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In vertebrates, the adoptive immune system recognizes and responds to
many foreign antigens by way of the antigen-specific immunoglobulin/B-cell
receptor (Ig/BCR) or T-cell receptor (TCR) molecules expressed on the cell
surface of B and T lymphocytes, respectively. The Ig receptor of B cells binds to
soluble antigens, whereas the TCR recognizes peptide antigens presented by
human leukocyte antigen (HLA) molecules.

BCR and TCR genes are generated through the lymphocyte-specific V(D)J
recombination process. Lymphocyte-specific and ubiquitous DNA repair pro-
teins involved in this process have been highly conserved throughout evolution.
Naturally occurring mutations in the two lymphocyte-specific V(D)] recombina-
tion machinery components, recombinase-activating gene 1 and 2 (RAG! and
RAG2), lead to primary immunodeficiencies, indicating the crucial need for the
integrity of V(D)J recombination for lymphoid development. A complete RAG1
or RAG2 deficiency causes severe combined immunodeficiency without B and
T cells (B-T~ severe combined immunodeficiencies [SCID]). In contrast, partial
RAG defects result in Omenn’s syndrome, an immune deficiency with autoreac-
tive manifestations caused by a residual, oligoclonal lymphocyte repertoire.
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V(D)J RECOMBINATION

B and T lymphocytes share a common precursor that is subsequently com-
mitted to either of these lineages. During the many differentiation steps leading
to the production of mature lymphocytes, lymphoid cells acquire specific fea-
tures that finally distinguish every single cell from the other. Some of the
components of these differentiation programs are shared by B and T lympho-

tes.l(], 29
v Central to the differentiation of B and T lymphocytes is the ability, so far
described only in these cells, to rearrange germ-line subgenic DNA elements to
produce an unlimited variety of somatic genes for membrane receptors that can
recognize their cognate antigens.¥ B cells control humoral immunity through
the production of (soluble) antigen-specific immunolgobulins, whereas T cells
are responsible for cell-mediated immunity through their T-cell receptors.

The process of antigen receptor gene assembly by the rearrangement of
gene segments during lymphocyte development is termed V(D)] recombination.

Each Ig and TCR protein chain consists of two structural parts, the constant
and variable regions, the latter being specifically responsible for antigen binding,.
V(D)] recombination leads to the generation of the variable regions by the
assembly of a unique coding frame from a set of Variable (V), Joining (J),
and, in some cases, Diversity (D) subgenic elements that are dispersed on the
chromosome, coding for a respective antigen receptor chain. During this process,
intervening sequences are usually lost from the genome, allowing the formation
of fused V(D)] segments, each different from cell to cell:

Recombination is directed specifically to coding elements by recombination
signal sequences (RSSs), flanking each receptor gene segment. These RSSs consist
of a conserved heptamer that flank the coding region and an AT-rich nonamer.
Heptamers and nonamers are separated by a nonconserved spacer of either 12
or 23 nucleotides.® ¥ ¢ According to the 12/23 rule, efficient recombination
occurs only between a pair of subgenic V(D)] segments with RSSs that have
different spacer lengths.

Two stages can be recognized during the recombination process. During the
first stage, the initiation of recombination is mediated by the heterodimeric
endonucleolytic recombination activating genes, RAG1 and RAG2, which bind
to the RSSs and introduce a double-strand break (dsb) at the border between a
coding element and the heptamer of a RSS. This break generates covalently
sealed coding-end hairpins and blunt DNA ends at the RSSs. RAG proteins
remain associated with coding ends and signal ends after cleavage.?

The second stage involves the resolution and processing of the coding-end
hairpins, which ultimately leads to the formation of modified coding joints.
Signal ends are ligated without alteration to produce signal joints.

