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Primary immunodeficiency syndromes 
associated with defective DNA 
double-strand break repair
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Damaging DNA double-strand breaks (DNA-DSBs) following ionizing radiation (IR) 
exposure, potentially lead to cell death or carcinogenesis. Non-homologous 
end-joining (NHEJ) is the main repair pathway employed by vertebrate cells to 
repair such damage. Many repair pathway proteins have been identified. The 
creation of many diverse lymphocyte receptors to identify potential pathogens 
has evolved by breaking and randomly re-sorting the gene segments coding for 
antigen receptors. Subsequent DNA-DSB repair utilizes the NHEJ proteins. 
Individuals with defective repair pathways are increasingly recognized with 
radiosensitivity and immunodeficiency. Patients with defects in ataxia-
telangiectasia mutated, nibrin, MRE11, Rad50, Artemis, DNA ligase IV and 
Cernunnos-XRCC4-like factor have been identified. Most exhibit immunodeficiency, 
with a spectrum of presentation and overlap between conditions. Conventional 
treatment with immunoglobulin replacement or haematopoietic stem cell 
transplantation (HSCT) can be effective. A greater understanding of the 
molecular defect will enable better, tailored therapies to improve survival.
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Introduction

DNA double-strand breaks (DNA-DSBs) arising after ionizing radiation
(IR) exposure, or as intermediates in normal endogenous processes, for
example, DNA replication and meiosis, are a serious form of DNA damage,
potentially leading to replication errors, loss or rearrangement of genomic
material and eventually cell death or carcinogenesis. The induction of
DNA-DSBs elicits a cascade of events including breakage sensing, signal
transduction and effector functions that leads to cell cycle checkpoint arrest
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and/or apoptosis and can influence DNA repair. These limit generation
of harmful mutations and proliferation of damaged cells. In response to
DNA-DSBs, cells have developed two general types of repair: homolo-
gous recombination (HR) and nonhomologous end-joining (NHEJ) [1].
In mammalian cells, HR is generally limited to late S phase and G2
phase of the cell cycle and uses information from a homologous tem-
plate to accurately repair breaks, when sister chromatids present readily
available templates. NHEJ is the main DNA-repair pathway that medi-
ates the joining of broken regions of DNA that lack extensive homology
and is the principle mechanism used in vertebrate cells during the G1
phase of the cell cycle.

DNA-DSB repair proteins

Following DNA-DSBs, the cellular responses are mainly activated by
ataxia-telangiectasia mutated (ATM), the phosphatidylinositol 3-kinase-
related kinase (PIKK) defective in ataxia telangiectasia (AT). ATM is the
central component of the signal-transduction pathway responding to
DNA-DSBs, but although ATM activation occurs rapidly after DNA
damage, MRE11, RAD50 and NBS1 (the MRN complex)—mutated in
patients with Nijmegen breakage syndrome (NBS)—are found at the site
of DNA damage immediately after the damage has occurred [2]. The
MRN complex is the initial sensor of DNA-DSB damage. Following
ATM activation, several DNA-repair and cell cycle checkpoint proteins,
including H2AX and NBS1, are activated, leading to cell cycle arrest
and DNA repair. NBS1 also acts downstream of ATM by recruiting tar-
gets for ATM-mediated phosphorylation.

