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Summary

Mutations of the Recombinase Activating Genes (RAG) in humans underlie a broad spectrum of 

clinical and immunological phenotypes that reflect different degrees of impairment of T and B cell 

development and alterations of mechanisms of central and peripheral tolerance. Recent studies 

have shown that this phenotypic heterogeneity correlates, albeit imperfectly, with different levels 

of recombination activity of the mutant RAG proteins. Furthermore, studies in patients and in 

newly developed animal models carrying hypomorphic RAG mutations have disclosed various 

mechanisms underlying immune dysregulation in this condition. Careful annotation of clinical 

outcome and immune reconstitution in RAG-deficient patients who have received hematopoietic 

stem cell transplantation has shown that progress has been made in the treatment of this disease, 

but new approaches remain to be tested to improve stem cell engraftment and durable immune 

reconstitution. Finally, initial attempts have been made to treat RAG deficiency with gene therapy.
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Introduction

Originally defined as inborn errors characterized by increased susceptibility to infections, 

primary immune deficiencies (PID) have been progressively recognized to include a broader 

spectrum of clinical phenotypes (1). In particular, autoimmunity and exaggerated 

inflammatory responses are often observed in patients with PID, and in some cases may 

Corresponding Authors: Anna Villa, M.D., SR-TIGET, Via Olgettina 60, Milano, Italy, Tel: +39-02-26435273, FAX: 
+39-02-26432668, villa.anna@hsr.it, Luigi D. Notarangelo, M.D., Laboratory of Clinical Immunology and Microbiology, National 
Institute of Allergy and Infectious Diseases, National Institutes of Health, Building 10, Room 5-3950, 10 Center Drive, FAC: +39-
Bethesda, MD 20892, USA, Tel: (301)-761-7550, FAX: (301)-402-2240, luigi.notarangelo2@nih.gov. 

The authors declare no conflicts of interest.

HHS Public Access
Author manuscript
Immunol Rev. Author manuscript; available in PMC 2020 January 01.

Published in final edited form as:
Immunol Rev. 2019 January ; 287(1): 73–90. doi:10.1111/imr.12713.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



even represent the predominant manifestation. Recognition of such expanded phenotypic 

spectrum has been also facilitated by advances in molecular genetics, in particular 

development of targeted sequencing panels and whole exome/whole genome sequencing 

(WES, WGS). These approaches have permitted to appreciate that different mutations in the 

same gene may even underlie distinct clinical phenotypes. Furthermore, careful biochemical 

analysis has revealed that such phenotypic heterogeneity may also be contributed by 

different mechanisms of disease, including loss-of-function (LOF), haploinsufficiency, 

dominant negative, and gain-of-function (GOF) effects. In this regard, the study of human 

diseases (and PID in particular) has rapidly overcome some intrinsic limitations of animal 

models, that for many decades have largely been based on gene disruption.

Mutations of the Recombinase Activating Genes 1 and 2 (RAG1, RAG2) represent an 

interesting example in which different mutations may cause distinct clinical and 

immunological phenotypes, with some overlap. At variance with other PID gene defects, in 

which a similar phenomenon may reflect the existence of LOF and GOF alleles (2), RAG 
mutations underlie a continuum of degree of catalytic function mediated by the RAG 

complex. This translates in a variable degree of impairment of T and B cell development, 

affecting composition and diversity of the immune repertoire and immune homeostasis. 

Consequently, RAG mutations have been associated with severe combined 

immunodeficiency with absence of T and B cells (T− B− SCID), Omenn syndrome (OS) 

with presence of oligoclonal and activated T cells infiltrating and damaging target tissues, 

atypical SCID (AS) with residual presence of oligoclonal T (and occasionally, B) cells, and 

combined immunodeficiency associated with granulomas and/or autoimmunity (CID-G/AI) 

(3). Overall, recognition of this broad spectrum of clinical and immunological phenotypes 

underpins the critical role of the RAG complex in immune homeostasis. Here, we will 

discuss recent advances in the mechanisms underlying the pathophysiology of the immune 

dysregulation associated with hypomorphic RAG mutations in patients and in animal 

models.

Molecular and biochemical structure of human RAG1 and RAG2

The generation of an extensive repertoire of immunoglobulin and T cell receptor (TCR) 

molecules in developing lymphocytes is ensured by the combinatorial association of 

dispersed variable (V), diversity (D) and joining (J) gene segments through the V(D)J 

recombination process (4). Recombination signal sequences (RSSs), flanking each of the V, 

D and J gene segments containing conserved consensus nonamer and heptamer elements 

separated by a degenerate spacer of either 12 or 23 nucleotides are recognized by the 

Recombination activating gene proteins, RAG1 and RAG2 (5). Expression of RAG genes is 

tightly regulated and occurs at early stages of T and B cell differentiation. The RAG proteins 

form a heterotetramer with two subunits each of RAG1 and RAG2, that recognizes and binds 

to a pair of RSSs, introducing a DNA double strand break at the junction with the coding 

gene segment. Efficient recombination occurs only when the RAGs bind one 12RSS and one 

23RSS (the so called “12/23 rule”). However, in the rearrangement of T-cell receptor beta 

and delta loci, joining of V and J gene segments bordered by the 23 and 12 RSS does not 

occur, and an intervening D segment has to be joined to J before a V segment can be joined 

to the rearranged DJ product (the so-called “beyond 12/23 restriction”) (6, 7).
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The human RAG1 and RAG2 genes are located in a tail to tail configuration on chromosome 

11p13 and are separated by only 8 kb (8). Both the genomic organization of the RAG genes 

and the amino acid composition of the RAG proteins are highly conserved throughout 

evolution. Furthermore, the observation that RAG proteins share similarities with various 

transposases and can mediate transposition (9, 10), supports the hypothesis that RAG 

recombinase originates from a common transponsable element that entered the genome of a 

common ancestor of all jawed vertebrate. Consistent with this hypothesis, the ProtoRAG 
transposon superfamily has been recently identified in the genome of the basal chordate 

amphioux (11–13). Multiple levels of regulation of RAG gene expression have been 

hypothesized to occur because of the on-off fluctuation observed during lymphocyte 

development. Furthermore, expression of the RAG proteins is also regulated at the post-

translational level. In vitro and in vivo data indicate the existence of cis-regulatory elements 

in the RAG locus, and an additional regulatory mechanism has been described to mediate the 

regulated degradation of the RAG2 protein via phosphorylation at threonine 490 (T490) and 

targeting to the ubiquitin-proteosomal pathway (8).

Structural studies have recently demonstrated the architecture of the core RAG 

heterotetramer. Binding of a RAG1/RAG2 heterotetramer together with the high mobility 

complex groups (HMGB1 or HMGB2) to one RSS and synapsis with a partner RSS results 

in introduction of a nick on one DNA strand between the heptamer and the flanking coding 

element during the G0/G1 phase of the cell cycle, with generation of cleavage paired 

complex. Subsequently, a transesterification reaction occurs, with formation of sealed 

hairpin coding ends and RSS-containing blunted signals ends, to which the RAG 

heterotetramer remains bound in a cleaved signal complex. Upon ARTEMIS activation by 

the DNA-dependent protein kinase catalytic subunit (DNA-PKcs), opening of the hairpins 

occurs, and both coding and signal ends are processed by proteins of the non-homologous 

end joining (NHEJ) pathway, leading to the joining of the two coding ends and formation of 

a circular DNA product containing the signal ends (14, 15). During the joining process, 

asymmetrical opening of the hairpin by ARTEMIS may allow incorporation of palindromic 

sequences (P-nucleotides), and terminal deoxynucleotidyl transferase (TdT) may introduce 

additional nucleotides (N-nucleotides) in the coding sequence.

Structure of the human RAG 1 and RAG2 proteins

The RAG1 and RAG2 protein sequences are not related to each other. The human RAG1 

protein is composed of 1043 amino acids. The N-terminal region of the protein has been 

implicated in non-specific interactions and involved in ubiquitylation-dependent regulatory 

processes (7). It contains a series of basic motifs, involved in RAG1 subnuclear localization, 

a C3HC4 RING finger domain followed by a zinc finger motif that coordinates zinc ions and 

has histone H3 ubiquitin ligase activity. Nuclear magnetic resonance and crystallography 

studies have suggested that these motifs are located in functionally relevant structural 

domains (16, 17), and this hypothesis has been confirmed by in vitro analysis of 

recombination activity of mutant RAG proteins (18).

The catalytic core of human RAG1 (amino acids 387–1011) is structurally modular and 

includes several domains: a nonamer binding domain (NBD, amino acids 394–460), a 
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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) including two distinct regions with canonical cysteine 

(ZnC2) and histidine zinc-binding (ZnH2) residues, and the carboxy-terminal domain (CTD, 

amino acids 966–1008). Structural and biochemical evidence suggest that additional regions 

along the central and C-terminal regions serve as DNA-binding surfaces for the RSS 

heptamer and coding flank, respectively (7).