In vitro evidence has demonstrated that the RAG1/RAG2 complex is in-
volved in the DNA hairpin opening.””* The coding ends are processed further
by the deletion or addition of nucleotides (N or P), a process which adds more
diversity to the variable region of the receptor. Terminal deoxynucleotidyltrans-
ferase (TdT), a tightly regulated enzyme, whose expression overlaps that of RAG
proteins, is responsible for the adding of N nucleotides, whereas another source
of nucleotide insertion (P nucleotides) is caused by the possible asymmetric
opening of the coding-end hairpin, which leads to the addition of palindromic
nucleotides.

The joining reaction is characterized by the action of a number of ubiqui-
tously expressed proteins involved in DNA dsb repair. These factors include
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XRCC4, DNA ligase IV, KU70 and KU80, and the catalytic subunit of the DNA-
dependent protein kinase (DNA-PK_).3 % 4

RAG STRUCTURE

RAG1 and RAG2 are essential components of the V(D) recombination
process, as pointed out by the phenotype of murine knock-out models, which
show a complete block of T- and B-cell development.® 7 These genes are highly
conserved throughout evolution from shark to humans and were originally
cloned by their ability to rearrange an integrated artificial V(D) recombination
substrate in a fibroblast cell line.®® ¥ The two human genes are tightly linked on
chromosome 11p13 in a tail-to-tail configuration, and are convergently tran-
scribed.®® Their linked chromosomal localization and ability to activate the re-
arrangement of exogenous substrates have suggested that both genes were
possibly acquired because of a transpositional insertion. This suggestion has
been supported recently by two independent groups demonstrating that RAG1
and RAG2 possess a transposase-like ability capable of excising in vitro an RSS-
containing DNA segment and inserting it into unrelated target DNA.> 3 The
RAGT gene codes for 1043 amino acids, and the RAG2 gene codes for 527 amino
acids. RAG1 and RAG2 proteins do not share sequence homology.

Mutational analysis has revealed that truncated proteins of approximately
30% and 25% of RAG1 and RAG?2, respectively, are still able to carry out the
recombination of plasmid substrates in transfected fibroblasts. % % 52 These
studies have allowed the definition of biologically active core regions encom-
passing the codons 384 to 1008 for RAG1, and 1 to 387 for RAG2; these deleted
mutants have been used widely in in vitro tests because they are more soluble.

Despite the ability of the RAG1/RAG2 core molecules to recombine epi-
somal plasmid substrates in vitro, it seems likely that the N-terminal portion of
RAG]I is not dispensable in vivo.®® Computer analysis of the sequence of the N-
terminal domain of RAGI reveals amino acid residues highly conserved
throughout evolution.®” 7 In particular, three basic motifs (BI, BII, and BIII) have
been identified as being responsible for the interaction with a nuclear transport
protein, Srp-1." 7% This region could be involved in the correct transport of
RAGTI to the nucleus. In addition, a recent study” has shown that the removal
of the dispensable regions of RAGI and RAG2 impairs proper processing of
recombination intermediates.

In the RAGI core segment, the region spanning amino acids 376477 is
crucial for its DNA-binding activity. The RSS nonamer recognition is mediated
by a RAG1 domain with homology to the helix-turn-helix structure of
homeodomains.? 7 This region of RAGI is highly conserved during evolution
and has sequence similarity to the Hin family of bacterial invertases, whose
members also recognize a nonamer-like sequence. Another well-conserved re-
gion of RAG1 (amino acids 265-380) containing cysteine-rich domains, including
a zinc C3HC3 ring finger flanked by a classic C2H2 zinc finger, has been
described as a homodimerization element.® % The core region also contributes to
the heterodimerization domain that allows interaction with RAG2; it has been
mapped in the large region between amino acids 504 and 1008.52

RAG?2 alone is unable to bind double-stranded DNA.? % 7 The active core
of RAG2 located in the first three quarters of the sequence shows a sixfold
repeated motif of approximately 50 amino acids related to the kelch/mipp
motif.”® Despite being dispensable for in vitro assays, the last quarter of the
protein seems to play an essential role for efficient recombination of Ig heavy-
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chain segments* and shows highly conserved amino acids in all species exam-
ined so far. It contains a plant homeodomain finger-like motif, believed to
mediate association with chromatin proteins. A conserved degradation signal,
including an essential CDK phosphorylation site at threonine 490, is responsible
for the rapid degradation of RAG2 during the cell cycle.