During cell cycle arrest, error-free repair of DNA-DSBs occurs, mainly
via NHEJ. Seven mammalian factors have been identified as the critical
NHEJ components [3]. The DNA-binding subunits KU70 and KU80
together with the DNA-dependant protein kinase catalytic subunit
(DNA-PKcs—a member of the PIKKs family) form the DNA-PK holoen-
zyme involved early in the recognition of DNA-DSBs. Activated DNA-
PK holoenzyme recruits other DNA-repair proteins involved in NHEJ
including Artemis, XRCC4, DNA ligase IV and DNA polymerase-μ to
the site of DNA damage (Fig. 1). After phosphorylation by DNA-PKcs,
the endonuclease activities of Artemis are activated, leading to resolu-
tion of complex DNA ends such as the heterologous loop and stem-loop
DNA structures that contain single-stranded DNA adjacent to double-
stranded DNA. DNA polymerase-μ is associated with KU and DNA
ligase IV and may have a role in gap filling during NHEJ but is not
critical for ligation. DNA ligase IV, XRCC4 and the recently identified
Cernunnos-XRCC4-like factor (XLF) [4, 5] are also required for the
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ligation reaction that rejoins the DNA-DSBs. The majority of NHEJ
functions independently of ATM signalling, although a component
dependent upon Artemis requires ATM activity. Thus, although NHEJ
is largely ATM-independent, there is some interplay between the signal-
ling and repair machinery.

Role of DNA-DSB-repair proteins in adaptive immunity

Generation of lymphocyte antigen receptors

An effective immune response necessitates recognition of a wide array of
foreign antigens, requiring the generation of some 1018 genetically
diverse cells bearing a unique receptor capable of recognizing a unique
antigen/major histocompatibility complex (MHC) combination. In
higher organisms, these genetically diverse cells are created by breaking,

Fig. 1 Non-homologous end-joining in mammalian cells. (a) Ku70/Ku80 heterodimers bind
the DNA double-strand break (DNA-DSB) ends and recruit DNA-dependant protein kinase
catalytic subunit (DNA-PKcs) to form the DNA-PK holoenzyme. (b) DNA-PK holoenzyme
recruits and phosphorylates Artemis, which processes and resolves complex damaged DNA
ends. (c) XRCC4, DNA ligase IV and Cernunnos-XLF (C-XLF) co-associate and are recruited to
the damaged site. DNA polymerase-μ fills in the DNA gaps (not shown), and the final liga-
tion step of processed DNA ends is performed by the XRCC4/DNA ligase IV/Cernunnos-XLF
complex, to leave repaired DNA. (Reproduced with permission of Bubble Foundation, UK.)
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randomly re-sorting and joining the DNA sequences coding for antigen
receptors [variable, junction and diversity (VDJ) recombination] by
adapting the DNA-repair mechanisms that maintain genome stability.

VDJ recombination is a site-specific event occurring at 6 loci: T-cell
receptor (TCR) β, γ, α, δ loci, immunoglobulin heavy chain and κ or λ
light chain loci. Recombination occurs between component variable
(V), junction (J) and in some cases diversity (D) gene segments with
fused VJ or VDJ coding sequence subsequently joined to a constant (C)
region segment through RNA splicing. Two recombination -activating
gene proteins (RAG1/2) initiate this process by introducing site-specific
DNA-DSBs at the segments to be rearranged, during the G1 phase of
the cell cycle (Fig. 2). Each of the VDJ gene segments is flanked by a

Fig. 2 VDJ recombination. (a) The lymphoid-specific recombinase activating gene 1 and 2
(RAG1/2) proteins recognize and bind the recombination-signal sequences (RSS) which flank
the VDJ gene segments and introduce site-specific DNA double-strand breaks (DNA-DSBs).
The phosphorylated blunt signal ends and the covalently sealed hairpin intermediate of the
coding end are held together by the RAG complex. (b) Ku70/Ku80 heterodimer binds the
coding ends and recruits DNA-dependant protein kinase catalytic subunit (DNA-PKcs) and
Artemis, which is required to open the hairpin intermediates. The covalently sealed hairpin
intermediate is randomly nicked by the DNA-PKcs/Artemis complex, which generates a
single stranded break with 3′ or 5′ overhangs. (c) XRCC4, DNA ligase IV and Cernunnos-XLF
(C-XLF) co-associate and are recruited to the ends. The signal ends are directly ligated by the
XRCC4/DNA-LIG4/C-XLF complex. The opened hairpin intermediate is modified by polymer-
ases, exonucleases and the lymphoid-specific terminal deoxynucleotidyl transferase (TdT),
before being repaired and ligated by the XRCC4/DNA-LIG4/C-XLF complex. (Reproduced
with permission of Bubble Foundation, UK.)
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recombination-signal sequence (RSS) that includes a conserved hep-
tamer and nonamer. The RAG1/2 complex introduces DNA-DSBs pre-
cisely at the junction between the coding exons and the RSS.