In the past, mutations found in patients with various immune phenotype have been 

instrumental for the evaluation of the effects of different codon changes. Extensive 

mutagenesis studies have been reported. In particular, mutations in the highly conserved 

catalytic residues (D600, D708, E962 DDE motif) revealed their critical role in catalysis 

(19–21) and additional observations have highlighted the effect on hairpin formation in case 

of mutations occurring close to amino acid D600 (22)

The RAG2 protein is composed of 527 amino acids. The RAG2 biochemically competent 

“core” is included in the region spanning amino acids 1–383 or 1–387 (7), although recent 

evidence indicates amino acids 1–351 as the minimal RAG2 region required for catalytic 

function of the RAG complex (23). Secondary structure prediction and mutagenesis studies 

have suggested that the core domain of RAG2 adopts a six-bladed beta-propeller fold 

structure with the second beta-strand of each repeat highly conserved both within and 

between kelch repeat-containing proteins (24, 25). This core region is essential for DNA 

cleavage activity and enhances RSS binding and interaction with RAG1. Extensive site-

directed mutagenesis studies within each of the six kelch motifs, revealed the critical role of 

both hydrophobic and glycine-rich regions within the second beta-strand for RAG1-RAG2 

interaction and recombination signal recognition and cleavage (24). Furthermore, residues 

350–383 are responsible for demethylation of the endogenous Igκ locus in pre-B cells 

through a RAG1-independent process (26). The C-terminus “noncore” region (amino acids 

384–527) contains multiple regulatory motifs and is involved both in chromatin accessibility 

and in the inhibitory regulation of RAG2 expression. A highly conserved acidic “hinge” 

region plays a critical role in post-cleavage DNA ends stabilization and DNA repair pathway 

choice (27). Importantly, a noncanonical plant homeodomain (PHD) (amino acids 414–487) 

is involved in chromatin interaction by binding to histone 3 carrying a trimethylated lysine 4 

(H3K4me3), an epigenetic marker of active transcription start sites (25, 28, 29). Binding of 

the PHD to H3K4me3 promotes recombination activity of the RAG complex. 

Phosphorylation of residue T490 by the cyclin A-CDK2 complex controls the proper 

expression of the RAG2 before G1 to S phase transition in the cell cycle (30). The 

phosphorylated RAG2 protein is polyubiquitylated by the (S-phase kinase associated protein 

(SKP2)-SKp1-CUL1-F box) SCF complex and targeted for proteasomal degradation (31). 

The critical role of this motif has been further confirmed by the generation of mouse models 

carrying deletion in the RAG2 C-terminal domain. Destabilization of the post-cleavage RAG 

complex and increased aberrant recombination product including chromosomal 

translocations involving VDJ loci were observed in mutants lacking the C-terminal residues 

352–527 (27, 32–34). Furthermore, p53-deficient animals carrying a core RAG2 deletion 

have increased NHEJ activity associated with genomic instability and accelerated 

lymphomagenesis (34, 35)
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The crystal and cryo-electron microscopy structures of RAG1/RAG2 core proteins have 

revealed a Y shaped structure (23, 36), with the RAG1 NBD dimer forming the stem of the 

Y, while additional regions along the central and C terminal region of RAG1 act as DNA-

binding surfaces for the RSS heptamer and coding flank. The three catalytic residues (D603, 

D711 and E965) reside in the RNH domain and together with the carboxy-terminal domain 

form the crevice of the Y structure (37). The RAG2 core region folds in a six-bladed β-

propeller associates with the RAG1 domains downstream of the DDBD, creating the arms of 

the Y structure.

These studies have been instrumental to illuminate the structural effect of various amino acid 

changes identified in patients with RAG mutations and may guide in the interpretation of 

genotype-phenotype correlation in this disease. However, important questions that remain to 

be addressed include how RAG activity is regulated by histones and how different amino 

acid substitutions occurring at the same codon result in distinct immunological phenotypes.

Spectrum of clinical manifestations caused by RAG gene defects

Defects in RAG genes cause a large spectrum of clinical phenotypes in humans (3). 

Following the demonstration that disruption of Rag1 and Rag2 genes in mice abolishes 

V(D)J recombination and causes an early and severe block in T and B cell development (38, 

39), search for mutations in the orthologue human genes was attempted, focusing on infants 

affected with severe combined immune deficiency with absence of B lymphocytes (B− 

SCID). The first description of null mutations in the RAG genes causing B− SCID was 

reported by Klaus Schwarz in 1996 (40). Transient transfection assays in human fibroblast 

293 cells co-transfected with suitable V(D)J recombination substrates showed that plasmids 

expressing the mutant RAG proteins were virtually devoid of recombination activity. 

Importantly, in this study RAG mutations were found only in six of 14 patients with B− 

SCID tested. It was subsequently demonstrated that fibroblast cell lines obtained from RAG-

mutated patients show normal cellular radiosensitivity, whereas another group of patients 

with B− SCID with increased cellular radiosensitivity carry mutations in genes encoding 

various components of the NHEJ pathway (41).

Patients with null mutations in the RAG genes have typical clinical manifestations of SCID, 

and are at increased risk of severe infections since early in life, leading to death in the 

absence of hematopoietic cell transplantation (HCT). In most cases, these patients present 

with T− B− NK+ SCID, reflecting the notion that normal function of the RAG proteins is 

required for T and B cell development, but is dispensable for NK cell differentiation. 

However, a proportion of patients may present with a variable number of T cells of maternal 

origin. Maternal T cell engraftment is frequent in SCID babies, and may have variable 

clinical consequences, with lack of specific symptoms in some patients, whereas others may 

have clinical signs of graft-versus-host disease that most frequently involve the skin and the 

liver (42). Importantly, T cells of maternal origin have an activated (CD45R0+) phenotype 

and are typically oligoclonal.

In 1991, five years before RAG gene defects were discovered in humans, Geneviève de Saint 

Basile reported a family with two siblings presenting with T− B− SCID and with Omenn 
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syndrome (OS), respectively (43). OS was originally described in 1965 by Gilbert Omenn in 

a patient with immunodeficiency and generalized erythroderma due to skin infiltration of 

eosinophils, lymphocytes and histocytes (44, 45). This disease is also characterized by 

eosinophilia, as well as by lymphadenopathy, hepatosplenomegaly, diarrhea, and alopecia, 

reflecting infiltration of various target tissues by autologous, oligoclonal and activated T 

cells (43, 46). In most cases, no circulating B cells are present, and immunoglobulin serum 

levels are very low, but IgE serum levels are typically elevated. The autologous origin of the 

T lymphocytes distinguishes OS from the Omenn-like manifestations of maternal T cell 

engraftment that may occur in patients with SCID. The occurrence of T− B− SCID and OS 

in two siblings from the same family led our group and the group of Alain Fischer to 

postulate that they might represent allelic diseases. Indeed, in 1998, we reported biallelic 

RAG mutations in seven unrelated infants with OS (45). Importantly, the majority of the 

mutations were missense, and in each patient at least of the two alleles retained partial 

recombination activity in vitro. An apparent exception is represented by N-terminal 

frameshift RAG1 mutations, that are often associated with an OS phenotype, even when 

present as homozygous trait. In 2000, we showed that these mutations result in internal 

methionine usage, with expression of N-terminal truncated protein with partial 

recombination activity (47). Together, these data established for the first time that 

hypomorphic RAG mutations may cause a phenotype other than T− B− SCID, and yet 

confirmed that robust levels of recombination activity are necessary to allow production of a 

polyclonal repertoire of T and B cells and preserve key mechanisms of immune homeostasis. 

In 2001, the group of Jean-Pierre de Villartay in Paris made another important discovery that 

validated the original observation made by de Saint Basile in 1991 (43), demonstrating that 

identical RAG mutations may cause either T− B− SCID or OS (48). The authors proposed 

that an additional factor (besides the RAG gene defect) may be required in certain 

circumstances for the development of the OS phenotype. They further speculated that such 

factor might be represented by a particular antigen that is present in patients with OS, but 

not in those with T− B− SCID, and that may cause activation and expansion of antigen-

specific T cell clonotypes. They also hypothesized that this antigen should be present in the 

skin and the gut, because these are the two major sites of T cell infiltration in patients with 

OS. This hypothesis was also supported by our own finding that TCR CDR3 sequences from 

patients with OS are enriched for certain amino acids at specific positions (46), possibly 

suggesting antigen-driven selection. Alternatively, environmental factors may also play a 

role in triggering clonotypic T cell expansions and manifestations of OS in certain patients. 

Indeed, evolution of SCID to OS phenotype has been reported after exposure to 

parainfluenza infection (49). However, other mechanisms may also contribute to determine 

the OS phenotype, as discussed later in this review.