RAG EXPRESSION

RAG proteins are expressed at the earliest stages of lymphocyte develop-
ment and form a complex localized at the periphery of the nucleus.”

In immature lymphocytes, RAG1 and RAG?2 are tightly regulated, and their
expression is not only stage-specific but also depends on the cell cycle.? The
isolation and characterization of promoter and enhancer elements helped to
better define the tight temporal and spatial regulation of the RAG genes. Basal
promoters for the murine and human RAGI and human RAG2 gene have been
described,™ % 7 but none shows tissue specificity. Highly conserved regions in
these promoters support the idea that the mechanism of their regulation is
conserved. A minimal basal promoter of RAGI (nucleotide [nt] —111 to +97
relative to the position of the major transcriptional start site) has been isolated
and shows several potential recognition sites for the E2A, Ikaros, and Ets family
transcription factors. A reduction of the RAGI promoter activity is caused by
the mutagenesis of the RAGI Y-promoter box motif that is responsible for the
binding of the nuclear factor Y (NF-Y). The mouse and human RAGI-promoter
region lacks a TATA sequence, but several transcription’ initiation sites closely
match the consensus sequence for the initiator element. Recently, the murine
rag2 promoter has been cloned and sequenced.® Its analysis has revealed that
the promoter is regulated differently in B and T cells. In particular, the B-cell
specific transcription factor BSAP (Pax-5)—a transcription factor expressed only
in B cells, the central nervous system, and the testes—binds to a critical element
in the rag? promoter, whereas a more distal region of the rag2 promoter is
essential for its activity in T cells.

Recently, the re-expression of ragl and rag2 genes has been demonstrated
in mouse germinal center B cells, and the possibility of a secondary V(D)]
recombination reaction leading to the modification of the antibody repertoire of
peripheral B cells has been implied.®> % Murine peritoneal B-1B cells (a self-
renewing population of B cells involved in autoantibody production) also can
transcribe ragl and rag2 and undergo secondary immunoglobulin-gene re-
arrangements.®!

B-T- SCID: A COMPLETE RAG DEFICIENCY
Clinical and Laboratory Findings

Glanzmann and Riniker? first described siblings with diarrhea, candidiasis,
and lymphopenia. Thymic dysplasia and hypogammaglobulinemia subsequently
were described in immunodeficiency patients.' * The knowledge of the antigen-
receptor gene structures and their recombination allowed the identification of
infants with SCID who were defective in V(D)] recombination.” ¢ Based on these
findings, the authors identified mutations of the RAG genes in patients with
B~T~ severe combined immunodeficiencies.*®

Severe combined immunodeficiency has an estimated incidence of about
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1:100,000 live births.” The clinical presentation is relatively uniform. During
pregnancy, birth, and within the first weeks of life, complete RAG-deficient
patients with SCID generally exhibit no overt symptoms. Infectious complica-
tions start within the second or third month after birth. These children may
present with opportunistic infections; chronic, persistent disease of the airways;
therapy-resistant candidiasis; and local or systemic bacterial infections (e.g.,
otitis, mastoiditis, purulent rhinitis, conjunctivitis, sepsis, meningitis, arthritis,
and abscesses). The recurrent infections and a chronic enteritis lead to a failure
to thrive. Viruses (e.g., Epstein-Barr virus, cytomegalovirus) may cause lethal
complications.

Noninfectious clinical symptoms may result from graft-versus-host disease
(GVHD), caused by allogeneic cell transfusions with nonirradiated blood compo-
nents or a maternalfetal transfusion. Vaccination with live viral or bacterial
organisms may have a fatal outcome.

A physical examination of patients with complete RAG deficiency reveals
infections and characteristically the absence of lymph nodes and tonsils.