After the introduction of DNA-DSBs at the coding sequence/RSS junc-
tion, two types of DNA ends arise; the ends of coding sequences that
reconstitute the immunoglobulin and TCR genes are generated as hair-
pin intermediates, whereas non-coding signal ends that contain the
motifs targeting site-specific cleavage are generated as blunt double-
stranded DNA ends. The KU70/KU80 heterodimer binds the DNA ends
present at RAG1/2-generated coding ends and recruits DNA-PKcs that
phosphorylates and activates Artemis endonuclease activity to process
the coding sequence hairpin intermediates. Following cleavage, both
coding and signal ends are directly ligated by the XRCC4/DNA ligase
IV/Cernunnos-XLF complex. Rejoining of the signal ends does not
require DNA-PKcs or Artemis. Furthermore, diversity between coding
joints is created by asymmetric nicking of the hairpin bends and by dele-
tions, mutations and addition of non-templated nucleotides to processed
coding ends by terminal deoxynucleotidyl transferase (TdT) and DNA
polymerase-μ [6].

Artemis-mediated cleavage of coding-joint hairpins does not require
ATM or the MRN complex, and ATM is not critical for VDJ recombina-
tion. This is in contrast to the role of Artemis in processing IR-induced
damaged ends, which occurs via an ATM-dependent process [7].

However, ATM might have important roles in inducing cell cycle arrest
during VDJ recombination [8]. ATM, NBS1 and γH2AX are associated
with RAG protein-induced DNA-DSBs in developing lymphocytes. The
roles of ATM in activating cell cycle checkpoint proteins could contrib-
ute to the efficiency of VDJ recombination. In the absence of ATM, lym-
phocytes with RAG-induced DNA-DSBs may enter the S phase of cell
cycle, leading to a reduction in productive VDJ recombination and an
increased number of abnormal translocations involving Ig and TCR loci
(chromosome 7/14 translocations) [7].

Double-stand break and immunoglobulin class switch recombination and somatic 
hypermutation

Class switch recombination (CSR) is a somatic DNA arrangement proc-
ess occurring during B-cell activation, which leads to a switch in the
immunoglobulin heavy chain constant (C) region expressed from the
region encoded by Cμ to a downstream C region such as that encoded
by Cα, Cγ or Cε. CSR is mediated by switch region rearrangement that
proceeds each constant gene segment and is the main mechanism that
mediates antibody-affinity maturation following repeated challenges
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with antigen [9]. Foci of γH2AX, NBS1 and DNA-DSBs can be detected
at the switch region during CSR, which suggests that DNA-DSBs are
intermediates of CSR [10]. It is probable that activation-induced cyti-
dine deaminase (AID), which is critical for CSR, induces DNA-DSBs,
leading to activation of ATM-dependent DNA damage responses, cell
cycle arrest and DNA repair. NBS1 and MRE11 are involved in sensing
DNA-DSBs introduced into the switch region at the initiation of CSR:
ATM is also required for efficient CSR. It is not clear whether CSR is
achieved through HR, NHEJ or a distinct mechanism. However, repair
of CSR-associated DNA-DSBs requires a subset of NHEJ factors. KU70/
80 DNA-PKcs and DNA ligase IV appear to be involved directly or indi-
rectly in CSR [11], although processing of DNA-DSBs by Artemis is not
required for CSR.

NBS1 forms foci in an AID-dependent manner at the switch region
during CSR, suggesting that NBS1 is involved in sensing DNA-DSBs
that are introduced into the switch region at the initiation of CSR [10].
The MRN complex probably has an important role in mediating ATM
function in VDJ recombination as NBS1 hypomorphic mice have
impaired lymphocyte development with extensive chromosomal translo-
cations in their lymphocytes.