To further broaden the clinical and immunological phenotype of RAG deficiency, a series of 

patients have been reported in whom the presence of activated, oligoclonal, and autologous 

T cells is not associated with typical features of OS (50). This condition is often referred to 

as “atypical SCID” (AS) or “leaky SCID”. A distinct form of AS associated with expansion 

of γδ T cells has been reported in RAG-deficient patients upon cytomegalovirus (CMV) 

infection (51, 52). Interestingly, circulating B cells are often detectable in these patients, and 

the clinical phenotype of this condition may include Epstein-Barr virus (EBV)-driven 
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lymphoproliferative disease and autoimmune cytopenias, indicating that the leakiness of the 

gene defect is not sufficient to preserve immune homeostasis.

In 2008, Catharina Schuetz reported three patients in whom RAG mutations were associated 

with an atypical, late onset phenotype characterized by extensive granulomatous disease 

involving the skin, internal organs and mucous membranes. All three patients developed 

serious complications after viral infections, including EBV-driven lymphoma (53). They had 

low but detectable number of circulating T and B cells; immunoglobulin serum levels were 

low, but specific antibody responses were preserved, at least to some vaccine antigens. When 

the recombination activity of the mutant RAG alleles was tested in vitro using transfection 

assays with a suitable recombination substrate, values between 5% and 30% of normal 

control were observed. This figure is significantly higher than what reported for mutations 

associated with OS and even with for most cases of AS. Since then, several other patients 

have been described in which hypomorphic RAG mutations associate with granulomatous 

disease and autoimmune manifestations, either alone or combined (54–59). Therefore, we 

proposed that this phenotype be defined as “combined immunodeficiency with granuloma 

and/or autoimmunity” (CID-G/AI) (60). In a series of 68 patients with CID-G/AI included in 

a recent review, we observed that autoimmune cytopenias were particularly common, being 

found in 53% of the patients (3). However, severe vasculitis and organ-specific 

autoimmunity affecting gut, liver, thyroid, kidney, and muscles. Recurrent respiratory tract 

infections leading to bronchiectasis, and chronic and recurrent viral infections due to 

herpesviruses and human papillomavirus have been frequently reported in patients with 

CID-G/AI. Fatal progressive multifocal leukoencephalopathy caused by to JC virus infection 

has been seen in one patient (59). Interestingly, presence of the rubella virus vaccine strain 

has been demonstrated in the granulomas of some of these patients (61). The immunological 

phenotype of RAG deficiency manifesting as CID-G/AI is variable. T cells are usually 

present in lower number, and the proportion of naïve T cells is also reduced; however, in 
vitro T cell proliferation to mitogens is often normal or modestly reduced. Circulating B 

cells are present in variable number; immunoglobulin serum levels are often normal but may 

also be low or high, and specific antibody responses may be variably affected (3). Finally, 

these patients produce a broad spectrum of autoantibodies; neutralizing anti-cytokine 

antibodies directed against interferon-α and IFN-ω have been reported especially in patients 

with a history of varicella zoster virus infection (60, 62).

Moreover, patients with hypomorphic RAG mutations may initially be given other 

diagnoses, including idiopathic CD4+ lymphopenia (63), common variable 

immunodeficiency (64, 65), IgA deficiency (66), selective deficiency of polysaccharide 

specific antibodies (67), hyper-IgM syndrome (68) and autoimmune lymphoproliferative 

syndrome (69). Although at least in some of these cases the clinical and laboratory data were 

clearly suggestive of a combined immunodeficiency, the fact remains that these clinical 

examples have taught us how diverse is the clinical and immunological phenotype associated 

with hypomorphic RAG mutations.

Finally, because CID-G/AI and other milder clinical phenotypes have been described only in 

recent years, the relative proportion of the various clinical phenotypes of human RAG 

deficiency remains unknown. Universal newborn screening for SCID permits the 
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identification of patients with typical and atypical SCID, including OS, making it possible to 

assess the frequency with which RAG deficiency in humans manifests with either typical or 

atypical SCID. Data from the Primary Immune Deficiency Treatment Consortium (PIDTC) 

indicate that in the period 2010–2018, 49 cases of RAG deficiency have been identified in 

North America (70). Of these 49 infants, 21 presented with typical SCID and 28 with OS or 

AS. In the same study, RAG deficiency was found to account for 11.5% of all cases of 

typical SCID, and as many as 41.8% of cases of atypical SCID. These data emphasize the 

notion that hypomorphic RAG mutations, far from representing the exception, are in fact 

more common in RAG deficiency and are responsible for leaky phenotypes. Whether 

newborn screening can also capture patients who are going to develop a CID-G/AI 

phenotype is unknown.

Genotype-phenotype correlation in RAG deficiency

When it became apparent that RAG mutations in humans may associate with a diverse 

spectrum of clinical and immunological phenotypes, we and others investigated whether 

such phenotypic heterogeneity is supported by different levels of RAG protein expression 

and function. Since the RAG proteins are only expressed at early stages of lymphoid 

development, assessing their activity is challenging. Not infrequently, novel RAG gene 

variants have been attributed a disease-causing role in patients with SCID or other severe 

phenotypes, in the absence of any formal evidence of pathogenicity. More recently, public 

databases (ExAC, GnomAD, 1000 Genomes, and others) of genomic variants have become 

available. However, the simple documentation of a given RAG variant in such databases 

does not rule out its pathogenicity, unless the frequency reported in the general population is 

>0.01. Eventually, functional tests are needed. Because the RAG proteins are not expressed 

in peripheral lymphocytes, for many years tests to assess recombination activity of RAG 

variants have been based on transfection assays in which fibroblasts or 293T cells were co-

transfected with plasmids expressing wild-type or mutant RAG1 and RAG2 and suitable 

recombination substrates in which recognition of RSS by the RAG complex would allow 

DNA recombination and expression of antibiotic resistance genes (40) or alternatively 

generation of coding and signal joint recombination products that can be identified by 

polymerase chain reaction amplification (71). Although these assays are both sensitive and 

specific, they explore RAG function on extrachromosomal substrates, i.e. in a non-

physiologic setting, and may not be ideal to test the activity of mutations affecting nuclear 

translocation of the RAG proteins. To circumvent this problem, we have used a different 

approach in which Abelson-virus transformed Rag1−/− (or Rag2−/−) mouse pro-B cells 

engineered to express an inverted green fluorescent protein (GFP) cassette flanked by RSS 

and an Em-bcl2 transgene are transduced with retroviral vectors expressing either wild-type 

or mutant human RAG1 (hRAG1) or hRAG2. Upon treatment of cells with imatinib to 

maintain cells in G0-G1 and enhance RAG expression, flow-cytometric assessment of GFP 

is used to assess recombination activity of the RAG mutant (72, 73). Furthermore, this assay 

also permits to analyze the efficiency of V(D)J recombination at the endogenous Ighc locus. 

More recently, we have further modified the flow cytometry-based assay by using bicistronic 

vectors that allow simultaneous expression of two RAG variants at 1:1 ratio (73). Because 
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the RAG complex is a heterotetramer, use of bicistronic vectors is especially important to 

assess the net effect of compound heterozygous missense mutations.

Overall, these assays have demonstrated that naturally occurring missense RAG mutations 

present a wide range of recombination activity, with robust, albeit not absolute correlation 

with the clinical and immunological phenotype (3). They have also helped demonstrate that 

some variants that had been reported in patients with SCID/OS, support wild-type levels of 

recombination activity and therefore are presumably not disease-causing, as shown for the 

RAG2 N474S variant (73, 74).

Another evidence in favor of genotype-phenotype correlation in RAG deficiency comes 

from studies of the diversity of T and B cell repertoire based on and high throughput 

sequencing of rearrangement products at TCR and immunoglobulin loci. Analysis of Vβ 
family expression by flow cytometry, and spectratyping to analyze complementarity-

determining region 3 (CDR3) length distribution, have revealed a restricted usage of V-J 
gene segments, and skewed distribution of TCRβ-CDR3length with predominance of shorter 

CDR3 regions in OS patients (75), whereas less pronounced oligoclonality has been reported 

in patients with AS (51, 52), and significant diversity in patients with CID-G/AI (53). More 

recently, high throughput sequencing techniques have permitted a more detailed and 

extensive characterization of T and B cell repertoire. In particular, we have observed 

progressive reduction of diversity and increased clonality when moving from patients with 

less severe phenotype (CID-G/AI) to those with AS and OS (76, 77). Although patients with 

OS have a markedly restricted T cell repertoire, they do not share the same rearrangements. 

Furthermore, within the same patient distinct TCR clonotypes are identified in tissue-

infiltrating T cells from different organs (46), suggesting clonal proliferation in response to 

tissue-specific antigens. Furthermore, somatic mutations restoring the RAG1 reading frame 

and resulting in missense mutations, have been reported to cause a phenotypic switch from T
− B− SCID to OS in a patient (78), whereas the occurrence of a true somatic reversion on 

one allele was not sufficient to normalize T cell development in another infant, but resulted 

again in an OS phenotype, presumably because the event occurred at a stage in T cell 

development where only a limited pool of T cell progenitors capable of performing V(D)J 

recombination efficiently was generated (79).