The patients with RAG defects exhibit no mature B and T cells in the
peripheral blood (B-T~ SCID). Maternal T cells are detectable in more than 50%
of the cases. The reactivity of these maternal cells in in vitro and in vivo
lymphocyte-function analysis has to be accounted for. Natural killer (NK) cell
numbers and function are not affected by the RAG mutations. After the decline
of the initial maternal Ig, no antibodies circulate in the peripheral blood.

No simple tests exist that reveal V(D)] recombination defects in general or
a specific RAG defect. Protein analysis is not a practical alternative, because the
relevant cells are a minority in the bone marrow cell population or are amenable
to analyses only after thymic biopsy. Only a direct or indirect (e.g., linkage
analysis) genetic analysis of the RAG genes reveals their mutational status.
Carriers of the mutant RAG genes are healthy without any immunologic distur-
bances; therefore, they are detected only through a molecular identification of
the mutation in question. Genetic prenatal diagnosis of a known RAG defect
has been performed (K. Schwarz, MD, unpublished data); alternatively a B-T~
immunophenotype in cord blood may suggest a RAG mutation.

The treatment of children with RAG-defects combines supportive, anti-
infectious measures and the curative therapy of peripheral stem-cell or bone
marrow transplantation. The survival of the transplantation procedure in the
small RAG-deficient group presently equals 60% to 70%.

MOLECULAR ANALYSIS OF PATIENTS WITH COMPLETE
RAG DEFICIENCY

Mutation analysis in 14 B~ SCID cases detected 6 patients with RAG defects
(Table 1), encompassing missense, nonsense, and deletional mutations.*

All missense mutations in the RAGI gene map to phylogenetically con-
served residues in the active core; the RAG2-R229Q) substitution locates to the
active core, whereas the C478Y exchange maps to the C-terminal region of
RAG2. All of the mutations were inherited, with consanguinity contributing to
the Y938X-RAG1 and C478Y-RAG2 mutations.

The RAG mutations did not affect steady-state RAG RNA or protein levels
nor did they influence subcellular RAG1 or RAG2 localization. In transient
transfection experiments with artificial extrachromosomal rearrangement sub-
strates, all these mutants were practically devoid of V(D)] recombination activity
(= 1% wild-type, Fig. 1). The few signal and coding joints recovered seemed
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Table 1. RAG GENE MUTATIONS WITH THEIR CONSEQUENCES IN PATIENTS WITH
B- T- SCID OR OMENN'S SYNDROME

Disease = Gene Mutation Region Affected
B- T- SCID RAG1 E722K Active core
E774X Active core, truncated protein
B- T- SCID RAGI Y938X Active core, truncated protein
B- T~ SCID RAGI R897X Active core, truncated protein
R624H Active core
B- T- SCID* RAG2 R229Q Active core

Deletion encompassing
RAG1I and RAG2

B~ T- SCID RAG2 C478Y Active core
Omenn'’s RAG1 R561H RAG2 interaction
Omenn's RAG1 R396C Homeodomain (DNA binding)
Omenn’s RAGI R396H Homeodomain (DNA binding)
Deletion 1723-1735nt Out of frame, predicted truncated protein
Omenn’s RAG1 R396C Homeodomain (DNA binding)
Y912C Active core
Omenn's RAGI D429G Homeodomain
Deletion 368-369nts Loss of N-terminal domain, caused by
possible usage of downstream ATG
codon
Omenn’s RAGI R561H RAG?2 interaction
R737H Active core
Omenn’s RAG2 C41W Active core
M285R Active core

*This patient also bears an A156V change in RAGI considered as a polymorphism.

qualitatively normal, indicating that the mechanisms of dsb repair are not
affected in individuals with complete RAG-deficiency.

In the cases of complete RAG deficiencies, V(D)J recombination cannot be
initiated; thus, IgM and TCR-B chains are not synthesized and pre-B-/pre-T-cell
receptors are not assembled. Pre-B and pre-T cells do not survive during
lymphocyte development if they do not receive a survival-proliferation signal
from their pre-B-/pre-T-cell receptors. The alymphocytosis of complete RAG
deficiency is caused by the premature death of these lymphocyte precursors.