Somatic hypermutation

The mechanism of somatic hypermutation introduces mutations in the
structure of the B-cell receptor, resulting in minor conformational changes.
DNA-DSBs are a necessary intermediate for CSR, but their role in somatic
hypermutation is not clear [12]. NBS1 over expression increases DNA-
DSBs in the V gene segment of the rearranged immunoglobulin A (IgA)
locus, indicating that the MRN complex is involved in DNA cleavage at
AID-induced abasic sites or in repair of the cleaved sites during somatic
hypermutation. The mechanisms creating variability require helicases,
polymerases and DNA ligases, all proteins that operate during DNA-repair
process; thus, potentially, defects in a range of proteins could confer over-
lapping deficiencies in DNA repair and immune responsiveness.

Primary immunodeficiency syndromes associated with 
sensitivity to ionizing radiation

Many genetic defects in the DNA-DSB repair machinery have now been
identified in humans, providing insight into clinical consequences of
genomic instability on the immune system. Increasingly immunodefi-
ciency is recognized as a feature of these syndromes (Table 1).
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Genetic defects critical for lymphocyte development

Artemis deficiency
Artemis is critical for VDJ recombination, and null mutations in the
Artemis gene give rise to a T-B-NK+ severe combined immunodeficiency
(SCID) phenotype with absent immunoglobulins [13], originally
described in Athabascan-speaking native Americans [14]. Patients classi-
cally present in early infancy with viral or pneumocystis pneumonitis,
persistent viral diarrhoea and growth failure, as with other forms of
SCID. Marrow cells and fibroblasts from these patients exhibit
increased cellular sensitivity to IR (radiosensitive, RS-SCID) [15].

A further two clinical phenotypes are described because of hypomorphic
mutations in Artemis. First, infants may present with lymphadenopathy,
hepatosplenomegaly, erythroderma, alopecia, agammaglobulinaemia
apart from a raised IgE, T lymphocytosis and absent B cells with accom-
panying respiratory and gastrointestinal symptoms and failure to thrive
[16]. This collection of symptoms, known as Omenn syndrome, is anal-
ogous to the clinical presentation because of hypomorphic RAG muta-
tions. T cells are activated and show a restricted VB repertoire. Biopsies
of affected skin demonstrate a histopathological pattern, consistent with
graft-versus-host disease, although T cells are autologous.

Table 1 Proteins associated with human primary immunodeficiency and DNA double-strand break repair defects

ALL, acute lymphoblastic leukaemia; CID, combined immunodeficiency; CJ, coding joint; CSR, class switch recombination; EBV, Epstein-
Barr virus; RS-SCID, radiosensitive severe combined immunodeficiency; SJ, signal joint; SPAD, specific pneumococcal polysaccharide anti-
body deficiency.

Gene Disease
Affect on lymphocyte 

development Microcephaly Lymphoid tumours Immunodeficiency

ATM Ataxia telangiectasia CSR No Common Hypogammaglobulinaemia 
(IgA, IgG), SPAD, 
lymphopenia

NBS1 Nijmegen breakage 
syndrome

CSR Yes Common Hypogammaglobulinaemia 
(IgA, IgG), hyper IgM, SPAD, 
lymphopenia

hMRE11 Ataxia 
telangiectasia-like 
disorder

CSR Some patients Not reported SPAD, lymphopenia not 
reported

Rad50 Nijmegen breakage-
like syndrome

Not reported Yes Not reported Nil reported

Artemis RS-SCID, CID CJ formation No EBV-associated B cell 
lymphoma

Agammaglobulinaemia, 
hypogammaglobulinaemia, 
lymphopenia

DNA ligase IV RS-SCID, CID CJ fidelity, SJ fidelity, CSR Some patients EBV-associated 
lymphoma, T cell ALL