Nonetheless, genotype-phenotype correlation in RAG deficiency is not absolute. In 

particular, the group of Mirjam van der Burg has reported a group of 22 patients with RAG 

deficiency, resulting in the same N-terminal truncation of the RAG1 protein, who manifested 

a variable clinical phenotype ranged from SCID to OS and CID (80). Consistent with the 

critical role of RAG proteins in V(D)J recombination, analysis of the bone marrow from 

patients with SCID and OS has revealed a block at the pre-B-I stage, confirming previous 

observations (81, 82), whereas those presenting with CID have a reduced, but detectable 

number of pre-B-II and even immature B cells. Moreover, similar abnormalities of B and T 

cell repertoire were observed in all patients (80). While this study highlights the imprecise 

correlation between genotype and phenotype in RAG deficiency, it should be noted that N-

terminal truncating mutations of RAG1 support very modest levels of recombination 

activity, and more significant differences of repertoire diversity and composition may be 

observed when comparing patients with a broader range of recombination activity.
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The study of T cell repertoire has also provided novel insights into the mechanisms by 

which hypomorphic RAG mutations may affect T cell diversity even prior to positive 

selection, i.e. by affecting composition of the pre-immune repertoire. During positive 

thymocytes selection, the TCRα (TRA) locus undergoes multiple waves of V-J 

recombination that progressively associate more upstream TRAV segments to more 

downstream TRAJ elements (83). Hypomorphic RAG mutations are predicted to 

compromise sequential V(D)J rearrangements. The group of Jean-Pierre de Villartay has 

recently provided important evidence in support of this hypothesis (84). By using high 

throughput sequencing and multiplex PCR to analyze the relative frequency of 8 TRAV 
genes (and their partner TRAJ elements) corresponding to proximal, middle or distal 

location along the TRA locus, they observed a biased usage of proximal TRAV/TRAJ 
elements in patients with RAG deficiency or other defects of V(D)J recombination. 

Furthermore, the few rearrangements involving distal TRAV elements were often including 

proximal TRAJ segments, a combination that is largely underrepresented in healthy controls. 

This observation of impaired sequential rearrangements at the TRA locus has been translated 

into a flow cytometry-based assay that may help in the diagnosis of RAG deficiency and 

other defects of V(D)J recombination. In particular, using a monoclonal antibody directed 

against TCR-Vα7.2, the most distal TRAV gene segment, the de Villartay laboratory has 

demonstrated that patients with CID-G/AI, CID and OS have a markedly reduced proportion 

or even complete absence of T lymphocytes expressing this gene (84), which marks 

mucosal-associated invariant T (MAIT) lymphocytes. MAIT cells are activated by microbial 

compounds derived from bacterial riboflavin biosynthesis (85). It is possible that the 

markedly reduced number of MAIT cells may contribute to the increased susceptibility to 

bacterial infections observed in patients with RAG deficiency.

Finally, high-throughput sequencing of T and B cell repertoire may also provide insights into 

mechanisms of immune dysregulation associated with RAG deficiency. In this regard, we 

have shown that peripheral B cells from patients with CID-G/AI showed increased usage of 

IGHV3–9, IGHV4–31 and IGHV3–23 (76), which are variable regions expressed by 

autoreactive B cells in patients with cancer and autoimmunity (86). B cell self-reactivity has 

been associated with variations in the hydrophobicity profile of the IGH-CDR3 region (87), 

that normally contains a discrete proportion (~15%) of tyrosine residues. We have observed 

a significant reduction in the frequency of tyrosine in the IGH-CDR3 region of peripheral B 

cells from patients with RAG defects, irrespective of their clinical phenotype, and we have 

documented that this abnormality is caused by decreased usage of the IGHJ6 gene segment 

(77), confirming recent observations from the van der Burg laboratory (80). Moreover, an 

increased proportion of class-switched immunoglobulin heavy chain transcripts (especially 

of IGHE transcripts) and a higher rate of somatic hypermutation were observed in the 

periphery of OS patients (77). These findings are in line with the presence of 

immunoglobulin-secreting cells in lymph nodes of these patients (88), and indicate that in 
vivo activation of B cells occurs in OS.

Furthermore, by applying high throughput sequencing of the T cell repertoire to sorted T cell 

subsets from patients with hypomorphic RAG mutations and controls, we have found that 

both in patients with OS and in those with AS or CID-G/AI, the diversity of Treg repertoire 

was 100-fold reduced, and that of conventional CD4+ cells (Tconv) was 10-fold reduced as 
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compared to equivalent subpopulations from healthy controls (76). This result is consistent 

with our that RAG mutations are associated with impaired thymic generation of Treg cells 

both in patients and in mice (54, 89–91). Of note, a high degree of repertoire overlap was 

found between Treg and Tconv cells in OS patients, further corroborating the hypothesis that 

circulating CD4+ Foxp3+ cells from these patients are not “bona fide” Treg cells, but rather 

activated T cells, as also indicated by defective suppression function (76, 92). Finally, 

analysis of amino acid usage at positions P6-P7 of the TCRβ CDR3 region of sorted Tconv 

cells revealed increase usage of amino acids associated with self-reactivity (93), suggesting 

that RAG deficiency may also affect negative selection.

Mouse models of null and hypomorphic Rag mutations

Generation of mouse models have been instrumental to unveil the in vivo effects of RAG 

mutations (Table 1). Functional disruption of either Rag1 or Rag2 genes by homologous 

recombination leads to a lymphoid arrest at a stage prior to the recombination of the antigen 

receptor loci, corresponding to double negative 3 (DN3) and pre-B cells along T and B cell 

development, respectively (38, 39, 94). Accordingly, these mice show absence of peripheral 

T and B lymphocytes.

To define the specific role played by the different domains of the RAG proteins, additional 

mouse models have been generated. In particular, a Rag2 mutant lacking the C-terminal 

domain of the protein and carrying only the core region of Rag2 (and for this reason named 

“core-RAG2 knock-in” mouse) showed a partial block in lymphocyte development, with 

severe impairment of V(D)J recombination at the Igh and Trb loci, that affected proximal 

and distal V gene segments equivalently (95, 96).

However, these models do not recapitulate the broad spectrum of clinical phenotypes seen in 

patients, and in particular the immune dysregulation that is often associated with 

hypomorphic RAG mutations. To this end, we generated a knock-in mouse model carrying a 

homozygous missense mutation in the Rag2 gene (90) resulting in the same amino acid 

change (R229Q) previously described in a patient with OS (45). A careful characterization 

of the Rag2R229Q/R229Q mouse indicated that this model fully recapitulates the human OS 

phenotype, including presence of oligoclonal and activated T cells, and virtual absence of 

circulating B cells in the presence of elevated serum IgE. Importantly, some mutant mice 

develop severe erythrodermia with presence of abundant T cell and eosinophil infiltrates in 

the derma. Cellular infiltrates are often seen also in other organs of these mutant mice, 

including the gut, liver and lung (90, 97). Despite the severe B cell lymphopenia, high 

affinity antibodies directed against self-antigens are present in the serum of 

Rag2R229Q/R229Q mutant mice, reflecting important immune dysregulation and contributing 

to tissue organ damage (88, 98).

At the same time when we described Rag2R229Q/R229Q mice, the Marrack laboratory 

reported a spontaneous mouse mutant (named mutant mouse, MM), carrying a homozygous 

point mutation (R972Q) in the Rag1 gene (99). Compound heterozygosity for the equivalent 

mutation (R975Q) in human RAG1, in association with the R396L mutation, had been 

previously reported by our group in another patient with OS (50). This mutant mouse was 
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also described as a model of OS. However, although it had several features of OS (low 

number of T and B cells, presence of an oligoclonal T cell repertoire, predominance of 

peripheral activated/memory T cells that responded poorly to mitogens, and peripheral 

eosinophilia), it lacked the prominent T cell infiltrates in the skin and other tissues that 

characterize the human disease (99). Furthermore, MM mice showed high levels of IgM, 

IgG and IgE, and were able to mount normal antibody responses to T-dependent and 

independent antigens. Intriguingly, germinal centers were detected in high number in MM 

mice in the absence of immunization.

In parallel, Rag1S723C/S723C mice were generated by JoAnn Sekiguchi (100) and further 

characterized by our group (101, 102). In this particular case, the decision to generate this 

mutant was not dictated by attempting to model in mice the effects of a naturally occurring 

human mutation, but rather to test in vivo the consequences of a mutation that results in 

production of a RAG1 protein that is proficient for DNA cleavage, but defective in 

postcleavage complex formation and end joining in vitro. Rag1S723C/S723C mice showed an 

incomplete block in T cell development, with accumulation of DN3 cells in the thymus, and 

a more severe block in B cell development at the pro-B stage, with few pre-B cells and 

absence of immature and mature B cells in the bone marrow (100). In spite of this, 

Rag1S723C/S723C mice were shown to produce high amounts of low-affinity self-reactive 

antibodies, associated with accumulation of plasma cells in extrafollicular areas (101).