OMENN'S SYNDROME: A PARTIAL RAG DEFICIENCY
Clinical and Laboratory Findings

The first report of this peculiar combined immunodeficiency with hyper-
eosinophilia was described by Gilbert Omenn in 1965 in relation to a large
inbred Irish Catholic family.*

Omenn’s syndrome (OS), in contrast to other combined immunodeficiencies,
presents with a number of unusual clinical and laboratory features. The early
onset of a severe and generalized exudative erythrodermia, resembling acute
graft-versus-host disease, is the hallmark. Lymphadenopathy and hepatospleno-
megaly, generalized edema caused by hypoprotidemia (protein loss through the
skin and chronic diarrhea), are usually present. At variance with other forms of
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SCID, patients with OS have a variable number of circulating T cells, coexpress-
ing activation markers, such as CD45R0, HLA-DR, CD25, CD95, CD30, and
CD70.'2 155 Despite this activated phenotype, T cells are poorly responsive to in
vitro stimulation by mitogens and antigens. B cells are strongly reduced in
number, with consequent low levels of immunoglobulins, but high levels of IgE,
whose origin is poorly understood. The in vivo antibody response to T-depen-
dent antigens is impaired, but not completely abrogated and restricted to
I M.46, 57
& The remarkable hypereosinophilia and the increased IgE serum levels sug-
gest skewing towards a Th2 phenotype, as supported by the predominant IL-4
and IL-5 production and a strong reduction of the Thl cytokines IL-2 and IFN-
12, 15, 16

An analysis of the T-cell repertoire in patients with OS reveals the presence
of a restricted oligoclonality.®* ¢ 7 The limited usage of distinct variable gene
segments could reflect the preferential recruitment of TCR segments caused by
the basic defect in the V(D)J recombination process or it could be the result of
antigen selection. Imberti et al have recently shown that in the only patient with
OS analyzed so far at the peripheral tissue and the thymus level, oligoclonal T
cells were already present at the thymic level,”? although different percentages
of the same clones were detected in different peripheral tissues. Based on these
finding, it has been suggested that the restricted repertoire is caused by a defect
in the recombination process, but that antigen encounter allows the expansion
of selected clones. :

MOLECULAR ANALYSIS OF PATIENTS WITH
OMENN’'S SYNDROME

The restricted T-cell repertoire of patients with OS suggested a possible
defect in one of the proteins involved in the recombination process. Initially, a
RAG involvement in OS seemed unlikely, but the description of a family in
which one member was affected by B~ T~ SCID and another by OS?' prompted
an investigation for RAG gene mutations.

The analysis of RAG genes in seven patients fulfilling the criteria for
Omenn’s syndrome has revealed mutations in the RAGI (six cases) or RAG2
(one case) genes.” Patients with OS had mutations in both alleles (see Table 1),
according to the autosomal recessive inheritance of the disease.

The patient with a RAG2 defect carried two missense mutations, C41W and
M285R, located in the active core at the end of the putative 2-3 loop of the B
propeller model proposed by Callebaut and Mornon.”

Among patients with RAGI gene defects, two subjects were homozygous
for the amino acid substitutions R561C and R396C. A third case bore a missense
mutation on the first allele, leading to a D429G exchange and a deletion of 2 nts
(368-369) at the 5 portion of the second allele. All these mutations involve
amino acids highly conserved during evolution; in particular, R396 and D429
located in the homeodomain region of RAG1 are responsible for the recognition
and binding to the nonamer motif of the RS5. R561 maps to the region mediating
the interaction with RAG2. A fourth case showed a deletion of 13 nts resulting
in a frame shift and premature stop codon in one allele, whereas the second
allele carried a missense mutation at the codon 396 and lead to a different amino
acid change R396H. RAG1 missense mutations, R561C, R737H and Y912C, and
R396C, were present in the other two examined patients, respectively.

