the data; ns: not significant; HC: healthy control; CVID: common variable immunodeficiency; Other: immunodeficiency other than CVID. ****P<0.0001; *P<0.05.
T-cell receptor -chain gene segment usage and junctional diversity
T-cell receptor -chain V- and J-gene usage often serves as a marker for structural similarity of TCR. In total productive CD4+ and CD8+ TCR repertoires, there was no difference in TCRB V-gene family and J-gene usage between CVID patients and controls (Online Supplementary Figure S8). When comparing junctional diversity, no differences were found between patients and controls in the sums of base deletions and non-templated base insertions in the V-D and D-J junctions (Online Supplementary Figure S9). All non-templated base edition comparisons between CVID patients and controls are shown in Online Supplementary Figure S10.
Common variable immunodeficiency patients harbor higher frequencies of convergent T-cell receptor clones than healthy controls
Distinct T-cell clones have unique nucleotide-level CDR3 sequences, but different nucleotide sequences can translate into the same functional CDR3 amino-acid sequences (TCR convergence). CVID patients showed more convergence in CD4+ and CD8+ cells than healthy controls (CD4+ P=0.0123 and CD8+ P=0.0215) (Figure 3F). This was not due to higher frequencies of previously reported pathogen-specific TCR, such as Epstein-Barr virus (EBV) or cytomegalovirus (CMV)-specific TCR, in the CVID convergent TCR sequences (Online Supplementary Figure S11). However, convergent clones did not show higher abundance in CVID (abundance being defined as the sum of all convergent clone rearrangement frequencies) (Online Supplementary Figure S12).
We also investigated the physico-chemical properties of highly convergent and highly expanded TCR sequences with a generic string kernel algorithm (GSKernel) and unsupervised clustering analyses: CD8+ cells had 275 expanded and 3,738 highly convergent clones, and CD4+ cells had 342 expanded clones and 848 highly convergent clones. In CD8+ cells, these selected TCR formed 24 clusters based on the TCR physico-chemical similarity (Figure 4A). Six clusters were enriched with CVID TCR (Figure 4B). A major determinant driving the clustering was J-gene usage, but not V-gene usage (Online Supplementary Figure S13). In CD4+ cells, selected TCR formed 20 clusters with similar results (Figure 4C and Online Supplementary Figure S14). Interestingly, convergent CD8+ TCR in CVID had slightly different properties when compared to control TCR: CVID TCR showed a difference in polarity and hydrophobicity when compared to controls (Online Supplementary Table S11), whereas no differences were seen in CD4+ TCR.
[image: ]

Figure 4.Convergent T-cell receptors (TCR) form structurally similar clusters, and some clusters enrich with common variable immunodeficiency (CVID) patients. Convergent and highly expanded TCR were analyzed for physico-chemical structure similarity and visualized with t-distributed stochastic neighbor embedding (t-SNE). Only highly convergent TCR and large clones (defined in “Methods”) were included in the analyses. Each dot represents a single TCR, and each TCR can be mapped to one patient. (A) Analyzed TCR formed 24 clusters in CD8+ cells, of which six were enriched with CVID TCR, as analyzed with Fisher's test (#). (B) The same clustering analysis, with CD8+ CVID or healthy control (HC) TCR with colors. (C) Analyzed TCR formed 20 clusters in CD4+ cells, of which two were enriched with CVID TCR (#). (D) The same clustering analysis, with CD4+ CVID or HC TCR with colors.
CD8+ cells show higher frequencies of antigen-specific T cells than CD4+ cells
Lastly, we investigated whether CVID patients had higher frequencies or abundances of previously reported TCR, with a focus on pathogen-specific TCR (see “Methods” section). There was no difference in frequencies of antigen-specific TCR between CVID patients and controls (Online Supplementary Figures S15 and S16; healthy CD4+ vs. CVID CD4+, and healthy CD8+ vs. CVID CD8+). However, in healthy controls, the frequencies of pathogen-specific, cancer-specific, and autoimmune-associated TCR were higher in CD8+ cells than CD4+ cells, but these differences were not statistically significant in CVID (Online Supplementary Figures S15 and S16). The abundance of pathogen-specific, but not cancer or autoimmune TCR, was also increased in CD8+ when compared to CD4+ cells in controls.
