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Abstract

The recombination-activating gene 1 (RAG1) and RAG2 proteins initiate the V(D)J recombination 

process, which ultimately enables the generation of T cells and B cells with a diversified repertoire 

of antigen-specific receptors. Mutations of the RAG genes in humans are associated with a broad 

spectrum of clinical phenotypes, ranging from severe combined immunodeficiency to 

autoimmunity. Recently, novel insights into the phenotypic diversity of this disease have been 

provided by resolving the crystal structure of the RAG complex, by developing novel assays to test 

recombination activity of the mutant RAG proteins and by characterizing the molecular and 

cellular basis of immune dysregulation in patients with RAG deficiency.

The plasticity of the adaptive immune system to recognize millions of possible antigens is 

largely due to the combinatorial joining of variable (V), diversity (D) and joining (J) gene 

segments that encode the antigen-binding regions of T cell receptors (TCRs) in T cells and B 

cell receptors (BCRs) in B cells, and to the junctional diversity that can be introduced during 

the process of V(D)J recombination (BOX 1). Each of the V, D and J gene segments is 

flanked by recombination signal sequences (RSSs), containing consensus nonamer and 

heptamer elements that are separated by a spacer of either 12 or 23 nucleotides. 

Recombination-activating gene 1 (RAG1) and RAG2 (referred to collectively here as RAG 

genes) encode lymphoid-specific proteins that are expressed during the early stages of T cell 

and B cell development and initiate the process of V(D)J recombination by introducing 

DNA double-strand breaks (DSBs) at the junction between the heptamer and a coding 

element. This results in the formation of sealed hairpin coding ends and blunt signal ends, 
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which are eventually processed and joined by means of the non-homologous end joining 

pathway (NHEJ pathway) (BOX 1).

Following cloning of the Rag1 and Rag2 genes1,2 and the demonstration that disruption of 

these genes in mice prevents V(D)J recombination, which in turn results in a lack of T cells 

and B cells3,4, it was found that RAG mutations in humans are a prominent cause of severe 

combined immunodeficiency (SCID) associated with a lack of circulating T cells and B cells 

(referred to here as T−B− SCID)5. Moreover, hypomorphic RAG mutations that support 

modest, but residual, recombination activity were identified in infants with Omenn 

syndrome6, which is a disease that is characterized by immune dysregulation and the 

presence of oligoclonal, activated T cells infiltrating multiple organs7,8. All of these 

conditions present early in life with increased susceptibility to severe infections and are 

inevitably fatal unless treated by haematopoietic stem cell transplantation (HSCT); however, 

in recent years, RAG mutations have been identified in patients presenting later in childhood 

or even in young adulthood with CID associated with granulomas and/or autoimmunity 

(CID–G/AI)9. In this Review, we discuss the molecular and cellular mechanisms that 

account for the expanding range of clinical and immunological phenotypes of human RAG 

deficiency, in light of important advances in the characterization of the structure and 

function of the RAG complex10–12.

Clinical phenotype of RAG deficiency

Mutations of the RAG genes in humans are associated with distinct clinical phenotypes, 

which are characterized by variable association of infections and auto immunity. In some 

cases, environmental factors have been shown to contribute to such phenotypic 

heterogeneity.

T−B− SCID and Omenn syndrome

SCID comprises a heterogeneous group of disorders that are characterized by profound 

abnormalities in the development and function of T cells (and also B cells in some forms of 

SCID), and are associated with early-onset severe infections13. This condition is inevitably 

fatal early in life, unless immune reconstitution is achieved, usually with HSCT14. Among 

patients with T−B− SCID, two forms of the disease have been identified: some patients have 

increased cellular radiosensitivity15 — reminiscent of the SCID mouse16,17 — whereas a 

predominant group of patients have normal cellular radiosensitivity. In 1996, RAG mutations 

were identified as the main cause of T−B− SCID with normal cellular radiosensitivity5; 

subsequently, mutations in genes encoding various components of the NHEJ pathway were 

shown to cause T−B− SCID with increased cellular radiosensitivity18.

A distinct phenotype characterizes Omenn syndrome, which was first described in 1965 

(REF. 19). These patients manifest early-onset generalized erythroderma, lymphadenopathy, 

hepatosplenomegaly, eosinophilia and severe hypogammaglobulinaemia with increased IgE 

levels, which are associated with the presence of autologous, oligoclonal and activated T 

cells that infiltrate multiple organs7,8. B cells are typically absent. In these patients, the 

occurrence of increased IgE levels and eosinophilia indicates that there is skewing of CD4+ 

T cells to a T helper 2 (TH2) cell phenotype, although the cause of such skewing remains 
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unclear. Consistent with this, in vitro-activated T cells from patients with Omenn syndrome 

predominantly secrete the TH2 cell cytokines interleukin-4 (IL-4) and IL-5 (REFS 20,21), and 

serum levels of IL-5 are increased20. Furthermore, selective accumulation of T cells 

harbouring distinct TCR specificities in different tissues has been demonstrated in patients 

with Omenn syndrome, suggesting tissue-specific, (self) antigen-driven expansion of T cell 

populations8,22.

The search for RAG mutations in patients with Omenn syndrome was prompted by the 

occurrence of Omenn syndrome and T−B− SCID in a pair of siblings7. Indeed, it was 

demonstrated that hypomorphic RAG mutations that markedly reduce, but do not completely 

abolish, recombination activity are the most common cause of Omenn syndrome in 

humans6. In some patients with hypomorphic RAG mutations, a residual presence of 

autologous T cells was demonstrated without clinical manifestations of Omenn 

syndrome5,23. This condition is referred to as ‘atypical’ or ‘leaky’ SCID18,24.

A distinct SCID phenotype involving the oligoclonal expansion of autologous γδ T cells 

(referred to here as γδ T+ SCID) was subsequently reported in infants with RAG deficiency 

and disseminated cyto megalo virus (CMV) infection25,26. A significant proportion of these 

patients have detectable B cells, develop auto immune cytopaenias and are at high risk for 

Epstein–Barr virus-driven lymphoproliferation.