This analysis demonstrated the presence of at least one missense mutation in
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every patient, suggesting the possibility of a residual RAG activity. In addition, a
comparison with the mutations present in patients with raised B-T~ SCID raised
the possibility that OS mutations involve specific domains. These hypotheses
were tested at the biochemical level by performing a series of assays that
investigated different aspects of RAG function.

The analysis of the mutants for DNA binding to RSS, cleavage activity,
homodimerization ability, RAG1-RAG2 interaction and for the recombination
activity on extrachromosomal substrates™ has confirmed our assumptions and
allowed us to better understand the mechanisms leading to the particular defects
observed in OS. The mutations affecting the RAG1 homeodomain region (R396C,
R396H, D429G) lead to a decreased but not absent DNA-binding activity and
cleavage, whereas R561H determines a reduced level of interaction with RAG2.
All these mutants, together with the RAG2 mutants (C41W and M285R), showed
a reduced but not abolished recombination activity with extrachromosomal
substrates in reconstituted cells (see Fig. 1).

Genetic and biochemical data suggest that OS is a B-T* SCID caused by
mutations that impair but do not abolish the V(D)J recombination activity of
RAGI or RAG2. The mutations seem to affect the correct formation of the stable
complex between RSSs, RAG proteins and other potential molecules involved in
the cleavage step of V(D)J recombination. According to this hypothesis, a few
productive recombination events still occur in thymic lymphocytes. These T
lymphocytes exit from the thymus and are selected and expanded in the periph-
ery, where, for reasons which are poorly understood, they give rise to a CD4*
cell distribution skewed toward the Th2 subset. This alteration in the balance
between T lymphoid subsets is probably responsible for some aspects of OS that
for a long time have contributed to the enigmatic features of this disease.

DEFECTS IN V(D)J COMPONENTS OTHER THAN RAG

After the initial generation of the DNA dsbs at RSSs through the RAGs, the
final step of the recombination process is completed by ubiquitously expressed
factors (Table 2). Several recent reports extensively reviewed the biochemical
pathways involved in the end joining processes of V(D)] recombination and dsb
repair®® * 41; therefore, the concentration is on animal models with site-specific
recombination defects and their possible relationship to human immunodefi-
ciencies.

Genetic studies defined the central role of the heterotrimer DNA-dependent
protein kinase (DNA-PK) in the DNA nonhomologous end-joining (NHE]J) pro-
cess. DNA-PK components include the heterodimeric KU70 and KU80 proteins
and the catalytic subunit of DNA-PK (DNA-PK,,).>* 4 DNA-bound KU recruits
and activates DNA-PK,,, which phosphorylates, among others, a series of factors
that are involved in DNA-dsb repair.

KU70 and KU80 null-mutant mice (KU70-/~, KU80~/~) were generated
through homologous recombination.? % © % Both strains are proportional dwarfs
with about 50% wild-type weight from neonates through adults. Primary fibro-
blasts of KU70-/- and KU80~/- mice are irradiation sensitive, and display signs
of premature senescence.

KU70-/~ and KU80~/~ mice are severely immunodeficient, with B cells
lacking and T cells reduced in the periphery. The lymphocyte depletion is caused
by reduced signal and coding joint formation in V(D)] recombination.? 32 5% 60, 80

KU70 and KU80 are required in Ig heavy chain class switch recombination,
as previously has been suggested for DNA-PK.14 % 65



138 SCHWARZ & VILLA

Table 2. COMPONENTS OF THE V(D)J RECOMBINASE

Human Gene Human Disease Animal Model
Locus
Lymphocyte-Specific
Components
RAG1 11p13 B~ T~ SCID/ KO mouse
Omenn’s syndrome
RAG2 11p13 B~ T~ SCID/ KO mouse
Omenn's syndrome
TdT 10p23-24 — KO mouse
DNA Double-Strand Break
Repair Components
KU70 22q13 — KO mouse
KU80 2g33-35 — KO mouse
DNA-PK,, 8qll — scid mouse
KO mouse
Equine SCID
XRCC4 5q13-14 — KO mouse
Ligase IV 13g33-34 — KO mouse

KO = knockout.