T-cell clone size and somatic mutation variant allele frequency
Individuals with mutations had larger CD8+ T-cell clones, but similar association was not observed among CD4+ T cells (Online Supplementary Figure S6). We plotted the frequency of the largest T-cell clone and mutation VAF (Online Supplementary Figure S17) to investigate the relationship between the clone size and VAF. If a somatic mutation occurs only in one individual T-cell clone, the mutation VAF should be half the clone size or less (assuming that most somatic mutations are heterozygous). In CD8+ T cells this was true, and mutation VAF correlated well with the clone size (Online Supplementary Figure S17). However, in some cases, the mutation VAF in CD4+ cells were higher than expected (Online Supplementary Table S12 and Online Supplementary Figure S17), suggesting that mutations occur also in other cells rather than just in one CD4+ T-cell clone. Using flow cytometry-mediated sorting and sequencing, we confirmed that the mutations were still confined to the CD4+ T-cell fraction as they did not occur in other cell types, such as CD14+ cells or CD3+CD8+ cells (patients with STAT5B mutations) (Online Supplementary Table S13). However, clonal hematopoiesisassociated variants occurred in both CD4+ and CD8+ cells (Table 3 and Online Supplementary Table S8).
Discussion
In our small cohort (n=17) of late-onset CVID and other immunodeficiency patients, we show that somatic mutations occur in CD4+ and CD8+ cells in 75% of the CVID patients and in 65% of all patients. Lymphoproliferation (65%) and autoimmune disease manifestations were highly prevalent (94%) in our study cohort. Healthy controls harbored mutations in 45% of cases. Considering also the data on somatic mutations occurring in either CD4+ or CD8+ cells, we identified clonal hematopoiesis variants in both CD4+ and CD8+ cells in 24% of immunodeficiency patients. CVID patients also harbored higher frequencies of convergent TCR than healthy controls, and clustering analyses on selected TCR identified structurally similar TCR clusters that were enriched with CVID TCR.
Somatic mutations occur throughout life at an estimated rate of 3.5*10-9–1.6*10-7 per base-pair per mitosis in many somatic tissues.26 Since somatic mutations accumulate with age, the discovery of somatic mutations in CD8+ and CD4+ cells is not unexpected.27-29 The majority of the identified mutations occurred in CD8+ cells, which could be due to the higher clonality of CD8+ T cells. In agreement with this, our results showed that patients with mutations had larger CD8+ T-cell clones. However, it should be noted that although the overall CD4+ clonality was low, many immunodeficiency patients harbored mutations also in CD4+ cells. Interestingly, the most dominant mutational signatures in T cells were signatures 1 and 15. Signature 1 correlates with age and derives from spontaneous deamination of 5-methylcytosine;30 this signature was especially dominant in CD8+ cells and in immunodeficiency patients. Signature 15, which associates with defective mismatch repair,31 was more prominent in healthy control CD4+ cells.
Many of the genes with somatic mutations in immunodeficiency patients link to malignant disorders, autoimmunity, or lymphoproliferative disorders. Somatic mutations in known hematologic tumor suppressors and/or oncogenes18-20 occurred in 35% of immunodeficiency patients. CVID patients harbored these mutations in 38% (3 of 8) of cases and healthy controls in 9.5% (2 of 21). Two patients harbored somatic STAT5B mutations (patient 2, N418K; patient 13, T628S) in CD4+ cells. The T628S mutation in patient 13 results in increased STAT5 phosphorylation, transcriptional activity, and cell proliferation. 32 Activating STAT5B mutations in lymphocytes occur especially in CD4+ T-cell large-granular lymphocyte leukemia and T-prolymphocytic leukemia.32,33 Patient 16 harbored a KRAS T58I mutation in CD8+ cells with VAF 7.9%. KRAS is mutated in nearly 30% of cancers,34 and somatic activating KRAS mutations in both lymphoid and myeloid cells are observed in Ras-associated autoimmune leukoproliferative disorder.35 Of note, the patient had a major T-cell clone in CD8+ cells comprising 51% of all CD8+ cells. Two patients had C5AR1 (complement C5a receptor 1) mutations. Recent data indicate that C5AR1 activation promotes the proinflammatory Th1 responses in CD4+ cells via reactive oxygen species and inflammasome activation.36
Due to the lack of statistical power and differences in sequencing coverage, we cannot draw conclusions about the differences in mutation prevalence and mutation counts between immunodeficiency patients and controls. Although immunodeficiency patients had potentially pathogenic variants, also healthy controls harbored mutations in tumor suppressors and oncogenes, such as in NRAS (G13D) and DNMT3A (L773P), which is not unexpected due to the high prevalence of clonal hematopoiesis in 60-69 year olds.37-39 Nevertheless, immunodeficiency patients had mutations that do not generally occur in clonal hematopoiesis in the general population, such as mutations in STAT5B. These mutations, or a subset of them, could contribute to lymphoproliferation in these patients, despite showing low VAF. Although the function of the discovered mutations was not analyzed in our study, previous studies by us and others suggest that somatic mutations may alter the phenotype and function of mutated T cells.16,40 Interestingly, Fraietta et al. has shown that a hypomorphic TET2 mutation can lead to the expansion and persistence of chimeric antigen receptor (CAR)-T cells.40 Tet2 inactivation in mice results in altered T- and B-cell differentiation, and TET2 mutations occur in T-cell lymphomas.41 DNMT3A mutations may also facilitate lymphoproliferation, as shown by Dnmt3a deficiency leading to both myeloid and lymphoid malignancies in mice.42 DNMT3A is also commonly mutated in human acute T-cell lymphoblastic leukemias.42 The clinical relevance of DNMT3A and TET2 mutations and the possible survival advantage they may confer in immunodeficiency requires more studies, as the prevalence of these mutations is relatively high also in healthy T cells.