Following the introduction of newborn screening for SCID in the United States, it has 

become possible to establish that RAG mutations account for 19% of all cases of SCID and 

SCID-related conditions, and are a prominent cause of atypical SCID and Omenn syndrome 

in particular27. A much higher frequency of RAG deficiency has been reported in countries 

with increased rate of parental consanguinity28.

The identification of RAG mutations in patients with SCID and Omenn syndrome has 

confirmed the indispensable role of the RAG proteins in humans in terms of initiating V(D)J 

recombination and enabling T cell and B cell development. Moreover, such studies have 

shown that hypomorphic RAG mutations that allow for residual T cell (and much less so, B 

cell) development are responsible for the development of Omenn syndrome or atypical SCID 

phenotypes. Intra- and interfamilial variability of the clinical and immunological phenotypes 

that are associated with the same RAG mutation23,29,30 has indicated that additional factors, 

other than the level of RAG-mediated recombination activity alone, contribute to the overall 

phenotype. These additional factors include the largely stochastic nature of the V(D)J 

recombination process, as well as the contribution of other genetic modifiers and of 

environmental factors, as indicated by the expansion of γδ T cells in RAG-mutated infants 

with CMV infection, as well as by the development of an Omenn syndrome phenotype in an 

infant with SCID after parainfluenza type 3 virus infection31. Finally, somatic mutations 

may also modify the disease phenotype. Indeed, oligoclonal expansion of T cells and Omenn 

syndrome have been reported in an infant with SCID who had developed several second-site 

RAG1 somatic mutations32.
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Novel phenotypes of RAG deficiency

Whereas SCID, atypical SCID and Omenn syndrome are inevitably fatal early in life if 

untreated, several forms of RAG deficiency with a milder clinical course and delayed 

presentation have been reported in recent years. In particular, the occurrence of CID–G/AI 

was reported in three unrelated girls with RAG mutations who manifested granulomas in the 

skin, mucous membranes and internal organs, and had severe complications after viral 

infections, including B cell lymphoma9. Despite severe T cell and B cell lymphopaenia and 

impaired T cell function, these patients had a diverse TCR repertoire and produced specific 

antibodies. Following this description, several other cases of CID–G/AI with various auto 

immune manifestations (such as cytopaenias, vitiligo, psoriasis, myasthenia gravis and 

Guillain–Barré syndrome) have been reported33–40. Additional phenotypes that are 

associated with RAG deficiency include idiopathic CD4+ T cell lymphopaenia41, common 

variable immunodeficiency40,42, IgA deficiency43,44, selective deficiency of polysaccharide-

specific antibody responses44, hyper-IgM syndrome45 and sterile chronic multifocal 

osteomyelitis46. Overall, these observations have substantially broadened the clinical and 

immunological spectrum of human RAG deficiency and have identified immune 

dysregulation as a prominent manifestation of perturbed RAG function.

Molecular pathology of RAG deficiency

Until recently, the molecular mechanisms accounting for the broad phenotypic spectrum of 

human RAG deficiency have remained poorly defined. Advances in structural modelling of 

the RAG complex and the development of novel assays to measure the expression and 

function of mutant RAG proteins have offered important insights into this phenotypic 

heterogeneity.

Structure of the RAG complex

The human RAG1 and RAG2 genes are juxtaposed on chromosome 11p13. Both genes 

contain only one protein-coding exon. Various cis-enhancer elements upstream of RAG2 
coordinately activate the transcription of RAG1 and RAG2 during T cell and B cell 

development47.

The human RAG1 protein (FIG. 1a) is composed of 1,043 amino acids, whereas its mouse 

orthologue lacks 3 amino acids at the amino terminus. The catalytic core of human RAG1 

(amino acids 387–1,011) consists of a nonamer-binding domain (NBD; amino acids 394–

460), dimerization and DNA-binding domain (DDBD; amino acids 461–517), pre-RNase H 

(preR; amino acids 518– 590), catalytic RNase H (RNH; amino acids 591–721), zinc-

binding domain (amino acids 722–965) containing two distinct regions with canonical 

cysteine and histidine zinc-binding residues (ZnC2 and ZnH2, respectively) and the 

carboxy-terminal domain (CTD; amino acids 966–1,008), which are all crucial for the V(D)J 

recombination process. The RAG2 protein is composed of 527 amino acids and comprises a 

core domain (amino acids 1–383) and a non-core region (amino acids 384–527) that 

includes a plant homeodomain (PHD; amino acids 414–487).
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The crystallographic10 and cryo-electron microscopy12 structures of the heterotetrameric 

complex of RAG1 and RAG2 core domains have been recently resolved. Two molecules of 

RAG1 and RAG2 create a Y-shaped structure in which the NBDs of the two RAG1 

molecules form the stem, and the DDBDs form the branch point. Then, each of the two 

RAG1 molecules spreads out, projecting the zinc-binding region to the top but bringing the 

three conserved catalytic amino acids D603, D711 and E965 (REFS 48,49) together with the 

CTD into the crevice of the Y-shaped structure (BOX 1). The RAG2 core region folds into a 

six-bladed β-propeller and associates primarily with the RAG1 domains downstream of the 

DDBD and inclusive of the CTD10, creating the arms of the Y-shaped structure of the RAG 

complex (BOX 1). Following DNA binding, the two halves of the complex come closer to 

each other12. Although RAG2 does not participate in binding to the nonamer element of the 

RSS, it stabilizes binding of the RAG complex to the heptamer element and interacts with 

the DNA-coding flank12.

Crystallography and nuclear magnetic resonance studies have also helped to define the 

structure of the non-core domains of RAG1 and RAG2 (REFS 50,51). The non-core N-

terminal region of RAG1 contains a series of basic motifs, among which the basic IIa 

domain (BIIa; amino acids 219–225) allows interaction with karyopherin subunit α1 

(KPNA1; also known as importin subunit α5), which determines RAG1 subnuclear 

localization52. Following the basic motifs, a C3HC4 RING finger domain and an adjacent 

zinc finger motif form a single domain that coordinates zinc ions50 and has histone H3 

ubiquitin ligase activity, which is required for a normal level of chromosomal V(D)J 

recombination53. It has been proposed that the interaction of RAG1 with unubiquitylated H3 

restrains RAG1 catalytic activity and that H3 ubiquitylation would release RAG1 and allow 

catalytic function53.