In the scid mouse, the 460-kd PI3-like DNA-PK,,, the product of the prkdc
gene, is inactivated through a premature stop codon resulting in an 83 amino
acid C terminally truncated protein. DNA-PK,, protein levels in scid mice are
approximately 10% of wild-type, with barely any DNA-PK activity detectable.
Mice with DNA-PK,, defects are not growth-retarded, but are sensitive to ioniz-
ing radiation. Because of severe defects in V(D)J coding joint formation (up to a
1000-fold reduction), the mice with DNA-PK,, deficiency are profoundly T- and
B-cell deficient. Signal joint formation is reduced only about tenfold, but many
of these joints exhibit deletional anomalies compared with the wild-type. These
features of the scid mouse were independently confirmed by intentional prkdc
inactivation.® 26 42 77

An additional component of the DNA-dsb repair pathway, the x-ray cross-
complementing group 4 (XRCC4) gene product was identified on the basis of its
ability to complement the x-ray—sensitive XR-1 cell line for V(D)J] recombination
and DNA-dsb repair.*® In mice, XRCC4 deficiency causes late embryonic lethality
accompanied by a defective lymphogenesis and neurogenesis.”? Thymic T-cell
development is arrested at the CD4-CD8~ (DN) CD44* progenitor stage, slightly
different than in RAG~/~ mice, who proceed to the CD44-CD25*DN stage. B
cells are arrested at the B220*IgM~ stage, reminiscent of the block in RAG~/~
B-cell development. Severe cell death throughout the developing central nervous
system and peripheral sensory ganglia, including the dorsal root ganglia is
observed in postmitotic neuronal populations, whereas proliferative progenitors
are spared. Primary fibroblasts of XRCC4~/~ mice exhibit irradiation sensitivity
and premature senescence.

XRCC4 associates with DNA ligase IV and stimulates its activity in vitro. A
targeted disruption of both human ligase IV alleles in a pre—B-cell line rendered
the cells irradiation sensitive and ablated V(D)J recombination.® In vivo ligase
IV-/~ mice revealed a phenotype identical to XRCC4~/--defective animals* 2;
thus, the XRCC4 -/~ phenotype may be explained in the context of the functional
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association with ligase IV. A common feature of these animal models is the
increased sensitivity to ionizing radiation. In irradiation-sensitive primary fi-
broblast lines, established from patients with B~ SCID* (K. Schwarz, MD, and
A. Villa, MD, unpublished data), all candidate genes of the NHE] process have
proved so far to be negative for mutations of DNA-dsb repair components. In
contrast, these studies even suggested possible novel factors involved in human
V(D)] recombination and DNA-dsb repair. This implication is supported by
fractionation studies of human cell extracts for DNA end-joining components.’

SUMMARY

RAG gene mutations determine different forms of primary immunodefi-
ciencies. A complete lack of RAG function leads to a block of B- and T-lympho-
cyte development resulting in a B-T~ SCID. On the other hand, hypomorphic
RAG alleles allow T-cell but not B-cell differentiation, which is observed in
patients with Omenn’s syndrome. These observations confirm that an undis-
turbed generation of T- and B-cell repertoires is required for effective immune
responses, and that B-cell development tends to rely more strictly on an intact
V(D)] recombination machinery. The observation that several of the OS clinical
features resemble autoimmune manifestations raises the question whether RAG
mutations may contribute to human autoimmune diseases. Presently, RAG de-
fects can be confirmed reliably at the genetic level: The knowledge of RAG
mutations in diseased children helps to facilitate prenatal and family diagnoses.
RAG deficiencies are treated by provision of allogeneic hematopoietic stem cells.
At present, gene therapy is not a therapeutic option, but it might become an
attractive alternative in the future.
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