While the Rag mutant mice reported above may represent valuable models of OS and AS, 

none of them recapitulates the human CID-G/AI phenotype. In order to generate such a 

model, we used CRISPR-based gene editing to introduce in the coding flank-sensitive region 

of RAG1 CTD mutations that are equivalent to those identified in patients with CID-G/AI. 

In particular, we generated three mouse models, homozygous for F971L R972Q and R972W 

amino acid changes (91). One of these models (the Rag1R972Q mouse) carries the same 

mutation as the MM mouse model reported above. Based on structural modeling, this 

mutation and the F971L mutation were predicted to be less severe than the R972W 

mutation. These different mutants represent a suitable platform to test the hypothesis that 

mutations in the coding flank-sensitive region of RAG1 alter selection of V, D, and J genes 

targeted to recombination, perturbing T and B cell repertoire prior to positive selection.

Both T and B cell development were severely compromised in Rag1R972W mice, but less so 

in Rag1F971L and especially in Rag1R972Q mice. Moreover, while the number of naïve T 

cells in the spleen was decreased in all three models, a significant proportion of naïve T cells 

were present in both Rag1F971L and Rag1R972Q mice. The number of B cell follicles in the 

spleen correlated with the degree of B cell lymphopenia and was more preserved in 

Rag1R972Q mice. Both Rag1F971L and Rag1R972Q mice had normal serum IgG levels; 

elevated IgM were present in Rag1R972Q mice, and Rag1R972W mice were the only ones to 

show elevated serum IgE. The antibody response to T-dependent antigens was defective in 

all three models, but both Rag1F971L and Rag1R972Q mice had normal antibody levels in 

response to the T-independent antigen TNP-Ficoll. Importantly, IgM autoantibodies were 

present in the serum of all three mutant strains, and were more abundant in Rag1R972Q mice. 

Altogether, these data suggest that the Rag1R972Q and Rag1F971L mice are models of leaky 

forms of RAG deficiency, and Rag1R972Q mice in particular may represent a model of CID-
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G/AI. While no granulomatous lesions are observed in these mice under specific paghogen 

free conditions, it is possible that development of granulomas may require challenge with 

pathogens.

Overall, mouse models carrying hypomorphic Rag mutations represent a useful tool to 

address some of mechanisms of immune dysregulation left unsolved in human pathology.

Abnormalities of central and peripheral T cell tolerance

Clinical manifestations in patients carrying hypomorphic RAG mutations clearly indicate 

immune dysregulation as a cardinal feature of OS, AS and CID-G/AI. Studies in patients 

and in suitable animal models have helped define that the mechanisms underlying such 

immune dysregulation are both complex and broad. In particular, there is extensive evidence 

that both central and peripheral mechanisms of T cell tolerance are disrupted (Fig. 1).

During T cell development, thymocytes undergo positive and negative selection (103, 104). 

This process requires a well-organized thymic architecture, that permits interaction of 

thymocytes with cortical and medullary thymic epithelial cells (cTECs, mTECs) and other 

thymic stromal cells. In particular, positively selected thymocytes migrate to the thymic 

medulla, where they interact with mTECs, a subset of which express the transcriptional co-

activator AutoImmune Regulator (AIRE), which dives expression of tissue-restricted 

antigens (TRAs) (104, 105). These TRAs, in association with MHC molecules, are 

presented by mTECs to single-positive T cells. As a result of this interaction, thymocytes 

expressing a high-affinity TCR for self-peptides are negatively selected in the medulla. 

Resident conventional DC (cDC), preferentially located within the medulla, also contribute 

to self-antigen presentation, whilst migratory cDCs, scattered between the medulla and the 

cortex, have the dual function to transport peripheral acquired self-antigens and to process 

blood-born self-antigens (106). More recently, another transcription factor, Fezf2, has been 

also proposed to regulate expression of a large number of TRAs (104, 107). Interaction 

between TECs and thymic DCs has been implicated to mediate differentiation of self-

reactive thymocytes into natural Treg (nTreg) cells (108).

In turn, developing thymocytes express a number of molecules that support the 

differentiation and maturation of TECs, including RANKL, CD40L, and lymphotoxin (109). 

Analysis of thymic tissue from RAG-deficient patients has shown severe abnormalities, with 

loss of cortico-medullary demarcation (CMD) and lack of Hassall’s corpuscles (89, 110). A 

severe loss of mature mTECs, identified by the expression of Claudin-4, Ulex Europaeus 

Agglutinin 1 (UEA-1) binding and AIRE, was found in the thymus of OS patients (89), and 

correlated with dramatic reduction of AIRE-dependent TRA expression and severe depletion 

of FOXP3+ cells (111). Similar defects have been also observed in the thymus of a patient 

with CID-G/AI (54). Interestingly, we have reported that patients with CID-G/AI have an 

increased frequency of neutralizing anti-IFN-α and anti-IFN-ω antibodies (60), which is a 

distinctive feature of Autoimmune PolyEndocrinopathy-Candidiasis and Ectodermal 

Dystrophy (APECED), a monogenic autoimmune disease caused by AIRE gene mutations 

(112). To further clarify this issue, more detailed investigations were performed in the 
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murine counterparts focusing on the effect of the partial VDJ process on the epithelial 

component maturation (113).

Similar abnormalities have been reported in the thymus of Rag1S723C and Rag2 R229Q mice, 

with poor CMD, virtual lack of expression of UEA-1 ligand and claudin-4, abundance of 

immature TEC progenitors, severe reduction of CK8− CK5+ mTECs and markedly reduced 

expression of AIRE and AIRE-dependent TRAs (90, 102, 113). Furthermore, the number of 

both cDC and plasmacytoid DC (pDC) and generation of thymic Treg cells were severely 

reduced in both Rag1S723C and Rag2R229Q mice (114, 115). The thymic medulla was also 

very small in Rag1R972Q, Rag1F971L and Rag1R972W mice, although CMD was partially 

preserved (91). As ultimate proof of the importance of lymphostromal cross-talk for TEC 

maturation, we tested in vivo the effect of pre-TCR signaling on the epithelial compartment. 

To this end, we transplanted a high number of Rag2R229Q bone marrow progenitor cells into 

Rag2−/− recipients previously conditioned with anti-CD3ε mAb, which mimics pre-TCR 

signaling (97). Treated mice displayed improved AIRE expression and appearance of CMD. 

Importantly, thymic amelioration correlated with significant reduction in peripheral 

immunopathology as documented by reduction in peripheral infiltrates and a decrease in 

serum IgE levels as compared to Rag2−/− mice transplanted with Rag2R229Q bone marrow 

cells without pre-treatment with anti-CD3ε mAb. These findings demonstrate that 

improvement of the thymic microenvironment may prevent the development of severe 

inflammation and tissue infiltration by self-reactive T cells (97).

High throughput sequencing of the Trb repertoire in DN4 thymocytes from Rag1R972Q and 

Rag1F971L mice has revealed skewed usage of V and J genes, with a pattern that was 

consistent between the two models (91). Similarly, these mutant mice presented skewed 

usage of IghV and IghJ genes in pro-B cells. These data identify abnormal selection of TCR 

and Ig genes targeted to V(D)J recombination as a novel mechanism by which hypomorphic 

RAG mutations may impinge on T and B cell repertoire composition already prior to 

selection, with possible implications on immune dysregulation.

Treg abnormalities are also an important factor that may contribute to autoimmune 

manifestations in RAG deficiency. Reduced number of thymic Treg, and a restricted 

repertoire of peripheral Treg cells, have been reported both in patients (76, 89, 110) and in 

Rag mutant mice (91, 102, 113). Moreover, we have shown that Treg from patients with OS, 

AS and CID-G/AI have reduced suppressive activity (76, 92). Although Treg function was 

apparently preserved in Rag1R972Q and Rag1F971L mice (91), the restricted repertoire of 

these cells may translate in decreased suppressive function in response to specific antigens.

Finally, an additional important immunoregulatory player is represented by invariant natural 

killer T (iNKT) cells, whose role is associated with protection against autoimmunity. NKT 

cell development is dependent on V(D)J recombination and was found to be defective in the 

Rag2R229Q mice. Consistent with this, we demonstrated severe reduction or absence of 

iNKT cells also in patients with OS (116)
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Dysregulation of humoral immunity associated with hypomorphic RAG 

mutations

A puzzling clinical feature observed in patients and mouse models with hypomorphic RAG 
mutations is the presence of a broad range of autoantibodies despite a low number B cells 

and variable levels of immunoglobulins (51, 52, 60, 101). These findings suggest alterations 

in the mechanisms of B cell tolerance, which operate at several stages of B cell development 

both in the bone marrow and in the periphery (Fig. 2) (117).

A large proportion of immature B cells in the bone marrow express a BCR that recognizes 

self-antigens. Autoreactive B cells generated by random V(D)J recombination are eliminated 

at two distinct checkpoints, first in the bone marrow and then in the periphery (118). 