The non-core region of RAG2 has important functions in regulating chromatin accessibility 

of the RAG complex and in regulating cell cycle-dependent recombination activity. In 

particular, the non-canonical PHD of RAG2 forms an aromatic channel that allows binding 

of H3 carrying a trimethylated lysine 4 (H3K4me3)51,54, which is an epigenetic marker of 

active transcription start sites; thus, RAG2 is proposed to be a ‘reader’ of chromatin 

accessibility. Binding of the PHD to H3K4me3 promotes recombination activity of the RAG 

complex55. The cell cycle-dependent expression of the RAG2 protein is mediated by 

phosphorylation of residue T490 by the cyclin A–CDK2 (cyclin-dependent kinase 2) 

complex, before G1 to S phase transition in the cell cycle. The phosphorylated RAG2 

protein is polyubiquitylated by the SCF (S-phase kinase-associated protein (SKP2)–SKP1–

CUL1–F-box) complex and targeted for proteasomal degradation56. Restricting RAG 

activity to G0/G1 phases of the cell cycle in this manner limits the risk of genotoxicity, and 

it also has a direct effect on the mechanisms of repair of broken coding and signal ends by 

favouring NHEJ, which predominates during G0/G1 (REF. 57).

Spectrum and consequences of RAG mutations

In total, 150 RAG1 mutations have been identified in patients, including 103 missense 

mutations, 18 nonsense mutations and 29 frameshift mutations (FIG. 1a; Supplementary 

information S1 (table)). Overall, 120 mutations fall in the core domain of RAG1, and 30 
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mutations fall in the non-core region (FIG. 1a). Disease-associated missense mutations have 

been predominantly detected in the zinc-binding region of RAG1 core domain (FIG. 1b); 

however, when normalized to the length of each domain, a higher mutation rate is observed 

in the NBD, followed by the CTD (FIG. 1c), which indicates that these regions have a low 

Abelson level of mutation tolerance.

A total of 57 disease-causing mutations have been reported in the RAG2 gene, including 35 

missense mutations, 9 nonsense mutations and 13 frameshift mutations (FIG. 1d; 

Supplementary information S1 (table)). In particular, 38 mutations fall in the core domain 

compared with 19 in the non-core region of the molecule (FIG. 1e); among these 19 

mutations in the non-core region, 16 involve the PHD, which shows a higher mutational rate 

(FIG. 1f).

In addition to characterizing the various roles of the distinct domains of RAG1 and RAG2, 

crystallography10 and cryo-electron microscopy12 studies have helped to predict the 

structural and functional consequences of most mutations. In particular, missense mutations 

that are associated with more severe forms of RAG deficiency (that is, T−B− SCID and 

Omenn syndrome) can be divided into four categories: mutations that destabilize the RAG 

complex, such as the C730F mutation at a zinc-binding site and the adjacent L732F; 

mutations of polar residues that are exposed to solvent and probably bind DNA, such as 

arginine, lysine, serine and glutamine residues in the NBD, DDBD and CTD of RAG1; 

mutations near the conserved catalytic amino acids D603, D711 and E965, which may alter 

the structure of the catalytic centre and the DNA-binding capability; and mutations that 

affect the interaction between RAG1 and RAG2, whereby R559S, R561C/H, E669G and 

R775Q of RAG1 and G35V, R39G and C41W of RAG2 directly affect the binding of RAG2 

to the ZnC2 and RNH domains of RAG1 (REF. 10).

By contrast, there are only a small number of RAG1 missense mutations associated with 

CID–G/AI. These mutations are predominantly located in the DDBD, PreR and CTD (FIG. 

2). Although these mutations preserve some recombination activity58, they may affect the 

quality of the V(D)J recombination process. In particular, it has been demonstrated that the 

RAG1 zinc-binding helical insertion region contacts the coding DNA during V(D)J 

recombination59, and the murine R972Q (corresponding to human R975Q) mutation renders 

the RAG recombinase hypersensitive to selected coding sequences at the hairpin formation 

step60.

Although they are not strictly required for recombinase activity, the non-core domains of 

RAG1 and RAG2 have an important regulatory role. Several frameshift mutations in the N 

terminus of RAG1 have been identified that result in the use of downstream translation 

initiation sites at positions M183 and M263 and that affect, at least partially, protein 

intracellular localization61. These mutations allow only modest levels of recombination 

activity58, and they are associated with severe clinical phenotypes in vivo (Omenn syndrome 

and γδ T+ SCID)25,61. Two missense mutations in the RAG1 RING domain, R314W and 

C328Y, have been identified in patients with CID–G/AI and Omenn syndrome, 

respectively9,23. C328 is one of the residues involved in the coordination of zinc binding; the 

corresponding murine C325Y mutation alters the structural stability of the RAG1 protein 
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and causes loss of E3 ubiquitin ligase activity and markedly reduced recombination 

activity62.

Among the 13 missense mutations in the non-core region of RAG2 that have been reported 

in patients with SCID and Omenn syndrome, 12 affect the RAG2 PHD, and for many of 

these mutations the structural and functional implications have been studied in vitro63. In 

particular, C446W and C478Y destabilize the RAG2 protein. Moreover, the W416L, 

C446W, W453R and C478Y mutant proteins are associated with a marked decrease in DH–

JH and Vκ–Jκ rearrangements when introduced into Abelson virus-transformed Rag2−/− 

pro-B cells63. Interestingly, the W416L, C446W and W453R RAG2 mutants showed 

abnormal subcellular localization, being partially retained in the cytoplasm63. Overall, these 

data conclusively demonstrate the crucial role of the RAG2 PHD in V(D)J recombination.