Hypogammaglobulinaemia 
(IgA, IgG), SPAD, 
lymphopenia

Cernunnos-XLF RS-SCID CJ fidelity, SJ fidelity,? 
CSR

Some patients Not reported Hypogammaglobulinaemia 
(IgA, IgG), hyper IgM, 
Lymphopenia
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Second, patients may present with a progressive combined immun-
odeficiency (CID) from later infancy, characterized by recurrent
sinopulmonary or gastrointestinal infection, T and B lymphopenia,
hypogammaglobulinaemia and autoimmune cytopenias [17, 18].
Some show susceptibility to Epstein-Barr virus (EBV)-associated B-cell
lymphomas [17]. Interestingly, chromosome 7:14 inversions and
translocations have been described in these patients. No specific dys-
morphic features of microcephaly have been noted. Artemis is not
essential for viability, as many patients with RS-SCID have complete
loss of functional alleles. In humans, Artemis defects specifically
affect the formation of coding joints; signal joints are spared. Inter-
estingly, whilst Artemis knockout mice demonstrate a defect in cod-
ing-joint formation, some are able to generate lymphocytes
containing virtually normal coding joints, which suggests that addi-
tional factors can function in opening hairpin intermediates.

DNA ligase IV deficiency
The first patient described with a DNA ligase IV defect was normal until
T-cell acute lymphoblastic leukaemia developed. Treatment with the
MRC-UKALL X protocol resulted in disproportionately severe cytope-
nia, because of which standard chemotherapy consolidation therapy was
omitted, but cranial irradiation prophylaxis was substituted. However,
an extreme reaction to radiotherapy resulted, including marked and pro-
longed cytopenia, a severe desquamative reaction, and death from radia-
tion-induced encephalopathy 8 months following treatment [19].
Subsequently, four patients with microcephaly, developmental delay,
growth failure, lymphopenia, hypogammaglobulinaemia, and recurrent
infection were described [20]. A further three patients with T-B-NK+
RS-SCID have been reported, all with microcephaly and growth delay
[21, 22]. Finally, three patients with microcephaly and a CID phenotype
have been reported, of whom one developed an EBV-associated diffuse
large cell non-Hodgkin lymphoma, and one developed T-cell acute lym-
phoblastic leukaemia [23, 24]. Chromosome 7:14 inversions and trans-
locations have not been described in these patients to date. The
phenotypic spectrum ranges from normal individuals with extreme sen-
sitivity to IR through combined immune deficiency with microcephaly
and mental retardation, analogous to patients with NBS, to RS T-B-
NK+ SCID. Additional clinical features overlap with those observed in
AT including photosensitivity. Absolute deficiency of DNA ligase IV
leads to embryonic lethality in mice demonstrating that DNA ligase IV is
essential for viability, and in humans, T-B-SCID has not been associated
with complete loss of gene function.

Moderate impairment of VDJ recombination is seen in LIG4-deficient
fibroblast VDJ recombination assays: an almost normal frequency of
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coding- and signal-joint formation is observed, but fidelity of both
coding- and signal-joint formation is impaired, with marked infidel-
ity in coding-end rejoining [20, 22]. These in vitro findings are less
severe than the clinical immunodeficiency, suggesting that DNA
ligase IV is required during lymphocyte development or homeostasis
at stages beyond VDJ recombination, possibly to repair DNA dam-
age that may occur during lymphocyte proliferation. Similar observa-
tions have been identified in patients with hypomorphic Artemis
mutations [18]. Patients with LIG4 defects also have altered resolu-
tion of CSR junctions [11].