The majority of the detected mutations occurred exclusively in CD4+ or CD8+ cells. The origin of these mutations is elusive. Do these somatic mutations occur in one T-cell clone or in multiple clones? Do they occur in every cell of the same clone or only in a subset? Any conclusive answer could only be obtained through in-depth singlecell sequencing studies. In our previous reports, we showed that mutations are confined to specific T-cell populations in CD8+ cells.16 Similarly, in immunodeficiency patient mutation, VAF and clone sizes matched well in CD8+ T cells, suggesting that mutations occur late during T-cell maturation. However, the analysis of CD4+ T cells suggested that mutations may also occur in precursor cells, as mutation VAF were higher than individual CD4+ T-cell clone sizes.
In addition to mutations found exclusively in one cell type, we also detected mutations which were found in both CD4+ and CD8+ compartments, suggesting that they could have originated from a hematopoietic stem cell, or from multipotent or lineage-specific progenitors. Our results are in line with previous publications showing that clonal hematopoiesis-associated mutations (such as DNMT3A and TET2) can occur in T cells.37,43,44 These mutations likely originate from progenitor cells, because in our cases they were found both in CD4+ and CD8+ T cells, and in CD19+ B cells, but not in myeloid CD14+ cells. However, myeloid cells can harbor the same mutations as B cells (as in monoclonal B-cell lymphocytosis and indolent chronic lymphocytic leukemia) or T cells (in individuals without hematologic disease).37,44-47
In the present study, we detected somatic mutations with relatively low VAF by using high sequencing coverage in the assays. To avoid exhaustion of the unique DNA molecules, a sufficient amount of DNA (100-500 ng) was used based on the calculations that one nanogram of DNA comprises approximately 300 copies of unique DNA molecules. Assay sensitivity is also determined by other factors, such as sequencer performance and bioinformatics approaches. In general, Illumina sequencers show a low error rate,48 and we applied standard variant detection practices with multiple quality filters (such as VAF threshold and the requirement for at least seven supporting reads for the variant), similar to reports by others using capture sequencing technologies.7,18,19,49,50
Although a previous study had suggested increased T-cell clonality in CVID patients,51 we did not observe any difference in clonality between CVID and controls. The heterogenous phenotypes of CVID patients, ages of controls, and sample material may explain the difference in results. Interestingly, however, we noted increased TCR convergence in CVID. Previous studies have shown that TCR convergence associates with clone size52 and public TCR in mice.53We hypothesize that convergence is due to enrichment mediated by antigen stimulation. The latter is further supported by the finding that CVID convergent TCR showed some structural similarity (Figure 4), which could be related to common antigen stimulation.
In conclusion, we discovered somatic mutations and increased TCR convergence in mature T cells in patients with immunodeficiency. TCR convergence may be due to a chronic antigen response, and somatic variants may contribute to immune dysregulation. Somatic mutations may originate either in mature T cells or hematopoietic stem cells. Although healthy controls also harbor some variants with potentially pathogenic consequences, our results demonstrate that mutations in genes that have been associated with autoimmunity and lymphoproliferation (such as STAT5B) occur in immunodeficiency patients. Further studies are needed to discover the full spectrum of somatic mutations and their role as possible regulators of immune responses both in normal and diseased T cells.
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