Genotype–phenotype correlation

Evidence of a growing number of variants of the RAG genes and recognition of the broad 

phenotypic spectrum of RAG deficiency in humans indicate a crucial need to test the 

pathogenicity of each RAG gene variant individually. The Gene Damaging Index (GDI) is a 

recently developed, genome-wide, gene-level metric of the mutational damage that has 

accumulated in the general population, and it provides an estimate of the selective pressure 

that each gene is subjected to64. Both RAG1 and RAG2 have a medium GDI score, and they 

are both under moderate purifying selection. Although several algorithms (such as Polyphen 

and SIFT) exist that may help to predict the pathogenicity of RAG gene variants, none of 

them is sufficiently robust to validate a disease-causing role. Because the RAG proteins are 

not expressed in mature lymphoid cells and access to T cell and B cell progenitors from 

patients is problematic, in vitro functional assays have been developed to enable the 

functional analysis of newly introduced RAG constructs on suitable recombination 

substrates (BOX 2). Using this approach, a large series of naturally occurring RAG mutants 

have been analysed in terms of protein expression and recombination activity, which has 

enabled a distinction to be made between pathogenic and non-pathogenic variants and has 

shown, for the first time, that the levels of recombination activity and the clinical phenotype 

observed in patients are correlated58 (Supplementary information S1 (table)).

Ultimately, it is important to analyse the impact of RAG mutations on T cell and B cell 

repertoire diversity and composition in patients. Initially, this goal was achieved by cloning 

and sequencing individual rearranged V(D)J products and by CDR3 spectratyping 

(complementarity-determining region 3 spectratyping). Using this approach, oligoclonality 

and clonal expansions were demonstrated in the TCR repertoire of patients with Omenn 

syndrome and with other atypical forms of SCID8,22,25. Similarly, a small number of 

immunoglobulin heavy chain locus (IGH) rearrangements was documented in bone marrow 

cells from patients with Omenn syndrome65. However, these techniques permit only a broad 

description of TCR and BCR repertoire composition. More recently, two groups used next-

generation sequencing to study the T cell and B cell repertoire in patients with RAG 

deficiency30,66. In particular, it was shown that patients with various clinical phenotypes, 

who shared mutations in the N-terminal non-core region of RAG1, manifested a similar 

block in B cell development, with limited T cell and B cell repertoires and reduced use of 
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the immunoglobulin heavy chain joining 6 (IGHJ6) and immunoglobulin κ-chain joining 5 

(IGKJ5) genes30. In another study, diversity of the TCRβ repertoire was markedly reduced 

in patients with Omenn syndrome, whereas it was largely preserved in a patient with CID–

G/AI, although there was skewing of V–J pairing and of amino acid usage in the CDR3 

regions of the TCRβ repertoire66. Although the diversity and composition of T cell and B 

cell repertoires have been analysed in only a small number of patients with mutated RAG 

genes, these data indicate that RAG mutations that permit lower levels of recombination 

activity support the generation of a restricted TCR and BCR repertoire, whereas RAG 

mutations with higher residual levels of recombination may support a broader diversity of 

the T cell and B cell repertoire, albeit with qualitative differences of individual gene usage.

Immune dysregulation of RAG deficiency

Immune dysregulation has emerged as a key feature of patients with Omenn syndrome and 

with CID–G/AI; however, until recently, its extent and pathophysiology have remained 

poorly defined.

In particular, TH2 cell skewing has been observed in patients with Omenn syndrome, but the 

mechanisms accounting for the hyper-IgE phenotype of this condition and the occurrence of 

autoimmune cytopaenia in some of these patients remain unclear, given the almost complete 

lack of peripheral mature B cells. Studies in mouse models of Omenn syndrome and atypical 

SCID that are due to hypomorphic Rag mutations have demonstrated preferential switching 

of immature B cells to IgE production67 and the expansion of antibody-and autoantibody-

secreting B cell populations in the spleen68,69.

A broad range of serum autoantibodies has been demonstrated particularly in patients with 

CID–G/AI, which is consistent with the diverse spectrum of clinical manifestations of 

autoimmunity (alopecia, vitiligo, granulomas, myasthenia gravis, vasculitis and psoriasis) 

observed in these patients36. In addition, a unique cytokine-specific antibody signature, with 

neutralizing antibodies specific for interferon-α (IFNα) and IFNω, has been observed in 

patients with hypomorphic RAG mutations and a history of severe viral infections (in 

particular, with varicella zoster virus)36. It is not known whether the production of these 

autoantibodies is a risk factor that precedes the development of severe viral infections or 

whether autoantibody production is precipitated by an abnormal immune response following 

infection. A potential role for environmental factors in triggering aberrant immune responses 

in hosts with partial RAG defects is supported by the recent demonstration that chronic 

administration of polyinosinic–polycytidylic acid (poly(I:C)) to mice with hypomorphic 

Rag1 mutations enhanced autoantibody production36. Although these observations indicate 

that environmental factors may have an important role in unmasking immune dysregulation 

in patients with partial RAG defects, several data also indicate that these conditions are 

characterized by primary and secondary defects of central and peripheral T cell and B cell 

tolerance.

Defects of T cell tolerance

The thymus has a crucial role in controlling autoimmunity. In particular, mature medullary 

thymic epithelial cells (mTECs) express autoimmune regulator (AIRE), which is a 
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transcription factor that enables the expression of tissue-restricted antigens (TRAs). TRAs 

are presented by mTECs and thymic dendritic cells to developing T cells, thereby permitting 

the deletion of autoreactive T cells70 or their conversion to regulatory T (TReg) cells71 (FIG. 

3). Maturation of mTECs and the expression of AIRE require crosstalk between thymocytes, 

innate lymphoid cells and thymic stromal cells72. Abnormalities of thymic architecture, with 

a loss of cortico-medullary demarcation, and lack of expression of AIRE and of AIRE-

dependent TRAs have been demonstrated in patients with SCID, Omenn syndrome and 

CID–G/AI33,73,74, and in corresponding mouse models75–77. Interestingly, antibodies 

specific for IFNα and IFNω have also been reported in patients with autoimmune 

polyendocrinopathy candidiasis and ectodermal dystrophy (APECED)78, a disease that 

results from AIRE mutations.