Receptor editing, which requires re-expression of the RAG genes, is the major central B 

tolerance mechanism by which most autoreactive B cells expressing polyreactive antibodies 

are removed in the bone marrow at a stage between early immature and immature B cells 

(117). Secondary recombination events, first at the IGK and then at the IGL locus, provide 

attempts to edit autoreactive antibodies by substituting light chains until BCR autoreactivity 

is either abolished or diminished to levels that allow B cell development to proceed. Usage 

of more upstream V and more downstream J gene usage is a molecular signature for 

secondary recombination events. A second checkpoint of B cell tolerance takes place in the 

periphery at the transition between transitional B and mature naive B cells. Because receptor 

editing does not remove all self-reactive B cells, ~5–10% of transitional B cells express self-

reactive specificities, which are largely purged from the naïve B cell compartment. These 

two populations are also characterized by different levels of expression of B cell activating 

factor receptor (BAFF-R), which serves as a survival signal, so that naïve cells (that have 

higher levels of BAFF-R) have an advantage when BAFF levels are limiting. B cell 

lymphopenia and inflammation are associated with increased BAFF levels, thereby 

promoting survival of transitional B cells and enriching the peripheral B cell pool of self-

reactive B cells. Studies in patients and mice with hypomorphic RAG mutations indicate 

perturbation of both central and peripheral mechanisms of B cell tolerance. In particular, 

reduced use of the downstream IGKJ5 gene (a marker of defective gene editing), and 

elevated BAFF levels have been reported in RAG-mutated patients, along with increased 

presence of antinuclear antibodies in the serum (80, 101).

These abnormalities of checkpoints of B cell tolerance are also associated with an aberrant 

distribution and function of B cells at various stages of development. In particular, in spite of 

very low frequencies of circulating B cells, histological analysis of lymph node biopsies 

from OS patients unexpectedly revealed few Blimp1+ CD138+ terminally differentiated B 

cells indicating for the first-time the presence of B cells within the tissues (88). Furthermore, 

although 92% of bone marrow B cells from these patients are arrested at the pre-B cell stage 

and mature (CD19+SmIgM+ SmIgD+) B cells are drastically reduced (less than 0.06% vs. 

24% in healthy donors), ELISpot analysis showed the presence of immunoglobulin secreting 

cells in the bone marrow of OS patients (88). These unexpected findings in patients 

prompted us to investigate in greater detail the B cell compartment in Rag2 and Rag1 
hypomorphic mice. We demonstrated that Rag2R229Q mice manifest an expansion of 
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immunoglobulin-secreting cells (ISC) in secondary lymphoid organs, in spite of the severe 

block of B cell development in the bone marrow (88). Analysis of the Igh repertoire showed 

one dominant set of clonally related cells (CRC) in each of the mutant mice analyzed, 

indicating the occurrence of clonal expansions (88). Importantly, we observed that plasma 

cell differentiation in Rag2R229Q mice is sustained by increased expression of Blimp1 and 

Xbp1, and that reduced expression of Bcl-6 and c-Myc sustain differentiation of plasma 

blasts to ISC (88). Furthermore, we observed that Rag2R229Q mice have an increased 

proportion of CD4+ cells expressing ICOS, CXCR5 and PD-1, and increased serum levels of 

IL-21 (88). These data suggest that the T cell compartment of these mice is enriched in T 

follicular helper (TFH) cells which may promote plasma blast differentiation. Whether a 

similar pattern is also present in patients with OS is currently unknown.

T cell-mediated inflammation may also contribute to promote B cell survival and activation. 

Unexpectedly, while data from the literature suggest that T cells from OS patients have a 

predominant TH2 profile (119, 120), Rag2R229Q CD4+ T cells display increased mRNA 

levels for the TH1-specific transcription factor T-bet, and their serum contains high levels of 

IFN-γ (88). Interestingly, in vivo T cell depletion by anti-CD4 mAb in Rag2R229Q mice 

resulted in a complete normalization of serum IgE and decrease in the concentration of 

cytokines sustaining B cell activation. Finally, similarly to what observed in patients, 

Rag2R229Q mice have elevated serum BAFF levels. Abundant infiltrates composed of B220+ 

IgM+ cells were documented in various organs, including the kidney with consequent 

proteinuria, and administration of anti-BAFF-R antibody to Rag2R229Q mice dramatically 

decreased cellular infiltration in all organs (86), supporting the important role of BAFF in 

sustaining B cell-driven autoimmunity.

Similar results were demonstrated in the Rag1S723C mouse model of AS (101). Despite the 

severe block in B cell development, this mouse shows high serum levels of IgG1, IgG2a and 

IgE, with an oligoclonal profile. The splenic B cell compartment was skewed to ISC, with 

high levels of expression of Xbp1 and Iμ-Cγ1 switch transcripts. Receptor editing was 

impaired, as demonstrated by reduced levels of Vκ-RS rearrangement and markedly 

decreased proportion of Igλ+ B cells, and BAFF serum levels were elevated. These 

abnormalities mice were associated with production of autoantibodies to single-stranded 

DNA and chromatin, and lymphoid infiltrates were present in various organs, although they 

were less prominent than in Rag2R229Q mice and did not cause proteinuria (101). Finally, 

production of polyreactive antibodies has been documented in Rag1R972Q mice, associated 

with an increased proportion of CD11c+ T-bet+ splenic age-associated B cells (91), that have 

been reported to contribute to autoantibody production (121). Similarlyto the other 

hypomorphic Rag mutant mouse models, also Rag1R972Q mice have a low proportion of 

splenic Igλ+ B cells and elevated BAFF serum levels (91).

Collectively, studies in mice have provided robust evidence that hypomorphic RAG 
mutations cause perturbation in both central and peripheral B cell tolerance. The differences 

observed among these models, with production of high-affinity autoantibodies and more 

prominent lymphoid infiltrates in Rag2R229Q mice versus presence of low-affinity 

autoantibodies and less severe organ damage in Rag1 mutant mice, mimics the phenotypic 

heterogeneity seen in patients and possibly reflects the variable contribution of various 
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factors in determining the severity of immune dysregulation. It is possible that 

environmental factors may also exacerbate the effects of impaired immune tolerance, 

triggering autoimmunity. In this regard, mouse models may help investigate the impact of 

antigen exposure in driving tissue inflammation and immune dysregulation associated with 

hypomorphic RAG mutations (115, 122).

Gut Immune dysregulation and Rag hypomorphic mutations

Inflammation and tissue infiltration affect the permeability of tissue barriers, particularly 

skin and gut, altering host-microbial homeostasis and thus affecting immune responses (123, 

124). Patients with hypomorphic RAG mutations often present with cutaneous and 

gastrointestinal clinical manifestations, reflecting immune dysregulation in these 

compartments. Similar to OS patients, a significant proportion of Rag2R229Q mice develop 

spontaneous signs of intestinal disease, with infiltration of the lamina propria by activated T 

cells expressing high levels of CCR9 (a gut homing receptor) and of Th1 and Th17 

cytokines (115). These mice also show significant accumulation of Treg cells in the gut 

lamina propria (likely as an attempt to maintain immune tolerance), despite the low number 

of these cells in peripheral lymphoid tissues. However, transfer experiments have shown that 

Rag2R229Q Treg cells are dysfunctional and unable to prevent colitis. In addition, 

immunodeficient animals transplanted with Rag2R229Q CD4+ T cells develop colitis, 

confirming the pathogenic role of Tconv cells in this model (115). Besides T cells, also B 

cells may contribute to the immune dysregulation in mucosal tissues. Production of 

secretory IgA is one of the most prominent effects of intestinal colonization. Dramatic 

reduction of intestinal high affinity IgA associated with development of dysbiosis in AID 

deficient mice (125–127). We have observed that IgA deficiency in the gut of Rag2R229Q 

mice is associated with disruption of the gut barrier, resulting in increased gut permeability, 

and enhanced absorption of lipopolysaccharide (LPS) (115). Furthermore, consistent with 

the role of secretory IgA in restricting bacterial access to the epithelium and modulating 

bacterial flora, Rag2R229Q mice showed a dramatic reduction in microbiota richness and 

diversity, and enrichment of several genera within the Proteobacteria phylum that have been 

previously reported to associate with chronic inflammatory conditions (128). Prolonged 

administration of antibiotics (metronidazole, vancomycin, ampicillin) in Rag2R229Q mice 

caused dramatic reduction of CCR9+ TH1/TH17 cell infiltrates, a decline of IFN-γ and TNF-

α in the serum, and normalization of serum IgE. Final fecal transfer experiments showed 

that wild-type mice recolonized with fecal materials obtained from Rag2R229Q mice 

developed increased frequencies of inflammatory cells enriched in TH1/TH17 cells in the gut 

lamina propria and in the spleen. By contrast, transfer of feces from wild-type mice into 

Rag2 mutants ameliorated gut inflammation (115).