Cernunnos-XLF deficiency
A third gene critical for lymphocyte development has recently been
described [4, 5]. The description of a patient with T-B-NK+ RS-SCID
in whom no defect in the known proteins involved in DNA-DSB
repair could be found suggested that another factor was required for
NHEJ and VDJ recombination [25]. The new factor, Cernunnos-XLF,
interacts with the XRCC4/DNA ligase IV complex; defects are
described in seven patients. The first two presented with low,
although not absent, T- and B-cell numbers, with a normal number of
NK cells [4, 25]. Subsequently, 5 patients with CID have been
described [5]. All had a similar lymphocyte phenotype to the original
kindred, but additionally had low IgA and IgG. Two had raised IgM,
suggesting a role for Cernunnos-XLF in CSR. Some patients described
were microcephalic, two exhibited autoimmune cytopenia, and all
suffered from recurrent bacterial and opportunistic infection. Two
demonstrated several chromosomal alterations, although chromo-
some 7:14 translocations were not described. Lymphomas have not
been described to date.

In vitro coding- and signal-joint formation was reduced in patients
compared with controls, with an increase in nucleotide loss in coding
joints. Interestingly, the fidelity of signal joints was severely impaired in
patient cells, with possible use of microhomology during joining [5], fea-
tures previously described in LIG4 patients [19, 21]. VDJ deficiency in
these patients is less severe than in the Artemis-deficient RS-SCID and
probably accounts for the low numbers of T and B cells found in the
patients. As in patients with LIG4 deficiency, the in vitro findings are
less severe than the clinical immunodeficiency, suggesting that Cernunnos-
XLF may also be required during lymphocyte development at stages
beyond VDJ recombination. Other clinical abnormalities include bone
malformations (low implantation of the thumb, hypoplasia of the mid-
dle phalanx of the fifth finger) and nephroptosis, and one patient dem-
onstrated mental retardation, features that overlap with those described
in DNA ligase IV deficiency.
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Other DNA-repair proteins associated with human immunodeficiency

Ataxia telangiectasia
AT is a rare systemic autosomal recessive disorder caused by mutations
in ATM [26]. Clinical manifestations include progressive cerebellar
ataxia, oculocutaneous telangiectasia, gonadal sterility, general growth
retardation and a high incidence of mainly lymphoid tumours. Immuno-
deficiency causes frequent sinopulmonary infections that combined with
recurrent aspiration, lead to chronic lung disease [27]. Lymphocytic
interstitial pneumonitis has been described in one patient. The incidence
of infections in AT patients is variable with some individuals having no
higher incidence than unaffected siblings, whereas other succumbs to
progressive respiratory infection, usually because of severe defects in
both humoral and cellular immunity. Immunological responses to bacte-
rial antigens are generally reduced, particularly to polysaccharide anti-
gen [28]. The AT is characterized by thymic hypoplasia or absence
probably because of a developmental defect. Thymic output, evaluated
by measuring TCR excision circle-positive T cells, is low; the peripheral
T-cell population is characterized by a bias towards terminally differen-
tiated effector cells reflected by a low ratio of naïve to memory T cells
and a skewed T cell receptor beta variable (TRBV) region repertoire of
peripheral lymphocytes marked by oligoclonal expansions and a
restricted TRBV-chain repertoire [29]. This suggests that the few ATM-
deficient thymocytes migrating to the periphery undergo homeostatic
expansion. The number of peripheral ATM-deficient T cells could be
limited by a survival defect during the proliferative burst associated with
homeostatic expansion rather than solely by low thymic output. ATM
deficiency does not result in a profound block in lymphocyte develop-
ment, but fidelity rather than completion of VDJ recombination may be
affected in the absence of ATM, which may be required to monitor
recombination intermediates. VDJ coding joints are normal. B-cell rep-
ertoire is similarly restricted and skewed by diffused oligoclonal expan-
sions with normal VDJ joints. IgA, IgE and IgG subtypes are reduced or
absent in AT patients. B cells from AT patients have an intrinsic defect
in maturation from IgM to other classes, because of a defect in CSR to
the most distant loci, reflecting the requirement of ATM for efficient
recombination between immunoglobulin switch regions [30].