Moreover, reduced generation of TReg cells has been reported in the thymus of patients33,74 

and mice75,77 with hypomorphic RAG mutations. Although a variable number of circulating 

forkhead box P3 (FOXP3)+ T cells may be observed in patients with Omenn syndrome, they 

have impaired suppressive activity and an abnormal phenotype (that is, CC-chemokine 

receptor 7 (CCR7)−CD45RA−), and they may therefore be activated memory T cells rather 

than bona fide TReg cells79. Finally, defects of invariant natural killer T (iNKT) cells80 and 

the homeostatic proliferation of self-reactive T cells (and B cells) in the context of a limited 

set of available clones may also contribute to the immune dysregulation of Omenn 

syndrome.

Defects of B cell tolerance

The demonstration of a broad range of autoantibodies in patients with hypomorphic RAG 

mutations36 and the proliferation of autoantibody-secreting cells in mouse models of the 

disease68,69 indicate that B cell tolerance is also disrupted in this condition. Re-expression of 

RAG proteins in bone marrow immature B cells is required to mediate receptor editing, 

which is a mechanism that purges self-reactive B cells from the repertoire by promoting the 

rearrangement of available upstream Vκ and downstream Jκ genes, as well as by inducing 

rearrangement of the immunoglobulin λ-chain (IGL) locus81. Reduced use of the 

downstream IGKJ5 gene has been demonstrated in B cells from patients with hypomorphic 

RAG mutations30. Furthermore, a reduced fraction of Igλ-expressing B cells, together with 

decreased Vκ to recombining sequence rearrangement (which is another marker of receptor 

editing) in small pre-BII bone marrow cells, has been reported in peripheral B cells from 

Rag-mutant mice68,69. Overall, these data indicate that reduced receptor editing of B cells in 

the bone marrow of patients with Omenn syndrome may contribute to autoantibody 

production. Finally, by affecting the quality of binding to distinct RSSs, hypomorphic RAG 

mutations may also affect the selection of antibody coding elements during formation of the 

pre-immune repertoire, with enrichment for V region genes that are associated with 

autoimmunity, such as IGHV4–34 (REF. 30). It remains to be studied whether similar 

findings are observed also in patients with CID–G/AI who carry missense mutations 

(F974L, R975Q and R975W)9,34,35 that affect a coding flank-sensitive domain of RAG1 

(REF. 60).
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In addition to defects of central B cell tolerance, abnormalities of peripheral B cell tolerance 

have been reported in patients with RAG deficiency. In particular, markedly increased B 

cell-activating factor (BAFF; also known as TNFSF13B) levels have been demonstrated in 

patients and mice with RAG defects, reflecting B cell lymphopenia and inflammation68,69. 

Self-reactive B cells have increased dependence on BAFF for survival82, and increased 

BAFF levels can rescue the survival of autoreactive B cells83. In support of a pathogenic role 

of increased BAFF levels, in vivo treatment of Rag2-mutant mice with blocking BAFF 

receptor-specific monoclonal antibody led to the disappearance of autoantibodies and 

prevented the progression of kidney damage68.

Overall, these data indicate that the occurrence of clinical manifestations of immune 

dysregulation in patients with hypomorphic RAG mutations reflects both central and 

peripheral defects of T cell and B cell tolerance, and they suggest that optimal treatment 

might require interventions aimed at various targets.

RAG deficiency: beyond T cells and B cells

Although the RAG proteins are strictly required only for the development of T cells and B 

cells, recent data indicate that their expression may also affect the phenotype and function of 

other lymphoid cells. In particular, studies in mice have shown that RAG expression may 

occur in common lymphoid progenitors84. Consistent with this, a large proportion (~40%) of 

mature NK cells present non-productive rearrangements at the TCR or immunoglobulin 

loci84,85. Such a previous history of RAG expression in cells other than T cells and B cells 

was not considered to be particularly important, until it was recently reported that NK cells 

from Rag−/− mice have a more mature phenotype and increased cytotoxic activity, as 

compared with wild-type NK cells, but fail to proliferate and have decreased capacity to 

persist as long-lived memory NK cells following in vivo infection with mouse CMV86. 

Furthermore, NK cells from Rag−/− mice were shown to have a defective ability to repair 

DNA DSBs, which was associated with lower levels of expression of enzymes involved in 

the DNA damage response. A decreased ability to repair DNA DSBs was also observed in 

CD8+ T cells and in innate lymphoid cells of Rag−/− mice86. Overall, these data indicate that 

RAG expression during the early stages of lymphoid development confers cellular fitness. 

Whether similar abnormalities also characterize the corresponding cell lineages of patients 

with RAG deficiency and whether mutations that support different degrees of recombination 

activity have different effects on lymphoid cell fitness remain to be seen. However, it is 

interesting to observe that patients with RAG-deficient SCID have a very high rate of graft 

rejection following unconditioned haploidentical HSCT87, a phenomenon that has been 

attributed to the presence of NK cells but that has not been reported in other forms of NK+ 

SCID, such as IL-7 receptor (IL-7R) deficiency or defects of the CD3 chains. Alternatively, 

the occupation of thymic niches by CD4− CD8− T cell precursors may also contribute to the 

higher rate of graft failure that is observed after unconditioned haploidentical HSCT in 

patients with RAG deficiency, but not in patients with SCID with mutations of the IL-2R 

subunit-γ (IL2RG) and IL7R genes.
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Towards gene therapy for RAG deficiency

The mainstay of treatment for patients with severe forms of RAG deficiency (that is, SCID, 

Omenn syndrome and atypical SCID) is HSCT. Overall survival is ~80% in patients with 

SCID or Omenn syndrome who receive HSCT from matched related donors but is only 60–

70% after haploidentical HSCT with myeloablative conditioning, and the results are even 

poorer (with high rate of graft failure and insufficient immune reconstitution) after 

haploidentical transplantation if no conditioning or only serotherapy are used87. Overall, 

these data indicate the need to develop alternative forms of treatment for patients with RAG 

deficiency lacking HLA-matched siblings. Gene therapy has been successfully used to treat 

X-linked SCID88,89 and adenosine deaminase deficiency90,91. In both conditions, a strong 

selective advantage for gene-corrected cells has been observed in the T cell lineage. Initial 

attempts to restore immune competence in Rag1−/− mice by transplanting Rag1−/− bone 

marrow progenitor cells transduced with a Moloney murine leukaemia virus carrying the 

human RAG1 transgene led to immune reconstitution only when recipient mice were 

irradiated and providing that a high vector copy number was detected in lymphoid cells92. 