Collectively, these findings demonstrate that in conditions associated with reduced V(D)J 

recombination activity, oligoclonal T cells become activated and release cytokines that 

sustain inflammation and promote immunoglobulin secretion at the same time. Lack of IgA 

results in a defect of the gut barrier, with consequent transendothelial passage of microbial 

agents and self-antigens that are presented to T cells in peripheral lymphoid organs, further 

increasing their activated immune phenotype, worsening inflammation and tissue damage at 

distant sites. These findings highlight the contributive role of dysbiosis in sustaining immune 
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dysregulation in the presence of hypomorphic RAG mutations. In parallel, these results 

suggest that microbiota modulation (e.g., with gut decontamination, fecal transfer, or 

possibly with pharmacological interventions aimed at promoting intestinal microbiota 

diversity) may dampen the inflammation and immune dysregulation of this condition.

Treatment of RAG deficiency: From hematopoietic cell transplantation 

toward gene therapy

Severe forms of RAG deficiency, including T− B− SCID, OS, and AS are associated with 

increased susceptibility to serious infections, and are inevitably fatal early in life unless 

immune reconstitution is attained with hematopoietic cell transplantation (HCT). In a series 

of 76 SCID/OS/AS patients with RAG deficiency who received HCT at three major centers 

between 1985 and 2009, overall survival was >80% when the transplant was performed from 

HLA-identical donors without myeloablative conditioning, and the vast majority of these 

patients did not develop severe or recurrent infections after transplant (129). By contrast, for 

patients who received haploidentical HCT without myeloablative conditioning, a very high 

rate (75%) of graft failure was observed, so that repeat HCT had to be frequently used, and 

none of the patients who engrafted in the absence of myeloablative conditioning 

reconstituted B cell immunity. Immune reconstitution was more frequently achieved when 

chemotherapy was used as part of the conditioning regimen for haploidentical 

transplantation, however survival in this group of patients was significantly lower (~60%) 

(129). Data from the Primary Immune Deficiency Treatment Consortium (PIDTC) give a 

different picture, with an overall survival of ~80% after transplantation from donors other 

than matched siblings; however, also this study confirmed that in the absence of 

myeloablative or reduced intensity conditioning, RAG-deficient patients experienced a high 

rate of graft failure and poor T and B cell immune reconstitution (130). Natural killer (NK) 

cells may contribute to the increased rate of graft rejection following unconditioned 

haploidentical HCT for RAG deficiency. Cell fate mapping studies have shown that RAG 

expression may initiate in common lymphoid progenitor cells that give rise to T, B, and NK 

cells (131–133). Expression of RAG at this stage selects cells with higher DNA repair 

capacity. Studies in Rag−/− mice have shown that their NK cells have an activated and 

mature phenotype, have decreased cellular fitness associated with enhanced cytotoxic 

function (134). We have found that also NK cells from RAG-mutated patients, irrespective 

of their clinical phenotype, have enhanced expression of perforin and increased 

degranulation capacity, but at variance with murine counterparts display an immature 

phenotype (135). In any case, the increased cytotoxic activity of NK cells from RAG-

mutated patients may contribute to the higher rate of graft rejection. For this reason, 

inclusion of serotherapy depleting NK cells in the conditioning regimen of HCT for RAG 

deficiency may be beneficial.

Besides donor type, other factors that are associated with superior outcome after HCT 

include young age (<3.5 months of life) and lack of infections at the time of transplantation 

(130, 136). These data emphasize the importance of newborn screening in order to achieve 

early detection and prompt referral to transplant for RAG-deficient patients. Finally, while 

initial studies had suggested that patients with OS/AS may have a worse outcome than those 
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with T− B− SCID (137, 138), a similar and improved survival rate has been observed in both 

group of patients in a recent PIDTC study (130). Overall, these data indicate that HCT can 

be curative in severe forms of RAG deficiency; however, for patients who lack matched 

donors, graft failure and poor immune reconstitution represent significant problems when no 

myeloablative conditioning is used, and on the other hand use of myeloablative 

chemotherapy exposes to potentially severe adverse effects.

In patients with RAG deficiency, genetically-defective early lymphoid progenitor cells are 

present and occupy bone marrow and thymus niches. In the absence of conditioning, lack of 

durable and robust hematopoietic stem cell engraftment, puts the donor-derived lymphoid 

progenitor cells that engraft at competition with endogenous, genetically defective lymphoid 

progenitors, and this may significantly limit the capacity to attain T and B cell immune 

reconstitution. This may be even more of a problem in patients with CID-G/AI, where such 

competition would also extend to more mature T and B cell subsets. Limited data are 

available on the outcome of HCT in this group of patients (3). Out of 26 patients reported in 

the literature who have received HCT because of CID-G/AI, eighteen (69.2%) were reported 

to be alive with a median follow-up of 9 months. Because many of these patients may be 

referred to transplant later in life, when organ damage may already be present, novel and 

safer forms of conditioning regimen should be considered that would facilitate stem cell 

engraftment, especially if they were also able to deplete the endogenous gene-mutated 

lymphoid cells. Immunotoxins may represent an attractive possibility (139).

An alternative approach to overcome the obstacles with HCT is represented by gene therapy. 

Selective advantage of gene-corrected hematopoietic stem cells to overcome the block of T 

and B cells that occur in the absence of RAG activity represents the rationale for developing 

such a strategy. In recent years, lentiviral vectors have become the strategy of choice to 

deliver the transgene of interest, and allow its expression under the control of suitable 

promoters. In the case of RAG deficiency, the observation that endogenous RAG gene 

expression is tightly regulated during cell cycle and during lymphoid development, may 

expose to the risk that ectopic or dysregulated gene expression could lead to immune 

dysregulation or leukemia (140). With this caveat, several groups have examined the safety 

and efficacy of lentivirus-mediated gene therapy for RAG deficiency using animal models.

Results with lentivirus vectors expressing hRAG1 in Rag1−/− mice have been controversial. 

In one study, use of codon-optimized human RAG1 cDNA sequence (coRAG1) improved 

levels of transgene expression, but the efficiency of T and B cell reconstitution was variable, 

depending on the nature of the promoter used (141). Furthermore, while this study 

demonstrated that gene therapy-treated mice developed a polyclonal T cell repertoire, had 

good levels of serum IgM, IgG and IgA, and were able to mount antigen-specific antibody 

responses, a parallel study using the same vectors revealed that gene therapy-treated Rag1−/− 

mice developed severe signs of inflammation, with cellular infiltrates in the skin, lung, liver, 

kidney, and presence of circulating anti-double strand DNA (142). All these signs resemble 

OS, and support the hypothesis that suboptimal expression of RAG1 may lead to partial 

reconstitution of T and B cell development and sustain immune dysregulation (143). 

Moreover, environmental factors could also play a role in triggering breakage of immune 

tolerance, especially when immune reconstitution is not complete. Overall, these data 
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significant concerns on the clinical use of vectors that allow suboptimal levels and 

deregulated pattern of gene expression.

To overcome this problem, several groups are working at the development of novel vectors 

and at the optimization of transduction protocols to achieve adequate levels of RAG1 

expression with a low vector copy number (VCN) per cell. An alternative approach could be 

based on the use of engineered nucleases, such as Zinc Finger Nucleases (ZFNs), TALENs 

and CRISPR-Cas9, that might permit targeted integration of the hRAG1 transgene at the 

endogenous locus (144, 145).

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

deficiency. When Rag2−/− mice were transplanted with Rag2−/− lineage-negative bone 

marrow cells transduced with a lentiviral vector expressing codon-optimized hRAG2 

(coRAG2) under the control of ubiquitous chromatin opening element (UCOE), good levels 

of both T and B cell reconstitution were observed at a VCN of 1 (146). In particular, gene 

therapy-treated mice showed normalization of thymic morphology with appearance of AIRE
+ mature mTECs. In the periphery, polyclonality of the T cell repertoire, normalization of T 

cell subsets and of immunoglobulin levels, and production of antibodies to T-dependent and 