Nijmegen breakage syndrome
NBS is recognized by characteristic facial appearances with receding
forehead, receding mandible and prominent midface. Additional fea-
tures include epicanthal folds, large ears and sparse hair with micro-
cephaly and mild mental retardation. Patients are susceptible to
lymphoma, particularly B-cell lymphoma and are prone to infection,
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particularly of the respiratory tract. Cellular immunity is consistently
deficient in NBS patients with reduced T-lymphocyte proliferation.
Lymphopenia is common, and whilst CD8+ cells are generally of normal
number, there are reduced proportions of CD3+ and CD4+ T cells [31].
Agammaglobulinemia is reported in about a third of NBS patients,
whereas in others the humoural immune deficiency is more variable.
Deficiencies of IgA or IgG4 alone or in combination are common. Few
patients (10%) have normal immunoglobulins. The immunodeficiency
may result from reduced fidelity of VDJ recombination, as NBS1 is
involved with ATM in inducing cell cycle arrest during this process [8].
Frequency of VDJ recombination in NBS patients is normal however
with normal immunoglobulin heavy chain rearrangement. The defi-
ciency of serum IgG and IgA with normal or raised IgM is probably
because of altered CSR in B lymphocytes. Chromosomal inversions and
translocations, particularly chromosome 7:14 translocations are charac-
teristic of NBS.

Interestingly, NBS and Fanconi anaemia (FA) share overlapping fea-
tures. FA is an autosomal recessive chromosomal instability disorder
characterized by developmental defects, progressive bone marrow fail-
ure and cancer susceptibility; patients develop primarily marrow failure
and haematological malignancies but also squamous cell carcinomas.
Twelve genetic groups have been defined [32]. FA cells are sensitive to
DNA cross-linking agents such as mitomycin C (MMC) and diepoxybu-
tane. Patients with FANCD2 subtype are sensitive to both MMC and
IR. When normal cells are exposed to IR, ATM phosphorylates
FANCD2 activating the IR-inducible S-phase checkpoint response. IR-
activated phosphorylation of FANCD2 is distinct and independent of
MMC-activated monoubiquitination. NBS1 and FANCD2 proteins can
interact and NBS cells are also sensitive to cross-linking agents. NBS
cells show reduced monoubiquitylation of FANCD2. FANCD2 there-
fore functions at the intersection of two signalling pathways, one involv-
ing IR activation by ATM, the other involving MMC activation by the
FA complex [33]. The enzyme/substrate interaction of ATM and
FANCD2 accounts at least in part for the common clinical and cellular
phenotypes of AT and some FA patients. MRE11–/– cells also show
MMC sensitivity, and NBS1 binds MRE11 and co-localizes with acti-
vated FANCD2 to confer MMC resistance. Patients with certain NBS1
mutations have features similar to FA [33, 34], although immunodefi-
ciency is more pronounced, presumably because of the other actions of
NBS1 in VDJ recombination and CSR.

Ataxia telangiectasia-like disorder
The AT-like disorder is extremely rare with <20 patients reported
worldwide. Clinical features are similar to those in patients with AT
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with progressive cerebellar ataxia that is of later onset and slower pro-
gression than of those with AT [35]. There is absence of telangiectasia.
Immunoglobulin levels seem normal, although deficiency in specific
function antibodies has been reported, particularly to pneumococcal
polysaccharide antigen [36]. Defective CSR has been reported, however
[36]. Lymphoid tumours have not been reported. Some patients are
microcephalic, although intelligence is normal. The gene defect in
hMRE11 encodes for a protein that associates in the MRN complex,
and patients have features overlapping with both AT and NBS. The
defect is probably to be hypomorphic—the MRE11 knockout mouse
exhibits embryonic lethality. It is interesting that there is no associated
recurrent pulmonary infection because of immunodeficiency. Whether
this simply reflects clinical variability as seen in AT but restricted to a
small number of patients, or whether more generalized immunodefi-
ciency is unrelated to the disorder is not yet clear.