However, this carries a high risk of insertional mutagenesis; indeed, one treated mouse 

developed undifferentiated acute lymphoblastic leukaemia. Furthermore, gene therapy-

treated mice had lower-than-normal B cell counts93. These data indicate that gene-corrected 

lymphoid progenitors have only a small selective advantage in the thymus and bone marrow 

of Rag1−/− mice. Furthermore, relatively inefficient expression of the RAG1 transgene was 

achieved in these initial attempts. To overcome this problem, self-inactivating lentiviral 

vectors expressing codon-optimized human RAG1 under the control of various regulatory 

elements have been developed92,94. Using such vectors, partial reconstitution of T cell 

immunity has been reported in gene therapy-treated mice; although the number of B cells 

remained suboptimal, improved antibody responses were observed92. By contrast, using the 

same vectors, modest reconstitution of both T cells and B cells was reported in another 

study; moreover, approximately 50% of treated mice developed an Omenn syndrome 

phenotype, with multi-organ lymphocytic infiltration and increased serum IgE levels94. 

These conflicting results may reflect different levels of human RAG1 expression by 

transfected mouse cells or different duration of follow-up of treated mice. Future 

development of gene therapy for RAG1 deficiency will require novel vectors that can 

provide optimal levels of transgene expression at a low vector copy number or the 

development of gene editing strategies that would maintain endogenous regulation of RAG1 

expression.

More promising preclinical results have been obtained with gene therapy for RAG2 

deficiency95,96. In particular, the use of vectors expressing codon-optimized human RAG2 

and containing other modifications to reduce the risk of silencing of the RAG2 transgene 

resulted in significant improvement of peripheral T cell and B cell immunity in mice even at 

a relatively low vector copy number, in spite of a subnormal number of single positive T 

cells in the thymus and the persistence of a higher proportion of pro-B cells in the bone 

marrow96. These data offer hope for the development of gene therapy for human RAG2 

deficiency in the near future, but it remains to be seen whether this strategy will be 

efficacious in patients with hypomorphic RAG2 mutations, for whom competition between 
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endogenous, uncorrected, lymphoid progenitors and gene-transduced cells might affect the 

quality of immune reconstitution.

Conclusions

Significant progress has been made in recent years in defining the structure and function of 

the RAG complex. At the same time, advances in genomic analysis, and the availability of 

whole-exome sequencing in particular, have shown an unprecedented diversity of clinical 

and immunological phenotypes associated with RAG mutations. This phenotypic 

heterogeneity can now be interpreted by interrogating the specific effects of mutations on 

RAG structure and function. Immune dysregulation has emerged as an important component 

of partial RAG deficiency. Careful immunological and molecular analysis in patients and in 

suitable animal models has shown that hypomorphic RAG mutations have an impact on 

adaptive immune responses by affecting the diversity and composition of the immune 

repertoire, as well as central and peripheral mechanisms of T cell and B cell tolerance. The 

development of new mouse models that recapitulate the CID–G/AI phenotype is needed to 

characterize in greater detail the pathophysiology of this condition. Ultimately, the clinical 

phenotype of RAG deficiency is determined by how RAG mutations affect immune system 

development and function, and by immune responses to environmental factors (FIG. 4). 

Finally, there is a need to define what effects, if any, RAG mutations exert on human NK 

cells and innate lymphoid cells, and to develop novel, more effective forms of treatment for 

patients with this condition.

Note added in proof

An important role of the microbiota in sustaining inflammation and autoimmunity has been 

recently shown in a mouse model of Omenn syndrome103. In this model, mucosal B cell 

deficiency alters the composition of the microbiota and causes bacterial translocation across 

the intestinal epithelium. Furthermore, loss of T cell tolerance to the commensal microbiota 

leads to gut inflammation sustained by TH1 and TH17 cells. The administration of 

antibiotics reverses most of these abnormalities and reduces serum IgE levels.
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Glossary

Non-homologous end joining pathway (NHEJ pathway)
An error-prone pathway that mediates joining of DNA double-strand breaks without 

requiring a homologous template. In mammals, the NHEJ pathway involves several proteins 

— Ku70, Ku80, DNA-dependent protein kinase catalytic subunit (DNA-PKcs), Artemis, 
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Cernunnos (also known as XLF and NHEJ1), X-ray repair cross-complementing protein 4 

(XRCC4) and DNA ligase IV. Genetic defects of Artemis are the most common cause of 

radiosensitive severe combined immunodeficiency (SCID) in humans

Haematopoietic stem cell transplantation (HSCT)
A therapeutic procedure that involves transfusion of donor HSCs into a recipient. HLA 

matching between the recipient and the donor determines compatibility. HSCT from a 

haploidentical donor (such as a parent) is associated with a high risk of graft-versus-host 

disease, unless T cells are depleted. Chemotherapy is often used before HSCT to eliminate 

the recipient’s blood cells and favour engraftment of donor-derived HSCs but is not strictly 

necessary in infants with severe combined immunodeficiency (SCID)

Cellular radiosensitivity
Susceptibility of cells to the damaging effects of ionizing radiation, resulting in genomic 

instability, tumour development or cell death. Genetic defects that affect mechanisms of 

repair of DNA double-strand breaks are associated with increased cellular radiosensitivity