T-independent antigens were detected. Based on these results, we have recently tested use of 

the UCOE-RAG2co lentiviral vector in the Rag2R229Q mouse model of OS, where selective 

advantage for gene-transduced cells is expected to be less prominent because of the presence 

of residual presence of endogenous T and B cells (98). As compared to Rag2R229Q mice 

who had received Rag2R229Q bone marrow cells, gene therapy-treated mice showed 

significant improvement of T and B cell counts, although these remained lower than what 

observed in Rag2R229Q mice transplanted with wild-type bone marrow cells. Furthermore, 

gene therapy-treated mice also showed dramatic improvement of thymic architecture with 

presence of AIRE+ mTECs, associated with normalization of the proportion of naïve T cells 

and polyclonal T cell repertoire in the periphery. Analysis of the B cell compartment showed 

partial immune reconstitution, with lower than normal B cell counts both in the bone marrow 

and in the periphery. However, the block at pro-B cell stage in the bone marrow was 

overcome, normal maturation of follicular B cells was observed in the spleen, associated 

with reduction of BAFF and normalization of immunoglobulin levels in the serum. Finally, 

gene therapy-treated mice produced specific antibodies to T-dependent and T-independent 

antigens. This improvement of immune function was accompanied by normalization of 

autoantibody production and mitigation of immune infiltrates in the skin (98). Overall, these 

data suggest that gene therapy for RAG2 deficiency may be feasible also for patients 

carrying hypomorphic RAG2 mutations associated with autoimmune and inflammatory 

manifestations. However, further modifications of the lentiviral platform, along with careful 

long-term monitoring of the efficacy and safety of gene therapy in knock-out and 

hypomorphic mouse models, are mandatory before moving to clinical trials. Finally, with 

gene therapy there is a theoretical possibility that the endogenous mutant allele might 

interfere with the wild-type RAG cDNA introduced with the lentiviral vector. To mitigate, at 

least in part, this concern is the observation that individuals who are heterozygous for RAG 
missense mutations are healthy.
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Conclusions

The study of patients with RAG mutations has shown that robust levels of recombination 

activity are essential to allow development of a diversified repertoire of T and B cells, and to 

enable proper activation of mechanisms of central and peripheral tolerance. The 

abnormalities observed in patients and in animal models with hypomorphic RAG mutations 

that sustain reduced levels of recombination activity are not unique to this condition. Indeed, 

a similar spectrum of phenotypic manifestations may be expected also for other genetic 

defects affecting the NHEJ pathway or that decrease the strength of TCR signaling (147). 

Animal models of RAG deficiency have been instrumental to better define the mechanisms 

of immune dysregulation associated with this condition, and have revealed an important role 

of lymphostromal cross-talk in the thymus, and of interaction with the microbiota in 

mucosal tissues in maintain mechanisms of immune homeostasis. Despite these advances, 

there is a need to better define the natural history and response to treatment, in particular for 

patients with CID-G/AI. In this regard, international registries may serve an important 

function. Finally, although significant progress has been made in the treatment of RAG 

deficiency, additional work remains to be done to overcome the high rate of graft rejection 

and poor immune reconstitution that has been frequently observed after HCT for this 

disease. The recent development of several mouse models with hypomorphic Rag mutation 

may help test novel forms of conditioning regimen as well as safety and efficacy of novel 

approaches to gene therapy for this condition.
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Figure 1. Schematic representation of positive and negative selection in the thymus.
Five steps of T cell maturation and thymocyte selection are shown, which can be affected in 

patients and animals with hypomorphic RAG mutations. 1) Cortical thymic epithelial cells 

(cTEC) expressing MHC-peptide ligands mediate positive selection of developing 

thymocytes. 2) Normal thymic architecture is characterized by demarcation of cortical and 

medullary areas, with clear evidence of the cortico-medullary junction (shown as dashed 

dine) where thymic dendritic cells (tDCs) are mainly distributed. Positively selected CD4+ 

αβ+ and CD8 +αβ+ T cells migrate from the cortex to the medulla, where 3) mature 

medullary thymic epithelial cells (mTECs) express tissue restricted antigens (TRA) under 

the control of the transcriptional activator AIRE. CD4+ thymocytes recognizing with high 

affinity TRAs in the complex with MHC class II molecules on the surface of mTECs or 4) 

cross-presented by tDCs undergo 5) negative selection or diversion to become FOXP3+ 

natural regulatory T cells. Hypomorphic RAG mutations may interfere with each of these 

steps as indicated on the right.

Villa and Notarangelo Page 29

Immunol Rev. Author manuscript; available in PMC 2020 January 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 2. Schematic representation of B cell tolerance checkpoints.
Left panel: The majority of newly generated B cells in bone marrow express self-reactive 

antibodies including polyreactive specificities. At the first checkpoint, counterselection of 

highly polyreactive and self-reactive antibodies positive B cells relies on three mechanisms: 

1) receptor editing, which involves RAG re-expression and depends on BCR cross-linking 

by self-antigens; 2) deletion of cells recognizing with high affinity self-antigens; and, 3) 

anergy, by which B cells become unresponsive to antigen. BCR synergizes with TLR 

signaling for the selection of autoreactive clones.

Right panel: Despite these mechanisms, some self-reactive immature B cells are released 

from the bone marrow and reach the periphery where they undergo a second checkpoint 

before maturing into naïve B cells. The number of self-reactive B cells, dramatically drops 

during this transition., as shown by the reduction in the proportion of B cells expressing 

immunoglobulins that recognize Hep-2 cells. Both Treg cells and levels of BAFF are 

involved in the maintenance of peripheral tolerance. In particular, high levels of BAFF are 

present in B cell lymphopenic hosts, and promote the survival of transitional B cells, 

including those expressing self-reactive specificities. Hypomorphic RAG mutations may 

interfere with both central and peripheral B cell tolerance as indicated on the right.
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Table 1

Features of mouse models of RAG deficiency

Mouse model Phenotype T cells B cells Ab Response 
and BAFF 

levels

Equivalent human phenotype Reference

Core Rag2 knock in Not described

Low 
number of 

T cells
Block at 

DN3 stage
Reduced % 
of γδ+ cells

Low B 
cell 

count.
Reduction 
of pre-B 
and IgM+ 

B cells

No description 95

Core Rag2 mouse Not described

Low 
number of 

T cells.
Block at 

DN3 stage
Reduced % 
of γδ+ cells

Low B 
cell count
Reduction 
of pre-B 
and IgM+ 

B cells

No description 96

Rag1R972Q/R972Q (MM)

Red skin but no 
cellular infiltrates

Hepatosplenomegaly
Eosinophilia

Reduced, 
oligoclonal, 
activated T 

cells
Increased 

% of 
memory T 

cells

Low B 
cell 

counts
Elevated 

IgM, IgG, 
IgE.

Enlarged 
germinal 
centers

Normal 
response to 
TD- and TI-

Ag

AS 99

Rag1S723C/S723C (mut/mut)

No alopecia
No erythroderma
No splenomegaly
No hepatomegaly
No eosinophilia

Reduced, 
oligoclonal, 
activated T 

cells
Reduced % 
of γδ+ cells

Reduced 
NKT cells

Low B 
cell count
Low IgA, 
normal to 
elevated 

IgE

Defective 
response to 
TD- and TI-

Ag
Anti-ssDNA 

and anti-
chromatin 
antibodies
Elevated 

BAFF levels

AS 100–102

Rag1R972W/R972W

Occasional 
splenomegaly

T cell infiltrates in 
various organs

Very low T 
cell count, 

with 
oligoclonal, 
activated T 

cells

Very low 
B cell 
count

Decreased 
% of Igλ+ 

B cells
Elevated 

IgE
Very few 

B cell 
follicles

Defective 
response to 
TD- and TI-

Ag
Very high 

serum BAFF

AS 91

Rag1F971L/R971L No signs of OS

Very low T 
cell count, 

but 
presence of 
a sizeable 
% of naïve 

T cells
Increased 
% of γδ+ 

cells

Very low 
B cell 
count

Decreased 
% of Igλ+ 

B cells
Few B 

cell 
follicles

Defective 
response to 
TD-Ag, but 

normal 
response to 

TI-Ag
High serum 
BAFF levels

CID 91

Rag1R972Q/R972Q No signs of OS

Low T cell 
count, but 

presence of 
a sizeable 
% of naïve 

T cells

Low B 
cell count
Decreased 
% of Igλ+ 

B cells
Elevated 

IgM

Defective 
response to 
TD-Ag, but 

normal 
response to 

TI-Ag

CID-G/AI 91
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Mouse model Phenotype T cells B cells Ab Response 
and BAFF 

levels

Equivalent human phenotype Reference

Increased 
% of γδ+ 

cells

Presence 
of B cell 
follicles

Modestly 
increased 

serum BAFF 
levels

Increased 
proportion of 

ABC cells
High levels of 
IgM autoAb

Rag2R229Q/R229Q

Erythroderma
Alopecia

Hepatosplenomegaly
Eosinophilia

Colitis

Very low T 
cell count, 

with 
oligoclonal, 
activated T 

cells
No NKT 

cells

Barely 
detectable 

B cells.
Low IgG, 
low IgM, 
elevated 

IgE
Barely 

detectable 
B cell 

follicles

Defective 
response to 
TD- and TI-

Ag
High serum 
BAFF levels

Increased IgM 
and IgG high-

affinity 
autoAb

OS 90

Ab: antibody; ABC: Age-associated B cells; AS: atypical SCID; BAFF: B cell activating factor; BM: bone marrow; CID: combined immune 
deficiency; CID-G/AI: combined immune deficiency with granulomas and/or autoimmunity; DN3: double-negative 3; NKT: natural killer T cells; 
OS: Omenn syndrome; SCID: severe combined immune deficiency; TD: T-dependent; TI: T-independent
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