RAD50 deficiency
Rad50 is a component of the MRN complex. One patient with two
germline mutations in RAD50 has been identified [37]. The phenotype
is similar to that of NBS patients, with cellular radiosensitivity and
microcephaly, although the patient has no apparent immunodeficiency
Clinical and cellular features of this patient are presently being investi-
gated in more detail.

Undefined defects
A number of patients with radiosensitivity or with NBS-like features but
no defect demonstrated in the known DNA-DSB repair proteins have
been reported, suggesting that other proteins involved in DNA-DSB
repair and lymphocyte generation may exist. Furthermore, patients with
defects in known proteins involved in DNA-DSB repair, including Ku70/
80, DNA-PK and XRCC4, have yet to be identified.

Treatment

For patients presenting with a SCID or CID phenotype, haematopoietic
stem cell transplantation (HSCT) is curative and has been described for
patients with Artemis, DNA ligase IV and Cernunnos-XLF defects [5,
16, 19]. In most cases, the preparative chemotherapy conditioning does
not include irradiation, and successful outcomes have been achieved.
Such treatment is more controversial for patients with NBS. Two
patients have been successfully transplanted, although only partial T-cell
chimerism was achieved [38]. This corrected the associated immunodefi-
ciency, but it is not clear whether the lymphoma risk has decreased. The
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risk of lymphoma-inducing chromosomal translocation should be
reduced as the donor lymphoid progenitors will not exhibit genomic
instability, and tumour surveillance may be improved. There may be a
long-term risk of other non-lymphoid tumours arising; so, careful fol-
low-up is required.

For the majority of NBS patients who have not been transplanted,
prophylactic antibiotics, and in some cases immunoglobulin substitution
therapy may prevent recurrent sinopulmonary infection. The risk of
lymphoid malignancy is high (>50%) and may develop rapidly; high
clinical suspicion of malignancy is required for patients with NBS in
long-term follow-up. Treatment of malignancy may be difficult, balanc-
ing the risk of adequate doses of chemotherapy to effectively treat the
tumour against toxicity. At present, the treatment for patients with AT
is more conservative. Prophylactic antibiotics and immunoglobulin sub-
stitution therapy may prevent recurrent sinopulmonary infection, but
measures to prevent gastro-oesophageal reflux, which may lead to inter-
stitial lung disease, are also important. The incidence of malignancy,
particularly lymphoid malignancy, is high, and as in patients with NBS,
treatment can be difficult, balancing efficacy against the unique toxicity
profile that AT patients have. The IR and radiomimetic agents should be
avoided, but significant toxicity is also associated with cyclophospha-
mide, methotrexate, vincristine and etoposide. HSCT in ATM-deficient
mice restored immunity and prevented the development of lymphoma
[39]. However, at present, HSCT is not recommended for patients with
AT, first because of the high risk of side effects from the preparative
chemotherapy. Second, the neurological deterioration is progressive and
not halted by HSCT. The correction of premature termination codon
(PTC)-induced ATM dysfunction by aminoglycoside-induced PTC read
through does hold some promise for the 14% of AT patients with single-
nucleotide changes that result in PTC [40] and may slow neurological
deterioration in such patients and possibly reduce tumour development
and immune deficient-related damage.

Conclusion

Our understanding of the role of DNA-DSB-repair proteins in lymphogen-
esis has been enhanced by the detailed clinical description and biochemical
analysis of immunodeficient patients. Conversely, our search for the
underlying genetic defects in such patients has been aided by our under-
standing of the defects in lymphocyte development in patients with known
defects in DNA-DSB-repair proteins. Although animal and yeast models
may give useful insights into these processes, careful study of human dis-
ease is critical, as many human diseases present with hypomorphic rather
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than null mutations, and so may portray a leaky phenotype, with a vari-
able spectrum of disease presentation. A greater understanding of the
molecular defects in these patients will allow targeted modifications in
therapy to aid treatment, for instance modified chemotherapy regimens
for HSCT or lymphoid malignancy treatment, and enable development
of novel therapies.
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