SCID mouse
An animal model of severe combined immunodeficiency (SCID) that is characterized by 

lack of T cells and B cells, and increased cellular radiosensitivity. The SCID mouse carries 

mutations of the Prkdc gene, encoding DNA-dependent protein kinase catalytic subunit 

(DNA-PKcs)

Purifying selection
In population genetics, purifying selection refers to the selective removal of deleterious 

alleles from a given population. Purging of these genetic variants occurs when they cause 

early death or affect the reproductive fitness of affected individuals

CDR3 spectratyping (Complementarity-determining region 3 spectratyping)
A PCR-based method that measures the diversity of T cell and B cell repertoires, based on 

the length of the CDR3 of immunoglobulin and T cell receptor transcripts. A Gaussian 

distribution of CDR3 length is detected in polyclonal T cells and B cells, whereas a single 

peak is observed in patients with leukaemia or lymphoma, and an altered distribution may be 

detected in patients with infections, autoimmune diseases or severe impairment of T cell 

and/or B cell development

Autoimmune polyendocrinopathy candidiasis and ectodermal dystrophy (APECED)
A monogenic autoimmune disease caused by mutations of the autoimmune regulator (AIRE) 

gene, affecting central T cell tolerance. Common manifestations of this disease include 

autoimmune hypoparathyroidism, Addison disease, type 1 diabetes, candidiasis, alopecia 

and nail dystrophy

Codon-optimized
Transgenic products that are generated through a process replacing the original codons with 

synonymous codons for which a more abundant tRNA is available. This facilitates the rate of 

translation and ultimately results in the production of higher amounts of the protein
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Whole-exome sequencing
A process by which all exons contained in the genome (collectively comprising the exome) 

are amplified and subjected to high-throughput sequencing. DNA genetic variants that are 

present in a given individual are identified by comparing the exome of that subject to the 

normal reference sequence
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Box 1

V(D)J recombination process

Two recombination-activating gene 1 (RAG1) and two RAG2 molecules form a 

heterotetramer that binds to recombination signal sequences (RSSs) flanking the variable 

(V), diversity (D) and joining (J) coding elements of the immunoglobulin and T cell 

receptor (TCR) genes (see the figure). RSSs are composed of conserved heptamer (5′-

CACAGTG-3′) and nonamer (5′-ACAAAAACC-3′) elements, which are separated by a 

degenerate spacer of either 12 or 23 nucleotides. Efficient DNA cleavage requires 

synapsis of one 12–RSS and one 23–RSS (the ‘12–23 rule’)97, thus ensuring sequential 

D-to-J and V-to-DJ joining. Selection of the V, D and J genes that are targeted for 

recombination is not stochastic but is based on the intrinsic quality of the RSSs97 and on 

accessibility and epigenetic modifications of the TCR and immunoglobulin loci50,54,98.

Upon binding to a pair of RSSs, RAG1 introduces a nick on one strand of the DNA 

between the RSS heptamer and the flanking coding element, generating a paired 

complex. The resulting hydroxyl group on the 3′ end of the coding flank attacks the 

phosphodiester bond on the opposite DNA strand in a transesterification reaction, 

forming sealed hairpinned coding ends and blunted signal ends, to which the RAG1–

RAG2 heterotetramer remains bound in a cleaved signal complex. Subsequently, DNA- 

dependent protein kinase catalytic subunit (DNA-PKcs) activates Artemis, which opens 

the hairpins. Both signal ends and coding ends are then processed by the non-

homologous end joining (NHEJ) pathway to enable joining of broken ends. Whereas 

signal ends containing the RSSs are usually precisely ligated, imprecise joining of coding 

ends may occur. In particular, asymmetrical opening of the hairpinned coding ends allows 

incorporation of palindromic sequences (‘P-nucleotides’) during the joining process. 

Furthermore, terminal deoxynucleotidyl transferase (TdT) may introduce additional 

nucleotides in the junction, generating ‘N-diversity’. Finally, exonucleolytic cleavage 

may ‘chew’ nucleotides at the boundary between the two coding ends. This ‘junctional 

diversity’ contributes to the overall diversity of the TCR and immunoglobulin repertoires. 

C, constant region; CTD, carboxy-terminal domain; DDBD, dimerization and DNA-

binding domain; HMGB, high mobility group protein B; NBD, nonamer-binding domain; 

PreR, pre-RNase H; RNH, catalytic RNase H; ZnC2, zinc-binding cysteine residue 

region; ZnH2, zinc-binding histidine residue region.
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Immunoglobulin or TCR genes
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Box 2

In vitro assays to measure RAG recombination activity

Initially, assays to measure the recombination activity of recombination-activating gene 

(RAG) proteins were based on transfecting mouse lymphoid cells with suitable V(D)J 

substrate plasmids — containing the prokaryotic transcription terminator sequence 

flanked by a pair of 12–23 recombination signal sequences (RSSs), upstream of the 

catalase (CAT) gene encoding chloramphenicol resistance — together with plasmids 

encoding wild-type or mutant RAG1 and RAG2 proteins99. If the RAG proteins are 

functional, the terminator sequence is deleted by recombination, allowing expression of 

the CAT gene. The plasmid DNA is then extracted and used in a bacterial transformation 

assay, scoring for ampicillin and chloramphenicol resistance5,15. A corresponding assay 

for human cells has been described100 that allows for the identification of deleterious 

RAG mutations in patients with severe combined immunodeficiency (SCID) with a lack 

of circulating T cells and B cells (T−B− SCID)5. However, this assay is time consuming, 

making it difficult to assess the recombination activity of a large number of RAG 

mutants.

An alternative assay makes use of another V(D)J substrate plasmid, containing an 

inverted GFP cassette flanked by RSSs101. The inverted GFP cassette is retrovirally 

introduced into Rag1−/− or Rag2−/− transformed mouse pro-B cell lines harbouring a B 

cell leukaemia/lymphoma 2 (Bcl2) transgene. Another retrovirus expressing either wild-

type or mutant RAG1 or RAG2 is then used to transduce the pro-B cells containing the 

inverted GFP cassette flanked by RSSs. To allow for activity of the RAG protein under 

investigation, the pro-B cells are blocked in the G0/G1 phases of the cell cycle by 

treatment with imatinib, with the Bcl2 transgene allowing for cell viability, and GFP 

expression is measured by flow cytometry as a read-out of the recombination activity of 

the RAG protein102. Although this assay has the advantage of measuring RAG 

recombination activity on a chromosomal substrate, it has its own limitations. In 

particular, it tests for recombination activity on a single pair of 12–23 RSSs at a time. By 

contrast, at the immunoglobulin and T cell receptor loci, the RAG proteins sample a large 

number of RSSs that differ in their DNA sequence, allowing for stronger or weaker 

binding and cleavage activity. Furthermore, some regions of RAG1 have been shown to 

have coding-flank sensitivity59, which indicates that the DNA sequence of the flanking 

coding element may also have an effect on RAG function. Although these issues can be 

partly addressed by analysing the recombination activity of human RAG variants at the 

endogenous Igh locus in transformed pro-B cells58, this remains an artificial setting, as it 

explores the function of human RAG proteins in a mouse genomic context.
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Figure 1. Characterization and distribution of human RAG mutations
a |Schematic representation of the recombination-activating gene 1 (RAG1) protein with the 

various mutations colour-coded according to the clinical presentation. See Supplementary 

information S1 (table) for references. RAG1 catalytic and zinc-binding residues are 

indicated by red and black stars, respectively. b | Number of RAG1 missense mutations in 

the various domains. c | Frequency of RAG1 mutations calculated by dividing the number of 

mutations in a given region by the number of amino acids in that region. d | Schematic 

representation of the RAG2 protein with the various mutations colour-coded according to the 

clinical presentation. The trimethylated histone H3 lysine 4 (H3K4me3)-binding residue and 

T490 phosphorylation site of RAG2 are indicated by green and blue stars, respectively. e | 

Number of RAG2 missense mutations in the various domains. f | Frequency of RAG2 

mutations calculated by dividing the number of mutations in a given region by the number of 

amino acids in that region. BI, basic I domain; BIIa/b, basic IIa/b domain; BIII, basic III 

domain; CTD, carboxy-terminal domain; DDBD, dimerization and DNA-binding domain; 

NBD, nonamer-binding domain; PHD, plant homeodomain; preR, pre-RNase H; RNH, 

catalytic RNase H.
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Figure 2. Effects of mutations associated with CID–G/AI on the structure of the RAG complex
a| Structure of the recombination-activating gene 1 (RAG1)–RAG2 heterotetramer. Two 

RAG1 core subunits are shown in blue and grey, and two RAG2 core subunits are shown in 

purple and pink. Side chains of mutations found only in patients with combined 

immunodeficiency associated with granulomas and/or autoimmunity (CID–G/AI) are shown 

as yellow spheres, and those found in both patients with CID–G/AI and patients with severe 

combined immunodeficiency (SCID) or Omenn syndrome are shown in orange. For clarity, 

mutations are shown in one subunit of RAG1 and RAG2 only. All residues are numbered 

according to human RAG proteins. b,c | Zoom-in views of mutations that are unique to 

patients with CID–G/AI. Molecular surfaces are shown together with the ribbon diagram. 

L514R and Y728H from RAG1 and M322T from RAG2 are partially exposed (shown in 

yellow), whereas V8I, F62L and T77N from RAG2 are buried inside the protein (shown in 

purple). These mutations seem to lead to mild structural destabilization of the RAG proteins. 

The R841W mutation is at the interface of the closed conformation of the RAG complex.
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Figure 3. RAG deficiency results in impairment of several tolerance checkpoints
a| Central T cell tolerance. Impaired V(D)J recombination as a result of recombination-

activating gene (RAG) deficiency leads to a restricted T cell receptor (TCR) repertoire, T 

cell lymphopaenia and aberrant thymus architecture. Altered T cell development hinders 

lymphostromal crosstalk in the thymus and the maturation of medullary thymic epithelial 

cells (mTECs); the resulting lack of expression of autoimmune regulator (AIRE) and of 

AIRE-dependent tissue-restricted antigens (TRAs) impairs the negative selection of self-

reactive T cells or their conversion to regulatory T (TReg) cells. Autoreactive T cells are 
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exported to the periphery and expand in number. b | Peripheral T cell tolerance. The 

generation of TReg cells is limited in the thymus, which results in decreased TReg cell count 

and decreased suppressive function in the periphery. c | Central B cell tolerance. In the bone 

marrow, decreased V(D)J recombination results in a restricted B cell receptor (BCR) 

repertoire enriched in autoreactive B cells secondary to impaired receptor editing. d | 

Peripheral B cell tolerance. In the periphery, B cell lymphopaenia and an inflammatory state 

induce increased levels of B cell-activating factor (BAFF). In a BAFF-rich environment, the 

survival of autoreactive cells expressing low levels of BAFF receptor (BAFFR) is favoured. 

Autoreactive cells are shown in red, non-self-reactive cells in purple. FOXP3, forkhead box 

P3.
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Figure 4. The interaction of genetic, immunological and environmental factors in determining 
the phenotype of human RAG deficiency
The recombination-activating gene (RAG) genotype determines the levels of recombination 

activity of the mutant RAG proteins. Mechanisms contributing to immune deficiency are 

shown on the left (blue) and those associated with autoimmunity are shown on the right 

(red), for both T cell- and B cell-dependent immune responses. RAG mutations with higher 

residual recombination activity are more likely to result in immune dysregulation. 

Ultimately, exposure to environmental triggers affects the immune deficiency and immune 

dysregulation status of the patient, thereby determining the clinical phenotype. AIRE, 

autoimmune regulator; BAFF, B cell-activating factor; D, diversity; EBV, Epstein–Barr 

virus; J, joining; TReg cell, regulatory T cell; V, variable.
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